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Asteroid
selection
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Raw material for space
construction and
propellant

Scientific
samples

Carbon-rich (mineral and
organic components of
Solar System)

Accessibility

Time of flight Delta-v budget

Mission analysis

Departure / Arrival options:
Earth, cis-lunar space, Sun-Earth Lagrange point orbits
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Database creation

Step 1

Collect available data

Basic orbital and physical
parameters of near-Earth asteroids
(NEASs) are collected from JPL
Small-Body Database [1]

[1] https://ssd.jpl.nasa.gov/sbdb.cqi

Step 2

Complete by composition data

The composition is inferred from
asteroid-meteorite samples link
from literature.

Compute mission opportunities

For each object in database we
computed mission opportunities
for one-way and round trip
missions from Earth.
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Step 1: data from JPL Small-Body Database

‘Solar System

Dynamics
; o ————-
Selection constraints BODIES EP‘HE.MEHIDES PHYSICAL DATA DISCOVERY SITE MAP
JPL Small-Body Database Search Engine
[ Refine Search] Results: 326 matching objects
1. NEAs Constraints: asteroids and NEOs and [ spec. type (SMASSII) is defined or spec. type (Tholen) is defined ]
— 23340 ObjeCtS SPK-ID object fullname a e i node peri q Q E
1. Defined Spectral 5 2 (au) 2 2 (deg)e? (deg)2 (deg)? (au)e  (au) 2
class Tholen [2] 2000433 433 Eros (A898 PA) 1.458 02230 10.83 30430 178.88 1.133 1.78
2000719 719 Albert (A911 TB) 2639 05466 11.57 183.87 156.18 1.196 4.08
or SMASSII [3] 2000887 887 Alinda (A918 AA) 2474 05703 9.39 110.43 350.50 1.063 388
— 326 objects 2001036 1036 Ganymed (A924 UB) 2665 0.5330 26.68 215.55 132.36 1.244 4.09
2001580 1580 Betulia (1950 KA} 2197 04874 52.09 62.30 159.52 1.126 3.27
2001620 1620 Geographos (1951 RA) 1246 03355 13.34 33719 276.96 0828 1.66
2001627 1627 Ivar (1929 SH) 1.863 03968 8.45 133.12 167.79 1.124 2.60
2001685 1685 Toro (1948 OA) 1368 04358 9.38 27425 127.21 0772 1.96
2001862 1862 Apollo (1932 HA) 147 05599 6.35 3563 28598 0.647 229
2001863 1863 Antinous (1948 EA) 2258 06065 18.40 346 .44 268.07 0.889 363
2NN aRA 18R A Naadalne 10741 CAN 1 ARA4 N AR1IAR 27 24 AR A5 /A7 N RER2 7 2R

[1] https://ssd.jpl.nasa.gov/sbdb.cgi
[2] Tholen, D. J. (1989)
[3] Bus, S. J., & Binzel, R. P. (2002)
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Step 2. Composition data

Meteorite samples Asteroid’s spectral type

Chemical composition from [5]:

e Spectroscopy technique for °
asteroid observations

—s Classifications:
Tholen [2] or SMASSII [3]

e Established asteroid—
meteorite links [4]

— Estimated surface composition
— Internal structure and composition
are undefined

[4] Cloutis, E. A., Binzel, R. P., & Gaffey, M. J. (2014).
[5] McSween Jr, H. Y., & Huss, G. R. (2010). Cosmochemistry.

Fe
Ni
Au
Pb
Is
Rh
Re
Ge
Si
Al
H20

Asteroid’'s composition

P
Ga
Ge
Cd
Cu
As
Sc
In

Sb
Te
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Step 2: Composition data

spkid name chondrite type spec b spec t fe ni au pt si al ga cd cu h2o

0 2000433 Eros (o) S S| 21.8 124 0000016 0.000109 18.60 1.160 0.00054 0.000003 0.0090 0.00

1 2000719 Albert (0] S NaN | 21.8 124 0.000016 0.000109 18.60 1.160 0.00054 0.000003 0.0090 0.00

2 2000887 Alinda (o) NaN S| 218 124 0000016 0.000109 1860 1.160 0.00054 0.000003 0.0090 0.00

3 2001036 Ganymed (0] S S| 218 124 0.000016 0.000109 18.60 1.160 0.00054 0.000003 0.0090 0.00

4 2001580 Betulia ™, NaN Cj 182 1.10 0.000014 0.000100 10.64 0.865 0.00098 0.000069 0.0125 18.18
321 3114075 M X: NaN| 830 10.00 0.000000 0.000000 0.00 0.000 0.00000 0.000000 0.0000 0.00
322 3114077 (0] Sq NaN |} 21.8 124 0.000016 0.000109 18.60 1.160 0.00054 0.000003 0.0090 0.00
323 3114105 NaN L NaN|]J NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
324 3114106 M X NaN | 88.0 10.00 0.000000 0.000000 0.00 0.000 0.00000 0.000000 0.0000 0.00
325 3448992 (o) S NaN| 218 124 0.000016 0.000109 1860 1.160 0.00054 0.000003 0.0090 0.00

11
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Step 3: Mission
opportunities

Tools O SEMPy

C

Sun Earth Moon dynamics python package

Mission analysis O One-way mission
O Round-trip mission

Asteroid
at arrival

Asteroid at
departure

Earth at

Departure Earth

Return

S Asteroids Subpackage

S Modules

© Sun

Ephemerides Module
Oneway Path Module

Asteroid Rdv Mission Analysis
Module

Asteroid Orbit

Porkchop Plot Module

A

Earth Orbit

file://fhome/dcas/i kovalenko/sempy_project/sempy/docs/build/html/asteroids/asteroid_rdv_mission_analysis.html

Docs » Asteroids Subpackage » Asteroid Rdv Mission Analysis Module

Asteroid Rdv Mission Analysis Module
Created on Tue Sep 10 10:03:33 2019

@author: Irina Kovalenko

class

src.asteroids.asteroid _rdv_mission_analysis.Asteroid rdv_mission_analysis(asteroid name,
departure_range, tof range, step_dpr=10, step_tof=1, **kwargs)

Bases: object

Asteroid_rdv_mission_analysis computes all impulsive mission options in a given range of launch
dates from the Earth to an asteroid. The tool generates pork-chop plot (a time of flight vs launch
date map) for total delta-V (sum of the departure and arrival V-infinities), or for V-infinities at
departure or arrival, and enables to find optimal solution, minimizing total delta-V, or V-infinities
at departure or arrival, or time of flight. Optionally, if departure is performed from a parking
orbit, the total delta-V includes the Earth departure maneuver from a LEQ parking orbit.

Parameters

+ asteroid_name (str) - Case-sensitive astercid name (e.g. ‘2017 AP4’), or number,
designation, MPC packed designation, or (SPK ID-2000000) number

« departure_range (list of str) - Interval of departure dates, e.g. ['2020-01-0172050-01-01']

« tof_range (list of int) - Mission duration limit [days]

« step_dpr (int, optional) - Departure date step [days]. Default 10 days.
» step_tof (int, optional) - TOF step [days]. Default 1 day.

* **kwargs -

+ leo_alt (fleat) - altitude of the parking Low Earth Orbit [km].

asteroid_name

12
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SEMPy: mission analysis methods

Ephemerides Earth’s and asteroids ephemerides from JPL Horizons system [9]

SPICE Kernels

cérr’\erg\[amn 12000 reference frame
size/shape (EME 2000)
of Earth Sun

Solar System
Barycenter

Jet Propulsion Laboratory
Califoia Institute of Technology

' The Navigation and

Antenna

+ View the NASA Portal reference
Spacecraft ™™

Reference frames
Positions
Orientations

Anc1llary Information Facility Sizes/shapes
nstrument.

Pointing reference frame |
Time Conversions

Orientation
of spacecraft

Relative positions
of spacecraft and
solar system bodies

Home SPICE Data (SPICE Kernels)
Announcements

About SPICE e PDS Archived SPICE Data Sets
About NATF » Operational Flight Project Kernels and Other Non-archived Project Kernels
For New  Generic Kernels

Projects

For the Public As shown above, three categories of SPICE data, often referred to as kernels, )
are available from this website. You should carefully read about all three of these &"I‘Cilgggxgrs'm
Toolkit categories using the links below in order to find the data best suited to your

Instrument
S needs. field-of-view
Utilities

Orientation
and
size/shape
of planet

Pointing of

Planet

If vau are not alreadv familiar with how ta uise SPTCF data. take a maoment ta

14
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SEMPy: mission analysis methods

Ephemerides Earth’s and asteroids ephemerides from JPL Horizons system [9] Q

Lambert’s problem solutions for Earth— Asteroid and

Lambert's prObIem Asteroid— Earth (if round trip).

Lambert’s problem

Given:
- Tg position at time t
- Ty position attime t4

-

ind:
a conic trajectory between
two positions

15
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SEMPy: mission analysis methods
Ephemerides

Earth’s and asteroids ephemerides from JPL Horizons system [9]
Lambert’s problem

Lambert’s problem solutions for Earth— Asteroid and
Asteroid— Earth (if round trip).

Two body approximation for departure from a low-Earth orbit (LEO)
Patched conic =~ Peftav | o
. ti - the Earth departure maneuver from a circular parking orbit
approximation the maneuver to match the NEA's velocity at arrival

the maneuver to depart the NEA (if round trip mission)

Sphere of
Influence *

16
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SEMPy: mission analysis methods

Ephemerides
Lambert’s problem

Patched conic
approximation

SEMPy Tools:  Constraints

Output

Earth’s and asteroids ephemerides from JPL Horizons system [9]

Lambert’s problem solutions for Earth— Asteroid and
Asteroid— Earth (if round trip).

Two body approximation for departure from a low-Earth orbit (LEO).
Delta-v:

- the Earth departure maneuver from a circular parking orbit

- the maneuver to match the NEA's velocity at arrival

- the maneuver to depart the NEA (if round trip mission)

Precomputed trajectories
- launch interval 2020-2050
- mission duration 450 days
- stay at asteroid at least 10 days (if round trip mission)

Optimal delta-v and TOF solutions
+ associated all the maneuvers and Lambert’s solution values

D
)
)
)

17
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SEMPy: mission analysis methods

Total AV
350 28.42
. 1 25.26
Input: Constraints
_ 22.11
w 250
. o) 18.95 £
e Launch interval 2020-2050 = E
e N £ 200 N
e Mission duration 450 days S, 1579 >
e Stay at asteroid at least 10 days (if round trip mission) 5 150 12.63 g
. E
e Departure LEO (optional) E o 9.47
Optimal mission to asteroid 2020 CD3 with minimal delta-v 6.32
Launch date: 2021-03-12
Arrival date: 2022-01-16
TOF: 310 days 3.16
Total Delta-V: 1.89392 km/s —
O t t : »E:tr:‘mid T T T T T T 0.00
« initial state Q o [ L A% 7
U p U o final state \ﬁy\— xﬂﬂ' ‘01."&- ‘09.0 .aﬁ'i'ﬂ' ,L'y\'ﬁ’o

S RPS CRN C
Optimisation parameters choice: Departure date (Yearmonth-day)
e Time of flight (TOF)

e Total delta-v

e Departure/arrival delta-v
[ )

Hyperbolic excess velocity

2 (km)
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SEMPYy database tools
_

User interface Ju pyter
O

« Environment for code and data
» Consistent with Python methods in

SEMPy
* Flexible for new functions, new data
« Open source

20




[% example.ipynb °
4 B + X O 0 » m C Code v Python3 O

o 1 A

SUPAERO :
[2]: dimport pandas as pd
from src.asteroids.asteroids_database import AsteroidsDatabase
d at ab aS e to O I S [©1: DATABASE = AsteroidsDatabase(tab_ow=True, tab_rdt=True)

[93]: DATABASE.view_database(blumns:['spkid', ‘name', ‘chondrite_type', 'spec_b', 'spec_t', 'fe',

nits tant; fptl, Ysit

—y .= >
Funcnona“tles I [99]: | DATABASE.get_my_queries_opt_missions(attr2test=['diameter'], cond=['SUP'], tab)
e Multicriteria target < val_dates’,
selection: [99]1: asteroid_id  asteroid_name time_of flight total_deltav
o mission parameters 0 2175706 290 5620237 :
(TOF, delta-v, ) 1 2001943 Anteros 400  6.608374 ame*, "surnam

>

e 2 2000433 Eros 270 7.022401
o composition e
H 3 2002061 Anza 60 8.198134 E =
o diameter >
o 4 2001627 Ivar 140 8.24339
5 2002368 Beltrovata 240 8.248575
d'Eric"™)
6 2003288 Seleucus 440 8.280050
7/ 2012923 Zephyr 320 8.461946
8 2004179 Toutatis 440 9.080695
9 2005646 150 9.112215
10 2001685 Toro 420 9.339219

21




[%] example.ipynb <«
;_;,B+§<lr:|[‘_'l>-ccwe v Python3 O

e on s A

UPAERO] I [2]: import pandas as pd

!
SEMP S
y from src.asteroids.asteroids_database import AsteroidsDatabase
d atab ase too I S . DATABASE = AsteroidsDatabase(tab_ow=True, tab_rdt=True)

DATABASE.view_database blumns:

‘spkid', ‘name', 'chondrite_type', ‘spec_b‘', 'spec_t', 'fe', 'ni‘, ‘au’, 'pt', 'si’,
>

I [97]: DATABASE.view_missions(spkid=3448992, ow_or_rdt=False, columns=['asteroid_id', ‘'dep

Functionalities: <
- Multicriteria target [971: asteroid_id departure date ast arrival date oneway tof stay ast departure date earth arrivallval dates', '-
selection: 0 3448992  2037-08-06 2038-03-19 225 18 2038-04-06 2038- -
o mission parameters 1 344899 2037-08-16 2038-03-14 210 23 2038-04-06 2038- ”‘”al-date)'
(T OF, delta-v, .. ) 2 3448992 2037-08-26 2 Total AV o
3 3448992  2037-08-06 ®
o composition 4 3448992 2037-06-17 5 2195
o diameter 5 3448092 2037-07-17 g2 sl N "
o ... 6 3448992 ks 2037-08-16 §415- . B | £
e Mission opportunities = ey o £ 4104 . 2853
for each object 1 8 3448092  2037-06-17 z’ e neot b
o precomputed one- 9 3448992  2037-07-17 " 4004 s
way 10 3448992 2037-07-07 2 395 1
o and round-trip 11 3448992  2037-07-27 o = — Q'r\“, P Y P ®
W e e prs prs prs

Departure date (Year-month-day)

22



[®] example.ipynb «
-4 B + X 0O [ » m C Code v Python3 O
[§d6 —

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ la)

SUPAERDO]
S E M P [2]: import pandas as pd
from src.asteroids.asteroids_database import AsteroidsDatabase
d atab aS e 'tO O IS : DATABASE = AsteroidsDatabase(tab_ow=True, tab_rdt=True)

: DATABASE.view_database(%lumns:[‘spkid', ‘name', 'chondrite_type', 'spec_b', 'spec_t', 'fe', 'ni', 'au', 'pt', 'si',

< >
Functionalities: 1
. l [101]: DATABASE.plot_chemical_composition(name='Eric’, ylim=[le-] —
e Multicriteria target T e
selection: composition chimique d'Eric ’
9 . 4 ast_arrival_date',
o mission parameters L ;
(TOF, delta-V, .. ) , 'name', 'surnam
- -1 J 2
(@) CompOS|t|0n = =True, by='total ¢
o diameter 5
(@) 1073 1 [
e Mission opportunities for dque d'Eric®)
eaCh ObJeCt 1 10> - Col 63 example.ipynb
o precomputed one-
way
o and round-trip 107 - : . .
fe nauptpdosir hrurege si al pgacdcuas se in sb teh2o

e Data visualisation
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Comparison with other databases

NASA Ames [6] JPL MDT [7] CNEOS [8] ECOCEL
Asteroids type NEAs Al NHATS [12] it Thole:llgﬁissu s
Launch interval 2020-2045 2020-2040 2020-2040 2020-2050
Mission duration 10 years 2000 days 450 days 450/900 days
Delta-v limit 10 km/s 12 km/s (optional)
Flyby authorized \/ X X X
One-way flight \/ \/ x \/
Roundtrip flight \/ x \/ \/
Parking orbit 200 km x 400 km \/ (optional)
Composition X X X \/

25
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Future work
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Mission analysis tools

SEMpy preliminary mission analysis: Earth-Asteroid mission

Database creation

Composition: chemical elements, water
Precomputed trajectories

Database extension

Lunar flyby opportunities

Multiple targets mission

Data analysis

Data interpretation and visualisation
Statistical analysis

ECOCEL Final report

Overview and recommendations for the French Government

26
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