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GTOC: Global Trajectory Optimisation
Competition

— Like the "World Cup” in space orbit design

— A yearly / bi-yearly competition

— First organized by the Advanced Concepts Team
of the European Space Agency (ESA) in 2005

— A common platform for researchers and engineers
to test and improve their skills and tools

— HUMAN vs COMPUTER ?

Winning
Trajectory

Contact
“Hippo” Chit-Hong YAM, Ph.D. The GTOC Trophy

Consultant, Center for Space

Science Research, HKUST More info:
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CSaA The Past GTOCs UU
Year Edition Winner No. of
Teams
GTOC 1 - Save the Jet Propulsion Laboratory — Outer Planets Missions
2005 . 17
Earth Analysis Group
GTOC2 - Multiple . . : : : .
2006 Asteroid Rendezvous Turin Polytechnic — Dipartimento di Energetica 26
T - Multipl
2007 GTOC3 ultiple Centre National d’Etudes Spatiales 26
Sample Return
GTOC4 - Asteroid Moscow State University, Faculty of Mechanics and
2009 . . 47
Billiard Mathematics
P Ision L - Pl Missi
2010 GTOCS — Penetrators Jet ro_pu sion Laboratory — Outer Planets Missions 38
Analysis Group
GTOC6 - Global 34
2012 mapping of Galilean  ?7??
Moons

Winner organizes the next competition...
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&\E@esa Challenge...and ReSponse

Challenge

Non-typical problem (no “can” solution / algorithm available)

Ay Az Ay

Very complex (many different possibilities)

sty

~~

3. Only 1 month to solve and return a solution t,/*”f’ t
.
ast; erst;
Methodology /
1. Make smart approximation and decision s ash
in the tree search /
El v sty ,x/ sty ast)
2. Develop models to check whether a point \ t,,/f’j .
is inside a soccer grid or not \ AN
: asts, x\";\\xmrﬁ
3. Accurate calculations on the final low- | /,/" ARN
thrust trajectory S N\ st
- sty
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NS CSAaA our solution lUJJ
HKUST

From 1000 R» ~ >core 308
~— —— 141 flybys at the
- moons

Io: 31/32 faces

Europa: 31/32 faces
Ganymede: 31/32 faces
Callisto: 23/32 faces

Departure: December
2020

Total flight time: 4 years

Mass expenditure:
999.6 kg

Red: high scores, Green: mid, Blue: low



Score 308
141 flybys at the
moons

Total time: 4 years



s
&\fesa GTOC6 Ranking

it

1 311 123 Team 5 Politecnico di Torino & U. di Roma "Sapienza" Italy
2 308 141 Team 6 ESA-ACT & Hong Kong Univ. of Science and Technologzj
3 267 98 Team 2 University of Texas at Austin, USA

- 246 126 Team 4 DLR, Germany

5 240 103 Team 8 State Key Laboratory & Chinese Academy of Sciences
6 178 92 Team 28 Analytical Mechanics Associates, Inc., USA

7 176 84 Team 14/9 Tsinghua University, China

8 163 137 Team 10 The Aerospace Corp., USA

9 154 83 Team 18 University of Colorado, Boulder, USA

10 87 53 Team 2 U. of Jena, Germany & TU Delft, The Netherlands

11 83 23 Team 21 Beihang University, Beijing, China

12 73 17 Team 15 University of Hawail at Manoa, USA

13 15 3 Team 1 Michigan Technological University, USA

consequential vioclations in altitudes and dynamics
18 10 Team 26 Peking University, Beijing, China

incomplete or discontinuous trajectories or other severe violations
XK ~3 Team 13 University of Trento, Italy

-

XX 2 Team 24 Francesco Santilli, Turin, Italy




NASA’s Jupiter Europa Orbiter (JEO) Mission Concept
Proposed launch in 2020

Tour Phase Provides Almost
2.5 Years of Jovian System Close

Science Opportunities satellite .
flybys -

lo
monitering

Jupiter R
atmosphere | ﬁ

Jupiter | v
magnetosphere %

Credit: NASA JEO mission concept:
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QSCSAa The ESA-HKUST Jgint Team

Advanced Concepts Team Center for Space Science Research

Advanced Concepts Team European Space Agency:
Dario 1zzo, Luis Felismino Simoes, Marcus Marteens, Guido
de Croon, Aurelie Heritier

Center for Space Science Research

Hong Kong University of Science and Technology:

Chit Hong Yam, Tsz Yan So, Kin Chiu Chu, Kai Yin Leung, Hermanni
Heimonen, Kwing Lam Chan, Kwok Yee Michael Wong



NS CSAaA some Key Contribdtions

40 Prof. Chan and

Prof. Wong:
develop algorithms
based on linear

207

Z ) algebra to check
which face the
Aol canso spacecraft fly on
wl during close

encounter at the
moons

4020 0 20 40 60
LR

]

Herman: worked on first part of the .
trajectory, searched for many

possibilities at the 4 moons
Lawrence: convert the guess

Cathie: develop a “re-targeting” solutions from ESA to an accurate
algorithm to accurately flyby at the  low-thrust model
desired grid

Hippo: coordinate and try to

Alan: programming, debugging, and manage...and submit the final
mass calculations trajectory



TS One Small Step for HKUST and
&\{3 esa Hong Kong _.

1. First time participation in the GTOC:
an international competition in the
astrodynamics field

2. Undergraduate students with no

prior background to compete against
professional teams in the world

3. Excellent results given the difficulty
of the problem

F u t u re P I a n S " Jet Propulsion Laboratory

I california Institute of Tech§&" 0gy E’Q R
" R 202
" P

1. Organize workshops and seminars to’
share our experience and knowledge#

2. Organize mini-competitions in HK

3. Continue the research in
astronautics and space science

i :
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Tour at the Jet Propulsion Lab
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S esa Suggested Chinese Ternis

Center for Space Science Research K ZH2m L 4.
Galilean moons e f|e& 427 &

Europa kBB (R#HF=

Close flyby i 2B & ¢ A%

European Space Agency (ESA) gkl Kk =42

Jet Propulsion Laboratory (JPL) "84tk B e =
Global Trajectory Optimisation Competition (GTOC)
Bl R E B %R

Team Members from HKUST
HE RO EEAIRAFHR > EYHMELE  HEAOHKLER
IR E 2 e RELE ~ k32 4] & Heimonen, Hermanni Juuso Elias (Herman)

Prof Kwing-lam Chan, Prof Kwok-yee Wong, Dr Chit-hong Yam, Tsz-yan So,
Kai-yin Leung, Kin-chiu Chu and Heimonen, Hermanni Juuso Elias

Contact: “Hippo” Chit-Hong YAM, Ph.D. < chithongyam@gmail.com>

Consultant, Center for Space Science Research, HKUST
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Backup Slides
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CSA The Past GTOCs

Year Edition Winner No. of
Teams
GTOC 1 - Save the Jet Propulsion Laboratory — Outer Planets Missions
2005 ) 17
Earth Analysis Group
GTOC2 - Multiple . . . : : .
2006 Asteroid Rendezvous Turin Polytechnic — Dipartimento di Energetica 26
GTOC3 - Multiple
2007 Hitp Centre National d’Etudes Spatiales 26
Sample Return
GTOC4 - Asteroid Moscow State University, Faculty of Mechanics and
2009 . . 47
Billiard Mathematics
2010 GTOCS - Penetrators Jet Pro.pulsion Laboratory — Outer Planets Missions 38
Analysis Group
T - Gl I
2012 iaiiﬁ]g g‘%baa;ilean Turin Polytechnic — Dipartimento di Energetica and 34

Moons

University of Rome “Sapienza”
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%\&\E @SQ The 4 Phases of the”

U

Trajector
] y HKUST
Phase 1 Phase 2 Phase 3 Phase 4
Scores ”
= L 3 pts
Ca"isto - @ £ ] [ ) ERS Y T . - 20
E 2 pts
Ganvmede . . Seem S omE W + s ITERP o 15 ?
3
3
| S
Europa- cmn o wooo| o f| s | o ﬂoE 1pt
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in Dec )
lor 2020 - om e o ® ¢+ emeh . . 45
| l j O pts
'/ , —.—P.MJWLLJL 1 J‘Iu. 'y i ﬂ U, W

- ‘ - 0
7600 7800 8000 8200 8400 8600 8800 9000 9200
Time (MJD2000)



esa Capture into the Jovian

System

Departure Dec 2020

Phase 1: Ganymede-Ganymede- N
Europa From 1000 R/

TOF: 198 — 107 — 39 days

AV on chemical solution = ~300 m/s; -
required thrust level =0.035N

>
_50
Low-thrust optimization based on
Sims-Flanagan model
(MALTO/GALLOP): Trajectory is
divided into segments of constant -100y
thrust, numerically integrated. 0 50 100 150

Score: 3
Final mass: 1895 kg
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ﬁ\&\m\%esa Phase 2: Inner Moons Tour HlKUTHJJ_!;T

46 Flybys:
161, 12E, 16G, 2C

Score: 138

Io and Europa are
visited by resonance -\ /
transfers. Mostly 2:1
(Io) and (1:1)
resonances

Time of flight: 303
days

Final mass: 1653 kg




esa Phase 3: Ganymede”and Inner

Moons

Visiting high scoring faces
on Ganymede (1:1 res.)
and low scoring faces on
Io (3:1 res.) and Europa.

Time of flight: 317 days
Final mass: 1252 kg
54 flybys: 20I, 14E, 20G

Score: 91




W &
*\&@esa Phase 4: CallistoFlybys

High-score faces of
Callisto are mapped.
Inclination is increased to
map low-score faces of
Europa (3:1 res.)

Time of flight: 418 days
54 flybys: 2I, 15E, 21C
Score: 76

Final mass: 1000.4 kg




