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" General Tour Prior to Endgame

o Resonant Orbit Families
o Invariant Manifolds and Heteroclinic Connections

" Endg

ame: Final Resonances & Approach

a Planar Approach via Invariant Manifolds
a Rigorous Spatial Approach & Transit
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Ganymede

(Patched-Conic) \

o Tour Design: Use two-body elliptical
orbits with flybys to modify energy
[Uphoff, 1976]

o Endgame: Large numerical

integrations and intuition [Europa
Orbiter, 1999]

Jupiter

Europa Orbiter
(1999)

Chaos & Low-Energy Transport
Using Resonance Y

o Use resonant orbits to speed general
transit in Hamiltonian systems [Bollt &
Meiss, 1995; Schroer & Ott, 1997]

o Jupiter comet 3:2 to 2:3 resonance

transition [Koon, Lo, Marsden, Ross (2000),
Howell, Marchand, Lo (2000), Belbruno, d
Marsden (1997)]

2

¥ (AL, Sun-Jupiter rotating frame )
pad.

““Jupater's Orbit

.
LR

Y NN )
N AL, Sun-Juguter rotating Tramse)

Koon, Lo, Marsden, Ross (2000)

O - on ol v 2 4 '
¥ (AL Sun-Jupiter rotating frame)

April 22,2019 Rodney L. Anderson

N
s

v (AL, Sun-Jupmiter rotating frame)




Ballistic, impulsive, and low-thrust
trajectories obtained with
optimizers and heuristic methods
follow invariant manifolds of

resonant orbits [Anderson & Lo 2004-
2009]
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" Trajectories connecting

different orbits via invariant
manifolds (Ws, WY):

S U
Wa:b M Wc:d
a:b — Target Resonance, c:d — Initial Resonance
= Compute by Sed rChing for Trajectories on invariant
Ws and Wu interseCtiOnS manifolds approach orbit
i ) ] asymptotically, but come
from different orbits in close quickly.

surface of section
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Components n At Cflyby =2.9916

" Compute desired resonant

orbits 0 3: 4= 5:6

®  Continue orbits to desired C
® Compute invariant manifolds

a0 5:7m) 3: 4= 5:6

of resonar.lt orbits. | 0 7:10 == 3: 4= 5:6
" Compute intersections with 2
" Select heteroclinic 0 5: /7= 3:4==) /9= 5:6

connections from crossing
" Chain resonances together " At Cm =2.9974

. N :
lefe-rent|all.y correct to a0 3:4=5:6
obtain continuous trajectory
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Backward Integration & Trajectory Catalog

o Europa Orbiter [Sweetser et al.,
Johannesen et al., 1999]

o PTool for approach [Finlayson, 1999]

o Maximize apoapse in PTool [Grebow et al.

(2011)]

Transfer between libration orbits of Moons
[Koon, Lo, Marsden, & Ross (2002)]
Low-thrust trajectories [Whiffen, 2001]
heuristically follow libration orbit invariant
manifolds [Lo (2001)]

Planar Europa Orbiter follows invariant
manifolds of libration orbit for approach
[Anderson & Lo (2004)]

Lunar approaches from Earth follow invariant
manifolds [Anderson & Parker (2011)]

April 22,2019 Rodney L. Anderson
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Planar Problem

o |.M. used to find
resonance for final
approach

o Tied to specific
resonant orbits

o Approach found via
Resonant orbit W' or

followin Iibsration
orbit W', W

/.

Anderson (2012)
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Europa Missions

Europa
A~ Orbiter
/ »\ \f } ) (1999)
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N
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Buffington, Campagnola, Petropoulos (2012)




Europa Clipper Mission Overview

Cruise: Jupiter Orbit Insertion

Jovian System Operations
Period: 7/9/23 — 7/29/23 (SLS) 2.5 - 2.7 Years (SLS) 1/15/26 or 4/25/26 (SLS) Transition to Europa Science: 12 months

Prime Europa Flyby Campaign: 36 months
Multiple (40+) Flyby Encounters of Europa

Period: 5/24/23 - 6/13/23 (ELV) 6.4 Years (ELV) 1/15/30 (ELV)
6.5 to 7.5 hour burn

LAUNCH and CRUISE SCIENCE TOUR

April 22, 2019 [Credit: Brent Buffington] 31



EVEEGA Interplanetary Trajectory

Venus FLysy
Novemser 2023

Delta IV Heavy
Or
SLS B1or B1B

April 22, 2019

EARTH FLYBYS
OcTtoBer 2024
OctoBer 2026

EARTH FLYBY
June 2023

JUPITER ORBIT INSERTION
January 2030

June 2022
Care CANAVERAL, FL
EELV

[Credit: Brent Buffington]

ORBITAL TOUR
JANUARY 2930 ~ Jury 2033

42 Eurora Fuysys
4 Ganymepe Frysys
8 Cacrusto Fuysys
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Jupiter Tour Design Strategy

MISE Opportunities

Entire
Trajectory
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Europa Lander Study:

2016 RepOrt Europa Lander Study
2016 Report

= Search for biosignatures on
Europa

" Assess the habitability of
Europa via in situ
techniques

= Characterize surface and
subsurface properties to
support future exploration

April 22, 2019
Pre-Decisional Information — For Planning and Discussion Purposes Only.
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* Europa Clipper will observe from orbit, but taking in situ measurements
from the surface is key in the search for biosignatures.

* Low-energy trajectories provide a fuel efficient mechanisms for Europa
approach.

* A petit grand tour gradually reduces the spacecraft’s two-body energy of
via three-body gravity flybys of the moons in a resonant hopping sequence.

* Once close enough to Europa, the L, gateway is the natural target for the
final approach.

[Hernandez, Restrepo & Anderson]
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Cruise/Jovian Tour

Carrier Stage

~ Jupiter
~+. Orbit
Earth
Orbit
<= Mars Gravity Assist
Mars ;
Orbit 2 X /

‘

Launcl Earth Gravity Assist Surface Mission

Credit: Tim McElrath, Roger Gibbs
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1. Interplanetary Transfer (AV-EGA ) 2. Early Jupiter Tour 3. Later Jupiter Tour (Phasing to specific LS)
(Initial Pump-Down) - .

Ganymede, Callisto, |

Europa Flybys !

___________ 1 1
DsSM: :Ganymede Fbeys: : :—m— :
L+1Y : | : |
' I N : :
1
- | i i
Tank Jettison Jol S : : :
| PJR
4. Europa Low-Energy Capture 5. Lander Delivery
4A. Europa Orbit Insertion
(for elliptical option)
April 22, 2019 Credit: Tim McElrath, Roger Gibbs 37
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Relay Orbiter

Libration Point Phasing Orbit
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Trajectories
Approaching
From Exterior
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Lon = 40.00, Lat = 0.00
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[Hernandez, Restrepo & Anderson]
* Mission constraints: lighting conditions at the time of landing, staging locations to
decouple the approach, global surface coverage,...
» Strategy: Divide the trajectory design after Jupiter insertion into three separate steps
1. the moon tour
2. alow-energy capture in the vicinity of Europa and a phasing stage

3. thelanding

» Systematic approach to solve 2): stable and unstable manifolds of libration point orbits
are computed to connect the libration staging orbit with:
* |low-energy resonant capture (propagated backward in time)
* landing/stable capture (propagated forward in time)

e Libration point orbits:
1. Lyapunov

2. Halos
yA
3. Lissajous y‘ ‘
o’
Determine which resonances and range of energies freely connect with libration point
orbits by propagating their invariant manifolds backward in time.

AAS 19-455 2



——— Manifold arrival/departure
=+ = Staging at libration orbit

a) Direct landing 4
5:6 resonance y

b) Capture,with vy
optional landing

® Maneuver
4 Landing site

AAS 19-455 [Hernandez, Restrepo & Anderson] 3



Halos Lyapunov
* Lyapunov and halo orbits yap

0.04
are computed
. 0.01 0.03 1
* Range of Jacobi constants ol
from 3.00318 (low energy) 0 |
. 0.01 ¢
to 3.001 (high energy) N
-0.01 y 0
i -0.01
-0.02 1
Sl e 0.08 |
0 o 1.02
0 o 09896 0.98 1 1.02 1.04
* Stable manifolds propagated y 1 x ' ' X | |
backward in time. 151

e Connect with the last
resonance of the moon tour.
 Manifold is propagated

backwards in time until it Y

crosses the negative x-axis, 05"

which is used as a Poincare

section. . | |
1.5 -1 -0.5 0 0.5 1 1.5

AAS 19-455 [Hernandez, Restrepo & Anderson] x 4
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* Lissajous orbits are quasi-periodic structures that live in a 2-d torus
* Symmetric wrt x-y and x-z plane
* Characterized by Ay and Az amplitude, initial in-plane and out-of-plane angles

Non-periodicity is seen in y-z plane, where the in-plane phase completes 360
but not exactly.

. Ay=4500km

»
»

v

- W00SY

Computing manifolds of torus can be complicated and computationally expensive

To simplify, individual revs of Lissajous are considered and approximate invariant
manifolds are computed.

* Database is generated via multi-shooting technique

AAS 19-455 [Hernandez, Restrepo & Anderson]
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* Lissajous torus approximated by generating individual Lissajous revs all around its
surface.

* The initial conditions of the Lissajous rev start at the x-y plane (¢ = 0) with $ =0, and
it is propagated until it completes a full out-of-plane cycle, returning to the x-y plane.

* Individual revs are generated with a small in-plane phase difference (Ad) in their

initial conditions.

* The database:
e Ayfrom 1000 km < Ay< 12000 km in 500 km intervals
* A:from 2000 km £ A:< 12000 km by 100 km intervals
* Total of of 1100 Lissajous, 200 revs/Lissajous, total of 220,000 Lissajous revs
AAS 19-455 [Hernandez, Restrepo & Anderson]



* Each Lissajous rev acts as a good approximation of a periodic orbit.

* The invariant manifold of the Lissajous torus can be approximated by combining the
approximate invariant manifolds of each of the individual revs.

* The STM is propagated for each rev from t, to T,,, to obtain an approximate
monodromy matrix O(T,.,,t,).

* Invariant manifolds are computed with same procedure as for periodic orbits.

* Stable manifold trajectory propagated backwards in time at T, for one Lissajous rev.
Each Lissajous rev is discretized in 100 points from t, to T,,,.

backward in time
Xs(tj))  propagation

Europé

Vu
LVS

AAS 19-455 [Hernandez, Restrepo & Anderson] 8




* Stable manifold of one Lissajous rev propagated backward in time.

* These trajectories are the ones that connect with the last resonance of the moon
tour.

* |In order to determine the value of the resonance associated to each trajectory, the
manifold is propagated backwards in time until it crosses the negative x-axis, which
is used as a Poincare section.

* Using the state at this intersection, the osculating semi-major axis with respect to
Jupiter is used to determine the resonance at which each trajectory arrives.

1.2F ! ' ‘ ’ ' :
1L e ;
~ 08 B B
3 06
N’ O. B 1 .
> €1
0.4+ 4 | Europa
0.2} Bolncars Jupiter 1
0 — section :';:
-1 -0.5 0 0.5 1
x (DU)
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 Example: Lissajous Ay = 5500 km and Az = 5500 km, JC = 3.0031, € = 10-6.

* The departure location from the Lissajous rev, represented as 0 £t <1, determines
the resonance value reached by the manifold trajectory.

* Four families emerge for the entire Lissajous orbit, each family corresponding to a
quarter revolution of Lissajous revs.

full lissajous ¢ =0° — ¢ = 45° ¢ = 315°
© 5:6(t=0.70) ® 6:7(r=051) @ 7:8(r=038)

5:6

0 0.2 0.4 0.6 0.8 1

-
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 Example: Lissajous Ay = 5500 km and Az = 5500 km, JC = 3.0031, € = 10-6.

full lissajous ¢ =0° e () = 45° ¢ = 315°
0.02p
|~
0.015} 143 5:6
0.01} _142;
=
0.005} 111} 6:7
€
~ O % 11}
-0.005} v 4
1.09} 8
-0.01f &
0.015} 1.087 8:9
0015 001 0005 0 0005 001 0015 -1.2 -1.1 L
Z (t0) X (tf)
a) Final vs. initial out-of-plane displacement b) Semi-major axis vs. x-axis crossing
09r
113 £ B
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0.8
112+
Fadl 3111 st
Z; < Z
Z06} g 11+ /
7:8
0.5 1.09} /
04 " i " " " ) 1.08¢ s 8:9
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.04 0.05 0.06 0.07 0.08
et ECC . | : . ECC ‘s
¢) Inclination vs. eccentricity d) Semi-major axis vs. eccentricity
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" Early concepts include a relay spacecraft
a Requires good visibility over selected landing site
o Optimal orbit varies with the landing site

a High latitudes typically more challenging
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= Set of approach trajectories from last resonance

= Tie into rest of tour with maneuvers and
intermediate flybys

0.02

0.01 .

-0.01

-0.02
0.02

y -0.02 098 X

[Anderson, Campagnola, Koh, McElrath, Woollands]
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* Maneuvers used to modify semimajor + Ties endgame to last Ganymede flyby

axis and energy of S/C for endgame «  Ensure proper phasing for our
* Transition through 3:4 and 5:6
resonances
151 0.15
1 0.1
0-5 I 0'05_
> 0 : > 0
-0.5 ) -0.05 '
-1 j -0.1+
Maneuvers -0.15 "
-1.5"
| - Ganymede | : 1
-2 -1 0 1 2 0.9 1.3
X X

Endgame total AV = 105 m/s
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® Resonant orbit WY & W* provide
a Very low AV heteroclinic connection in one CRTBP
a Different connections/trajectory options

" |nvariant manifolds bound exterior and interior
resonances on final approach

" Feasible approach scenarios for Europa Lander:
a Lissajous orbit invariant manifolds
a Resonant orbit invariant manifolds
a Transit through portals using isolating blocks

" Intermediate AVs make transfer from Ganymede
for endgame possible
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" Sun Elevation Angle

" Local Solar Time

= Periapsis Drop Maneuver Size
" Periapsis Velocity

" Eclipse Time

" Distance to Earth
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" Backward Integration
o Cover surface with grid

p B . 0
gﬁ .1.|n a (Ior.l.), B (lat.)
a Collision orbits (normal) ©
varying azimuth, elevat
" Find maximum resonanc
each grid point as f(C)
= Lyapunov orbits’ W*
resonances bound max.

B (deg.)

0 90 180 270 360

B (deg.)

1.28

1.26

1.24

0 90 180 270 360

1.16 - : : - - : o (deg.)
3 3.0005 3.001 3.0015 3.002 3.0025 3.003 3.0035
c C = 2.9997485, Max. P/P,,, = 1.267
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"  Compute WV intersections with

0.015
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0.01
"  Compare to approach (collision) ,
0.005 | /AN
trajectories s
0
® Anderson & Lo (2005), Kirchbach o\l
et al. (2005), Anderson & Parker ok N
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" Compute W' Intersections ® Examine direct
in Configuration space approaches (TOF < 4m)

2 Halo, €= 3.003 " |mpacts as a function of
time (lighter = later)

Later Times

90 180 270 360
a (deg.)
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