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Background CHMPASS o

Motivation

Objectives and targets

= Colonisation:

* Mars ()
= Search for forms of life

* Europa’s ocean (2l)

e Titan’s methane seas ()

* Encedalus’ cryovolcanism (h)

 Triton’s cryovolcanism (W)

= Study of planet formation/asteroid
deflection and exploitation

* Main Asteroid Belt
* Kuiper-belts
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Problem: CHMPASS  er

Endgame to Mars

= Unmanned vs manned mission

= Optimal phasing:
* one every 26 months
= QObjective:
» Safety of the crew
* Containment of the cost
— Fuel
— Weight
= Constraints:
* Heath threat:
— Physiological (radiation dose)
— Psychological (confinement)

= Solution:
* flyby at Venus
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Motivation

Orbit
perturbations

" |[ncrease the understanding of the
effect of perturbations on the
dynamics of the system

= Develop optimisation strategy based
on dynamics evolution and on
stronger mathematical foundation
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Outline CHMPASS

Savesed
MR

= 2-body design strategy:
* Classical Lambert problem
* Rotated and synodic frame
* Powered gravity assist and legs patching
* Preliminary results

= Refinement in the CR3BP:
* CR3BP model
 Classical and Modified Tisserand parameter
e Optimisation algorithm
* Preliminary results

= Conclusion and future work
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2-BODY DESIGN STRATEGY
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2-body design strategy CHMPASS ¢
Classical Lambert problem

Design planet-to-planet trajectory is a targeting problem usually tackled
through Lambert’s algorithm*

Strategy

= Assumptions: Combining time law and Kepler’s equation:

* Two-body gravitation I
?At =FE, —esinE, —(E1 —esinEl)

= Formulation:
* |nertial reference

© 11(t) » 1r1(t2)

and adopting the trasformation scheeme:
(E.E,)—>(E,.E,)>(E,.¢)—>(a,B)

Solution is found resolving the non-linear eq.

= [nput: ‘/%Atza—sina—(ﬁ—sinﬁ)
¢ T'l,rz,At a

where a and 8 are function of s, c and a alone

* J.E.Prussing, B.A.Conway. Orbital Mechanics, 1993
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2-body design strategy CHMPASS e

Lambert problem and rotated frame

A
ra(t2)
= Geometric relations and Lambert
* a=f(s,cAt)
A
e = |nitial conditions defined in the
( -~ > rotated frame:
" ra(h) * A8 = ¢ + nAt
* ¢, phasing between planets at
¢ given t
* nAt, angular distance travelled by
the arrival planet during the flight
of the probe
ri(t)
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2-body design strategy CHMPASS e

From rotated to synodic frame

A

= Lambert’s solution in the synodic frame

nm

e
W
mi

15/07/2022

ri(t)

ra(t2)

where
R=R(nAr)
ﬂ* — m2
m,+m
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2-body design strategy
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Powered flyby: zero-SOIl vs patch conic approximation

Zero-Sphere of Influence
= Dynamic:
* single attractor, m,
= Flyby:
* at interception of the planet

* instantaneous change of
relative velocity:

§=,4,
= Patching:
°* manoeuver at infinite

Av = |v2 — v1|

15/07/2022

SDSM 2017

Patched conic approximation
= Dynamic:

* single attractor per domain
= Flyby:

 at crossing of the SOI

* two hyperbolic trajectories
sharing periapsis, 5

H,
J7A +rpv§
= Patching:

H,
2
I+ 1V,

+sin!

o=sin"

* optimal manoeuver at 7,
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2-body design strategy

[s/w] n-e1RQ

L o w o w o w
w w = = o oM o

ISSI0N

¢ @Venus

n

V.

yrieg 1e ayep ainpedsq
[s/wn] n-e1RQ

uw (=) w o w o
4 4 3 3 2 .../._

delta-v @Earth

yueg 1e e1ep ainuedsq

Preliminary results for an hypothetic future Earth-Venus-Mars m

[s/wn] n-elRQ
uw (=] uw [e=] uw

o
= o] ] (] o™ —

Arrival date at Venus

delta-v @Mars

V+

Arrival date at Venus
- _@Venus
nf =~

PN NN N N NN N NN
RGO GGG " ©
RV ORNOAC s 5
S AAAA S O B NN T R T fo
G 0% 0 %0400 0 0 %

snusA 1e a1ep ainuedsq

[s/w] a-eljRQ
“©
“
“©
“
et B O O
< ~
NN NNN NN NN NN YD
TEBERERRERD o 0
P OO G

0 <040 %0 %0400 “0 40 %o

snua e a1ep ainuedaq

Arrival date at Mars

Arrival date at Mars

POLITECNICO MILANO 1863

12

~
-
o
~
=
7]
o
7]

15/07/2022




CYiMPASS

Design strategy

Preliminary results for an hypothetic future Earth-Venus-Mars mission
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REFINEMENT IN THE CIRCULAR
RESTRICTED THREE-BODY PROBLEM
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Refinement in the CR3BP
2BP vs CR3BP

Lambert solutions propagated in the
CR3BP don’t result in a unique
trajectory.

= Single attractor per domain vs

y [km]

Propagation of the Lambert velocities at terminal points

1 1 n m m
( zmlxed attractlonF:_(x iy )+G 25
d x dy OF 2 r ¥
— —2n— = 1 ’
dt dt  ox .
rlz\/(x+b) +y
dy dx OF
——+2n = \/ 2 2
L dt’ dt oy r=y(x-a) +y
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Refinement in the CR3BP CYiMPASS erc

Optimisation strategy

Local optimisation is used to refine the two-body rotating solution in the
CR3BP dynamics.

MATLAB® fmincon is used. Common set up requires:

= the selection of:
* a control variable and an initial guess

= the definition of:

* an objective function which takes into account the cost of the mission
and is what the optimisation algorithm tries to minimise

* a constraints function which the solution shall satisfy

= Campagnola ad Russel* showed that the optimisation problem allows
guasi-ballistic solutions, irreproducible in the two-body design, and thus
not comparable with the previous ones.

* S. Campagnola, R. Russel. Endgame Problem part 2: multibody technique and the T-P graph
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Refinement in the CR3BP CYMPASS

The Tisserand parameter

Jacobi integral c=26| 2+ +2n(877—77€)—(82 +n° +§2)
h n

Assuming

= Large distance from m,

= Small mass parameter

through

T[]

= Vis-viva equation
= Angular momentum definition

;:;+2\/Z(1—ei)cosip
aP

Which has a direct relation with relative velocity the encounter: 7=3-v>
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Refinement in the CR3BP

The Modified Tisserand Parameter

= Assumptions and applicability
* Con vs Un solution

= Novelty:

Poincaré Section

° 1, H ©

= Implications:
* Barycentric (B) vs heliocentric (P)

 Additional term

— 1 —(, —2 — . F—F
T==—+ aB(l—eB )coszB+y L
a, nh
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Refinement in the CR3BP CHMPASS  erc

Optimisation algorithm

Propagate back and forward the state vector at departure and arrival and
optimises initial conditions to statisfy constraints and minimize cost.

where:

lambLegl lamblLeg?2

" X, is the initial guess: [vdep@E »Varrem

= [C, Ceq] define the non-linear inequality constraints:

Leg2  _Legl
Taep@v rarr@VH <toll

2. forcing ballistic encounter: Ty —3 < 0

1. imposing patch of the legs: H

= [J,]eq] represent the cost function that wants to be minimised:

opt __.opt
varr@V vdep@V

opt opt
1 Vaep@e — Vdep@E || T ||Varrem ~ Varrem ‘ T ‘

opt . opt  __ _ opt _ K
Z. WVaep@r ~ Vaep@k|| T ||Varrev vdep@V‘ +|TLegl TLegZ|l

* S. Campagnola, R. Russel. Endgame Problem part 2: multibody technique and the T-P graph

15/07/2022 SDSM 2017 19 POLITECNICO MILANO 1863




i
Y H
o
s

o

Refinement in the CR3BP CHMPASS  erc

Preliminary results for same hypothetic future mission Earth-Venus-Mars

I
Weel®
»,

Given initial /final condition at departure/arrival:
ro = [[—1.4484,0.3742,0],[2.0395,1.0178,0]|1e8
vy = |[4.6605,18.0399,0], [22.1662, —44.4195,0]|

the initial guess, provided by the Lambert:
xo = |[-7.4811,31.5044, 0], [28.7419, —53.8860, 0] |

and a tolerance of 50 km for the patching

Three optimisation strategy:
= Classical (C1-J1)
= Energy (C1-C2-J2)
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Refinement in the CR3BP CH¥MPASS

Preliminary results for same hypothetic future mission Earth-Venus-Mars

Method Convergence | Iterations | Eval-function | Delta-v [km/s]
Classical C1-J1 v 42 343 22.0465
Energetic C1-C2-J2 v 27 249 25.5841
Leg?2 Leg1l . Leg?2 Leg1l .
d (rdep@v, rarr@v) = 1.4419e4 km d (rdep@v, rarr@v) = 49.3651 km

=10%

© Eah

— 2w
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CONCLUSION

15/07/2022 SDSM 2017 22 POLITECNICO MILANO 1863




Conclusion and future work

= Fly-by in the CR3BP can be designed refining Lambert solution via
shooting method exploiting energetic constraints and objective
function

= Preliminary results shows that the modified Tisserand parameter
appears more stable and seems to ensure more efficient constraint
and more correct objective function

Future work

= Exploit calculus of variations in the resolution of free time of
flight/phasing problem

= Advance the optimisation scheme through the implementation of
the Hamilton-Jacobi-Bellman equations for low-thrust manoeuvres

= |Improve preliminary design including third body effect through the
Kick-map method
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Thank you for your attention!
Any questions?
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