'CBDO 2024 D ‘

P

XXI1 Brazids@n Colloquium.on Orbital D
;\ /D"’hber'ifg;’QOQQ % :

Mini-course:
Optimal Control of Space Trajectories

using GEKKO

L ecture 1: Introduction

Jhonathan Murcia-Pineros

thonathan.pineros@unifesp.br
CBDO - 2024
04/12/2024



mailto:jhonathan.pineros@unifesp.br

Summary

|.  Motivation.

I1. Formulating the Optimal Control Problem.
[11. Example for Verification and validation.

V. Application in aerogravity assisted maneuvers
V. GEKKO.



|. Motivation and goal

The use of software to solve optimal control problems (OCP) is a highly demanded skill for
professionals in the fields of Astrodynamics, Guidance, Navigation, and Control.

The leading software used in this field is commercial and expensive, including the add-on to
apply in OCP.

GEKKO package in Python is an alternative.

Last year, GEKKO was used to analyze aero maneuvers above Earth, Venus, and Mars. This
was part of the results of a postdoctoral Internship supported by the FAPESP.

In this mini-course are presented two examples of the implementation of GEKKO to solve
optimal control problems in space trajectories.

To this aim, the OCP is formulated and solved via non-linear programming (NLP).



 Along this course are discussed the formulations presented in the papers:

« Murcia-Piferos, J., Prado, A. F., Dimino, 1., & de Moraes, R. V. (2024). Optimal gliding trajectories
for descent on Mars. Applied Sciences, 14(17), 7786. Doi: 10.3390/app14177786

* Pineros, J. O. M., Bevilacqua, R., Prado, A. F., & de Moraes, R. V. (2024). Optimizing aerogravity-
assisted maneuvers at high atmospheric altitude above Venus, Earth, and Mars to control heliocentric
orbits. Acta Astronautica, 215, 333-347. Doi: 10.1016/j.actaastro.2023.12.017

« Murcia-Pineros, J., Bevilacqua, R., Gaglio, E., Prado, A. B., & De Moraes, R. V. (2024).
Optimization of Aero-gravity assisted maneuvers for spaceplanes at high atmospheric flight on
Earth. In AIAA SCITECH 2024 Forum (p. 1459). Doi: 10.2514/6.2024-1459



I1. The Optimal Control Problem

A nonlinear continuous-time, time-invariant system X(t) of Ordinary Differential Equations (ODE) is

described in Eq. (1). The system X(t) is composed of the kinematics and dynamics equations of the

system, which are a function of the state vector (X(t)), and the control vector (U(t)) [1, 2]

X=7fX(®),U@®),t (1)

The system is changing subject to the algebraic path constraints:

X, <X(t) <Xy (2)
U <U@l) <Uy (3)

And the end point conditions:

e(X(to) to, X(tr),tr) =0 (4)



The system is composed by the continuous-time t € R, the state vector X(t) € R", the initial

conditions are X(0) = x,; x, € R™. U(t) € R™ is the control input subjectto U(t) € U c R™,



Formulation of the Optimal Control Problem

I (X, U, to,tr) = M(X(tf), tr)v + [,/ LX), U(D), £) it (5)

Maximize or minimize: max J (¢;)
U(t),tf

For the objective functionals:
Cost 1; Cost 2; Cost n (6)
Subject to: Vt € [t, tf ],
The Dynamic and constraints: Eqgs. (1) — (4)
To find the control vector: U(t)



Ukin+1




[11. Example — space shuttle gliding reentry
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* One way to obtain the optimal trajectory is solving the OCP via
nonlinear programming (NLP).

* Two software are used to verify and validate the results.



Verification and validation, V&V
The reentry problem [2, 3].

 Initial conditions:
o Altitude: 79248 m

* Velocity: 7802.88 m/s Objective: Maximize cross-range or:
* FPA: -1°
J = n}?X(q))

* Final conditions:
o Altitude: 24384 m
* Velocity: 762 m/s
« FPA: -5°
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DYN.AMIC OPTIMIZATION

GPOPS GEKKO

GFPoPS-ii  [§feEo

Optimal value (rad) 0.59627638896329227 0.594499823031365
Overall NLP error 7.7632331161873700e-9 1.0000000000001961e-11
Obj. function eval. 13 149
Iterations 12 88
IPOPT CPU TIME (S) 0.016 5.909




Same initial condition and equations
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V. More applications: Aero-Gravity Assist

Maneuver (AGAM).

» Interaction with the atmosphere of a celestial body during a
close approach, exploiting the lift as the dominant aerodynamic

force [4-6].

»These maneuvers reduce the cost of the mission during
Interplanetary flight since they are an alternative to obtaining
natural impulses or Delta-V from the environment.

»In other words, the optimization of AGAM helps to save fuel.

17
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The Optimal Control Problem - Constraints

to <t =tf —10deg < y(t) < 10deg

30s < tr < 600 s 0deg < A(t) < 3599 deg

Mmin < m(t) < Mmax (10)
75 km < h(t) <90 km
Vescape = V(tf) —4 deg < a(t) < 28deg
—180deg < 6(t) < 180deg —180 deg < B(t) < 180 deg

—90 deg < ¢(t) < 90 deg 0N < T(t) <266 kN



Results and discussion —~AGAM and PAGAM.
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Angle of Attack, deg
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+ Cost 4:J (t7) = f,/ g . dt
+ Cost5:J (t7) = 0.5 ft’;f pVZ.dt; (14)

+ Cost 6: (tr) = f/ n.dt
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Effects of the maneuvers around the Sun

Xf Tl e 1 1
4f Orbit after the passage P -l Dll’ectlt:')]l of
> ok . Pras ~~.the Pericenter
Xz ,f’ / N
Orbit ofthe planet /
a:’;:nd the Sun - ()
o\ VS_f:_‘ '. .
\_
\, :
\.\ : X
N\
\;
\,
PR AN ,’/ l") SOI of the planet ’
Sun \ \\\ /’ bl At h ,/(a)
— N k. mosphere
{ ) SOI of the planet --+ Synodic system \‘;4/ iy Pl P e g
== ~ anet -
—p Sidereal system /l \"M\ o ot
’ o -

Geometry of the maneuver around the Sun. Geometry of the maneuver around the planet.

25



—— AGAM Long. === PAGAM Long. GAM Atm.
—— AGAMLat. - PAGAM Lat. GAM Exo.
— AGAMVel. oo PAGAM Vel.

AE/ |E Venus | (%)

AE/|Egartn| (%)

S
g
]
S
u
i}
J
0 100 200 300
Wp (deg)

Heliocentric energy changes.

—— AGAM Long. == PAGAM Long. GAM Atm.

—— AGAM Lat. s PAGAM Lat. GAM Exo.
— AGAM Vel. oo PAGAM Vel.

ZUU

100

.
*
0 i
— .
1 .

Aa/avenus (%)

Aa/agarth (%)

—————
0 100 200 300

0 100 200 300
Wp (deg)

Variation of heliocentric semimajor axis.

26



— AGAMLong. - PAGAM Long. GAM Atm.
—— AGAMLat. e PAGAM Lat. GAM Exo.
—— AGAM Vel. - PAGAM Vel.

Al VlVenus (km/s)

A|V|eartn (km/s)

Al Vl Mars (km/s)

Variation of heliocentric velocity.



V. GEKKO [7, 8]

« GEKKO 1s a Python package or library used for optimization and
machine learning.

« Some applications include: solving linear and nonlinear equations,
Interpolation,  regression, dynamic  simulation, real-time
optimization,

28



Installation

* Requirements: Python, code editor such as VS Code, Jupyter
Notebook, Spyder.

* Installation, in terminal: pip install gekko

29



More Info

* https://gekko.readthedocs.io/en/latest/#

* https://apmonitor.com/wiki/index.php/Main/GekkoPythonOptimizat
ion

* WWW.Youtube.com/@apm

30
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