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ABSTRACT: For a given set of celestial bodies, the
problem of finding an optimal sequence of gravity assist
and the transfer arcs connecting the elements of the set is
of combinatorial in nature. The number of possible paths
grows exponentially with the number of celestial bodies.
Therefore the design of an optimal gravity assist
trajectory is a NP-hard mixed combinatorial continuous
problem. An exhaustive search of the space of input
variable is unaffordable even with modern state of art
computing technology. Thus a feasible approach requires
artificial intelligence (Al) and modern optimization
techniques based on the intelligence selection of some
potential solutions. These individuals evolve in order to
generate better solution until some optimization criterion
is met.

Here the goal of this work is to find the
trajectory which uses gravity assist maneuvers to reach
the target planet (Jupiter), spending minimal fuel with
minimal time for the travel. In this work, the model has
been formulated, as a preliminary mission design for an
interplanetary trajectory from earth to Jupiter via gravity
assist at mars, which proposed to use genetic algorithm
with multi objective to optimize the trajectory which has
minimal fuel consumption and minimal time.

I. INTRODUCTION

A spacecraft launching from Earth will start
within the sphere of influence (SOI) of Earth. As the
spacecraft Exits Earth’s SOI it enters the Sun’s SOI until
it enters the SOI of another celestial body. While the
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spacecraft is Inside the SOI of a celestial body such as
the Earth or Sun the effects of all other celestial bodies
can be ignored (as First approximation) and the
dynamics can be modeled as a two-body gravitational
system. By patching together a sequence of such two-
body problems a complete trajectory can be determined.
A trajectory such as that of one from Earth to Mars may
be represented by a combination of the following three
two-body problems: Spacecraft and Earth, Spacecraft
and Sun, spacecraft and Mars. We can take advantage of
the effects of a spacecraft passing near a celestial body
that is not its destination body. This is known as a
planetary flyby or gravity assist. Spacecraft trajectory
optimization is a global optimization task in its nature.
The application of global optimization techniques to the
design of interplanetary trajectories has received quite
some attention in the past years as it becomes
increasingly evident that such a framework introduces a
high level of automation in a process that is otherwise
still heavily relying on expert engineering knowledge.
Many interplanetary trajectory design problems can be
stated as optimization problems, where one of the
fundamental goals is the maximization of the spacecraft
mass available for the payload, equivalent to a
minimization of the propellant necessary on board. It is
very difficult to make fair comparisons between optimal
trajectories as the constraints and objectives used in the
optimization are many and often not clearly stated or
mathematically defined. On the other hand a number of
algorithms and approaches to global trajectory
optimization have been proposed, are already available
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in the literature or are being developed and it is indeed
extremely interesting to be able to compare them.

Il. LITERATURE REVIEW

Zotes (2010) used Genetic Algorithm to
optimize the ascent trajectory of conventional two stage
launcher with the mission to reach the highest possible
stable circular Low Earth Orbit & to maximize the speed
of the tangential escape trajectory. Zotes (2012) proposed
the use of Particle Swarm Optimization with single
objective and multi objective. Here the tuning parameters
are launch epoch and the time of flight between the
planets, and then the results are compared with other
works in the references. Vasile (2010) Analyses the
performance of a global search algorithm on a no of
space trajectory problems, starts with some evolutionary
heuristics in the form of discrete dynamical system. Yam
(2011) Sims — Flanagan transcription model is proposed
to model low thrust trajectory design as a constrained
global optimization problem. Solvers applied are Basin
Hopping and simulated annealing which is hybridized
with local search. Olympio (2011) multiple asteroid
mission problems have been taken into consideration
with indirect optimization. Algorithm is implemented
with parellization for computational speed. Zhang (2013)
low energy low thrust transfer with Particle Swarm
Optimization is used on the criterion of smallest velocity
discontinuity and limited position discontinuity. Then
The fuel optimal problem is formed using Calculus of
variation and pontyagin’s maximum principle. Venditti
(2010) interplanetary trajectory with multi objective is
considered for minimum fuel and minimum time. The
methodology they proposed is the non inferiority
criterion and the smallest loss criterion. Cerrito (2010)
Proposed autonomous planning and scheduling system
for multi gravity assist trajectories, which uses the Ant
Colony Optimization for the mission to Saturn with flyby
at Jupiter. Berend (2012) this paper explores the problem
of optimization of power limited propulsion system with
the mission to mars is considered (Magneto
Plasma).Novak (2011) Novel Shaping Method has been

Schuetze (2011) multi objective space mission
design problem for several low thrust multi gravity assist
trajectory is considered with Bi-impulse transfer is
accommodated in this paper. Addis (2011) Simplified
model proposed by the European space agency as a test
problem which solves the problem using funnel structure
similar to that of molecular optimization problem. Thus
from the above literature survey that what we observe is
that the application of global optimization techniques
such as genetic algorithm, particle swarm optimization,
Ant colony optimization, Differential evolution,
Simulated Annealing algorithm, Hybrid Optimization
Methods has been extensively used in the design and
analysis of the spacecraft trajectory. But most papers
described above only considered the single objective
function for the spacecraft trajectories to the interplant’s
that is minimization of the fuel(in terms of Change in
velocity Av) used in the spacecraft. Few papers have
multiobjective functions for this kind of problem. But the
evolutionary algorithms are not extensively used in multi
objective optimization. Hence in this paper genetic
algorithm will be used to address the gravity assist
trajectories with multi objective functions of both change
in velocity and the time taken to reach the target planet.

111.PROBLEM FORMULATION

To properly transcribe this problem in the form
of generic optimization problem we must find a set of
state variables x that are unambiguously related to each
possible trajectory that can be own. Starting from the

Earth, we let the starting date £g, the outgoing

Planetocentric velocity Vg and its direction to be free
parameters.

Minimize 7 = f(xq),f(x3)
3

f(x1)(Total Av) = Z Av
i=1

f(Xz)(TOtal tlme) :_TEM + TM]

used to the mission to mars Neptune and asteroid Subject to
1989ML. Vasile (2011) a variant of differential evolution 1. 05t <2000
is derived with the assumption of differential mutation 9 Ve =Vy(cos@singi + sinBcos@j +cosqok)
strategy is applied in this work. Cerrito (2010) modified )
Ant Colony Optimization is applied to the multi gravity 3. 0 =2mu
assist autonomous planning and schedule of events to 4. cosp=2v—-1
mercury and Saturn with flyby in Venus and Jupiter. 5. 0<5Vy <7 (km/s)
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0<u<1(km/s)
0<v<1(km/s))
0<Tgy <900 (days)

© o N

10. § = sin™! (ﬁ)
1

11. Hm = —
Tp
_ vE
12.e=1+ Hotin

1
13.0SHMSM

14.0<&e<2m
15.0 < Ty <2000

We need to choose two variables to describe the
direction of the Vg vector. We choose u, v tends to [0;
1], related to Vg by the following equations: @, ¢p. This
description is particularly useful in connection with the
implementation of the global optimizers as it allows to
select a uniformly distributed direction by randomly
selecting u; v in their range. This will ensure that the
populations initialized at random by the global
optimization algorithms will be uniformly distributed in
the physical space. Once these four parameters are
selected one may evaluate the trajectory leg that departs
from the Earth. The next state variable is Tgpy
expressing the time (in days) from Earth to the Mars
encounter. Now we need to describe the geometry of the
Mars Planetocentric hyperbola. We need two more
variables, namely Hm and & These describe the

rotation of the relative velocity via the relations: 8, Vw.
Where e Hm is the functional relationship between the
eccentricity of the Planetocentric hyperbola and the
variable HV given by €. As we are now able to

determine the heliocentric outbound trajectory from
Mars, we only need one more variable to complete our

description: T ;. Our state
State vectors willbe x=[tg, Vg, u;v; Ty , Hm

TM;].
IV. METHODOLOGY

A Genetic Algorithm uses probabilistic
selection as a basis for evolving a population of problem

generations are created according to a pre-specified
breeding and mutation methods inspired by nature. The
points in the population are randomly selected to be n.
The n points (Random Number’s) are generated using

Vy= VE(cos&'x + singsind iy, + cosesind i, )random number generator then we select the selection,

crossover, mutation operators& then we set the
termination criteria.

Yes

Figure.1 Genetic Algorithm Flow

In this paper GA explores an initial population
of 100 individuals during a maximum of 500 generations
with a mutation rate constant. Here these three variables

(tg.Teu& Thy)  are the tuning parameters for the

objective function. Once the GA generates the offspring,
mutation operator changes individual’s genes randomly.
Fixation of maximum generation is based on numerous
runs. The pseudo-codes for the termination criterion are
shown below:

IF generation>5,

IF (best current fitness — best fitness from generation - 5
/ the best current fitness) < terminate)

AND

(Best current fitness > best current fitness from
generation - 5)

THEN STOP

ELSEIF generation>1,

IF (current mean fitness-mean fitness from generation —
1)/current mean fitness<terminate)

AND (current mean fitness > mean fitness from
generation -1)

solutions. An initial population is created and subsequent THEN STOP
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Swingby-sequence EaMalu

V. RESULTS AND ANALYSIS
The GA has been run in order to optimize the
trajectory for earth to Jupiter, with a flyby in mars. Time

window ( tg) for the launch is given in the table.1 with

the time taken to reach the next planet Tz, & Ty -

Table.1 Tuning Parameters of GA

2
b
S.No tg(Days) | Tpgp(Days) | Tyy(Days)
1 1/1/2015- 25-250 350- 1500
1/1/2020
2 1/1/2015- 25-500 350-2500 ' - L ;
1/1/2025 : o etiter
3 1/1/2015- 25-750 350-3500
1/1/2030
Figure.2 tg-1/1/2015-1/1/2020

. . Swingby-sequence EaMaJu
The change in the velocity at each encounter of . -

the planet is given in the Table.2. The final optimal
trajectory for each time window is shown in figure where
the orbits of the planets Earth, Mars and Jupiter are
shown at departure, flyby and arrival respectively.

Table.2 Av & Mission Time

SNo | Avat |Avat |Avat | Total | Mission -

Earth | Mars Jupiter | Av Time 7

(Km/s) | (Km/s) | (Km/s) | (Km/s) | (Days)
1 3.63 2.47 4.82 10.92 | 1031
2 3.29 2.52 4.60 10.41 | 2063
3 2.98 2.35 4.55 9.88 3067 _ 5 7 _ ' R 4 5

X (AU)
Figure.3 tg-1/1/2015-1/1/2025
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Figure.4 tg-1/1/2015-1/1/2030
VI.CONCLUSION & FUTURE SCOPE 10.
The goal of the GA is to minimize the Total
Delta v (change in velocity) and the time taken to reach
the target planet in the interplanetary mission. The tuning 1
parameters are the launch epoch and the time of flight
between two consecutive planets. From the analysis
performed we can say that the algorithm is reliable in
that it converged on every run. This algorithm did good 12.
results which are comparable to the previous work. In
order to reduce the computational time hybridization of
evolutionary algorithms must be applied for this kind of
problems. In future look at the actual affects of the
gravity assist in comparison to missions that do not 13.
utilize gravity assist, optimizing the weighting factors for
the penalty functions, optimizing the number of
segments to be made in each leg of the mission,
Optimizing the genetic Parameters Plenty of work 14.
remains to improve this project.
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