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ABSTRACT

In the last decades, new types of Earth-to-Moon transfers have been designed and used in
lunar missions which could not be possible using traditional approaches (Belbruno, 2004; Koon
et al, 2007). New methods make use of the nonlinear dynamics of the circular restricted three-
body problem and the bi-circular restricted four-body problem to design low energy transfers.

Low energy Earth-Moon transfers can be classified into exterior or interior, according to
the geometry (Topputo, 2013). In the exterior transfers the spacecraft is injected into an orbit
with large apogee which crosses the Moon orbit. The apogee distance is approximately four
times the Earth-Moon distance. This kind of trajectories exploits the Sun’s gravitational
attraction (Yamakawa et al, 1992, 1993). In the interior transfers most part of the trajectory
occurs within the Moon orbit.

In this work, a systematic analysis about the perturbation of the Sun on the problem of
transferring a space vehicle from a circular low Earth orbit (LEO) to a circular low Moon orbit
(LMO) with minimum fuel consumption is presented considering only interior transfers. It is
assumed that the velocity changes are instantaneous, that is, the propulsion system is capable of
delivering impulses. Two-impulse trajectories are considered in the analysis: a first accelerating
velocity impulse (Av, ., ) tangential to the space vehicle velocity relative to Earth is applied at a

circular low Earth orbit and a second braking velocity impulse (Av,,,,) tangential to the space

vehicle velocity relative to Moon is applied at a circular low Moon orbit (Miele and Mancuso,
2001). The minimization of fuel consumption is equivalent to the minimization of the total
characteristic velocity which is defined by the arithmetic sum of velocity changes (Marec, 1979),
that is, Av; =Av, ., +AvV,,,o. The optimization problem has been formulated using the classic

planar circular restricted three-body problem (PCR3BP) and the planar bi-circular restricted
four-body problem (PBR4BP). Numerical results are obtained for several final altitudes of a
clockwise or counterclockwise circular low Moon orbit for a specified altitude of a
counterclockwise circular low Earth orbit. Direct ascent trajectories, with time of flight of
approximately 4.5 days, and multiple revolution trajectories with moderate time of flight (lesser
than 60 days), are considered in this study. The initial position of the Sun 6, is taken as a
parameter and the major parameters of the optimal trajectories — first and second delta-v, time of
flight and initial position of the spacecraft — are calculated as function of &,. The results show
that Sun perturbation effects are significant for trajectories with three or more revolutions; fuel
consumption can vary significantly according the initial position of the Sun; swing-by maneuvers

with the Moon are made in the trajectories with three or more revolutions, for the both dynamical
models; the second delta-v is significantly affected by the presence of the Sun for trajectories



with three or more revolutions; and, for missions with multiple revolutions, fuel can be saved if a
lunar swing-by occurs.
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