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ABSTRACT

In this paper the Swing-By maneuvers that use the planet Jupiter as the body for the close approach
are studied. The goal is to simulate a large variety of initial conditions for these orbits and study them
according to the effects caused by the close approach in the orbit of the spacecraft. The well-known
regularized (Lamaitre regularization) planar-restricted-circular-three-body problem is used as a
model. ¥ is emphasized the calculation of the change in the velocity required to perform those
maneuvers and the initia! flight path angle of these maneuvers, both calculated when the spacecraft is
at the Earth. This is important, because it represernts the cost of each possible trajectory. Plots are
made to show the regions of minimum impulse required. In that way, the results shown in this paper
can be used to find trajectories that requires minimum cost to accomplish the goal of making a close

approach with Jupiter, and it represents a technique to make the optimization of interplanetary
trajectories.

INTRODUCTION

The importance of the Swing-By trajectories can be very well understood by the number of missions
that flew or are scheduled to fly using this technique. A very successful example is the Voyager
mission that flew 1o the cuter planets of the Solar System with the use of successive Swing-By in the
planets visited to gain energy (Flandro, 1966). The Swing-By trajectories have a very wide range of
applications, as shown in the literature (Hollister & Prussing, 1966; Carvell, 1985; Weinstein, 1992;
Sweason, 1992; Farquhar & Dunham, 1981; D" Amario et all, 1982; Farquhar et all, 1985), The goal
of this paper is to continue the research made in Broucke (1988) and Broucke & Prado (1993a and
1993b), where a large variety of initial conditions for these orbits were classified according to the
effects caused by the close appreach with Jupiter in the orbit of the spacecraft. The well-known
planar restricted circular three-body problem is used as the model for the dynamics, in the same way
it was used in Broucke & Prado (1993a and 1993b). The equations are regularized (using Lamaitre's

regularization), so it is possible to avoig the numerical problems thal come from the close approach
with Jupiter.

Among the several sets of initial conditions that can be used to identify uniquely one trajectory, the
same one used in Broucke & Prado {1993a and 1993b) is used here, with the vardables: 1) I, the
Jacobian constand;, 2) The angle v, that is defined as the angle between the line mi-my {Sun-Jupiter)
and the direction of the perigee of the trajectory of the spacecraft around Jupiter; 3) Ry, the distance
from the spacecrafl to the center of Jupiter in the moment of the closest approach to Jupiter (perigee
distance). For a large aumber of values of these three variables, the equations of motion are
numerically integrated forward and backward in time, until the apacecraf? is at a distance that can be
considered far enough from Jupiter. At these two points the two-body celestial mechanics formulas
can be used to compute the energy and the angular momentum before and after the close approach.
Those quantities are used to identify up to sixicen classes of orbits, accordingly to the changes in the
energy and angular momenium caused by the close encounter. They are named with the first sixteen
leiters of the alphabet (Broucke & Prado, 1993b). The resuits of the present extension of this
research are shown in plots, where the velocity increment and the flight path angle is plotted in &
two-dimensional graph that hag in the horizontal axis the angle y (the angle between the perigee
vector and the Sun-Jupiter line) and in the vertical axis the Jacobian constant of the spacecraft. One



set of plots is made for each vafue of the parameter Rp. The present paper has to be considered a5 a
continuation of Broucke & Prado (1993b). The new aspect in the present paper is that the velocity
increment and the flight path angle required for the maneuver are calculated.

DEFINITION OF THE PROBELEM AND MATHEMATICAL MODEL

To solve this problem, it is assumed three bodies; the Sun, the planet Jupiter and a third particle of
negligible mass (the spacecraft). Jt is also assumed that the total system (Sun + Jupiter + spacecrafl)
satisfies the hypothesis of the planar restricted circular three-body problem: all the bodies are point of
masses, the Sun and Jupiter are in circular orbits around their mutual center of mass. With these
assumptions, the problem consists in studying the motion of the spacecraft near the close encounter
with the planet Jupiter. In particular, the energy and the angular momentum of the spaceccaft before
and after this close encounter are calculated, to detect the orbit change during the close approach.

AY Rotating Systern Fig. 1 explains the geometry
involved in the close encounter, The
spacecraft leaves the point A,
crosses the horizontal axis {the line
between the Sun and the planet
Jupiter), passes by the point P (the
periapsis of the trajectory of the
spacecraft around Jupiter) end goes
to the point B. The points A and B
are choosen in a such way that the
influence of Jupiter can be
neglected st those points,

Fig. 1 Geometry of the Clote Encounter

Under those assumptions, the procedure involved to solve this problem is; 1) To specify arbitrary
values for the Jacobian constant, the perigee distance (Rp) and the angle ; ii) Starting with the
spacecraft in the perigee (P}, to integrate numerically its orbit forward in time untii it reaches the
point B, iii) Starting again in the perigee (P), to integrate its orbit backward in time until the
spacecraft reaches the point A; iv) At the points A and B the energy and the angular momentum of
the spacecraft are calculated, and it is possible to classify both segments; v} The numerical integration
is extended beyond the points A and B to verify if the spacecraft has none, one or two possible close
encounters with the Earth, and at those points the increment in velocity and the flight path angle are
calculated. The equations of motion for the spacecraft are assuimed to be the ones valid for the well-
known planar restricted circular three-body problem, writing in the rotating reference systern and
using the standard canonical system of units (Szebehely, 1967). Based in those comventions, the
equations of motion of the spacecrafl are:
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RESULTS

The main results of this paper are the magnitudes of the impulses (AV) required to start the outbound
trajectories at the Barth (to go to Jupiter), or to stop the inbound trajectories at the Earth (coming
fromn Jupiter). It is assumed that the impulse required is the difference between the inertial velocities
of the Earth and the spacecraft, Tt means that the spacecraft is assumed to be traveling attached to
the Earth (they both have the same position and velocity at a given time), but it is free of the
attraction of the Earth's gravity field. In other words, the impulse required to escape the Earth is not
included in the results shown here. Another quantity calculated is the flight path angle at the Earth,
that is defined as the angle between the inertial velocities of the spacacraft and the Earth at the point



that their orbits intersect. Figs. 2 and show the results. All the plots have the sngle of approach y (in
degrees) in the horizontal axis and the Jacobi Energy in the vertical axis. The values shown are: i)
The flight path angle (in degrees) for the outbound trajectories in figures named “a"; i} The AV (in
canonical units) 1o start the outbound trajectories in figures named "b", iii) The flight path angle (in
degrees) for the inbound trajectories in figures named “¢”; iv) The AV {in canonical units) to stop the
inbound trajectories in figures named "d", v) The total AV, given by the addiction of the two AY
shown in “b" and "d”, also in canonical units, in figures named "e”,
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Fig. 2 - Flight Path Angle and AV for Qutbound Trajectories (Rp=20Ry).

From those figures it is easy to find the regions with minimem AV. It corresponds, as expocted, to
the regions with flight path angle close to zeto.

CONCLUSIONS

A numerical algorithm to calculate the effects of a close epproach with Jupiter in the trajectory of a
spacecraft is developed. A classification of a large number of trujectories were made and some of
them were shown in detatl. B was also showed which ones of those trajectories kave a potential use
for missions involving departures and/or arrivals in the planet Earth. The impuises (AV) involved in
those transfers are calculated, as wel} as the flight path angles a1 the point where the orbits of the
spacecrat and the Earth intersect. Those results are sufficient to identify regions of minimum AV for
practical maneuvers. It is a new technique to study optimization of interplanetary irajectories.
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