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It is believed that most of the asteroids keep information about the original composition of the Solar System, so it
is of great scientific interest to study those bodies. One of the most interesting candidates for a mission is the asteroid
2001 SNy;. It is a triple system, which components have radius about 1.30 km, 0.39 km and 0.29 km. Using a
reference system centered in the larger body, the second component is in an orbit that has semi-major axis of 16.63
km and eccentricity 0.015, and the third component is in an orbit with semi-major axis of 3.80 km and eccentricity
0.016. Currently, there are several institutions in Brazil studying a mission to this asteroid. This mission is called
ASTER and it is planned for an one year duration in the asteroid system. The goal of the present paper is to study the
forces acting in that system, and then verify the possibility of using the solar radiation pressure to make station-
keeping maneuvers. The dynamical model will consider the main forces acting on that system, including the
gravitational forces of the three bodies of the system, the J, perturbation of the main body and the solar radiation
pressure. For a given orbit, the optimal direction of the solar sail attitude along the orbit is found, as well as the size
that the solar sail must have in order to compensate the disturbing forces. Optimal solutions will be searched by
allowing variations of those parameters. Also, a sub-optimal analysis is considered by fixing the area of the solar sail
but maintaining the optimal solar sail attitude. The necessity of a propulsion system to complement the maneuvers

will be considered. A large number of orbits will be tested, around the three bodies of the system.

L. INTRODUCTION

Asteroids are defined as bodies that orbit the Sun but
are too small to be considered a planet, according to the
IAU definition'. The NEA (“Near Earth Asteroid”) is an
asteroid that has a trajectory that brings them within 1.3
AU from the Sun and hence within 0.3 AU of the
Earth’s orbit®. The triple system asteroid studied in this
paper is a NEA and it is known as NEA 2001 SNyg;.

The NEA 2001 SNyg; is the target for the Brazilian
mission called ASTER, which aims to have a spacecraft
orbiting the main body of the asteroid system’. The
mission towards this asteroid has a great advantage for
the scientific studies since it is a NEA triple system
asteroid.

This paper is concerned with the evaluation of the
magnitude of the main perturbations that act on a
spacecraft orbiting the main body of this asteroid and,
moreover, the potential use of a solar sail to reduce the
deviations caused by these perturbations for an orbiting
spacecraft.

There are two main reasons to study the asteroids
and to consider missions forwarded them. One is to
increase the knowledge of the formation and the
composition of the solar system by studying asteroids®*’.
The asteroids maintain some vital information about the
origins of the solar system, weather by their dynamical
motion or by their chemical composition and internal
structure. In this way, asteroids can help the scientific
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community to understand more about the beginning and
the evolution of the solar system".

In addition, the NEA asteroids could be a
catastrophic threat to life on Earth if one of then collide
with the surface of the Earth. Therefore, the knowledge
of the composition and dynamics of these bodies is
essential to help humanity to prevent a possible
catastrophe as well as to understating the dynamics and
composition of these threats™”.

The perturbations that act on the spacecraft orbiting
the larger body of the asteroid system considered in this
paper are: the solar radiation pressure, the third-body
gravitational perturbation of the two smaller bodies that
belongs to the asteroid system and of the Sun, and the J,
perturbation of the main body.

The triple system 2001 SNye3

The asteroid 2001 SN,4; was discovered in 2001 by
the LINEAR (“Lincoln Near-Earth Asteroid Research”)
program”.

The discovery that the asteroid was really a triple
system occurred in 2008, when a radio-astronomy
station of Arecibo, in Puerto Rico, analysed this asteroid
for 16 days™®.

The currently knowledge of the physical aspects of
this asteroid, as well as the dynamical motion and other
important parameters, are given in Table 1:*7*
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Body Orbits a® et I Mass®
Alpha Sun 1.99 048  6.7° 91747x
(o) au 10"kg
Beta Alpha 16.63  0.015 0.0° 24.04x
® km 10"kg
Gamma Alpha 3.80 0.016 =~ 14° 9.77x

@) km 10" kg

Table 1: Physical parameters of the system 2001 SNyg;

where “a” is the semi-major axis, “e” is the eccentricity
and “T” is the inclination of Alpha related to the ecliptic
plane and the inclination of Beta and Gamma are
measured with respect to the equator of Alpha.

The J, constant for the oblateness of the central body
Alpha considered in this work is J, = 0.013 and its
radius is R, =1.3 km®.

Figure 1 illustrates the triple system 2001 SNyg;.

Fig. 1: Representation of the triple system 2001 SNy;3.

IIl. THE MATHEMATICAL MODEL
This section contains the mathematical models used
in this paper, which includes the perturbation
formulation, the solar sail design and considerations and
the method for the evaluation of the magnitude of the
perturbations, named perturbation integral.

The Perturbation Integral

The perturbation integral (“PI”) is actually the
integral for one orbital period of the normalized
acceleration of the disturbing forces that act on the
spacecraft. The equation for the PI is given by: *'®!!1%13

T
Pl = ||A|dt [1]
|

where A is the acceleration vector of the disturbing
forces, t is the time and T is the period of the orbit of
the spacecraft.

In addition, it is also important to consider the
trajectory and the motion of the third-bodies in Equation
1. The motion of the bodies Alpha, Beta and Gamma
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can be considered by solving the Kepler’s equation for
every step of the time.

The PI is actually the amount of velocity variation
that the external perturbations deliver to the spacecraft
for one orbital period. The norm of the acceleration
means that the spacecraft remains in a Keplerian orbit
all the time. In this way, the PI is the fuel consumption
if it is assumed that a propulsion system corrects the
shifts caused by the external forces all the time, by
applying a force with the same magnitude but opposite
direction of the disturbing forces. *'°

The PI integral measure the total effects of the
magnitude of the disturbing forces that act on the
spacecraft. It is possible to create maps with the PI
values versus the variation of the Keplerian elements of
the orbit. The maps can be very useful to plan a mission
by analysing the orbits that are less perturbed and to
know the magnitude of the perturbation for a given
orbit.

In this paper, the perturbation integral is also used to
evaluate the amount of the magnitude perturbation
reduction that the solar sail can accomplish'*.

The Averaging Technique for the Perturbation

Integral
The PI, as formulated in Equation (1), provides the

amount of velocity change that the spacecraft receives
from the disturbing forces for a specific configuration.
In order to have a result that is more general and that
presents the mean value of the PI for all possible
configurations, an averaging technique is used in this
work. The averaging technique consists in integrating
the PI for different initial positions of the third bodies or
the main body. The averaging technique is formulated
as follows”:

1 21 [2]
KPI = — j PI dE,
2m ),

where E, is the eccentric anomaly of the third-body or
of the main body. The KPI is the PI after applying the
averaging technique explained above. Equation (2) is
valid only for the analysis of a single disturbing force.
The J, perturbation does not need the averaging
technique in this work, since it was considered that
Alpha does not rotate around a fixed axis and so it
remains steady.

If more than one disturbing force is considered, it
may be necessary to perform an average over the

positions of the three bodies, so the KPI becomes™'":

2

1 ((f \

KPI = (27r)3ﬂf Pl dE, dEgdE, (3]
0
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The averaging technique in Equation 3 includes all
the possible initial configurations this system can have.

The Third-Body Perturbation

The third-body perturbation is caused by the
gravitational attraction of a third body that does not
include the main central body and the spacecraft. This
gravitational attraction of the third body leads to a
disturbance on the spacecraft trajectory, deviating it
from a Keplerian orbit.

In this work, for the system NEA 2001 SNy, the
third-body perturbations considered are caused by
Gamma, Beta and the Sun.

The equation that describes the acceleration of the
third-body (A,) is given by”'*">:

3 3
Tso L)

Atb — Gmo (rso raO) [4]
where m, is the mass of the third-body, 1y is the
position vector that starts at the spacecraft and that ends
in the center of mass of the third-body, 1y is the
position vector that starts at the center of mass of the
main body (Alpha) and that ends in the center of the
third-body and G is the universal gravitational constant.

The value considered for the universal gravitational
constant is G = 6.67259x10"" m*/kg/s>. The mass of the
Sun is considered to be mg,,= 1.9889 x 10* kg and 1
au is equivalent to 1.49597871x10® km *'®''. Figure 2
illustrates the third-body perturbation formulated by
Equation 2"°.

Third-body
rso
Tal
Satellite
TaS Alpha
Fig. 2: Illustration of the third-body perturbation
formulation.

The Oblateness of the Main Body Alpha

The main body of the triple system 2001 SN,
Alpha, is not perfectly spherical. The most prominent
perturbation derived from this non-spherical body is due
to its oblateness. This irregularity of the body can be
mathematically formulated with the help of the J,
coefficient'”.

The J, coefficient, therefore, is a measure of the
oblateness of the body and, for Alpha, its value is J, =
0.013°.

The acceleration perturbation due to the gravity of
the oblateness Alpha (A4;) is given as follows'”:
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_ 3GmyJ; (&)2 [Pz (cos®)g, +] [5]

J2 = cosPsin® gy

2
Tas Tas

where m, is the mass of the body Alpha, 7,5 is the
distance from the spacecraft to Alpha, R, is the
equatorial radius of Alpha (R, = 1.3 km)®, P, is the
Legendre polynomial of second degree, g, is the radial
unit vector direction and g is the southward unit vector
direction and both of these unit vectors are in the local
horizon frame.

The Solar Radiation Pressure

The solar radiation pressure is another disturbing
force considered that deviates the spacecraft from the
Keplerian orbit.

The solar radiation pressure is actually the change of
momentum from a light beam coming from Sun and
colliding with the surface of the spacecraft. This change
of energy results in a force acting on the surface of the
spacecraft.

This force can result in a torque if the resulting force
is not directed to the center of mass of the spacecraft. If
there is a resulting force directed to the center of mass,
the spacecraft can be deviate from its nominal orbit'®"".

This paper will only consider the solar pressure
force acting on the centre of mass of the spacecraft. It is
assumed that the spacecraft has a smooth rectangular
shape and that one of its faces is always pointed towards
the Alpha body. Each face of the rectangular side of the
spacecraft has 50 m’ the mass of the spacecraft is 200
kg and the reflectivity coefficient ¢ is 0.8. The
reflectivity coefficient multiplied by 100 is actually the
percentage of light flux that is reflected by the material
of the surface. For this spacecraft, 80% of the light flux
is reflected by the surface and 20% of it is absorbed by
the surface.

The mathematical formulation for the acceleration of
the solar radiation pressure for a smooth surface is given
as follows'®.

_h(1+¢) (R\*S . [6]
A ‘T(E) mCos’of

where h is the power of the solar radiation per area (h =
1.35x10%Terg/cm?’ - sec] for the region around the Earth),
c is velocity of the light, rg is the distance from the
spacecraft to the Sun, R is the distance from the Earth to
the Sun, S is the area of the spacecraft that is
illuminated, m is the mass of the spacecraft, § is the
incidence angle that the opposite direction of the light
flux makes with the normal and the illuminated surface
and f is the unit vector that indicates the direction of the

2
solar radiation force. The multiplication by (ri) allows
S
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the use of Equation (3) for any distance of the spacecraft
to the Sun. The Figure 3 illustrates the light interaction
with the surface'®.

A
n <
o
A
f
A
o L
Smooth
Surface

Fig. 3: The solar radiation interaction with a smooth
surface.

where @ is the opposite direction of the incidence of the
solar ray, § is the incidence angle of light, fi is the
direction of the normal of the surface and f is the
direction of the force of the solar sail radiation.

The unit vector f is given by Equation 7'

(1 —¢&)o + 2¢ecosén [7]
J( = €)2 + 4ecos?s

f=-

Another important consideration is the shadow
created by the geometry of Alpha and the Sun. There
may be some shadow on the path of the spacecraft and
when it occurs, the solar sail radiation can be reduced or
even zeroed. The shadow considered in this work is
based on the geometry of the Sun, Alpha and the
spacecraft, obtained by conical projections. There are
three possible solutions for these projections:
illumination, penumbra or umbra. The penumbra region
is actually a region that has only half of the energy of
the solar radiation; therefore, Equation 6 is multiplied
by % if the spacecraft is in this area. If the spacecraft is
on the umbra region, then the solar radiation pressure is
zeroed '®.

The Solar Sail

The main focus of this work is to use the solar sail to
reduce or eliminate the external perturbations that act on
the spacecraft by applying a force in the opposite
direction. In order to use the solar radiation pressure as
a propulsion system that reduces the other perturbation
forces, the direction of the force caused by the solar sail
f <5 must be opposite to the sum of all perturbations'”.

The solar sail is considered to have a smooth area
also, but its area can be either fixed or variable. The
variable area for the solar sail permits the control of the
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magnitude of the solar sail perturbation, therefore if
there is light and the incidence angle is lower than 90
degrees, the solar sail can eliminated completely the
others perturbations. If the solar sail has a fixed area, the
magnitude of the perturbation cannot be controlled,
although the solar sail can still reduce the other
perturbation forces".

The attitude of the solar sail is actually defined by
the unit vector direction f of the solar sail. The solar
sail reflectivity coefficient considered in this work is
e=1. Therefore, fo; = —# (see Equation 7 and Figure
3). The incidence angle § can be found by the
expression cosd=n - 6.

If there is a shadow on the solar sail, it is not
possible to use it to reduce the perturbations. Also if the
incidence angle § necessary to reduce the perturbations
is larger than 90 degrees, the solar sail cannot reduce or
eliminate the other perturbations. In the case of an
incidence angle larger than 90 degrees, the solar sail
becomes inactive. To inactivate the solar sail, one
solution is to build it with a thin base area, so when the
solar sail has this thin base faced the Sun, its
perturbation can be disregarded?.

It is important to point out also that it is assumed
that the solar sail can rotate freely to have an optimal
attitude to reduce the other perturbations.

III. RESULTS

This section presents the results based on the theory
mentioned in the mathematical model. The first sub-
section of the results contains maps of the KPI integrals
for different orbits and different disturbing forces.

The second sub-section presents the usage of a solar
sail for a specific configuration and a certain number of
orbits to analyse the reduction of the disturbing forces.

Mapping the Asteroid 2001 SN,4; with KPI values

Figures 4 and 5 present the KPI value for different
disturbing forces as the semi-major axis changes. The
orbits are circular and equatorial (e = 0 and I = 0°).

As the semi-major axis increases, the period of the
orbit also increases, leading to an increase of the KPI
values. In order to have time independent KPI values,
all of the KPI values were multiplied by a nominal
orbital period of a circular equatorial orbit with 9300
km of semi-major axis and divided by the current orbital
period.

Page 4 of 10



65" International Astronautical Congress, Toronto, Canada. Copyright ©2014 by the International Astronautical Federation. All rights reserved.

07 ;

: : —i& —All Perturbations

=1 T TR AU - Gamma Perturbation

: —+— Beta Perturbation
—-*=-Solar Radiation Pressure

U P
s : : J2 Perturbation

| : : .

n : f Sun F'erturbatpn
T 0Apg R SRR RRMEEERREE RN e EREEEREETERS B
E L : : : : :
T o] :
& 03 b T .d«f_

- ' @/O/

B e : :
02k %-(}ee-@—g—e-, G 8 D i e ®T L +
Px,@__ﬁ_,;_*.*.x_.%ﬂ_x_x_x._*_*.x_.x_,:<__x_x._,<._):(..,(__x_x

o]

E‘DDDBDE}E}E{EQEEEE N

4 B 8 10 12 14 18
Semi-major axis (km)

Fig. 4: The KPI values as the semi-major axis increases

(4-16 km range).

07 T
e _ﬁ) ..... ........... .......... ........... DR ........... ...........
| : —& — All Perturbations
o5k [ .......... .......... <O Gamma Perturbation s
I'L : —+— Beta Perturbation
= 04t.-T Lo e — %=~ Solar Radiation Pressure ||
2 L : - - - -
& o3
RNy : 5
0.1
0 L H H | T i L i T
16 18 20 22 24 26 28 30

Semi-major axis (km)
Fig. 5: The KPI values as the semi-major axis increases
(17-30 km range).

As shown in Figure 4, the J, and the Sun
perturbations have a low value if compare to the other
perturbations. Actually, the J, perturbation is larger than
the Beta perturbation until the semi-major axis of 5.1
km. For larger values of this semi-major axis, the Beta
perturbation is larger than the J, perturbation. As
described by Equation 5, the J, perturbation decays
exponentially as the distance from the main body
increases. The J, perturbation has a KPI = 0.018 m/s at
4 km of semi-major axis and KPI = 7x10~ m/s at 5.1 km
semi-major axis.

The solar radiation pressure perturbation acting on
the spacecraft increases smoothly when the semi-major
axis increases. For low values of the semi-major axis,
the spacecraft has the chance to be in the shadow of the
Alpha body and it helps to decrease the magnitude of
solar radiation pressure. Also, the energy emitted by the
Sun is inversely proportional to its square distance, so
the solar radiation pressure increases slowly as the semi-
major axis increases and the distance from the Sun
decreases.
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Concerning the third-body perturbation of the
Gamma and Beta bodies, it is clear that the third-body
perturbation increases as the spacecraft semi-major axis
approaches the third-body semi-major axis and it
decreases exponentially and as the spacecraft departs
from the body (see Equation 4).

The solar radiation pressure is the most eminent
perturbation for the range of semi-major axis
considered. Nevertheless, the sum of all perturbations is
not the sum of each individual perturbation, since the
sum of the perturbations occurs before considering the
norm of the acceleration (see Equation 1).

It is important to note that the Gamma perturbation
tends to KPI = 0.103 m/s and the Beta tends to KPI =
0.015 m/s as the semi-major axis increases. These
perturbations tend to a certain value different from zero
because of the second part of the right-hand side in
Equation 4, where the perturbation is related to the
distance from the third-body and the main body. It
means the indirect term of the perturbation acts to
perturb the orbit of the spacecraft, even when its orbit is
very large.

There is a minimum in Figure 4 for the KPI value
regarding the sum of all perturbations and it occurs at
the semi-major axis equal to 9.32 km. The KPI value at
Figure 4 is almost steady for a large range of the semi-
major axis and the minimum value of it at a = 9.32 km
is practically the same for a > 25 km. In this way, if the
orbit of the spacecraft must be between Gamma and
Beta, the best semi-major axis would be a = 9.3 km but
some small deviations of this value of the semi-major
axis will not increase significantly the disturbances that
the spacecraft receives. If there is a necessity to have a
spacecraft after the orbits of Gamma and Beta, then it is
best to consider orbits with a >20 km, so the change of
the disturbing forces will be again smoothly and minor.

Figures 6 and 7 show the variation of the KPI value
for different values of the eccentricity. The semi-major
axis of the orbit was chosen to be 9.3 km (the minimum
KPI value for the semi-major axis), and the inclination
is equal to zero.
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It is possible to note from Figure 6 that, as the
eccentricity of the orbit increases, the third-body
perturbation also increases. It occurs because, as the
eccentricity increases, the distance from the spacecraft
to the third-body decreases (at the apogee for Beta and
at the perigee for Gama) since the third-body
perturbation is proportional to the square of the distance
(see Equation 4).

The solar radiation pressure barely changes as the
eccentricity of the orbit changes, but there is a slightly
decrease. As the eccentricity increase, the distance from
the spacecraft to the main body decreases and, therefore,
there spacecraft passes through the shadow region in
some paths.

Figure 7 shows the effects of the Sun and the J,
perturbation. The order of magnitude of the effects of
the Sun is 3.5x10° m/s. The effects of the Js
perturbation vary from 6x10 to 1x10” m/s. The order
of the magnitude of the J, perturbation is also small, if
compared to the other perturbations, but it is possible to
note that the J, perturbation increases exponentially as
the eccentricity of the orbit increases. As the
eccentricity of the orbit increases, the perigee of the
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orbit decreases and, therefore, the J, perturbation
becomes more prominent as the distance from the main
body and spacecraft decreases (see Equation 5).

Figures 8 and 9 are related to the KPI value as the
inclination of the orbit changes. The semi-major axis of
the orbit was chosen to be 9.3 km and the eccentricity
equal to zero.
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In Figure 8, the third-body perturbation has a
maximum KPI value when the orbit of the spacecraft
and the third-body is the same and a minimum when the
inclinations are perpendicular. This occurs because of
the geometry of them. When the orbits are coplanar, the
distance from the spacecraft’s orbit to the third body is
smaller if compared to perpendicular orbits (see the first
part of the right-hand side of Equation 4).

The solar radiation pressure perturbation has lower
values for small inclinations and the minimum value
occurs when the inclination of the orbit of the spacecraft
is 6.7° (the same inclination for Alpha). The reduction
of the solar radiation pressure perturbation for small
inclination and the minimum at 6.7° occurs because of
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conical projections of the shadow with the positions of
Alpha, Sun and spacecraft. Hence, the geometry where
the spacecraft has more shadow regions is when the
orbits of the spacecraft and Alpha are coplanar.

The minimum value of the KPI considering all the
disturbing forces lies at 6.7° of inclination.

Figure 7 shows the perturbation of J, and the Sun. It
is possible to note that the maximum value of the J,
perturbation occurs when the orbit has an inclination of
90 degrees and the minimum at 26.57 degrees. The
minimum can be found analytically by having the norm
of the acceleration in Equation 5 and deriving it by @.
The solution has a minimum when @ = 63.43 degrees.
Regarding that @ is the colatitude of the orbit, then 90-0
is the minimum value at inclination value of I =26.57
degrees. The inclination of maximum value of the
perturbation can also be bound by the area of the
derived norm of the acceleration versus the co-latitude,
which is 90 degrees.

The Solar Sail Usage

The second part of this work aims to use the solar
sail in order to reduce the other perturbation forces. As
shown in Figures 4 to 9, the most eminent perturbation
is the solar radiation pressure. Unfortunately, it is not
possible to reduce the solar radiation pressure with the
solar sail, once they are originated from the same source
and the solar radiation pressure is the most eminent
perturbation at the range of the orbits considered. In this
way, this second part of the paper will consider the
third-body perturbation and the J, perturbation as the
perturbations that the solar sail aims to control or
reduce. The solar radiation pressure will be used now as
a control available for the spacecraft, and not a
disturbing force. Also, the averaging method will not be
used for the solar sail. It will be considered the PI value
given by Equation 1 to evaluate the magnitude of the
reduction of the disturbing forces.

It was considered two types of solar sail. One can
change its area freely, according to the magnitude of the
disturbing forces and the second solar sail has a fixed
area.

It was considered three initial positions of the Alpha
body according to its eccentric anomaly related to the
Sun: E, = 0 (perihelion); E, = 90° (semi-latus rectum);
E, =180° (aphelion).

The number of orbits considered for the mean value
of the PI was 10 orbits of the spacecraft around Alpha.
The orbit chosen was: a=9.3 km, I = 6.7°and € = 0. The
initial position of Gamma is E,, = 0° and Eg = 180° for
Beta.

It was imposed also a maximum area for the variable
solar sail area of 80 m” The PI values that are not
related to the solar sail usage are nearly independent of
the position of Alpha with respect to the Sun. They are
nearly independent, since the largest disturbing forces

TAC-14-A3,P,42,x24325

considered in this second part are the third-body
perturbation of Gamma and Beta.

The PI value for all perturbations is 0.1089 m/s,
where the PI value for Gamma is 0.1083 m/s and 0.0144
m/s for Beta.

The PI values with the solar sail usage vary
according to the distance of the Sun. As shown in
Equation 6, the solar radiation pressure is proportional
to the square distance of the surface with the Sun. In this
way, the position of Alpha with respect to the Sun (or its
eccentric anomaly) will change significantly the solar
radiation energy received by the solar sail panels, since
the orbit of Alpha is highly eccentric (e=0.48)".

The PI values for all perturbations with the solar sail
usage with variable area size are: PI = 0.0639 m/s at the
perihelion (see Figures 10 to 13); PI = 0.0682 m/s at the
semi-latus rectum; PI = 0.0729 m/s at the aphelion.

As expected, the best reduction of the PI value for
the solar sail with variable size occurs at the perihelion
(reduction of 41.32% of the perturbation), since at this
geometry the solar sail receives more energy from the
Sun. At the semi-latus rectum, the reduction is 37.37%
of the perturbation and at the aphelion is 33.05% of it.

The results with the solar sail with variable area size
show that the solar sail can reduce more than 30% of the
perturbations and up to 40%.

Regarding the solar sail with a fixed area of S = 30
m?, the PI values are: PI = 0.0699 m/s at the perihelion
(reduction of 35% of the perturbation); PI = 0.0772 m/s
at the semi-latus rectum (reduction of 29%); PI = 0.0850
m/s at the aphelion (reduction of 21.9%).

The reduction of the disturbing of a solar sail with
fixed area is slightly worse if compared to a variable
area size one. It occurs because a variable size can
control the magnitude of the solar sail force and,
therefore, reduce more efficiently the disturbing forces.

A solar sail with a variable size can be obtained with
the use of a balloon that can inflate and deflate to
change its area, so it is not a difficult problem. The
choice of which solar sail to use can demand a deep
study of the parameters of the spacecraft, the objectives
of the mission, the budget, etc.

Figures 10 to 13 illustrates some important results
for the solar sail usage with a variable area size at the
perihelion of the Alpha’s orbit for two spacecraft’s
orbits.
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Figure 10 shows the magnitude of the acceleration
for two orbital periods of the disturbing forces of
Gamma, Beta and the sum of them. The peaks of the
magnitude acceleration of Beta or Gamma are actually
when the spacecraft passes through near the bodies.
Since Beta is an external orbit compared to the
spacecraft, there is less peaks for this perturbation if
compared to Gamma (at an inner orbit). The sum of
these perturbations is not quite well behaved as the
spacecraft orbits Alpha and so do Beta and Gamma,
each one with different orbits.

Figure 11 compares the magnitude of the
acceleration of the disturbing forces of all perturbations
and the magnitude of all perturbations with a spacecraft
that uses the proposed solar sail to reduce the other
perturbations. It is possible to note that for some
intervals, the magnitude of the acceleration of the
spacecraft with the solar sail has the same magnitude of
the spacecraft without the solar sail. This means that, at
the intervals that the magnitudes are the same, the solar
sail can reduce completely the other perturbations that
act on the spacecraft.

Figure 12 shows the reason why the solar sail can
only reduce the disturbing forces for some intervals of
the eccentric anomaly. The incidence angle is the key to
guarantee that the disturbing force of the solar sail is
opposite to the other disturbing forces. Figure 12 shows
the optimal incidence angle that guarantees that the
solar sail can reduce the others perturbations, but there
are some intervals that this incidence angle is larger
than 90 degrees. In these cases, the solar sail cannot
reduce or eliminate the disturbing forces that act on the
spacecraft and it becomes inactive.

Figure 12 shows the area that the solar sail must
have in order to guarantee that the magnitude of the
acceleration of the disturbing forces is the same. The
maximum area imposed for the solar sail was 80 m”. As
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shown before, the solar sail with a variable solar sail
area can reduce more efficiently the disturbing forces.

IV. CONCLUSION

The integral perturbation method used in this paper
was applied in other references before and it has been
proved that it can lead to an evaluation of the magnitude
of the disturbing forces”'*'*'*!>!* This paper aimed to
study the magnitude of the disturbing forces of a
spacecraft orbing the asteroid NEA 2001 SNy, since
the Brazilian program ASTER aims to send a spacecraft
to orbit this asteroid for one year.

The mapping of the disturbing forces based on the
perturbation integrals with the help of the averaging
technique lead to the magnitude of each disturbing
forces that act on the spacecraft for different orbital
parameters. The results show minimum values of the
magnitude of the disturbing forces, which they point to

! http://www.iau.org/news/pressreleases/detail/iau0602/

? http://www.iau.org/public/themes/neo/nea/

good orbital parameters to place the spacecraft in order
to reduce the shifts caused by the disturbing forces.

The maps can also be useful to evaluate the
magnitude of the disturbing forces in case the spacecraft
deviates from its nominal orbit and the potential cost of
the station-keeping maneuvers.

The usage of the solar sail proposed lead to an
interesting result as it can reduce up to 40% of the
disturbing forces of the third-body perturbation and J,
perturbation at the best scenario. The usage of the solar
sail can reduce also the shifts caused by the disturbing
forces acting on the spacecraft and, therefore, the
consumption used to perform a station-keeping
maneuver can be reduced.

Whether the mission will use the solar sail or not,
the magnitude of the disturbing forces and the maps
created by this approach can estimate for an initial
analysis of the mission the cost, lifetime and potential
orbits that are more feasible for the ASTER mission.
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