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Simple Strategy for Geostationary Stationkeeping
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This study deals with solar-sail applications to geostationary satellites and the analysis of stationkeeping ma-
neuvers. A thrust strategy for north-south maneuvers is found as a function of the lunar inclination and the
solar-sail’s characteristic acceleration. The characteristic acceleration obtained for north-south maneuvers is
used for the east-west maneuvers thrust strategy. The dependence with respect to the Earth’s position around
the sun and the sun-Earth-spacecraft relative position are analyzed for both types of maneuvers. The solar-sail
stationkeeping performances are presented as a function of the geostationary satellite longitude, and the results
are given for a one-year simulation. A comparison with chemical propulsion systems, from the total mass point
of view, is presented. The reorbiting maneuver at the end of the operational life is also considered, and the extra
propellant necessary for a chemical engine is evaluated.

Introduction

ITH a solar sail, no propellant mass is necessary, and high

performances using this technology are expected for the
future.! Several kinds of missions with solar sail as a propulsion sys-
tems have been proposed: Salvail and Stuiver? investigate the prob-
lem of transfer to the moon from a geosynchronous orbit; Leipold
et al.’ study the mission for a Mercury polar orbiter, and McInnes
etal.* have presented an investigation of the use of solar-sail propul-
sion for both Mercury orbiter and Mercury sample return missions.
Jayaraman® and Otten and McInnes® present optimum trajectories
for Mars missions. High-performance solar sails suggest nonclassi-
cal missions: Powers and Coverstone’ analyze the transfer to Earth
and Mars synchronous orbits; McInnes®® to the lunar L, Lagrange
point and to “levitation” orbits, where the solar radiation pressure
acceleration balances solar gravity, while rendezvous missions with
asteroids is studied by Morrow et al.!® The solar radiation pressure
has also been proposed for attitude control: for a geostationary satel-
lite by Modi and Kumar,!" for a satellite in an elliptic orbit by Joshi
and Kumar,'? and for an interplanetary spacecraft by Sirinian.'3 Ne-
glecting the effects of gravitational attraction of the moon, the sun,
and the terms in the Earth’s gravity potential function of order larger
than two, the use of a solar sail for east—west stationkeeping ma-
neuvers for geosynchronous satellites is proposed by Black et al.'*
Black uses a very small solar sail and a simple thrust strategy, but
the results are unusable for geostationary satellite deadband require-
ments. In this paper solar radiation pressure is used as a propulsive
force for both east-west and north—south stationkeeping maneuvers
for a geostationary satellite, usually made by a chemical engine.'’
At the Earth’s distance from the sun, the solar pressure is strong
enough to perform stationkeeping with the solar sail. Even if only
a small acceleration is available, the thrust can be applied for long
period because no propellant mass is required by the sail. However,
geometrical constraints, caused by the relative sun-Earth-satellite
position, must be considered.

Stationkeeping Maneuvers

The ground track of geostationary satellites is constrained to re-
main within a rectangular box containing the ground station. The
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satellite is forced away from the box by the harmonics of the Earth’s
gravity field (J,, Jos, . ..), the luni—solar effect and solar radiation
pressure. The longitude deadband is usually expressed in the form
Am £ 61, where A, is the nominal longitude and §A the maximum
drift longitude (Fig. 1). The box side depends on the mission require-
ments, but a typical range for §A and the maximum inclination iy,
is from 0.1 to 0.5 deg. Stationkeeping maneuvers are generally clas-
sified as north—south to reduce the inclination i and consequently
the satellite elevation with respect to the equatorial plane, and as
east—west, to control the satellite longitude.

An inertial X, Y, Z reference frame and a local r, ¥, h reference
frame (radial, transverse, and normal direction, respectively) are
considered in the simulation (Fig. 2). The solar-radiation-pressure
(SRP) forces are as a result of photons impinging on the sail surface.
A fraction of the impinging photons are adsorbed p,,, a fraction are
specularly reflected p;, and a fraction are diffusely reflected by a
surface p,, so that we have p, + o, + p, = 1. The SRP force acting
on a flat surface located at one astronomical unit from the sun can
be modeled as!®

F=PAGS -m{(1 = p)S+ 20, -m) + 3psJn} (D)

where P =4.563 x 107® N/M? is the solar radiation pressure at
one astronomical unit from the sun, A is the sail surface area, n is a
unit vector normal to the sail surface, and S is a unit vector pointing
from the sun to the surface. The SRP force acting on a sail surface
with an area A is often approximated as'®

F ~ nPAcos’a )
where « is the angle between the sun-sail line and the sail normal,
and 7 is the overall sail thrust coefficient, typically around 1.8 for a
real sailcraft with sail wrinkles and billowing, with an ideal maxi-
mum value of 1,,x =2. The following assumptions are considered:
1) flat solar sail, 2) thrust direction along only the sail normal on
the dark side, and 3) thrust coefficient » =1.8. In the local r, 9, h
reference frame two angles defined the orientation of the sail nor-
mal vector r and so the thrust direction. The antenna points towards
the earth on —r direction, while the sailcraft is steered changing
the center-of-mass location with respect to the center-of-pressure
location. This can be achieved employing reflective control vane
mounted at the spar tips.'® However, different solar-sail architec-
ture are been suggested for this purpose. '’

"Data  available online at  http://www.planetary.org/solarsail/
ss_spacecraft/index.html [cited 18 March 2004].
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Fig. 3 North-south stationkeeping maneuvers regions.

North-South Stationkeeping Maneuvers

The solar and lunar gravitational forces, together with the pre-
cession caused by J,, change the satellite inclination and play a key
role in the out-of-plane motion. The total mean drift rate varies be-
tween 0.75 and 0.95 deg/year, depending on the value of the moon’s
inclination with respect to the Earth’s equatorial plane. The moon’s
inclination changes, over a 18.6-year period, from 18.3 to 28.58 deg
and consequently also the stationkeeping AV (Ref. 15).

If the solar sail is used as a propulsive system, the sun-Earth-
satellite relative position must be taken into account. The north—
south maneuvers are centered around the nodal line (intersection of
the Earth’s equatorial plane and the satellite’s orbital plane), by an
angle with an amplitude of 8; (Fig. 3). The high-efficiency thrust
direction is perpendicular to the orbital plane, during the descend-
ing node in the & direction and during the ascending node in the
—h direction. But sometimes the solar sail is not able to provide
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thrust parallel to one axis because this depends on the sunlight di-
rection. For this reason, a steering law that maximizes the force
component along the 4 direction f;,, with respect to the total mod-
ulus froo=+/(f*+ f3+ f?) is used for the descending node case
Jn/fror» while for the ascending node case the steering maximizes
— fn/fro- The amplitude of the angle 8, is directly related to the
sail area. By increasing 4;, the north—south maneuvers are applied
for more time, and the sail surface area can be reduced. Numerical
simulation shows that with §; bigger than 140 deg the maneuver’s
efficiency decreases and the sail produces only a negligible varia-
tion in inclination. For this reason the amplitude of the angle §; is
set at 140 deg. During the Earth’s orbit around the sun, the north—
south maneuver is not made around the equinoctial line for an angle
with an amplitude of §, (Fig. 4). In this region, in fact, because of
the relative sun-Earth-spacecraft position, the sail will not be able to
eliminate, or reduce enough, the radial thrust component f,, present
in the fr, term. This component reduces the steering efficiency and
must be eliminated for inclination change maneuvers. Numerical
simulations show that this component cannot be eliminated, or re-
duced enough, for angles centered with respect to the equinoctial
line less than 40 deg. For this reason, the amplitude of §, angle is
set at 40 deg. When the Earth is in this region, for about 40 days, the
satellite’s inclination increases (to Ai). After this period the solar
sail must be able to reduce the inclination to zero before the begin-
ning of the next region where the north—south maneuver is not made.

Figure 5 shows the maximum value for the geostationary satellite
inclination, obtained using the previous steering law for a one-year
simulation, as a function of the solar-sail characteristic acceleration
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Fig. 4 Regions where the north-south maneuvers are not made.
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Fig. 5 Solar-sail performance to control the geostationary satellite
inclination.



a. and the lunar inclination. In the simulation, the solar and the lunar
gravitational forces and the first four tesseral and zonal harmonics of
the Earth’s gravity field are considered. The figure shows the com-
parison between three different cases: when the moon’s inclination
is at its maximum, medium, and minimum values with respect to the
Earth’s equatorial plane. With the same a., the smallest inclination
is obtained when the moon’s inclination is at its minimum. The end
of the curve, on the left side, indicates the smallest a. value able to
reduce the inclination to zero. For a. less than this value, the incli-
nation at the beginning of the next region, where the north—south
maneuvers are not made, is not zero but Ai. This fact makes the
geostationary satellite increase its inclination by 2Ai every year,
and ground-track control is impossible. To design a 10-year life-
time geostationary satellite, with the minimum AV required for the
north—south maneuvers, it is necessary to select the initial date when
the moon’s inclination is 24.2 deg in descending direction. In this
case the moon’s inclination assumes the same value (24.2 deg) only
after 10 years. The out-of-plane perturbations are at a maximum
when the moon’s inclination is maximum, and this happens at the
beginning and at the end of this period. In Fig. 5 the intermediate
line corresponds to the simulation when the moon’s inclination is
equal to 24.2 deg, and the satellite’s inclination remains under 0.11
deg if a. = 0.057 mm/s? is used. This value of a. is now used for
east—west maneuvers.

East-West Stationkeeping Maneuvers

Longitude stationkeeping needs less fuel than inclination station-
keeping but is more complex. A tangential burn does not change the
satellite longitude directly, but only its time derivative. A tangential
burn also changes the orbital eccentricity, which influences the lon-
gitude librations. The longitude control is still more complicated if
low-thrust propulsion systems are used. In fact, in this case also the
longitude derivative does not change directly, but depends on the
duration of the thrust. If a solar sail is used, constraints on the thrust
direction and the thrust magnitude with respect to the sail attitude
must be added.

To control the longitude, the thrustis applied for an angle with am-
plitude 235 centered with respect to the perpendicular of the nodal
line (Fig. 6). The different geometrical positions with respect to
the sun during the year suggest the division of the thrust strategy
maneuvers into four quadrants (Fig. 7). Each quadrant is centered
with respect to the equinoctial line or with respect to the solstice
line. During the quadrants centered with respect to the equinoctial
line, the strategy maximizes the tangential component =+ f;: inside
these quadrants the sunlight direction allows a large reduction of the
radial and vertical thrust components f,, f;,. During the quadrants
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Fig. 6 Region where the thrust strategy for east-west maneuvers is
applied.
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centered with respect to the solstice line, the thrust strategy maxi-
mizes the tangential component with respect to the total thrust mod-
ulus =+ f5 / fror- In this case the radial and normal thrust components
cannot be eliminated, and this strategy makes a good compromise
between the necessity to increase the tangential component and to
reduce the other. The sign + or — depends on the actual value of
ground track §A with respect to the reference longitude (Fig. 8). If
A > 0, the sign + is selected. In fact, a positive tangential force
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Fig. 7 Quadrants for east—-west maneuvers thrust strategy.
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Fig. 8 Definition of the sign for the steering during the east-west
maneuvers.
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Fig. 9 Case in which east-west maneuvers are applied or not.
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Fig. 10 Values for 6\, d3r, 635 as a function of geostationary satellite longitude.

Table 1 Ten-year stationkeeping maneuver performance

Satellite mass, kg

Parameter 1500 1000 500 350 300

Chemical propulsion, kg 300 216.7 133.3 108.3 100.0
Sail mass, kg 100 65.6 325 23 19.3
Square sail side, m 100 81 57 48 44

increases the semimajor axis and the orbital period, reducing SX.
If §A <0, the — sign is used. In fact, a negative tangential force
reduces the orbital period, the spacecraft increases its velocity, and
S\ decreases.

Because of the different geometrical conditions, the amplitude
of the 85 angle is not the same in different quadrants: in particular,
in equinoctial quadrants, it is indicated by 85z, whereas for solstice
quadrants 835 (Fig. 7). The values for §5 and 855 angles are obtained
with a parametric search to reduce §A.

Finally, the east—-west maneuvers are used only if the satellite
ground track increases the distance from the nominal longitude;
otherwise, no thrust is applied. For example, if 6 is positive but the
satellite ground track goes towards the nominal longitude, no thrust
strategy is applied (Fig. 9).

Results

The thrust strategy described in preceding sections is applied to
control the ground track of a geostationary satellite. In the simula-
tion, the solar and the lunar gravitational forces and the first four
tesseral and zonal harmonics of the Earth’s gravity field are con-
sidered. Figure 10 shows the §A obtained for each longitude value
for a one-year simulation. The 6 is not always the same and varies
from 0.09 to 0.21 deg as a function of the reference longitude. Also
the angles 63z and &35 change with the longitude, and the values
in Fig. 10 are obtained with a parametric search to reduce §A. To
analyze the performances from the mass point of view, the mass nec-
essary using a chemical engine (with specific impulse Iy, =280 s
and 50 kg of engine dry mass) is compared with the solar-sail mass.
An assembly loading of 10 gm~2 comprising the coated sail film,
deployable booms, and control mechanisms is supposed.* There is
intense research activity to develop new technology and structural
optimization software to decrease the solar-sail mass.!”-!8

Table 1 shows the geostationary stationkeeping maneuver per-
formances, for a 10-year lifetime satellite, as a function of satellite

mass and propulsion system. The propellant mass calculation for a
chemical engine is based on the typical AV required by a geosta-
tionary satellite, variable from 42 to 52 m/s per year and tabulated
on.' Solar-sail performances are very advantageous with respect to
the classical chemical engine and increase when the total satellite
mass is reduced. The solar-sail dimension depends on the satellite
mass and characteristic acceleration. For a square solar sail the last
line in Table 1 shows the sail side as a function of the satellite mass
for a, =0.057 mm/s?.

Another opportunity to save propellant is given at the end of the
mission when the geostationary satellite is put into a graveyard or-
bit (geostationary altitude 4250 km). This maneuver, for a 1500-kg
satellite, requires about 5 kg of propellant using a chemical en-
gine, whereas using solar sail this phase is made without additional
propellant.

Conclusions

The use of solar sail for north—south and east—west stationkeep-
ing maneuvers for a geostationary satellite has been proposed. The
minimum characteristic acceleration for north—south maneuvers is
found as a function of the moon’s inclination and the amplitude
required for the ground-track deadband. For a 10-year lifetime a
characteristic acceleration of 0.057 mm/s? is enough to force the
inclination under 0.11 deg. This characteristic acceleration value is
used for east—west maneuvers and the proposed thrust strategy is
able to control the satellite ground track in a small rectangular box
with the maximum drift longitude from 0.09 to 0.21 deg, depend-
ing on the nominal longitude value. A comparison with respect to
a chemical propulsion system is presented as a function of the total
satellite mass. The benefit of using a solar sail increases when the
total satellite mass is reduced, and for a 300-kg satellite the side for
a square solar sail is only 44 m.
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