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Solar sails are currently being studied and developed as alternate propulsion vehicles that can provide high

velocities. Their ability to reflect photons coming from the sun on a large lightweight reflective surface enables many

unique space science missions. One such mission is the GeoSail mission, for which the aim is the study of Earth’s

magnetotail. Recent advances in solar sail technologies, satellite bus miniaturization, and attitude control motivate

the present study of an alternate systems design approach for GeoSail. This paper details a practical systems

approach toward the design of a 40 � 40 m sail, focusing on the design and use of niche enabling technologies with

applications to the proposed GeoSail mission. The study is based on mission and system design requirements from

ESA’s technology reference studies, which focus on the development of strategically important technologies in

preparation of future scientific missions: in this case, for the 2015–2025 time frame.

Nomenclature

A = sail area, m2

a = semimajor axis, km
a = sail characteristic acceleration vector, mm=s2

ac = sail characteristic acceleration, mm=s2

acdes = dimensionless sail characteristic acceleration
ar = radial component of the sail acceleration, mm=s2

at = transverse component of the sail acceleration,
mm=s2

b1, b2, b3 = sail optical coefficients
E = Young’s modulus, N=mm2

e = eccentricity
Fb = boom tip bending force, N
Ft = total force, N
f = boom deflection, mm
fs = shadow function
I = moment of inertia of the cross section, kg �m2

ITI = total torque impulse, N �m � s
Ii = total impulse, s
J = performance index

L = length of the cross section, mm
lb = boom length, m
mCFRPlength

= mass per length, g=m
mCFRPspec

= specific mass, g=m2

mf = film mass, g
mmatrix = matrix mass, g
mstruc = boom structure mass, g
Mtip = tip thruster mass, g
Ncontrol = control torque, N �m
NSRP-D = solar-radiation-pressure disturbance torque, N �m
R = allowable bending force, N
r = Earth-sail distance, km
s = traveling distance, km
_� = sun-line rotation, deg =day
� = control parameter
�s = sail efficiency
� = attitude error angle, deg
� = Earth’s gravitational constant, km3=s2

� = true anomaly, deg
� = blanket substrate density, kg=m3

� = sail loading, g=m2

! = argument of perigee, deg
_! = apse-line rotation rate, deg =day

I. Introduction

F ORmore than two decades, scientists and engineers considered
the use of sails for space exploration. The terrestrial counterpart,

wind sails, carried human exploration on Earth to the far edges of
humanity and discovery. Similarly, many scientists in the space
community have studied the idea of using solar pressure as the wind
to propel a spacecraft, similar to a sailboat, to the far edges of our
solar system and beyond. The GeoSail mission for the Earth’s
magnetotail study is a mission concept previously researched by
NASA and ESA. Recent advances in solar sail technologies, satellite
bus miniaturization, and attitude control motivate the present study
of an alternate GeoSail design. Technology reference studies (TRS)
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introduced by ESA focus on the development of strategically
important technologies in preparation of future scientificmissions. A
number of TRS have been successfully studied in the context of
ESA’s scientific Cosmic Vision 2015–2025 [1]. Although the work
presented in this paper is not directly associated with ESA’s original
work, it does employ the TRS parameters to establish realistic
mission design requirements [1,2]. Previous studies and proposals
considered the spin-stabilized heliogyro configuration for the visit of
comet Halley in 1986 and interplanetary solar sail missions in our
solar system and the heliopause. The Science Payload andAdvanced
Concept Office identifiedGeoSail as a potential future ESA scientific
mission. GeoSail employs a 40 � 40 m solar sail that can be used to
artificially precess the apse line of its 11 � 23 Earth-radii reference
orbit. As a result, a miniature science payload is stationed within the
geomagnetic tail, providing periodic science returns. The long-term
residence of the payload in the geomagnetic tail allows phenomena,
such as magnetic reconnection, to be studied in situ. Using multiple
solar sails, the entire geomagnetic tail could be populated by sensors
that precess with the annual rotation of the geomagnetic tail,
allowing real-time visualization of the 3-D plasma structure of the
geomagnetic tail [1,3–5].

This paper details a practical system approach toward the design of
a 40 � 40 m sail, focusing on the design and use of niche enabling
technologies for the proposed GeoSail mission. The niche and
differentiating technologies analyzed compared with previous work
are [1–7] as follows:

1) Mission analysis and tradeoff of propulsion technologies are
needed to place the solar sail spacecraft in the GeoSail orbit.

2) A novel and more realistic sail steering law is used for solar sail
design, which includes solar sail degradation as well as eclipse and
shadowing effects.

3) An innovative solar sail design is based on the in-orbit bonding
(IOB) technology, along with its benefits in boom rigidity and sail
mass savings.

4) A practical and robust attitude control system is compact and
provides increased redundancy.

5) The use of ultraminiature and low-cost small-satellite design
technologies reduces the total mission mass and cost based on
significant heritage of small-satellite missions.

II. Mission Analysis

GeoSail is a low-cost innovative mission for which the main
purpose is to demonstrate solar sails as a feasible propulsion concept
[3–5]. It was devised by Macdonald and McInnes [3] in 2000 and
then refined in other papers [2,4–7]. Within this mission, a solar sail
is used to precess the apse line of an elliptical orbit for which the
major axis lies along the Earth’s geomagnetic tail. The precession
rate is chosen such that the orbit apogee remains continuously in the
geomagnetic tail, thus allowing for long-duration magnetospheric
plasma research [3–5]. In the work presented here, the proposed
operational scenario considers the solar sail spacecraft transported to
its main elliptical orbit with a transfer vehicle. The design of the
transfer trajectory and the characteristics of the associated vehicle are
presented in Sec. III. The sail is assumed to be deployed after
separation from the transfer vehicle. In addition, the sail deployment
mechanism is subsequently ejected to minimize mass.

Beyond GeoSail, other solar sail concepts for space science and
planetary exploration are the subject of past studies [2,6,7]. One of
these concepts, developed by NASA, focuses on the development a
large solar sail for chasing comet Halley. This study was carried out
at the Jet Propulsion Laboratory in 1977 and considered an 800 �
800 m solar sail for an 850 kg payload/bus [2,6]. A partly spin-
stabilized and self-supporting 76 � 76 m square sailcraft, based on
inflatable rigidizable booms, was proposed for the New Millennium
Program Space Technology 5 (ST5) Geostorm warning mission,
which would provide real-time monitoring of solar wind conditions
[8]. The sailcraft would operate from the L1 point of the sun–Earth
system toward the sun and offer increased warning time for
geomagnetic storms, in contrast to an Earth-orbiting system. The
concept of articulating a 2-axis gimbaled control boom was

investigated for a 40 � 40 m square sailcraft proposed for the New
MillenniumProgramSpaceTechnology 7 (ST7) sailflight validation
experiment [8]. This mission, with a gimballed control scheme (with
thrust vector control), is detailed by Wie [8] with other control
concepts, spin stabilization, control vane, and sailcraft using
translating and/or tilting sail panels. Leipold et al. [9] present part of
the European perspective in solar sail design. Kayser Threde and
DLR, Germany Aerospace Center, have demonstrated a number of
key technologies for solar sails. A 20 m sail deployment has been
achieved using carbon-fiber-reinforced-polymer (CFRP) booms
developed by DLR [9]. Other interesting concepts that employ solar
sails include the Solar Polar Orbiter (SPO) and the Solar Power
Imager. These concepts consider placing a sailcraft close to the sun to
acquire enhanced solar measurements [10–14]. Observations
directly over the solar poles are crucial to increasing our
understanding of the sun. Most previous missions to study the sun
have been restricted to observations from within the ecliptic. Solar
sail missions orbiting the sun are envisioned to facilitate the
development of a global three-dimensional picture of solar features
and processes [10–14].

Because of the special characteristics of solar sails, sailcraft have
been considered for long-duration spaceflight missions to the
interstellar region [15–17]. Leipold et al. [15] details a study to
develop an interstellar probe based on a solar sail platform to reach a
distance of 200 AU in 25 years. After 6.5 years, the sail is ejected,
having completed two photonic assist maneuvers around the sun.
The spin-based platform, equipped with a highly integrated payload
suite, operates autonomously to produce a 3-D mapping of the
interstellar medium [15]. Wie [18] and McInnes [6] present a novel
mission concept based on solar sails used to impact and deflect
asteroids that can potentially collide with Earth.

Parallel to solar sail mission studies, past studies also focus on
increasing the technological readiness level of solar sail technologies
[9,13,19–22]. Sail deployment, boom technology, and attitude
control are key technologies that have been demonstrated for near-
term space missions [9,13,20–22]. Furthermore, ultralight micro
solar sails have also been proposed based on flexible/inflatable
structures for a GeoSail-type mission [19,23].

The goals of the GeoSail mission, defined by the ESA TRS study,
consider engineering and scientific aspects. Among these, the
engineering goals are the most stringent [2]. The present study
assesses the engineering goals with respect to available technologies
and proposes a realistic and robust design. The technology goals
involve demonstrating the principle of solar sailing and extending the
capability to other future solar sailingmissions. The proposed design
should demonstrate, in orbit, the principle of a solar sailing and
generate observations and measurements of sail deployment and
sail behavior. The sail should also demonstrate in situ sail jettison
and measure sail–environment interaction. The scientific goals
should investigate the occurrence of magnetic reconnection in the
magnetotail plasma sheet and the reconnection processes at the
subsolar point. Furthermore, the mission should also investigate the
magnetosphere boundary layer [2,7]. The aim of the GeoSail study is
to establish a cost-efficient and technologically feasible mission
architecture for a solar sailing Earth magnetosphere exploration
mission, with the main emphasis on the specific system design of the
spacecraft and sail. Critical and mission-enhancing technologies are
discussed.

Conventional geomagnetic tail missions require a spacecraft to be
injected into a long elliptical orbit to explore the length of the
geomagnetic tail. However, because the orbit is inertially fixed and
the geomagnetic tail points along the sun–Earth line, the apse line of
the orbit is precisely aligned with the geomagnetic tail only once
every year. Approximately 3 months of data can be acquired, with
only 1month of accurate data from the tail axis. To artificially precess
the apse line of the elliptical orbit and keep the spacecraft in the
geomagnetic tail during the entire year would be prohibitive using
chemical propulsion. A scientifically interesting 11 � 23 Earth-radii
RE elliptical orbit would require a�V on the order of 3:5 km=s per
year of operation for apse-line rotation. A perigee at 11 Earth radii
meets the bow shock, and an apogee at 23 Earth radii is optimum to
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observe magnetic reconnection in situ. Although the �V for apse-
line rotation is large, only a small acceleration continuously directed
along the apse line is, in principle, necessary [3–5]. Because the
precession of the apse line of the orbit is chosen to match that of the
sun line, the sail normal can be directed along the sun line [2–7].

A. Mission Requirements

The GeoSail concept’s main purpose is to demonstrate solar
sailing as a feasible mission concept when doing research on plasma
phenomena in the Earth’smagnetosphere. The concept is compatible
with ESA’s Small Missions for Advanced Research in Technology
(SMART) program, and emphasis is laid on a low-resource and low-
cost design [1,2,7]. The solar sail is used to precess the apse line of the
satellite orbit around the Earth, such that the orbit apogee and perigee
remain continuously in the reconnection region in the magnetotail.
Because of �V restrictions, missions using conventional propul-
sion systems can only remain in such a region for a limited time
(about 3months/year). By using a solar sail, a continuous presence of
the orbit apogee and perigee in the reconnection regions can be
accomplished without additional propellant. The concept of solar
sailing has not yet been successfully demonstrated in space as a
practical propulsion system for real space missions. The GeoSail
concept is considered to be a strong contender for a solar sailing
demonstration concept. The sail is jettisoned at the end of themission
or, in case of deployment failure, as a jettison demonstration. The
successful demonstration of this concept is also crucial for future
missions such as an SPO and Interstellar Heliopause Probe (IHP)
[1,6,9–17]. Table 1 presents the GeoSail mission study requirements
as specified by the ESATRS design philosophy andESA technology
road maps [2]. A key goal of the study is to evaluate the feasibility of
achieving themission requirements or targets, such as solar sail mass
or spacecraft bus mass, with near-term realistic technologies and to
understand the technical shortcomings, which technologies need
further development, and which near-term technologies can bring
mass or performance benefits [2].

B. Science Objectives

The stated science objectives for GeoSail are to investigate 1) the
occurrence of magnetic reconnection in the magnetotail plasma

sheet, 2) reconnection processes at the subsolar point, and 3) the
magnetospheric boundary layer. These regions and processes have
been studied in the past and are the target of ESA’s present
4-spacecraft Cluster mission. Additionally, NASA’s forthcoming
4-spacecraft Magnetospheric Multi-Scale mission (2013 launch) is
dedicated to the microphysics of reconnection, following the
advances ofCluster. The launch of THEMIS (TimeHistory of Events
andMacroscale Interactions During Substorms) in 2007 has resulted
in a multipoint analysis on the triggering and evolution of substorms,
which is tightly linked to tail-reconnection processes. GeoSail’s
ability to maintain its apogee in the geotail against the natural
precession relative to the sun–Earth line imposed by the Earth’s
orbital motion allows for the systematic study of the seasonal
influences on the reconnection processes, especially in the
geomagnetic tail. However, there are still undetermined science
issues with the possible development of plasma bubbles that would
be potentially created by the interaction of a solar sail with plasma in
space [2,5,7,19]. Further analysis on the possible interference of the
solar sail (shadowing, accuracy, and magnetic cleanliness) is
necessary before the final payload suite is selected [2,7,24]. The
strawman payload provides an excellent core suite of instruments
that are suitable for both the primary mission objective (assessment
of the sail performance and impact) and studying magnetic
reconnection in the magnetosphere. Table 2 presents the strawman
payload-suite characteristics for the GeoSail mission study [2].

C. Transfer Trajectory

Given the operational orbit (11 � 23 RE) and considering the
launcher requirement (Vega or a similar low-cost launcher), several
possibilities exist to reach the final orbit.

1)With solar sail plus chemical propulsion (SS� CP), the transfer
from the launcher injection orbit to the operational orbit is done with
CP via high-thrust maneuvers.

2) With solar sail plus electric propulsion (SS� EP), EP provides
the thrust during the multirevolution transfer.

3) With a dedicated solar sail (SS), no additional propulsion
system (apart from the sail) is mounted and the SS provides the
continuous thrust for the transfer. The selection of the best propulsion
configuration requires the choice of the best tradeoff between the

Table 1 GeoSail mission study requirements

Primary objectives Sail deployment demonstration in real space environment

Technology Observation and measurements of sail dynamics
Sail jettison and separation demonstration
Measurement of effects of sail on space environment observations
Ground-test model validation

Secondary objectives (science) Understand how magnetic reconnection occurs in the magnetotail current plasma sheet
Investigation of boundary layer, magnetic coupling, magnetospheric plasma waves,
and plasma leaks through magnetopause

Payload 5 instruments
Flux gate magnetometer
Electrostatic analyzers
Search-coil magnetometer
Electric field instrument
Solid-state telescope

Orbit and Launch Apse-line control using solar sail
Vega launch from Kourou in 2010

Orbit 11 RE � 23 RE and i� 23 deg (ecliptic plane), where RE is the Earth’s radius
Operational lifetime 2 yr

Spacecraft details

Total spacecraft mass (no sail) 87 kg
Sail mass 85 kg

Sail details

Characteristic acceleration 0:1 mm=s2

Size 43 m � 43 m (square)
Assembly loading 34 g=m2 (final sail mass/sail area)
Material TPEN film
Sail thickness 3:5 �m
Boom specification mass 34 g=m
Coating Front: 0:1 �m Al, reflectivity 85%

Back: 0:01 �m chromium, emissivity 64%
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three aforementioned possibilities. For a preliminary qualitative
analysis, the main benefits and drawbacks of each configuration are
summarized in Table 3. This analysis highlights mission architecture
issues, possibilities to broaden the launcher spectrum, and backup
possibilities for scientific return in case of possible failures.

The sail-only mission is inappropriate, because a deployment
problem creates a single-point failure. Also, this particular scenario
introduces the risk of solar sail degradation during the transfer phase.
A preliminary estimation of the flight time of the sail transfer,
considering the same sail designed for the operational orbit, is at least
3 times longer than the electric propulsion scenario (143 days) using
two SMART-1-type engines (see Table 4). A launcher analysis is
clearly required, because different possibilities arise, as detailed in
Table 3. In addition, if the Vega (the nominal launcher) is not
available, injection into higher-energy orbits is still possible via a
Soyuz-2B launch from Kourou, and the flight time for multi-
revolution transfers (SS and SS� EP) is reduced. If a piggyback
launch into a higher-energy orbit is possible, such as an Ariane 5
launch into geosynchronous transfer orbit (GTO), the benefits of the
electric propulsion become much more attractive, because the
reduction in the transfer time is substantial.

1. Propulsion Tradeoff

The optimal transfer to operational orbit, in both electrical and
chemical propulsion, must be analyzed for proper launcher and
spacecraft (SC) architecture assessment. In the case of a Soyuz
launch from Kourou, there is sufficient margin. However, for Vega,
the launch margin fulfillment is more demanding, especially for the
CP option. For transfer design, the baseline is a Vega launcher that
injects the SC into a 23-deg-inclination circular orbit, and its
performance is extrapolated for higher altitudes [25]. For the Soyuz
case, the linear approximation/extrapolation for performance works
well for 1000 to 4000 km circular orbits and is assumed to be feasible
and compatible with the launch vehicle’s user’s manual [25].

According to [2], the total target mass into operational orbit is
172 kg (85 kg sail and 87 kg satellite bus), which is used as a design

assumption. For the cases considered in this study (EP and CP), no
perturbations are considered in the optimizations carried out. Thus,
the central body is the only gravitational force assumed to act on the
sail. In the EP scenario, certain assumptions are made based on
existing EP technology and trajectory optimization techniques [26–
28]. It is assumed that a continuous thrust is produced during eclipse
periods, due to the limited number of restarts of electric engines,
which imposes specific requirements on spacecraft batteries. A
constant maximum thrust at 85.5 mN and specific impulse ISP �
1650 s based on the SMART-1 Société Nationale d’Etude et de
Construction de Moteurs d’Aviation (SNECMA) PPS-1350G
thruster are used with a maximum power consumption of 1.1 kW
[29]. For nominal operations, it is assumed that the EP thruster uses
85%of its maximum ISP to have the additional capability of using the
EP thruster if the sail deployment fails. An initial spacecraft mass
(including the transfer module) of 500 kg is used, including a 20%
margin, because of the additional transfer propellant and augmented
dry mass, for which the propellant is 200 kg and the mass of engines,
tanks, valves, pipes, and power control is estimated from SNECMA
data to be 65 kg if 2 engines and 4 tanks are used (with only 1 engine,
the transfer can still be carried out, but with an approximately
doubled flight time).

In the CP hypothesis, similar design assumptions are made based
on typical chemical thrust scenario, such as in other Earth-escape
trajectory analyses [28]. An EADS Astrium 400 N bipropellant
thruster is used (model S400-2), which provides a 400 N thrust at
318 s Isp. For a 2-impulse transfer, the gravity losses with standard
operational steering are high, making the scenario unfeasible. One
solution is to split the apogee raising into several burns and perform
an optimization of each burn duration and location using an explicit
steering law for the thrust direction. Another solution is to use only
one burn for each apse-raising maneuver and an implicit guidance
logic (optimal control formulation) for the thrust direction. Although
this proposed guidance scheme provides slightly better results than
the explicit steering law, it is usually discarded due to operational
complexity [30].

Table 2 GeoSail strawman payload-suite characteristics

Instrument Units Mass, kg

Fluxgate magnetometer (boom) 1 1.5
Electrostatic analyser 1 2.0
Solid-state telescope 1 1.0
Search-coil magnetometer (boom) 1 2.0
Electric field instrument 3 3.0
Data processing unit 1 3.0
Margin (20%) —— 2.5
Total —— 15.0

Table 3 Propulsion tradeoff for GeoSail transfer phase

SS� CP SS� EP SS

Advantages

Shortest flight time
Lowest operational costs
Some science return if sail fails
Simplified sail operation

Redundancy for Scientific return (EP module may be
used for operational orbit maintenance if sail failure)

Higher launch mass margin
Smaller and cheaper launcher possible, e.g., Dnper-1,
or launch as piggyback (into GTO for instance)

Simplified sail operation

Lowest mass because an additional propulsion module
is not required

No consumables (propellantless)
Smaller and cheaper launcher possible, e.g., Dnper-1,
or launch as piggyback (into GTO for instance)

Disadvantages

Largest launch mass
Additional upper stage
Low scientific return in case of sail
failure (no precession of line of
apsides)

Several months of flight time
Longer radiation dose than CP (multiple crossing of Van
Allen belts)

Larger solar panels due to EP high power requirement
and longer time in radiation belts

Largest flight time (�3times the EP transfer time)
Longest exposition of SC to radiation dose and
particle degradation

High degradation of sail due to long flight time
(radiation belts, particles)

Complete loss of mission in case of deployment
failure

Increased risk of collision with low-Earth-orbiting
objects during the transfer phase

Table 4 Launch & transfer performances comparison

Performances SS� CP SS� EP

Launcher injection orbit 1500 km circular 3000 km circular
Initial mass 1500 kg 500 kg
Flight time 2.01 days 143 days

(5 burns for apogee raising)
Propellant mass 1024.8 kg 129.4 kg

(5 burns for apogee raising)
(2% gravity losses in

perigee raising)
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In an impulsive transfer, the alignment of the line of apsides with
the sun–Earth line is not a complex issue. However, in the EP case, a
guidance algorithm is required to achieve the required final
orientation of the apse line. This is similar to the guidance algorithm
used for the phasing for a rendezvous with a spacecraft such as that
required in the ConeXpress mission [27]. This orientation of the line
of apsides is neglected in the optimization, because the effect of the
perturbations and the corrections to align the line of apsides is
expected to have a small effect in the flight time and hence in the
propellant mass. Another important design issue is that alignment of
the apse line and sun line means thrusting in shadow, which impacts
battery mass and subsequently increases the total system mass.
Although the relative orientation can be neglected for trajectory
optimization, it cannot be neglected for system design. The optimal
solution for the GeoSail mission would be to thrust while the eclipse
duration is below the battery capacity limit and to switch off thrusting
during eclipse when it is above this limit. This strategy has a small
impact on the transfer, because the larger eclipse periods take place at
the end of the transfer, when the apogee has almost reached its
operational value. This occurs, for example, in the last revolutions of
the transfer, when the semimajor axis is higher and the variations in
the orbital elements are the fastest (highest efficiency of the thrust).

The main characteristics of the considered transfers are presented
in Table 4, in which the finalmass includes the tanks and thrusters (or
the additional kick stage) required to perform the maneuvers. The
multiburn optimal explicit steering logic is used for the CP transfer
design presented in Fig. 1, and the effect of the multiple burns in the
finalmass before perigee raising is depicted in Fig. 2. The EP optimal
transfer (minimum time with continuous thrust) is presented in
Figs. 3 and 4 and shows the most significant orbital parameters.
Initially, the optimal control logic is focused on increasing the
semimajor axis, and after a certain point, the control mainly aims to
decrease the eccentricity. The cost function (flight time) has low
sensitivity to the position of the optimization nodes (within a certain
domain).

2. Propellant Budget

For the orbit perturbation analysis during the transfer, a separation
is applied between deterministic perturbations (third bodies, solar
radiation pressure, and nonsphericity of Earth gravity potential) and
stochastic perturbations (launcher dispersion, navigation accuracy,
and thrust uncertainties). Table 5 presents an estimation of the
propellant mass budget for the two propulsion transfer options. For
the EP transfer, a guidance algorithm previously developed is used,
which compensates for the deviations from the optimal trajectory
[26,27]. The simulations show negligible propellant mass penalty
(less than 1 kg) due to the deterministic perturbations. Even if the
orientation of the apse line is not considered, the low sensitivity of the

flight time to the secular trajectory nodes indicates that the
deterministic perturbations are not a big issue for EP. For the
stochastic perturbations, the worst case is assumed, using a 10%-
decreased thrust magnitude. The sensitivity to the launcher injection
orbit is very small. The propellant mass for orbit maintenance during
2 years (nominal scientific mission duration) in the EP case is
estimated by assuming a continuous thrust oriented in the line of
apsides [i.e., only argument of perigee control and the transfer final
mass (Table 5) without the sail mass (85 kg)]; that is, the orbit
maintenance is performed by EP only if a sail deployment failure
occurs and after jettison of a hypothetical failed sail.

In the chemical-propulsion scenario, the deterministic perturba-
tions have a reduced effect due to the short transfer time and can beFig. 1 Multiburn transfer with CP.
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Fig. 3 Minimum-time transfer with EP.
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included in the nominal transfer design and launch injection orbit.
Therefore, a negligible contribution is expected to the overall
propellant or �V budget. The stochastic perturbations can have
significant effects, especially during the burn periods (attitude
control and burn switch-on and switch-off times). Nevertheless, in a
multiburn scenario, there is always the possibility to cancel undesired
effects in subsequent burns and hence the number of trajectory
correctionmaneuvers can be limited to just the final orbit adjustment.
For this preliminary design, a margin philosophy of 5% is applied.
The orbit maintenance for 2 years is computed by assuming an
optimal 2-impulse strategy, because for the required eccentricity, the
single impulse strategy is not optimal. The line of apsides oscillates
and the scientific return degradation may be significant. A
bipropellant thruster with a 340 s specific impulse is used. The orbit
mass is the transfer final mass (see Table 5) excluding the sail mass
(85 kg). For both the chemical and electrical options, two
assumptions regarding the sail jettison and the decommissioning
strategy have been considered:

1) No �V is provisioned for the jettison of the sail, because a
mechanism is assumed to separate the SC and the sail. The solar
pressure differential acceleration prevents a further collision. If a
small�V (�1 cm=s) is required, the spacecraft thrusters and attitude
control system (ACS) may be used.

2) For the decommissioning, no additional�V is envisaged in this
preliminary analysis. However, the decommissioning should
consider the probability of a possible jettison failure.

From the preceding results and analysis, the SS� EP mission
presents more advantages than the SS� CPmission in terms of final
mass into orbit (�100 kg), mission success probability, and launcher
flexibility, provided that the operational and procurement costs are
kept low by implementing the optimal onboard autonomy level and
using mature technologies. Considering that the SS� EP is a more
attractive option, electromagnetic contamination of instruments
would need to be carefully assessed, although missions with similar
payloads and propulsion systems to GeoSail, such as SMART-1,
indicate no substantial issues with respect to instrument
contamination from an EP system [29,31]. Therefore, the baseline
design selected for the transfer phase of the mission is the SS� EP
option. The corresponding model is based on SMART-1 propulsion
heritage technology. Considering a 10% margin, the total mass,
including structural parts and propellant, is 362 kg.

III. Solar Sail Trajectory

The GeoSail mission trajectory has been analyzed in [4,5] under
the assumption of an ideal solar sail force model and including the
effect caused by the Earth’s shadow. Recently, a new enhanced
steering law has been proposed in which the sail’s behavior is
characterized by an optical forcemodel and shadowing effects due to
the eclipse periods [32]. In the GeoSail mission, the solar sail is
assumed to orbitwithin the ecliptic plane so that only three osculating
orbital elements (semimajor axis a, eccentricity e, and argument of
perigee!) are required to describe the evolution of the trajectory. The
sail normal n̂ is directed, by assumption, within the ecliptic plane so
that there is only an in-plane acceleration due to the solar radiation
pressure. To investigate steering laws for the apse-line precession,
the following Lagrange planetary equation is employed [4]:

d!

dt
� r2

�e

�
�ar cos �� at

�
1� r

a�1 � e2�

�
sin �

�
(1)

wherear andat represent the radial and transverse components of the
sail propulsive acceleration, r is the Earth-sail distance, � is the
Earth’s gravitational parameter, and � is the true anomaly. The orbit
geometry is shown in Fig. 5, along with the sail pitch angle � and the
ideal thrust orientation angle relative to the radial direction
’� 	 � 	�� � � �� � !�
.

The solar sail acceleration is introduced through an optical force
model [32]: that is,

a � fsac cos�	b1r̂� � �b2 cos �� b3�n̂
 (2)

where b1, b2, and b3 are the optical coefficients (b1 � b3 � 0 and
b2 � 1 for an ideal, perfectly reflecting, sail), ac is the sail
characteristic acceleration, and fs is the shadow function: that is
fs � 0,fs � 1, or 0< fs < 1, according towhether the solar sail is in
umbra, in sunlight, or in penumbra, respectively. A conical shadow
model is assumed in all of the simulations. Note that for the rotation
of the apse line to be synchronous with the rotation of the sun line,

the identity _!� _� must hold, where _�≜ 0:9856 deg =day. The
developed optimal steering law allows one to suitably trade off
between the conflicting requirements of maximizing the apse-line
precession capability and the control effort required to achieve that
precession. In mathematical terms, the problem can be presented as
that of maximizing the functional J, defined as

J� �!f �
�1 � ��

2

Z
2	

0

cos2�d� (3)

where !f ≜ !�tf� and subscript f stands for final (that is, after a
whole orbital period). The tradeoff between sail precession
effectiveness and control effort is accomplished through the value of
parameter � 2 	0; 1
. Values of � close to 0 correspond to small
variations allowed for the pitch angle, whereas, as long as � is
increased,more control energymay be employed, thus increasing the
solar sail precession efficiency. Figure 6 shows the sail performance
as a function of � for different values of dimensionless characteristic

acceleration ac=acdes , where acdes ≜ 0:096 mm=s2 corresponds to the
design value of the characteristic acceleration in [2]. Actually, the

dimensionless apse-line precession rate _!= _� depends on �, even if
this dependence is quite moderate. In fact, it can be shown (see [32])

that there exists a linear relationship between _!= _� and the solar sail
characteristic acceleration. To guarantee that theGeoSail orbit is sun-

synchronous, the condition _!= _�� 1 must be satisfied. Assuming
�� 1 (i.e., a control law that maximizes the apse-line rotation), the
minimum admissible value of the characteristic acceleration is

ac � 1:1 acdes � 0:106 mm=s2

Table 5 Preliminary propellant budget

Propellant budget SS� CP SS� EP

Nominal transfer 1030 kg 129.4 kg
Deterministic perturbations <10 kg <1 kg
Stochastic perturbations (5%) 51.5 kg 14.4 kg
Orbit maintenance 286.5 kg 106.9 kg
Total propellant mass 1368 kg 250.7 kg
Final mass into orbit 132 kg 249.3 kg

Fig. 5 GeoSail orbit geometry.
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IV. Solar Sail Design

The emphasis for solar sail design ismainly to successfully deploy
the maximum effective sail area with the lowest possible mass.
Improvements in this context aim to carry larger payloads, to enable
higher acceleration for long-term missions, and to keep the sailcraft
inertia at a minimum for attitude maneuvers and structural stability.
Design options exist in many technological areas for a solar sail
design: material selection, storage, and deployment technologies.
There has been a recent emphasis on the development of many of
the key sail technologies based on various boom/deployment
technologies, including deployment of solar sail designs in large
vacuum facilities [13,20,21,33–35].

A major issue in solar sail design is the development and
deployment of lightweight, rigid, long structural booms. They affect
the sail performance in two ways: 1) directly with the mass of the
booms themselves and 2) indirectly with the mass and size of the
related sail deployment and storage facilities. The proposed GeoSail
design is based on the IOB design, which provides an advantageous
solution for both sail-boom requirements [33]. Commonly known
technologies for deployable booms with a reasonable stiffness-to-
mass ratio are limited in length, due to inherent stresses that define the
necessary storage volume. The IOB technology uses similar boom
cross sections, but shifts the assembling process into orbit. The
storage of two semifinished half-sections allows compact storage,
which is a critical design feature for solar sails. During deployment,
the boom halves are to be aligned to each other and adhesively
bonded. With the possibility of varying shell thickness or size of the
cross section, a design close to the load conditions becomes feasible.
This optimizes the structure with respect to the mass requirements.
Considering that the sail deployment is a one-shot process, the
majority of the associated mechanical and structural components are
not needed afterward. The IOB sail design allows jettisoning of this
mass fraction after reaching its desired size, thus substantially
reducing the sail mass [33].

The feasibility of the IOB concept has been built in the form of a
breadboard model aimed for on-ground technology demonstration
and tests with the prospect of near-term flight-model development.
The demonstrator, as depicted in Fig. 7, consists of three main
sections in the feeding line of the carbon-fiber-reinforced polymer
segments: a storage unit, a drive unit, and an alignment unit. Despite
the high mass of the breadboard model (25 kg), the choice made for
the on-ground demonstration of a reduction in the range of at least
50–75% is feasible for flight models [33]. To demonstrate the
possibility of jettisoning a large fraction of totalmass, the storage unit
is designed to separate from the main sail structure, a feature that is
not necessarily available with other sail deployment systems [33]. A
solar sail design that incorporates the capability to eject the
deployment structure, subsequently reducing the mass of the sail, is

the L’Garde sail. The design was recently tested at the NASA Space
Power Facility at Plum Brook Station, Ohio [13,21,35]. The storage
unit includes three equal compartments with storage and a spring-
loaded pressure roll. The unwound segments (still separated by
sheet-metal plates) are led into plastic guiding elements. A speed-
controlled 24Vdc drivemotor feeds the segments by frictionwheels.
All three feeding lines are connected and equalized by a bevel gear.
The sail film is then held by the three-corner method, which has been
previously tested [9,33].

A. GeoSail Sail Design and Tradeoff

In most references in the literature [2–16], there is limited
information on the sail design and the design methodology that was
followed. Most studies have used existing solar sail technical
information or projections to get an estimate on the sail mass and
performance properties. In this paper, three sail configurations are
considered for the GeoSail solar sail design and tradeoff:

1) Configuration A is a 3-boom triangular shape.
2) Configuration B is a square 4-boom shape.
3) Configuration C is a square 4-boom shape with a 10 � 10 m

cutout in the center for payload field-of-view purposes (Fig. 8).
Table 6 presents the solar sail design requirements for the GeoSail

mission as specified by the ESATRS literature [2]. Table 7 shows the
preliminary results from the design and tradeoff for different sail
shapes (configurations A–C). The bending force, sail technology
availability on sail technology (IOB booms and CP-1 film), and
GeoSail requirements [2] form the basis of the sail sizing. The main
conclusion from the preliminary tradeoff is that the 3-boom
triangular shape requires a higher structural rigidity than confi-
gurations B and C; however, it comes with the smallest mass, as
depicted in Tables 8 and 9. The boom stiffness affects the film
tensioning, an aspect that is not considered in the present study. The
booms for the 3-boom configuration are heavier, for support
purposes. The satellite bus mass is fixed to 85 kg for the sail sizing.

1 1.05 1.1 1.15 1.2 1.25

0.85

0.9

0.95

1

1.05

1.1

1.15

ac /acdes

/

= 1

= 0

.
.

Fig. 6 Sail performance as a function of dimensionless characteristic

acceleration.

Fig. 7 IOB breadboard deployment module: a) separated in fixed and
ejectable parts, b) launch mode, and c) deployed.
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Table 9 provides a summary of the three sail configurations
analyzed. The ejectable unit for the sail design is the same for all
configurations. The boom mass savings for the square sail are
slightly larger than the savings obtained from employing fewer
components for the sail deployment using the 3-boom confi-
guration A. Larger-sailcraft missions, such as the solar orbiter and
IHP, are expected to exhibit a similar, but amplified, trend.
Configuration C is the heaviest inmass by a small margin and has the
10 m center cutout. Option B is selected due to its simpler design
(without the cutout); however, design C should also be further
analyzed to ensure that payloads have a continuous and clear field of
view.

V. Attitude Control System

In theory, the orientation of large solar sails may be controlled
through the combined use of attitude determination techniques and
control systems that are typically employed in small satellites.

However, for an 85 kg sailcraft, small reaction wheels and a
conventional propulsion subsystem with a limited amount of
propellant may be inadequate, impractical, or even undesirable. In
particular, the large moments of inertia, its large solar-pressure-
imbalance disturbance torque, and its extended sailing voyages
render these classical techniques impractical for the present
application.

One method of actively controlling the attitude of a 3-axis
stabilized sailcraft is to change its center-of-mass location relative to
its center-of-pressure location. This can be achieved by articulating a
control boom with a tip-mounted payload/bus [8,22]. Although the
essential idea behind the c.m.–c.p.methods that are traditionally used
for solar sails is simple, there are various practical implementation
issues. Furthermore, these various attitude control approaches
introduce their own advantages and disadvantages in terms of
pointing accuracy, controllability, stability, and other system-level
tradeoff issues (e.g.,mass, power, volume, and cost). The selection of
a particular attitude control approach for a specific mission requires
detailed system-level tradeoffs [8,13,15,18,19,22].

There is a need to develop an efficient scalable ACS with the
optional possibility of decoupling the ACS from the sail booms,
adding design flexibility and simplicity to the sail design. The design
proposed for GeoSail is a spacecraft-bus-oriented ACS system
decoupled from the sail, as depicted in Fig. 9. Although challenging
due to the large and persistent SRP disturbance leading to excessive
angular momentum buildup, the proposed ACS system illustrated in
Fig. 10 enables a compact and robust control scheme using flight-
proven technologies with minimum risk and scalability.

A trim-ballast system based on four 10 m booms with 2 kg ballast
masses is used to trim the sail and allow attitude control with
microreaction wheels (Fig. 10). The booms are also used to place the
miniature pulsed plasma thrusters (PPTs). The large torque arms are
used to maximize the effectiveness of the small forces produced by
the PPTs. Roll control cannot be achieved through the trim-ballast
system, because it is a 2-axis control system (pitch/yaw), or by the
bus microthrusters/reaction wheels, as the torque they can produce is
small. The roll SRP disturbance that is considered as half of the pitch/
yaw disturbance creates a pinwheel disturbance torque and an
excessive angular momentum, which need to be compensated by
some means of actuation. An SRP force of 0.01 N generates
disturbance torques of 1 mN �m about the pitch/yaw axes and
0:5 mN �m about the roll axis, leading to an angular momentum
buildup of 31; 536 N �m � s for the 2-year GeoSail mission.
Compensating for this excessive angular momentum buildup, large
amounts of propellant would be required, reaching levels of 30 kg, a
mass overhead that is not compatible with the small-satellite bus
design. However, if the thrusters are placed on four 10 m booms, the
large lever arms amplify the torque that is produced by the thrusters
with minimum mass. The booms are also used to carry the 2 kg
ballast masses for sail trimming [19]. Another advantage of the boom
mounted PPTs is that they can be used in case of attitude failure to
place the sail in a safe pure-spin mode. Figure 11 presents the trim-
ballast control system [22]. Figure 12 illustrates the feasibility of
counteracting solar disturbance torques (0:5 mN �m) using the bus-
based booms/PPT scheme with moving masses. The simulation
employs parameters and properties listed in Table 10. Figure 12 also
depicts the PPT firings needed for roll control of the sail for a 20 deg
roll reorientation maneuver and the realistic performance of the
proposed trim balance system, which only requires amaximum 10m
length. It is also evident from Fig. 12 that the trim-ballast rates are
feasible with existing miniature-motor technologies.

VI. Spacecraft Bus

The core structure is a standard Surrey small-satellite modular
self-supporting stack of equipment boxes. Each module box carries
one or more subsystems, serving as both subsystem enclosure and
structural element. The top facet is the interface with the solar sail
module. This is surrounded by shear panels that connect and transfer
the loads from the stack to the facet and to which nonstructural
ministacks of nanotrays are bolted. These nanotrays represent the

Fig. 8 GeoSail configuration tradeoff.

Table 6 GeoSail design requirements

Parameter Symbol Value Units

Solar radiation pressure P 4:56 � 106 N=m2

Sail efficiency �s 1.85 ——

Mass solar sail structure mS TBD kg
Total S/C (bus) mass mT 85 kg
Sail area A 1600 m2

Solar sail loading s 53.125 g=m2

Characteristic acceleration a0 0.10 mm=s2

Traveling distance s 49,725,965 km (0.33 AU)
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next step inminiaturization and are a direct result of thework done on
developing smaller, more efficient, subsystems, demonstrated on the
SNAP-1 (Surrey Nanosatellite Applications Program) nanosatellite.
The GeoSail mission does not pose a substantial challenge for the
structure design. Thus, a standard small-satellite structure is used, as
illustrated in Fig. 13 [36].

The S-band RF system consists of two transmitters and receivers
with associated antennas. The transmitters are cold-redundant and
have their own default frequency allocation at startup, and so they
can work autonomously. The setup has omnidirectional coverage

and includes provisions for safety and backdoor commanding for
emergency operations. The S-band system includes two 9.6 kbps CP
frequency-shift-keying receivers and two 2 Mbps biphase-shift-
keying transmitters.

The data handling system is based on twoheritage computers, with
a third redundant computer that is an upgrade from the heritage
computer. This allows for redundancy and high performance while
preserving heritage. The onboard data handling (OBDH) is divided
into platform and payload sides, each with its own dual-redundant
controller-area-network buses. A high-speed bus is provided

Table 7 Tradeoff and sail design for the GeoSail mission

Solar Sail Parameters Symbol Configuration A Configuration B Configuration C Units

Sail area A 1600 1600 1600 m2

Boom length lb 35.10 28.28 29.2 m
SRP P 4:56E � 06 4:56E � 06 4:56E � 06 N=m2

Sail efficiency � 1.85 1.85 1.85 ——

Total force Ft 1:35E � 02 1:35E � 02 1:35E � 02 N
Boom tip bending force Fb � 2=9�Ft� 3:00E � 03 2:25E � 03 1:69E � 03 N
Maximum distance/neutral line t=2 0.08 0.07 0.07 m
Allowable bending radius R� �t=2�=e 16 14 14 m
Moment of inertia of the cross section I 2:49E� 05 1:66E� 05 1:66E� 05 mm4

Young’s modulus E 50,000 50,000 50,000 N=mm2

Boom deflection f 3.5 2.0 1.7 mm
Cross section L 350 310 310 mm
Number of plies —— 3 3 3 ——

Specific mass mCFRPspec
65 65 65 g=m2

Mass per length mCFRPlength
68.25 60.45 60.45 g=m

Volumetric fiber —— 55 55 55 %
Density of matrix material —— 2 2 2 g=m3

Density of fiber material —— 1.7 1.7 1.7 g=m3

Matrix mass mmatrix 65.70 58.2 58.2 g
Boom weight per length mspec 133.95 118.64 118.64 g=m
Boom structure mass mstruc 14102.54 13422.26 13835.35 g
Boom shell thickness —— 0.35 0.35 0.35 mm
Allowable strain e 0.005 0.005 0.005 ——

Bending radius —— 35.00 35.00 35.00 mm
Blanket substrate density � 1434 1434 1434 kg=m3

Thickness (CR1–0.25 mil) tCR1 6:35E � 06 6:35E � 06 6:35E � 06 m
Specific film mass —— 9.11 9.11 9.11 g=m2

Film mass mf 14569 14569 14569 g

Table 8 Sail deployment parameters

Sail deployment parameters Symbol Configuration A Configuration B Configuration C Units

Boom length lb 35.10 28.28 29.15 m
Boom weight per length mspec 133.95 118.64 118.64 g=m
Boom structure mass mstruc 14.10 13.42 13.84 kg
Sail area —— 1600 1600 1600 m2

Sail area/boom size —— 45.6 56.6 54.9 m
Film mass —— 14.6 14.6 14.6 kg

Table 9 Total mass properties for the GeoSail sailcraft configurations

Layout configuration Configuration A Configuration B Configuration C
Component Mass, kg Units Total mass, kg Units Total mass, kg Units Total mass, kg

Sail mass —— —— 14.6 —— 14.6 —— 14.6
Boom mass —— —— 14.1 —— 13.4 —— 13.8
End fittings 0.1 3 0.3 4 0.4 4 0.4
Main frame —— —— 10.0 —— 10.0 —— 10.0
Guiding unit 1.5 3 4.5 4 6.0 4 6.0
Ejectable frame —— —— 10.0 —— 10.0 —— 10.0
Sail container —— —— 6.0 —— 6.0 —— 6.0
Ejection unit —— —— 2.0 —— 2.0 —— 2.0
Storage drum 0.65 3 1.95 4 2.6 4 2.6
Tape removal 0.35 2 0.7 2 0.7 2 0.7
Driving unit 1.5 3 4.5 4 6.0 4 6.0
Launch mass —— —— 68.6 —— 71.7 —— 72.1
Mass after jettisoning —— —— 43.5 —— 44.4 —— 44.8
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between the redundant processor module and the two data recorders.
The main goal of the platform side is to do attitude control, and the
payload side handles spacecraft housekeeping. Data is stored in
synchronous dynamic RAM devices. Configuration via the onboard
processor provides a means of controlling storage. This includes a
mode that provides protection of captured data against single-event
upset. These devices (hardware data recorders) are based on recent
small-satellite technologies based on previous solid-state data
recorders units, one of which is provided for additional backup [36].

TheGeoSail bus power system uses heritage from previous Surrey
spacecraft power systems (mainly, the DMC-1 spacecraft). The
power system uses a battery bus topology and delivers an
unregulated 28 V bus to the platform and payloads. The solar arrays
are connected to the bus via battery charge regulators, providing a
versatile and efficient method of maximizing panel power during
sunlight by adapting to array characteristic variations with changing
temperature. Direct connection between the battery and the bus
ensuresmaximum efficiency during battery discharge in eclipse. The
power system design is modular and can be scaled to meet varying
power demands for different missions [36]. GaAs multijunction cell
technology is used on the GeoSail solar arrays, and a lifetime of two
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PPT thruster

2 kg ballast

Guidance, navigation 
and control system

Star
camera

Micro
gyros

Attitude
determination

algorithm
(quaternions)

3-axis control
TVC logic

3-axis trim control

Pulsed plasma thruster

Micro reaction wheels, 
sensors, thrusters

Fig. 9 Solar sail bus attitude control system architecture (TVC denotes

thrust vector control).

10 m boom

PPT thruster

2 kg ballast

Fig. 10 Satellite bus ACS for GeoSail.

Fig. 11 Trim-ballast control system [19].

Fig. 12 Sail bus ACS SRP disturbance simulation.
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years was taken into account in the sizing of the solar panels, in
addition to solar sail shadowing.

A. Propulsion

A low-mass and robust propulsion subsystem such as a xenon-
based resistojet thruster system is needed for sail ACS recovery
(backup) without contaminating the sail assembly. The propulsion
system should potentially act as a backup for apse-line rotation in
case the sail fails to avoid a total mission failure. The proposed

propulsion system comes with added benefits. Gaseous propellants
avoid any liquid sloshing effects and are stored in aminiature 2.1 liter
propellant tank of titanium construction. The tank has a maximum
expected operation pressure of 44 bar. The propulsion system is built
as a module with an integrated thruster (resistojet xenon/neon), as
depicted in Fig. 14 [37]. The thruster alignment can be modified at
both the module and spacecraft levels. Bang–bang pressure
regulation control allows the thrust level to be throttled between 10
and 50 mN [37]. The proposed xenon/neon propulsion system
contains 6 microthrusters and, with a total mass of 10.3 kg, is a low-
cost and compact subsystem designed for orbit control and for
backup attitude control. Table 11 presents the propulsion-system
characteristics.

Table 10 Simulation parameters

Parameter Value

NSRP-D 0:5 mN �m
�e 20 deg
Ncontrol 3 mN �m
Mtip (2 thrusters) 1 kg
Ii (total impulse) 2000 N � s
ITI (total torque impulse) 20; 000 N �m � s

Fig. 13 Surrey small-satellite modular bus platforms.

Fig. 14 GeoSail bus propulsion system.

Table 11 GeoSail propulsion-system characteristics

Parameters Value

Propellant Xe/Ne 500 g=176 g
Thrust 20–50 mN
Specific impulse 42 s=100 s at 300�C
Total impulse 380 Ns
System volume 2.1 liter
Lifetime 2 yr
Power 19 W peak, 0.6 W idle
Dry mass 6.72 kg
Dimensions 400 � 254 � 215

Fig. 15 Incident flux through one revolution in both sides of the sail.

LAPPAS ET AL. 391



B. Thermal Design

The orbit of GeoSail is defined by its perigee, always located on
the sun–Earth line, and so the synodic frame centered at the Earth is
chosen. In this system, the spacecraft follows a non-Keplerian orbit,
for which the perigee is located on the negative part of the x axis at a
distance of 11 RE and the apogee is located along the positive part of
the x axis at 23 RE. The most constrained point is considered to be at
the epoch, in which the Earth is located at perihelion. During that
epoch, the two relevant points for the spacecraft are the perigee and
the apogee, forwhich the radiationflux is at amaximumorminimum.
The orientation of the sail is considered to be always pointing toward
the sun, because it is the selected steering law for apse-line precession
while maintaining orbit shape and energy. This orientation gives two
possible faces to analyze: one pointing toward the sun and the other
pointing in the antisun direction.

The solar flux received in the face oriented to the sun shows small
variation (due to albedo and distance to the sun variation), except
near the apogee,when the SC enters in the umbra cone of theEarth, as
illustrated in Fig. 15. There, the radiation received by the sail from the
solar flux is zero. The infrared flux is 6 orders of magnitude lower
than the direct sun illumination, due to the far distance from the
Earth. For the face pointing in the antisun direction, the greater
contribution comes from the albedo radiation. It reaches the
maximum at the perigee and decreases to reach the minimum at true
anomaly of 90 deg, which corresponds with the sail perpendicular to
the sun–Earth direction.

C. Spacecraft Bus Mass and Power Breakdown

Table 12 shows a summary of the mass and power breakdown of
the GeoSail bus design. Afixed 10%margin is used, compatible with
the ESA TRS margin philosophy [1,2]. The recommended 15 kg
payload is used, which includes a part (50%) of the solar-sail-
monitoring package (imaging payload); the other 50% is sensors that
are included on the sail booms. The attitude and orbital control
system (AOCS) dominates the design of the structure (based on a
standard microsatellite bus) and of a propulsion system for backup
ACS capability and for limited apse-line control in case of sail
failure. The bus includes some active thermal design components for
the long eclipse intervals, and the power budget is compatible with
traditional small-satellite designs; margins of 10% are used because
all satellite bus subsystems are based on current technologies and
small-satellite heritage. The 10% mass and power margin is in
agreement with the ESA TRS margin philosophy [2].

VII. Conclusions

GeoSail is proposed as a low-cost solar sail mission to study the
Earth’s magnetotail. Because of �V restrictions, missions using
conventional propulsion systems can only remain in the Earth’s
magnetotail region for a limited time (about 3months/year). By using
a solar sail, a continuous presence of the orbit apogee and perigee in
the reconnection regions can be accomplished without additional
propellant. Recent advances in solar sail design and small-satellite
technology are employed in this study to provide a lighter and
realistic alternate design for the GeoSail mission. The 15 kg payload
contains a full suite of sensitive plasma detectors based on the

recently launched THEMIS spacecraft constellation-payload design.
Combinations of solar sail with electric and chemical propulsion are
the basis of a tradeoff study that investigates the subsequent impact
on spacecraft mass and the time of flight during the transfer to the
reference orbit. Because of mass constraints, an electric propulsion
design based on the SMART-1 architecture was selected as the
baseline option, leading to a 362 kg mass design for the transfer
vehicle. A new sail steering law that takes into consideration the sail
degradation effects and eclipses is used to design the solar sail
subsystem. For the sail design, the IOB technique is used to deploy
efficiently lightweight rigidizable booms. The proposed design,
which has been tested in laboratory experiments on the ground,
comes with the inherent design feature of in-space jettison of all used
and unnecessary components after sail deployment, thus signifi-
cantly reducing mass. Different sail configurations and designs were
traded off against each other, leading to a practical, realistic design
with an after jettisonmass of 44.4 kg. A bus-basedACS subsystem is
proposed that combines a trim-ballast system with a PPT low-cost
propulsion system used as backup, providing robust attitude control.
The sail bus uses commercial, off-the-shelf, subsystems derived
from small-satellite heritage, leading to significantmass savings for a
85 kg bus, with peak and average power requirements of 88 and
56.1 W, respectively: well within existing small capabilities.
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