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Abstract
Solar sailing is a propulsion method that uses solar radiation pressure (SRP) as main source of thrust and is therefore

particularly suited for heliocentric flight regimes. However, the vast majority of sailcraft launched to date have flown
around Earth, as will those scheduled for launch in the near future. Around the Earth, the dynamics of a solar sail are
affected by the presence of eclipses and additional sources of acceleration apart from SRP, in particular, atmospheric
drag and the Earth’s planetary radiation pressure (PRP). These accelerations can reach magnitudes in the order of (or
even larger than) the SRP acceleration and, therefore, they can potentially be exploited to manoeuvre more effectively
around the Earth. Nevertheless, the majority of research conducted on Earth-bound solar sailing either neglects
these accelerations or treats them as uncontrollable sources of perturbation. In light of this, this paper presents a
high-fidelity trajectory optimisation method which is then used to thoroughly characterise the manoeuvring capabilities
of solar sails in the near-Earth environment. The optimisation algorithm is designed to change any orbital element in
a locally optimal manner while accounting for the SRP, PRP, aerodynamic, and gravitational accelerations. To tune
the optimiser, a first-order analysis of the accelerations achievable by sailcraft in proximity of the Earth is discussed.
Then, the optimisation algorithm is exploited to fully characterise the manoeuvring capabilities of Earth-bound solar
sails, taking NASA’s recently-launched ACS3 solar-sail mission as a baseline. Specifically, different parametric
analyses are conducted to determine ACS3’s orbit-raising and inclination-changing capabilities for a large set of orbits,
solar activities, and sailcraft characteristics. The results of this study not only enhance the understanding of ACS3’s
performance but also provide valuable insights for the mission design of future Earth-bound solar-sail missions for a
variety of mission applications, such as active-debris removal and in-orbit servicing.

Keywords: solar sail, mission design, manoeuvring capabilities, planetary radiation pressure, orbit raising, inclina-
tion change

Acronyms/Abbreviations
ACS3 Advanced Composite Solar Sail System
AE acceleration envelope
ARP albedo radiation pressure
BBRP blackbody radiation pressure
LTAN local time of the ascending node
PRP planetary radiation pressure
SRP solar radiation pressure

1. Introduction
Solar sailing is a propulsion method that takes advan-

tage of solar radiation pressure (SRP) as primary source
of thrust [1]. Therefore, unlike traditional propulsion sys-
tems, solar sails can deliver continuous thrust without re-
lying on fuel, making them a potentially viable option for
long-duration mission applications. The interest that so-
lar sailing has drawn over the last decades has resulted

in several studies investigating its use for a variety of
Earth-bound and interplanetary missions [2–4]. It has also
led to the development and launch of the first solar-sail
technology demonstration missions, which have predom-
inantly remained around Earth. Among these is NASA’s
Advanced Composite Solar Sail System (ACS3) mission,
launched in April 2024 to demonstrate the in-orbit de-
ployment and manoeuvring capabilities of NASA’s lat-
est solar-sail technology [5]. Like ACS3, the majority
of future solar-sail missions are expected to be launched
into Earth-orbit, with the objective to assess or exploit the
potential of solar sailing for different Earth-bound mis-
sion applications [6]. To do so effectively, however, ac-
curate knowledge of the near-Earth dynamical environ-
ment and how this environment affects the sailcraft con-
trollability is required. This task is rendered particularly
challenging by the complex solar-sail dynamics in prox-
imity of the Earth, which are characterised by the pres-

IAC–24–C.1.2.4 Page 1 of 16



75th International Astronautical Congress (IAC), Milan, Italy, 14-18 October 2024.
Copyright © 2024 by the International Astronautical Federation (IAF). All rights reserved.

ence of eclipses, gravitational perturbations, and the accel-
erations due to atmospheric drag and planetary radiation
pressure (PRP). These accelerations can achieve magni-
tudes in the order of – or even larger than – the SRP ac-
celeration [7]. Therefore, taking them into account in the
dynamics and sailcraft control is essential to accurately
predict the sailcraft’s manoeuvring capabilities. Despite
this need, research exploring how to effectively leverage
the different contributions to the solar-sail acceleration for
Earth-bound mission design has been conducted only to
a limited extent. A number of studies have investigated
the effects of atmospheric drag on the sailcraft dynamics,
though only treating drag as a perturbation or focusing on
its use for drag-sailing applications [8–12]. Outside the
context of drag-sailing, only a limited number of works
consider the aerodynamic acceleration as an exploitable
source of thrust. Among these are Refs. [13–15], which
investigate aerodynamics-based optimal control laws for
manoeuvring in the atmosphere, and the work by Carzana
et al. [16], which provides a first-order analysis of the
orbit-raising and inclination-changing capabilities of solar
sails in low-Earth orbit. Similarly, research investigating
the effects of PRP on the solar-sail dynamics and control
is also limited. In particular, Refs. [7, 17, 18] present
different models for the PRP acceleration and analyse its
perturbing effect on the motion of Earth-bound sailcraft.
The only work exploring PRP-based solar-sail control is
by Barles [19], who, however, does so by employing a sim-
plistic, low-fidelity dynamical model. In order to properly
assess the manoeuvring capabilities of Earth-bound sail-
craft, it is essential to incorporate the SRP, PRP, and aero-
dynamic accelerations in the solar-sail dynamics and tra-
jectory design using high-fidelity models. To the authors’
knowledge, no research has been conducted that accounts
for the combined effect of these accelerations in the solar-
sail trajectory design process. This research gap hinders
the detailed design of Earth-bound sailcraft missions and
the investigation into the potential of solar sailing for fu-
ture Earth-bound mission applications.

This paper presents a solar-sail trajectory optimisation
method that accounts for, and exploits, the sailcraft high-
fidelity dynamics in the optimisation process. As an ex-
tension to the locally optimal steering laws developed by
McInnes for ideal solar sails [1], this optimisation method
allows to maximise the increase of any orbital element by
taking into account not only the SRP acceleration, but also
the PRP and aerodynamic accelerations. In this work, this
optimisation technique is implemented by means of a grid-
search-based algorithm. This paper describes the algo-
rithm and its tuning which guarantees a high accuracy of
the optimisation process. Finally, the trajectory optimisa-
tion method is exploited to fully characterise the manoeu-

vrability of Earth-bound sailcraft by studying their orbit-
raising and inclination-changing capabilities in the near-
Earth environment. To this aim, different large-scale para-
metric analyses are performed for a wide range of orbital
regimes, solar activities, and sailcraft characteristics, tak-
ing NASA’s recently launched ACS3 mission as baseline.
The results of this work provide valuable insights into the
manoeuvring capabilities of Earth-orbiting sailcraft, there-
fore supporting the mission design of future Earth-bound
solar-sail missions for a variety of mission applications,
such as active-debris removal and in-orbit servicing.

2. Dynamical Model
The dynamics of a solar sail in proximity of the Earth

can be expressed within an Earth-centered inertial frame
I(x, y, z) with the x-axis lying on the Earth’s equatorial
plane and pointing towards the mean vernal equinox at 1st

January 2000, the z-axis perpendicular to the equatorial
plane and pointing towards the North Pole, and the y-axis
completing the right-handed frame. Within this frame, the
equations of motion can be expressed as:

r̈ = − µ

r3
r + aJ2 + aSRP + aPRP + aAero (1)

In Eq. (1), r = [x, y, z]T is the sailcraft position vector,
r = ∥r∥, µ = 398600.4415 km3/s2 is the Earth gravi-
tational parameter [20], aJ2 is the acceleration due to the
Earth J2 spherical harmonics coefficient, and aSRP, aPRP,
and aAero are the SRP, PRP, and aerodynamic accelera-
tions, respectively. In the following sections, the formal
definitions of these accelerations and the reference sail-
craft characteristics used throughout the remainder of the
paper are presented.

2.1 J2 Gravitational Acceleration
The Earth’s J2 gravitational acceleration is defined as:

aJ2 = −3

2

R2

r5
µJ2

[
(xx̂+ yŷ)

(
1− 5

z2

r2

)
+

zẑ

(
3− 5

z2

r2

)]
(2)

where R = 6378.1363 km is the Earth’s radius [20], J2 =
1.082626925639 ·10−3 is the Earth’s J2 gravitational field
constant of the EGM2008 model [21], and x̂, ŷ, and ẑ are
the unit vectors pointing in the I(x, y, z) frame’s x-, y-,
and z-axis directions, respectively.

2.2 Solar Radiation Pressure Acceleration
The SRP acceleration is modelled using the optical sail

model devised by McInnes [1]. This model accounts for
the reflection, absorption, and emission properties of the
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sail, assuming that only the sail’s frontside is exposed to
sunlight. When using this model, the SRP acceleration is
given by:

aSRP = aSRP,n + aSRP,t (3)

where aSRP,n and aSRP,t are the acceleration components
normal and tangential to the sail plane, respectively. These
are defined as:

aSRP,n = ν
ac
2

[
(1 + r̂fsf ) cos2α+

(1− sf ) r̂fBf cosα+

(1− r̂f )
εfBf − εbBb

εf + εb
cosα

]
n̂ (4)

aSRP,t = ν
ac
2

(1− r̂fsf ) cosα sinα t̂ (5)

In Eqs. (4) and (5), ac represents the solar-sail character-
istic acceleration, that is, the maximum achievable SRP
acceleration if the sail was perfectly reflecting. Its value
provides a measure of the sailcraft thrusting performance
and its definition is given by:

ac =
2S

cσ
(6)

where S = 1361W/m2 is the solar flux at Earth [22],
c = 299792.458 km/s is the speed of light in vacuum [23],
and σ is the sailcraft mass-to-area ratio, also referred to as
the loading parameter. In Eqs. (4) and (5), ν ∈ [0, 1]
denotes the shadow factor, which accounts for the effect
of eclipses as per the conical shadow model of Ref. [24]
and its value ranges from 0 (no sunlight reaches the sail)
to 1 (sail completely illuminated). The angle α ∈ [0, π/2]
represents the so-called solar-sail pitch angle measured be-
tween the instantaneous Sun-to-sailcraft direction, ŝ – also
referred to as sunlight direction in the following – and the
sail normal direction with positive component along ŝ, n̂,

see Fig. 1a. The direction t̂ represents the transversal di-
rection defined as:

t̂ = n̂× ŝ× n̂

∥ŝ× n̂∥
(7)

Finally, the symbols r, s, B, and ε represent the reflectiv-
ity, specular reflection coefficient, non-Lambertian reflec-
tion coefficient, and emissivity of the sail, with the sub-
scripts “f ” and “b” indicating whether the optical coeffi-
cient refers to the front or back of the sail.

2.3 Planetary Radiation Pressure Acceleration
The PRP acceleration, aPRP, is modelled analytically

as per the spherical sinusoidal model presented in Ref.
[17]. This model assumes the Earth to be a spherical ra-
diation source emitting radiation in two forms: the black-
body radiation emitted by the Earth itself, and albedo ra-
diation, which represents the fraction of solar radiation re-
flected by the Earth. To represent the geographical distri-
bution of the intensities of these radiations, the model as-
sumes the blackbody radiation flux and albedo coefficient
to vary sinusoidally with latitude. In addition, the intensity
of the radiation incident on the sailcraft also depends on
the sailcraft altitude, and, in the case of albedo radiation,
the Sun-Earth-sailcraft geometrical configuration. Simi-
lar to the way the SRP acceleration varies with the pitch
angle, the PRP acceleration varies with the so-called plan-
etary pitch angle, α⊕, measured between the radial and
sail normal directions, see Fig. 1b. In particular, for α⊕
values close to zero, the sail is oriented perpendicular to
the radial direction, resulting in the largest magnitude of
the aPRP vector. Conversely, for α⊕ values close to 90
deg, the sail is oriented edgewise to the radial direction
and little PRP acceleration is produced. The spherical si-
nusoidal PRP acceleration model also accounts for the op-
tical properties of the sail, although considering distinct

Fig. 1. Reference directions and attitude angles to compute the SRP (a), PRP (b), and aerodynamic (c) accelerations.
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optical coefficients to compute the blackbody radiation
pressure (BBRP) and albedo radiation pressure (ARP) ac-
celerations, as blackbody radiation is primarily infrared
radiation whereas albedo radiation is defined within the
visible part of the spectrum, similar to solar radiation. A
thorough mathematical description of the spherical sinu-
soidal PRP acceleration model is beyond the scope of this
paper; the reader is referred to Refs. [7, 17] for further
details.

2.4 Aerodynamic Acceleration
The sailcraft aerodynamics are modelled assuming the

sail to behave as a flat plate in hyperthermal free-molecular
flow conditions, in line with other works treating drag-
perturbed solar-sail dynamics [13, 16, 25]. Under these
assumptions, the aerodynamic acceleration is defined as:

aAero =
1

2

ρ v2rel
σ

(
CDD̂ + CLL̂

)
(8)

where ρ is the atmospheric density, vrel is the sailcraft rela-
tive velocity with respect to the atmosphere (assumed to be
Earth-fixed), CD and CL are the drag and lift coefficients,
respectively, and D̂ and L̂ are the drag and lift direc-
tions, respectively. In this paper, the atmospheric density
is computed through an averaging method based on the
NRLMSISE-00 model [26], as outlined in Ref. [16]. The
underlying NRLMSISE-00 model is employed with solar
radio flux at 10.7 cm and geomagnetic activity relative
to the 50th percentile retrieved from the Marshall Space
Flight Center’s forecast of August 2024 [27]. The drag
direction, D̂, points anti-parallel to the direction of the
sailcraft relative velocity with respect to the atmosphere,
v̂rel, while the lift direction, L̂, points perpendicular to
v̂rel and is coplanar with n̂ and v̂rel, see Fig. 1c. The
drag and lift coefficients are defined as:

CD = 2
[
σT + σNVR| cos ζ|+
(2− σN − σT ) cos2ζ

]
| cos ζ| (9)

CL = 2 [σNVR + (2− σN − σT ) | cos ζ|] | cos ζ| sin ζ
(10)

where σN and σT denote the normal and tangential mo-
mentum accommodation coefficient, respectively, VR is
the ratio of the average velocity of the atmospheric parti-
cles diffusively reflected by the sail and the sailcraft veloc-
ity, and ζ ∈ [0, π] represents the angle between v̂rel and
n̂, see Fig. 1c.

2.5 Reference Sailcraft Specifics
This paper makes use of NASA’s ACS3 mission as

baseline for all analyses. ACS3 was launched on 23 April
2024 in a circular, Sun-synchronous orbit with the local

Table 1. ACS3 sailcraft specifics.

Mass 16 kg
Area 80 m2

σ 0.2 kg/m2

ac 4.540 · 10−2 mm/s2

ocvis [0.90, 0.82, 0.03, 0.79, 0.43, 0.53, 0.60, 2/3]

ocIR [0.97, 0.82, 0.03, 0.79, 0.40, 0.53, 0.60, 2/3]

σN 0.8
σT 0.8
VR 0.05

time of the ascending node (LTAN) at 22:30 hrs and de-
ployed its sail on 29 August 2024. Its specifics are given
in Table 1 which will be used throughout the remainder
of this paper, unless stated otherwise. In Table 1, ocvis
and ocIR represent the sets of optical coefficients to com-
pute the SRP and ARP accelerations (subscript “vis”), and
BBRP acceleration (subscript “IR”), given in the follow-
ing order: [r̂f , sf , εf , Bf , r̂b, sb, εb, Bb].

3. Optimization Method
The trajectory optimisation method used in this paper

builds upon the locally optimal control theory developed
by McInnes in Ref. [1], which allows to compute solar-
sail steering laws to optimally increase any given orbital
element. Similar to Ref. [1], the optimisation problem
considered in this paper is defined as finding the optimal
control vector u(t) = n̂(t) for which the cost function
J(u(t)) = œ̇(u(t)) is maximised at each moment in time,
with œ denoting the orbital element of interest. When the
Lagrange planetary equations are used to express œ̇, the
cost function assumes the following form [1]:

J(u(t)) = œ̇(u(t)) = λT · a(u(t)) (11)

where a is the sum of all accelerations acting on the sail
and λ is the so-called primer vector, whose direction λ̂
represents the instantaneous optimal thrust direction to
maximise the orbital element’s rate of change. Equation
(11) highlights that, in order to maximise œ̇, the sailcraft
should be oriented in a way that produces the largest accel-
eration component along λ̂. It should be noted that the ac-
celeration term a includes, among others, gravitational ac-
celerations, but that these are independent of the sailcraft
attitude control u(t) = n̂(t). Therefore, gravitational ac-
celerations do not affect the optimisation problem and the
acceleration terma can be considered, without loss of gen-
erality, as the sum of only the attitude-dependent acceler-
ations acting on the sail.

The exact expression fora depends on the solar-sail dy-
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(a) (b)

Fig. 2. Acceleration envelope surfaces of (a) the SRP, PRP, and aerodynamic accelerations (in red, green, and blue,
respectively) and (b) the resulting total acceleration.

namics under consideration and it largely affects the com-
plexity of the optimisation problem. As demonstrated by
McInnes [1], when considering a perfectly reflecting so-
lar sail subject only to SRP, J(u(t)) assumes a simple
form which allows for an analytical solution to the optimal
control problem. Conversely, Carzana et al. [16] showed
that, when adding the effect of aerodynamics, an analyt-
ical solution no longer exists, therefore requiring the use
of numerical methods. In this paper, the acceleration term
a accounts for the optical properties of the sail and the
combined effect of SRP, PRP, and aerodynamics, as per
the high-fidelity dynamical model presented in Section 2.
In order to visualise the complexity of the optimisation
problem associated with these dynamics, Figure 2a dis-
plays the so-called acceleration envelope (AE) surfaces of
the SRP, PRP, and aerodynamic accelerations, that is, the
sets of all possible SRP, PRP, and aerodynamic accelera-
tions achieved by varying the sailcraft’s attitude. The plot
illustrates an example scenario in which the sunlight di-
rection, ŝ, is perpendicular to the drag direction, D̂, and
anti-parallel to the radial direction, r̂. Also, the maximum
SRP and aerodynamic accelerations are of the same mag-
nitude, while the maximum PRP acceleration is 25% of
that. As will be discussed in Section 3.1, scenarios like
this can occur for sailcraft flying in low Earth orbit, in
proximity of the subsolar point. When the SRP, PRP, and
aerodynamic accelerations are summed, the resulting total
AE surface assumes the highly nonlinear, self-intersecting
shape illustrated in Figure 2b. In the context of the optimi-
sation problem at hand, maximising J(u(t)) is equivalent
to determining the point of this AE surface that is tangent
to a plane orthogonal to λ̂. This task is rendered difficult

by the non-convex shape of the AE surface and the fact
that it features sharp edges, see Fig. 2b. Indeed, on the
one hand, the non-convex shape of the AE surface makes
small variations in the orientation of the above-mentioned
plane able to completely change the tangent point on top of
the AE surface. On the other hand, the presence of sharp
edges renders the tangency problem degenerate. The com-
bination of these two effects therefore makes the optimal
attitude very sensitive to the λ̂ direction. Furthermore, it
should also be noted that the shape of the AE surface and
the λ̂ direction vary over time with the instantaneous state
of the sailcraft, thereby adding additional complexity to
the problem.

Similar to Ref. [16], the complexity of the above-
presented optimisation problem impedes the existence of
an analytical resolution. Therefore, in this paper, the op-
timisation is performed numerically using a grid-search
method. Specifically, for each integration step of the tra-
jectory propagation, the λ̂ direction is computed analyti-
cally through the Lagrange planetary equations, whereas
the total AE surface of Fig. 2b is found by computing
the acceleration vectors corresponding to a mesh of sail
normal directions evenly spaced with an angular step dΛ
within the azimuth-elevation spherical coordinate domain
[0, 2π]× [−π/2, π/2]. For each of these acceleration vec-
torsa that collectively define the AE surface, the cost func-
tion J is evaluated using Eq. (11). Finally, the sail nor-
mal direction corresponding to the maximum value of J
is taken as the (locally) optimal sail normal direction.

Because the angular step dΛ affects the number of
points used to represent the AE surface, tuning of dΛ is
required to ensure a high accuracy of the optimal solution.
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In view of this, Section 3.1 presents an analysis of the ac-
celerations experienced by solar sails in the near-Earth en-
vironment. This analysis is performed to determine the
most complex scenario to consider for the tuning of dΛ,
which is performed in Section 3.2.

It should be noted that the optimisation method out-
lined in this section will be used in the remainder of the
paper to maximise the rates of change of semi-major axis,
a, and inclination, i. Since orbital altitude is defined as
h = (a − R) in this paper, changes in semi-major axis
correspond to changes in altitude. Therefore, the altitude
rate of change will be considered the optimisation objec-
tive for the orbit-raising steering law without loss of gen-
erality, and increases in semi-major axis will be referred
to as altitude gains.

3.1 Accelerations Experienced by Sailcraft in Earth Orbit
The analysis in this section considers the ACS3’s mis-

sion parameters given in Table 1 and a simulation start
date of 20 March 2027. This date corresponds to the
spring equinox, so the Earth-to-Sun direction is aligned
with the positive x-axis direction of the I(x, y, z) frame
and the subsolar point lies on the Earth’s equator. Further-
more, the year 2027 is considered because the solar ac-
tivity in 2027 is expected to be of medium intensity [27].
In order to analyse the near-Earth dynamical environment,

the maximum achievable SRP, BBRP, ARP, and aerody-
namic accelerations have been computed for a wide vari-
ety of sailcraft positions across the (x, z) plane up to alti-
tudes of 5000 km. The (x, z) plane is coplanar with the
direction of the Earth’s polar axis and the Earth-Sun direc-
tion, thereby allowing to easily observe how eclipses and
variations in the albedo coefficient and the blackbody radi-
ation flux affect the dynamics. Given the maximum SRP,
BBRP, ARP, and aerodynamic accelerations at each sail-
craft location, the regions around the Earth wherein differ-
ent types of accelerations dominate the dynamics can now
be determined. In particular, at each sailcraft location, the
largest of the aforementioned accelerations is recorded to-
gether with any other acceleration that is at least 5% of
this largest acceleration component.

Figure 3 shows the dominating accelerations as a func-
tion of the sailcraft altitude, h, and polar angle measured
from the x̂ (Earth-Sun) direction, θ. To enhance visual in-
terpretation of the results, the results are displayed in an
Earth-centered polar plot with an altitude grid spacing of
1000 km, see Fig. 3a, and a Cartesian plot with the max-
imum altitude restricted to 2000 km, see Fig. 3b. The
plots show that three macro-regions exist which exhibit
different patterns: 1) the sunlit region in proximity of the
subsolar point (around θ = 0 deg), 2) the eclipse region

(a) (b)

Fig. 3. Accelerations dominating the solar-sail dynamics around Earth: (a) polar plot and (b) Cartesian plot.
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(around θ = 180 deg), and 3) the region situated between
these two, centered around the poles (around θ = ±90
deg).

In the eclipse region, the only accelerations present
are those from atmospheric drag and BBRP. Drag is es-
pecially strong for altitudes below 500 km, rendering the
BBRP acceleration negligible in comparison. However,
for increasing altitudes, the acceleration due to drag de-
creases more rapidly than the acceleration due to BBRP.
Therefore, the BBRP acceleration becomes increasingly
more relevant, eventually reaching magnitudes compara-
ble to that of drag or even superior to it, particularly for
altitudes above 1300 km.

In proximity of the poles, the SRP acceleration affects
the dynamics significantly, in particular above 400 km.
Similar as for the eclipse region, drag decreases rapidly
with altitude, rendering it negligible for altitudes above
800-900 km, where the SRP and BBRP accelerations are
the dominating accelerations. It should be noted that,
close to the poles, also ARP influences the sailcraft mo-
tion. However, because the sunlight reflection angle with
the Earth surface is large, the ARP acceleration magnitude
is small, therefore affecting the dynamics only to a negli-
gible extent.

Finally, the region in proximity of the subsolar point is
the most dynamically complex, as in this case ARP also
has a considerable effect on the dynamics. Its relative
magnitude as compared to the other accelerations is par-
ticularly large above 500 km which, crucially, results in
a region in which all accelerations significantly affect the
dynamics. This region is confined to, approximately, an

altitude range of [550, 950] km and a θ (latitude) range of
[−65, 65] deg. This region provides the starting point for
the tuning of the grid-search angular step performed in the
next section.

3.2 Grid-search Angular Step Tuning
This section presents an analysis to tune the value

of the grid-search angular step, dΛ, by assessing how
changes in this value affect the accuracy of the grid-search
optimisation. To this aim, the dynamics presented in Sec-
tion 2 have been propagated while employing the grid-
search optimisation method for different values of dΛ in
order to maximise either the change in orbital altitude or
inclination. The simulation start date has again been set to
20 March 2027 and a simulation duration of one day has
been considered. This time, the initial orbital elements
correspond to a circular, Sun-synchronous orbit with an
altitude of 750 km and an LTAN of 12:00 hrs. By us-
ing this set of orbital elements, the sailcraft flies through
the highly perturbed region identified in Section 3.1 once
per orbit. This renders the sailcraft motion highly sensi-
tive to the control optimisation, thus making this test sce-
nario particularly suited for tuning dΛ. For each optimisa-
tion objective, the trajectory optimisations have been per-
formed using the dΛ values {5, 2, 1, 0.5, 0.2, 0.1, 0.01}
deg. Then, for each propagation, the following relative er-
ror has been computed:

εrel =
∆œ −∆œref

∆œref
(12)

d : 5 deg d : 2 deg d : 1 deg d : 0.5 deg d : 0.2 deg d : 0.1 deg d : 0.01 deg

(a) (b)

Fig. 4. Relative errors in altitude (a) and inclination (b) change for different grid-search angular steps, dΛ.
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where ∆œ is the gain in altitude or inclination achieved
for a given value of dΛ, and ∆œref is the same gain ob-
tained by a reference, high-accuracy solution found for
dΛ = 0.001 deg.

Figures 4a and 4b present the variation in εrel over
time for the selected values of dΛ, for the orbit-raising and
inclination-changing steering laws, respectively. The rela-
tive error shows an oscillating trend for both steering laws,
regardless of the value for dΛ. This trend is due to the
J2 gravitational acceleration, which, although it does not
yield any secular variation in the semi-major axis and in-
clination, it produces short-term periodic fluctuations in
these orbital elements. Figure 4a shows that, even for a
large angular step of dΛ = 5 deg, only small relative er-
rors appear in the semi-major axis change after one day,
with εrel in the order of 10−3. Decreasing dΛ results in
a consistent, steady reduction of this error, which gets as
small as 10−7 for dΛ = 0.01 deg.

For the inclination-changing case in Fig. 4b, the error
curves appear truncated at certain time intervals for dΛ val-
ues smaller than 1 deg. This suggests that εrel becomes
negative and the reference solution performs worse than
the solution tested, see Eq. (12). Further investigation
showed that this result is due to a second-order effect in-
troduced when employing a slightly different value of dΛ
compared to the reference solution. Then, the J2-induced
short-term oscillations in the inclination of the tested solu-
tion and reference solution go out of phase. Consequently,
for some time intervals, the inclination of the tested solu-
tions appear larger than that of the reference solution, re-
sulting in a negative εrel.

To ensure a high accuracy of the optimisation routine,
a maximum relative error tolerance of 10−4 is selected.
This value is chosen based on the accuracy of the averaged
NRLMSISE-00 atmospheric density model presented in
Section 2.4, which yields maximum relative errors at most
in the order of 10−3, see Ref. [16]. Therefore, in order
not to compound this error, a threshold that is ten times
smaller was selected. The largest angular step for which
εrel < 10−4 at the end of the one-day propagation is dΛ =
1 deg for both steering laws. Consequently, this dΛ value
will be used in the remainder of this paper.

4. Analysis of the Solar-sail Manoeuvring Capabilities
This section presents three sensitivity analyses de-

signed to investigate the manoeuvrability of Earth-
orbiting solar sails. Specifically, the sensitivity analyses
explore the effects of the PRP acceleration, solar activ-
ity intensity, and sailcraft characteristic acceleration on
the orbit-raising and inclination-changing capabilities of
Earth-bound sailcraft, for a wide variety of orbits with dif-
ferent altitudes and LTANs. The common and analysis-

dependent settings used for the sensitivity analyses are de-
tailed in Tables 2 and 3, respectively, and they are pre-
sented hereinafter.

All sensitivity analyses consider the dynamics pre-
sented in Section 2, which have been propagated for
one day while employing the grid-search optimal control
method to maximise the altitude or inclination increase.
Based on the angular step tuning performed in Section 3.1,
the grid-search optimisation has been implemented with
an angular step dΛ = 1 deg. For each steering law, sev-
eral initial orbits have been considered, specifically, cir-
cular, Sun-synchrounous orbits with altitudes varying be-
tween 300 km and 1000 km with a step size of 50 km and
LTANs spaced by one hour along the entire 24-hour time
span. Because the Sun-synchrounous inclination depends
on altitude, its value varies almost linearly between 96.672
deg at 300 km and 99.479 deg at 1000 km. As indicated in
Table 3, depending on the sensitivity analysis under con-
sideration, the optimisation routine described in Section
3 has been performed including or excluding the PRP ac-
celeration from the optimisation process, that is, includ-
ing or excluding the contribution of aPRP from the cost
function’s acceleration term, a, see Eq. (11). Depend-
ing on the sensitivity analysis, different simulation start
dates have been considered as well, namely, 20 March
2024, 2027, and 2031. These dates correspond to max-
imum, medium, and minimum solar activity intensities,
respectively, as forecasted by the Marshall Space Flight
Center in August 2024 [27]. Furthermore, because these
dates correspond to spring equinoxes, the Sun is approxi-
mately in the Earth’s equatorial plane throughout the sim-
ulations. Finally, the ACS3 solar-sail specifics given in
Table 1 have been used for all sensitivity analyses, except
for the characteristic acceleration, ac. Indeed, by referring
to the characteristic acceleration of ACS3 as acref, charac-
teristic accelerations of acref/10, acref, or 10acref have been
used, depending on the sensitivity analysis under consid-
eration.

The sensitivity analyses and their results are discussed
in the following sections. For the sake of clarity in the
treatment, it should be noted that the term “parametric
analysis” will be used hereinafter when referring to an
analysis performed by iterating over the parameters of Ta-
ble 2, i.e., when considering different steering laws, ini-
tial orbital altitudes and LTANs. In accordance with this
terminology, a sensitivity analysis consists of a number
of parametric analyses, each considering a different so-
lar activity intensity, sailcraft specifics, or optimisation
specifics, as outlined in Table 3.
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Table 2. Common settings to all sensitivity analyses of Section 4.

Steering Law Orbit-raising, Inclination-changing
Orbit Type Circular + Sun-synchronous
Sim. Duration 1 day
Altitudes 300, 350, 400, ..., 1000 km
LTANs 00:00, 01:00, 02:00, ..., 23:00 hrs

Table 3. Analysis-dependent settings used for the sensitivity analyses of Section 4.

Analysis Ref. Scenario Effect of aPRP Effect of Solar Activity Effect of ac
Section 4.1 4.2 4.3 4.4

aPRP Optimised Yes Yes, No Yes Yes

Sim. Start Date
(Solar Activity)

20 Mar 2027
(Medium)

20 Mar 2027
(Medium)

20 Mar 2024, 2027, 2031
(Maximum, Medium, Minium)

20 Mar 2027
(Medium)

Sailcraft Specs ACS3* ACS3* ACS3* ACS3* with ac equal to
ac

ref/10, ac
ref, 10 ac

ref

* See Table 1

4.1 Reference Scenario
The parametric analysis presented in this section aims

to assess the manoeuvring capabilities of ACS3 under the
reference conditions (see Table 3), that is, assuming a
medium solar activity intensity, including PRP in the op-
timisation process, and assuming the characteristic accel-
eration of ACS3.

Figure 5a shows the results for the orbit-raising case by
illustrating the altitude gain achieved after one day, ∆h,
as function of the initial orbital altitude, h, and LTAN.
As can be seen, for altitudes below 500-550 km, little
to no altitude increase can be achieved. This is because
aerodynamic drag is particularly strong in this region – as
evidenced also in Fig. 3 – which prevents the sailcraft
from gaining altitude. For higher altitudes, atmospheric
density decreases rapidly and with it also aerodynamic
drag. This yields better orbit-raising capabilities and in-
creasingly larger altitude gains, particularly for LTANs
close to 06 : 00 and 18 : 00 hrs. These LTANs corre-
spond to dawn-dusk orbits, for which the sailcraft never
enters the Earth’s eclipse region, allowing the sailcraft to
exploit SRP at all time, leading to large altitude gains. On
the other hand, for LTANs close to 00:00 and 12:00 hrs,
the sailcraft orbits in a noon-midnight orbit and is shad-
owed by Earth for a prolonged section of the orbit (approx-
imately 33% to 40%, depending on the altitude). Even
though this affects the orbit-raising capabilities negatively
compared to the dawn-dusk case, the impact on the alti-
tude gain is relatively limited. This is due to the fact that,

for noon-midnight orbits, the sailcraft passes over the sub-
solar point once per orbit, where albedo radiation is par-
ticularly strong. Consequently, the ARP acceleration can
be exploited more effectively, partially counteracting the
decrease in performance due to the presence of eclipses.

Similar to Fig. 5a, Fig. 5b shows the inclination
gain achieved after one day, ∆i, when implementing the
inclination-changing steering law for different combina-
tions of initial altitude, h, and LTAN. The results show
that the largest inclination changes are achieved at low al-
titudes. At low altitudes, the sail can exploit aerodynamic
lift by orienting itself at a non-zero angle of attack to pro-
duce a large out-of-plane acceleration and thereby an incli-
nation gain. Nevertheless, this sailcraft attitude also pro-
duces considerable drag, which makes the sailcraft lose
altitude rapidly. Consequently, for altitudes below 450
km, the sailcraft deorbits in less than one day, which is
represented with the white region in the plot. Increasing
the altitude results in smaller aerodynamic forces and a
swift decrease in the inclination gain until an altitude of
h = 600 km. Beyond h = 600 km, the inclination gain
shows only a weak dependency on altitude, indicating that
the aerodynamic acceleration is no longer dominant – as
evidenced also by Fig. 3; any inclination change is pri-
marily achieved by exploiting SRP and PRP. For altitudes
h > 600 km, larger inclination gains are found for LTANs
around 06:00 and 18:00 hrs, reaching values up to 0.01
deg. This result is due to the favourable relative orienta-
tion of the sunlight direction with respect to the orbital
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Fig. 5. Altitude (a) and inclination (b) gains obtained for the reference scenario.

Fig. 6. Difference between the altitude (a) and inclination (b) gains for the PRP-based and no-PRP optimisations.

plane, which enables the sailcraft to generate larger out-
of-plane accelerations.

4.2 Analysis on the Effect of Planetary Radiation Pressure
The parametric analysis presented in this section in-

vestigates to what extent the PRP acceleration can be ex-
ploited to enhance the solar-sail manoeuvring capabilities

around Earth. To this aim, the same analysis as in Section
4.1 is conducted, except that the PRP acceleration is now
only accounted for in the dynamics and not in the optimi-
sation process, see Table 3.

Figure 6a shows the results for the orbit-raising case,
displaying the signed difference between the altitude gains
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obtained by including and excluding the PRP acceleration
in the optimisation process, denoted as ∆h − ∆hNoPRP.
Predictably, the difference is always positive indicating
that if the PRP acceleration is not accounted for in the op-
timisation, it acts as a perturbation and negatively affects
the altitude gain, regardless of the orbit considered. The
plot shows that neglecting PRP in the optimisation has a
minor effect on the altitude increase for LTANs around
06 : 00 and 18 : 00 hrs but a significant impact for orbits
with LTANs close to 00:00 and 12:00 hrs. Indeed, incorpo-
rating the PRP acceleration in the optimisation can result
in altitude gains that are up to 10% larger than those found
by the no-PRP optimisation. As discussed in Section 4.1,
the increased orbit-raising capabilities achieved for noon-
midnight orbits are a direct consequence of the large ARP
the sailcraft experiences and exploits for manoeuvring.

Similar to Fig. 6a, Fig. 6b illustrates the signed dif-
ference between the inclination gains obtained by includ-
ing and excluding the PRP acceleration in the optimisa-
tion process, denoted as ∆i − ∆iNoPRP. The plot shows
that the PRP acceleration can be particularly exploited for
altitudes above 700 km and for LTANs in a narrow band
around 03:00 and 15:00 hrs. For these LTANs, the sail-
craft passes close to the subsolar point where the direc-
tion of the relatively large ARP acceleration can optimally
contribute to the optimal thrust direction, λ̂. This enables
inclination changes 10% to 20% larger than when PRP is
not accounted for in the optimisation. The benefit of ex-
ploiting PRP is lost when slightly larger LTANs at 06:00
and 18:00 hrs are considered. Indeed, these LTANs corre-
spond to dawn-dusk orbits for which the ARP acceleration
is almost zero. The plot also shows that, for LTANs be-
tween 08:00 and 14:00 hrs and between 20:00 and 02:00
hrs, PRP can be exploited to some extent and with an al-
most constant effectiveness. Finally, it is interesting to
note that, for very low altitudes and specific LTANs, the
difference between the PRP-based and no-PRP inclination
gains assumes negative values. This is because the trajec-
tory found by the no-PRP optimisation can yield a faster al-
titude decrease than the PRP-based optimisation, thereby
inducing a larger lift and greater inclination gain towards
the end of the simulation.

4.3 Analysis on the Effect of Solar Activity
The sensitivity analysis presented in this section aims

to investigate the influence of solar activity on the manoeu-
vrability of solar sails in Earth orbit. For this purpose,
the parametric analysis in Section 4.1, valid for medium-
intensity solar activity, has been repeated using two dif-
ferent simulation start dates that correspond to solar mini-
mum and maximum conditions, see Table 3.

Figure 7 shows three contour plots illustrating the

achievable altitude gains after one day, ∆h, for minimum,
medium, and maximum solar activities. It should be noted
that, since the results for the medium solar activity con-
ditions correspond to those presented in Section 4.1, the
plots in Fig. 7b and 5 coincide. Still, Fig. 7b was in-
cluded here to facilitate a comparison with the results ob-
tained for solar minimum and maximum conditions. For
stronger solar activities, the contour lines gradually shift
towards higher altitudes, which indicates that the orbit-
raising performance decreases with solar activity intensity.
The plots show that this reduction in orbit-raising capabil-
ities is particularly pronounced at lower altitudes, where
aerodynamic drag is stronger. This can be appreciated by
noting that the region for which ∆h < 0.2 km, that is,
the region for which orbit raising is proven particularly
challenging, extends rapidly for increasing solar activity.
This region shifts from initial altitudes up to 450 km for
solar minimum conditions to initial altitudes up to 600 km
for solar maximum conditions, in agreement with similar
results found in the literature [16]. For higher initial or-
bital altitudes, h, atmospheric drag affects the sailcraft dy-
namics increasingly less and, therefore, the influence of
solar activity is less noticeable. In the plots, this can be
observed by the fact that for high altitudes fewer contour
lines are given and, at the same time, the achievable ∆h
gains are approximately the same regardless of the solar
activity.

Figure 8 provides the results for the inclination-
changing case, showing the achievable inclination gains
after one day, ∆i, for different solar activity intensities.
Similar to the orbit-raising case, a stronger solar activity
results in stronger drag and a higher minimum altitude for
which manoeuvring is possible. Passing from solar mini-
mum to solar maximum conditions, the minimum altitude
gradually shifts from 400 to 500 km, as highlighted by the
white regions in the plots. Figure 8 also shows that, for
altitudes above 600 km, the achievable inclination gains
become almost independent of the solar activity. This is
due to the fact that, when outside the high-density region
of the atmosphere, inclination change is obtained by ex-
ploiting primarily the SRP and PRP accelerations rather
than aerodynamic acceleration. Consequently, the results
are less affected by the intensity of the solar activity and
atmospheric drag.

4.4 Analysis on the Effect of Characteristic Acceleration
The sensitivity analysis presented in this section in-

vestigates the influence of the characteristic acceleration,
ac, on the manoeuvring capabilities. The characteristic
acceleration is a measure of the achievable thrusting per-
formance of a sailcraft and changes in its value affect the
achievable SRP, PRP, and aerodynamic accelerations in
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Fig. 7. Altitude gains obtained for solar activities of minimum (a), medium (b), and maximum (c) intensity.

Fig. 8. Inclination gains obtained for solar activities of minimum (a), medium (b), and maximum (c) intensity.

a linear manner. To investigate the impact of the char-
acteristic acceleration on the sailcraft’s manoeuvrability,
the parametric analysis presented in Section 4.1 has been
repeated using two different values for ac equal to either
1/10 or 10 times the characteristic acceleration of ACS3,
ac

ref, see Table 3.
Figure 9 displays the results for the orbit-raising case

showing the contour plots of the achievable altitude gains
after one day, ∆h, for each of the three characteristic ac-
celerations. It should be noted that, since the results for
ac = ac

ref correspond to those presented in Section 4.1, the
plots in Fig. 9b and 5 coincide. Nevertheless, this plot was
included also in Fig. 9 to facilitate a comparison with the
results obtained for ac = ac

ref/10 and ac = 10ac
ref. Figure
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Fig. 9. Altitude gains obtained for characteristic accelerations ten times larger (a), equal (b), and ten times smaller (c)
than that of ACS3.

Fig. 10. Inclination gains obtained for characteristic accelerations ten times larger (a), equal (b), and ten times smaller
(c) than that of ACS3.

9 shows that the way in which ∆h varies with the initial
altitude and LTAN is nearly identical for all characteristic
accelerations considered. However, the magnitudes of the
achievable ∆h gains get scaled in a linear manner with
ac, as can be observed from the different limits for the

colourbars for each of the plots in Figure 9. On the one
hand, this result is a consequence of the proportionality of
aSRP, aPRP, and aAero with ac. On the other hand, it is
also due to the fact that these accelerations are orders of
magnitude smaller than the Earth’s gravitational acceler-
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ations and affect the dynamics to a limited extent. In the
frame of linear perturbation theory [28], this allows to lin-
early correlate the magnitude of the SRP, PRP, and aerody-
namic accelerations with ∆h, thus resulting in the linear
behaviour observed in Fig. 9. This result allows to infer
the orbit-raising performance of solar sails for values of ac
between ac

ref/10 and 10ac
ref. This range of characteristic

accelerations is representative of a wide spectrum of sail-
craft performance, from very limited to futuristic perfor-
mance. Therefore, interpolation of the results presented
in Fig. 9 can be conducted to forecast the orbit-raising
capabilities of a broad variety of sailcraft, hence proving
valuable for the preliminary design of future solar-sail mis-
sions.

Similar to Fig. 9, Fig. 10 gives the results for the
inclination-changing case, displaying the achievable in-
clination gains, ∆i, for the three characteristic accelera-
tions considered. Unlike the the orbit-raising case, the
way in which ∆i varies with the orbital altitude and LTAN
strongly depends on the characteristic acceleration, ac. As
can be seen, the minimum altitude for which the sail-
craft can manoeuvre without deorbiting changes consid-
erably between the three cases, ranging from 350 km for
ac = ac

ref/10 to 600 km for ac = 10ac
ref. This is due

to the stronger aerodynamic forces acting on the sailcraft
for lower ac values, which enhance the deorbiting effect.
Figure 10 also shows that, for ac < ac

ref, the LTANs cor-
responding to the best manoeuvring performance lie at
around 12:00 (noon-midnight orbits). This is in contrast to
the results found for ac ≥ ac

ref. Indeed, in these cases the
largest inclination gains are obtained for LTANs at around
06:00 or 18:00 (dawn-dusk orbits), as highlighted by the
vertical bands of the contour plots. Also, for these load-
ing parameters and within these bands, the ∆i gains scale
approximately in a proportional way with ac. Similar to
the orbit-raising case, this result is due to the small magni-
tude of the sailcraft accelerations, which allows to linearly
correlate the characteristic acceleration with ∆i.

5. Conclusions
This paper presents a trajectory optimisation method

to increase the altitude and inclination of sailcraft in a lo-
cally optimal manner while accounting for high-fidelity
solar-sail dynamics. This optimisation algorithm is based
on a grid-search approach used to discretise the set of all
possible sailcraft accelerations at any given time. In order
to tune the optimiser, a first-order analysis of the achiev-
able accelerations in proximity of the Earth has been per-
formed, showing that the most dynamically complex re-
gion around the Earth is found in proximity of the sub-
solar point for altitudes in the range [550, 950] km. The
trajectory optimiser has been used to perform different

large-scale parametric analyses, so as to fully characterise
the manoeuvring capabilities of Earth-bound sailcraft. To
this aim, a wide range of orbits, solar activities, and sail-
craft characteristics has been considered, using NASA’s
recently launched ACS3 solar sail as baseline. The results
show that accounting for the planetary radiation pressure
acceleration in the sailcraft control proves beneficial to the
manoeuvring capabilities of Earth-bound solar sails. In-
deed, exploiting planetary radiation allows for 10% to 20%
larger gains in altitude and inclination especially for noon-
midnight orbits, as the sailcraft passes close to the sub-
solar point where albedo radiation is particularly strong.
The analyses also highlighted that solar sails can perform
in-plane and out-of-plane manoeuvres most efficiently for
dawn-dusk orbits, as the sailcraft avoids the eclipse region.
The presence of atmospheric drag was found to strongly
limit the sailcraft manoeuvrability at low altitudes, render-
ing orbit raising and inclination changing not feasible for
altitudes below 450− 600 km and 400− 500 km, respec-
tively, depending on the intensity of solar activity. Finally,
the analyses also showed that the achievable altitude gain
scales linearly with the solar-sail characteristic accelera-
tion, while the achievable inclination increase does so only
for large-enough characteristic accelerations.
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