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Abstract

Solar sailing is a propulsion method which takes advantage of solar radiation pressure (SRP) as main source of thrust.
However, around Earth, other sources also affect the solar-sail dynamics, including planetary radiation pressure (PRP)
and atmospheric drag. In literature, the accelerations from SRP, PRP, and atmospheric drag are modeled using different
theoretical and idealistic models, which make use of simplifying assumptions to describe the near-Earth dynamical
environment, the sail’s geometry, and optical properties. Consequently, sailcraft in orbit experience accelerations dif-
ferent from the theoretically predicted ones. In order to quantify these discrepancies between the real and modeled
solar-sail dynamics, a first definition and preliminary assessment of a set of calibration steering laws is provided in
this paper. These steering laws allow to characterize the solar-sail acceleration at every sail orientation and to identify
the contributions due to solar radiation pressure, planetary radiation pressure, and aerodynamic drag. The analyses
presented make use of NASA’s upcoming ACS3 mission as baseline scenario and account for different possible ori-
entations of its orbit. The results highlight the benefits and implementation challenges of each steering law and the
impact that they have on the orbital elements, with particular focus on the orbital altitude.
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1. Introduction the Earth’s planetary radiation pressure (PRP) and at-
mospheric drag. Because the PRP and aerodynamic ac-
celerations depend on the sail attitude and can perturb
sailcraft orbits to a significant extent [5, 6], accurately
predicting their magnitudes is crucial for the design of
Earth-bound solar-sail missions. In literature, the accel-
erations from SRP, PRP, and atmospheric drag are mod-
eled using different theoretical and idealistic models,
most of which assume the sail to be a thin, flat surface
with known optical properties [1, 7, 8]. These models
therefore do not account for secondary effects, like the
sail billowing, presence of wrinkles, degradation, and
uncertainties in the sail’s optical properties. Further-
more, these models make use of simplifying assump-
tions to describe the near-Earth dynamical environment,
particularly with respect to the atmospheric density [5,
9, 10] and the intensity of the solar and planetary radia-
tion [6, 11, 12]. Because of these assumptions, real-life
sailcraft generally experience accelerations that differ
from the predicted ones. In order to quantify these

Solar sailing is a propulsion method using solar radi-
ation pressure (SRP) as primary source of thrust [1].
Over the last years, solar sailing has drawn increasing
attention in the scientific community particularly be-
cause of its propellantless nature and potential for a va-
riety of mission applications, both in the near-Earth and
interplanetary environments [2, 3]. In light of this, sev-
eral solar sails have been launched in the recent past to
increase the solar-sail technology readiness level and as-
sess its potential for real-life mission applications. Most
of these sailcraft have flown in close proximity of the
Earth and, similarly, even more Earth-bound missions
are planned for the near future. Among these are, for ex-
ample, the recently launched Alpha sailcraft by Gama
and the upcoming NASA’s Advanced Composite Solar
Sail System (ACS3) and Gama's Beta missions [4]. Or-
biting about the Earth, the dynamics of these solar sails
are, apart from SRP, also affected by other sources of
acceleration. The main non-gravitational ones include
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differences, the calibration of the actual SRP, PRP, and
aerodynamic accelerations experienced by sailcraft in
orbit can be performed. In this way, these accelerations
can be measured and compared to the predicted ones,
therefore providing insights into, and an opportunity to
improve, the accuracy and fidelity of the solar-sail dy-
namical models. Calibration of the SRP, PRP, and aer-
odynamic accelerations requires the definition of steer-
ing laws designed ad hoc for this purpose. In addition,
the implementation of these control strategies in real life
can prove challenging for different reasons, including
the presence of operational constraints and deorbiting
effect on the sailcraft orbit. In light of the above and the
fact that studies on the design of such steering laws have
never been conducted, this paper presents a set of cali-
bration steering laws (CSLs) specific for Earth-bound
solar sails and provides a first-order assessment of their
calibration capacity and implementation challenges.

2. Dynamics

In this paper, the equations of motion describing the
solar-sail dynamics are expressed in an inertial Earth-
centered reference frame, S(x, y, z), with the x-axis
pointing towards the vernal equinox, the z-axis perpen-
dicular 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 of a
solar sail subject to the SRP, PRP, aerodynamic, and J,
gravitational accelerations can be expressed in vectorial
form as:

aSRP + aPR[’ + aAeru + aJZ (1)

F+ ﬁSr =

r
where u = 398600.4415 km3s? is the Earth’s gravita-
tional parameter [13], r = [x, y, z]" is the sailcraft posi-

tion vector, r = |||, and ag,, , @ppp, @ and a,, are

aero
the SRP, PRP, aerodynamic, and Earth’s J, gravitational
accelerations, respectively. The full definition of these
accelerations is provided in the following sections.

2.1.  Solar Radiation Pressure Acceleration

The SRP acceleration is computed considering an
ideal sail model, that is, the sail is assumed to be flat and
perfectly reflecting on both sides. Under this assump-
tion, the SRP acceleration is given as [1]:

ag, =va,cos’(a) kn ()

In Eq. (2), v represents the shadow factor, computed
using a conservative conical shadow model [5]. This
model assumes v = 0 when the sailcraft is in umbra or
penumbra and v =1 when the sailcraft is completely il-
luminated. The characteristic acceleration, a_,

c

represents the maximum achievable SRP acceleration at
a distance of 1 AU from the Sun and is defined as [1]:
2S
a,=—= (3)

co

where S, =1367 W/m? is the solar flux at Earth [13],
¢ =299792.458 km/s is the speed of light in vacuum
[14], and o represents the sailcraft loading parameter,
i.e., its mass-to-sail area ratio. Finally, a € [0, «] is the
solar-sail pitch angle measured between the direction of

sunlight, §, and the normal direction of the sail back
side, 71, see Fig. 1a, while x is a sign function indicat-
ing whether the sail front side is illuminated (x =1) or

the sail back side is illuminated (x =-1).
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Fig. 1. Relevant solar-sail attitude angles and directions used
to determine the SRP and aerodynamic accelerations.

2.2, Aerodynamic Acceleration

The aerodynamic acceleration is computed assuming
the sail to behave as a perfectly flat plate in hyperther-
mal free-molecular flow conditions, that is, the sailcraft
is assumed to orbit with a velocity much larger than the
thermal velocity of the atmospheric particles [15]. Un-
der these conditions, the aerodynamic acceleration is
found as [5, 9]:

4 =22 C,P+C L) @)
20

In Eq. (4), v is the magnitude of the sailcraft inertial

velocity and p is the atmospheric density, which is

modeled using an averaging technique based on the

NRLMSISE-00 atmospheric model, see Ref. [5]. D and

L represent the drag and lift directions pointing oppo-
site and perpendicular to the inertial velocity direction,
v, respectively, see Fig. 1b. C,, and C, are the drag

and lift coefficients, respectively, given by [5, 9]:
C,= Z[GT +oyVyleosé|+(2- oy — oy )cos’ {]cosg’\ %)

C, =2[0'NVR+(2—6N—J,.)‘cosg“mcosg“‘ sin¢ (6)



6™ International Symposium on Space Sailing (ISSS 2023), New York, USA, 5-9 June 2023

where ¥, is the ratio of the atmospheric particle thermal
velocity to the sailcraft velocity, o, and o, are the
normal and tangential momentum accommodation coef-
ficients, respectively, and ¢ represents the complemen-
tary angle to the angle of attack, see again Fig. 1b. Based
on Ref. [16], in this paper o, = o, =0.8 and V, =0.05

Fig. 2. Geometry of the problem to determine the PRP accel-
eration exerted on a solar sail.

2.3. Planetary Radiation Pressure Acceleration

To compute the PRP acceleration, the so-called spheri-
cal uniform model presented in Refs. [6, 17] is em-
ployed. This model is valid for flat, perfectly reflecting
solar sails and assumes the Earth to be a spherical radi-
ation source emitting radiation isotropically, i.e., with a
constant radiation flux. When this model is employed,
the PRP acceleration is found through the following in-
tegral equation [6, 17]:

iy = [I coslSes0) dA]ﬁm ™

2
o \ /

As depicted in Fig. 2, d4 represents an elementary
piece of Earth’s surface irradiating, 3 is the angle be-

tween the zenith direction at dA , N , and the vector
pointing from dA to the sailcraft, I, € is the angle be-
tween I and the sail normal direction pointing away

from the Earth, ., and [ = ||I|| . Finally, S represents

out
the Earth’s planetary flux, which is found through a sur-
face averaging process and is assumed constant over the
entire visible surface of the Earth as seen from the sail-
craft, A". Its value depends on the Earth’s blackbody
radiation flux and albedo coefficient which, based on
Ref. [6], have been set to 234.732 W/m? and 0.3259,

respectively. For the full analytical expressions of S
and the solution to the acceleration integral of Eq. (7),
the reader is referred to Refs. [6, 17].

2.4.  J> Gravitational Acceleration

The Earth’s J, gravitational acceleration is defined in
frame S(x, y, z) as follows [18]:

3R cL z ),
a,, :—2rs,uJ{(xx+yy)(l—5r2j+z[3—5rzjz} ®

where X, J,and Z are the unit vectors along the
S(x, y, z) frame’s axes, R =6378.1363 km is the Earth
radius [13], and J, =1.082626925639-107 1is the

Earth’s J, gravitational field constant of the JGM-2 ge-
opotential model [13, 19].

3. Calibration Steering Laws

In this section, the definition of a set of steering laws
designed to calibrate the SRP, PRP, and aerodynamic
accelerations of solar sails in Earth-bound, circular or-
bits is discussed. To this aim, it is crucial to firstly define
the concept of the acceleration envelope (AE) curve:
this is a curve representing the set of all possible accel-
erations achievable by a sailcraft when changing its at-
titude. Because the SRP, PRP, and aerodynamic accel-
erations change their magnitudes and directions with the
sail attitude, an AE curve can be defined for each of
them. When the acceleration models presented in Sec-
tion 2 are considered, these curves assume the shapes
depicted in Fig. 3. As can be seen, all AE curves are
symmetric with respect to a different reference direc-
tion; these are the sunlight direction, s, radial direction,
¥ , and velocity direction, v , for the SRP, PRP, and aer-
odynamic AE curves, respectively. The reference direc-
tions provide information on which attitudes maximize
or minimize a particular acceleration. Indeed, if the sail

normal direction, 7, is directed along a reference direc-
tion or perpendicular to it, the corresponding accelera-
tion is maximized or minimized, respectively. On the
other hand, for arbitrary orientations of #, intermediate
accelerations are obtained whose magnitude and direc-
tion are described by the AE curves, see Fig. 3.

Given the notion of AE curve, the CSLs can be re-
garded as control strategies that solar sails can adopt to
reconstruct the AE curves based on the in-orbit acceler-
ations experienced. The difficulty in designing CSLs for
the SRP, PRP, and aerodynamic accelerations is the fact
that all these accelerations depend on the sail attitude
and are therefore coupled. Consequently, in most cases
it is not possible to calibrate a single acceleration inde-
pendently without experiencing a perturbing effect from
the others. In addition, it is worth noting that the design
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of the CSLs also depends on the relative orientation of
the orbit with respect to sunlight, as the presence of
eclipses hinders the calibration of the SRP acceleration.

Hereinafter seven CSLs with different degrees of
complexity are presented. In Section 3.1, steering laws
to calibrate the maximum SRP, PRP, and aerodynamic
accelerations are discussed. Afterwards, Section 3.2
presents another three CSLs to calibrate the entire SRP,
PRP, and aerodynamic AE curves. Finally, in Section
3.3 a steering law designed to calibrate the residual ac-
celerations acting on solar sails in the absence of SRP,
PRP, and aerodynamic accelerations is discussed.

Fig. 3. Acceleration envelope curves of the SRP acceleration
(a), PRP acceleration (b), and aerodynamic acceleration (c).

3.1.  Calibration of the Maximum Accelerations

The steering laws discussed in this section aim to cal-
ibrate the maximum magnitudes of the SRP, PRP, and
aerodynamic accelerations, therefore allowing to deter-
mine the characteristic dimensions of their AE curves.
To achieve this, for each of these acceleration a steering
law can be designed in which the sail is constantly ori-
ented with its normal parallel to the acceleration’s ref-
erence direction, that is, A points along §, 7, and ¥
when calibrating the maximum SRP, PRP, and aerody-
namic accelerations, respectively. This approach can be
used to calibrate the maximum PRP and aerodynamic
accelerations at any point along the orbit and the maxi-
mum SRP acceleration only when the sailcraft is illumi-
nated. Indeed, when the sailcraft is in eclipse conditions
(v=0), sunlight cannot reach the sailcraft and, there-
fore, the SRP acceleration cannot be measured. In this

case, an alternative control strategy can be adopted: the
sail is oriented edgewise with respect to the velocity di-
rection, v , and with its normal pointing along the radial
direction, 7. This configuration minimizes drag, there-
fore preventing the sail from deorbiting. On the other
hand, the PRP acceleration is maximized, hence poten-
tially enabling its calibration. It should be noted that this
variant of the CSL is only implemented when eclipses
longer than a specified threshold duration, Az,,, take

place. The reason for this is that switching to this alter-
native control strategy requires a sudden re-orientation
of the sailcraft, which can prove demanding for real-life
attitude control systems. As a consequence, it may be
preferable not to implement this variant of the CSL
when short eclipses are experienced, despite the pertur-
bations PRP acceleration and drag may yield. In this pa-
per, a value of At,, equal to 1/5 of the orbital period is

considered for all CSLs where applicable.

3.2, Calibration of the Acceleration Envelope
Curves

This section presents three CSLs that aim to calibrate
the entire AE curves of the SRP, PRP, and aerodynamic
accelerations.

3.2.1.  Solar Radiation Pressure Acceleration

In order to calibrate the SRP AE curve, the sailcraft
shall to change its attitude gradually, so as to cover all
pitch angles in the range 0-90 deg. Depending on
whether eclipses occur, two possible control strategies
are adopted.

If the sailcraft is continuously illuminated along the

entire orbit, the sail’s normal direction, 7, points along
the sunlight direction, §, at the point in the orbit closest

to the Sun. When moving away from this point, A
slowly changes its direction so as to increase the pitch
angle, until becoming perpendicular to the direction of
sunlight and parallel to the radial direction, F , after one
quarter of the orbital period. Thereafter, the sail is grad-
ually reoriented to make 7 be once again parallel to §
after another quarter of the orbital period. Finally, the
entire process is repeated also in the second half of the
orbit, thus making the pitch angle span across the 0-90
deg range twice per orbital period.

If eclipses last longer than the specified threshold du-
ration, At,,, the same eclipsing variant of the CSL pre-

sented in Section 3.1 for the calibration of the maximum
SRP acceleration can be used. When this variant of the
CSL is adopted, the pitch angle spans across the 0-90
deg range only once per orbital period. For the sake of
visualization, this variant of the CSL is displayed in the
left plot of Fig. 4.
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3.2.2.  Planetary Radiation Pressure Acceleration

When implementing the CSL for the PRP AE curve,
the sailcraft gradually changes its attitude by translating
its normal direction from 7 to +h (and vice versa)
every quarter of the orbital period. In this way, the plan-
etary cone angle (i.e., the angle between i and F,

out
see Figs. 3 and 4), a,, , spans across the entire 0-90 deg
range twice per orbit. Implementing this steering law
does not yield any aerodynamic drag, thus preventing
the sailcraft from deorbiting. On the other hand, the SRP
acceleration is present and acts as a perturbing acceler-
ation. For the sake of visualization, this CSL is
displayed in the center plot of Fig. 4.

3.2.3.  Aerodynamic Acceleration

Similar to the CSL presented in the last subsection,
the steering law to calibrate the aerodynamic AE curve
considers a gradual variation of the sail normal direction
between two reference directions: the velocity direction,

v, and the orbital momentum direction,

h= (Fx9)/|#x¥|. In particular, 7t is continuously re-

oriented so as to point intermittently along v and +h
every quarter of the orbital period. By doing so, the
complementary angle to the angle of attack, ¢ , spans

across the entire 0-90 deg range twice per orbit. When
employing this CSL, no PRP acceleration is experienced
by the sailcraft, whereas the SRP acceleration acts as a
perturbing acceleration. For the sake of visualization,
this CSL is displayed in the right plot of Fig. 4.

3.3, Calibration of the Residual Accelerations

Solar sails experience no SRP, PRP, and aerody-
namic accelerations when the sail normal direction, A,
points perpendicular to the sunlight direction, §, radial
direction, #, and velocity direction, v, respectively.
The relative orientation of §, #, and v then plays a

central role in determining whether a zero-acceleration
steering law can be designed. The only scenario in

SRP AE Curve

PRP AE Curve

which all three accelerations can be simultaneously nul-
lified is when §, 7, and v are coplanar. This only oc-
curs for an orbit oriented parallel to the direction of sun-
light. Then, the sail normal direction, 7, can be directed

perpendicular to the orbital plane, i.e., along +h. Be-
cause the SRP, PRP, and acrodynamic accelerations are
equal to zero when this CSL is employed, only gravita-
tional accelerations affect the dynamics. However, in
the majority of orbital scenarios, these directions do not
lie in the same plane and, therefore, a sail normal direc-
tion that is perpendicular to all of them is not possible to
find. This implies that at least one non-zero acceleration
is always obtained, independently of the sail attitude
adopted.

4.  Analyses

This section presents different analyses aimed at
highlighting the benefits and implementation challenges
of the CSLs introduced in the previous section. Indeed,
while the CSLs can be used to successfully determine a
sailcraft’s achievable accelerations, their implementa-
tion also entails a number of operational difficulties to
be taken into account. Among these, five are deemed of
particular importance:

e Altitude decrease. Implementing the CSLs can yield
considerable changes in the sailcraft’s orbital param-
eters. Among these, the most significant is the de-
crease in orbital altitude, which is particularly evi-
dent for steering laws yielding a large aerodynamic
drag.

e Solar-sail attitude rate of change. Some CSLs require
rapid changes of attitude which can prove demanding
for the attitude control system of the sailcraft.

e Exposure of the sail’s back side to sunlight. Solar
sails usually consist of a polymer film membrane
covered with an aluminum coating on the front side
in order to enhance reflectivity. Since the sail’s back
side is generally not illuminated, it is either left un-
coated or has a chromium coating, so as to increase
the sail’s emissivity for thermal control [1, 20]. How-
ever, some CSLs allow the sail’s back side to be

Aerodynamic AE Curve

Fig. 4. Steering laws to calibrate the SRP, PRP, and aerodynamic AE curves for the ACS3 sailcraft orbit with local
time of the ascending node at 12AM. The light blue curve, red arrow, and green arrows indicate the sailcraft orbit,
Earth-to-Sun direction, and sail normal directions, respectively.
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exposed to sunlight. When this occurs, ultraviolet ra-
diation yields a rapid degradation of the sail material
and its optical properties. It should be noted that since
in this paper a double-coated, perfectly reflecting so-
lar sail is considered, see Section 2.1, this degrada-
tion effects are not accounted for in the dynamics.
Nevertheless, the analyses presented later in this sec-
tion will provide insights on the frequency of expo-
sure of the sail’s back side to sunlight, so as to quan-
tify its potential effect on real-life solar-sail missions
to a first-order extent.

e Exposure of the sail’s back side to the ram direction.
In addition to sunlight, the sail’s back side can expe-
rience rapid degradation also when exposed to the
ram direction, i.e., the direction of motion. This is
due to the effect of atomic oxygen, which deteriorates
the sail’s back side material upon impact, creating
cracks in the polymer/chromium film. Although the
dynamical model used in this paper does not account
for these degradation effects, see Section 2, the anal-
yses presented later in this section will provide in-
sights on the frequency of exposure of the sail’s back
side to the ram direction, so as to quantify its poten-
tial effect on real-life sailcraft missions to a first-or-
der extent.

e Power generation. In this paper, it is assumed that so-
lar cells are mounted on the sailcraft in a plane paral-
lel to the sail membrane, i.e., the solar cells generate
power when the sail’s front side is illuminated. Con-
versely, no power is produced when the sailcraft is
oriented edgewise with respect to the direction of
sunlight nor when its back side is exposed. Although
these conditions can be endured for short periods of
time, some CSLs require prolonged periods of times
in which the sail attitude is such that the solar arrays
are not exposed to sunlight, thus implying potential
power issues.

The analyses presented in this section make use of
NASA’s ACS3 mission as baseline scenario, with a
characteristic acceleration of a, =0.045 mm/s? and the

following vector of initial orbital elements defined in
frame S(x, y, 2):

. T
[ao’ €5 Iy> Qy, 0y, fo] =
157.328 ! 9)
7093.1363 km, 0, 98.249 deg, 1202.328 > deg, 0 deg, 0 deg

247.328

where a,, ¢,, i,, Q,, @,,and f, represent the initial
orbit’s semi-major axis, eccentricity, inclination, right
ascension of the ascending node (RAAN), argument of
pericenter, and true anomaly, respectively. The orbital
elements in Eq. (9) identify a circular, Sun-synchronous
orbit with an initial altitude of %, =a,—R =715 km. In

order to consider different orbit orientation with respect
to sunlight, three values of the RAAN are considered,
which correspond to local times of the ascending node
(LTANS) at 6AM, 9AM, and 12AM. For each of these
initial orbits and each CSL presented in Section 3, the
dynamics given in Eq. (1) have been propagated using
Matlab®’s ode45 integrator, with absolute and relative
tolerances set to 1072, The analyses consider a simula-
tion start date of December 1%, 2023 (i.c., the expected
deployment date of the sail) and a simulation duration
of 10 days. Finally, to account for realistic solar-sail at-
titude-change capabilities, the CSLs have been imple-
mented considering the ACS3 sailcraft’s maximum atti-
tude rate of change (RoC), equal to 0.5 deg/s.

Table 1 presents the results of the analyses for each
combination of initial LTAN and CSL. In order to pro-
vide insights into the calibration of the target accelera-
tion and perturbing effects of the other accelerations, the
three columns on the left-hand side of the table specify
the extent to which each AE curve is covered when em-
ploying a specific CSL. The acceleration to be cali-
brated (referred to as “calibration target™) is displayed
in bold, while the perturbing accelerations are given in
brackets. Here, the terms “Max” and “Zero” indicate
that a particular acceleration is constantly equal to its
maximum achievable value or zero, respectively. Simi-
larly, in the case a CSL covers a larger portion of the AE
curve, the terms “Full”, “Intermediate”, and “Minor” are
given, which indicate that the calibration target/perturb-
ing AE curve is covered completely, partially, or only to
a minor extent. The right-hand side of the table provides
information on the operational difficulties introduced at
the beginning of this section. Here, the altitude loss due
to implementing the given CSL for 10 days, A, is
shown, as well as the maximum attitude RoC. To quan-
tify the effect the CSLs have on the degradation of the
sail, two columns are added which provide the percent-
age of orbital period during which the sail’s back side is
exposed to sunlight and the ram direction. In a similar
fashion, to measure the effect each steering law has on
the sailcraft power-generation capabilities, the percent-
age of orbital period during which the sail’s front side is
exposed to sunlight with a pitch angle smaller than 80
deg is given. Finally, to enable a qualitative overview of
the benefits and drawbacks of each CSLs, a color code
has been applied to the data of Table 1, with green rep-
resenting benefits and yellow, orange, and red indicat-
ing potential issues of increasing degree of severity.

As can be seen in the table, calibration of the maxi-
mum SRP acceleration and its AE curve can prove chal-
lenging due to multiple reasons. To begin with, the sail-
craft experiences significant perturbations from the aer-
odynamic and PRP accelerations for increasing values
of the initial LTAN, which lead to moderate decreases
in altitude in the range 7.6-12.1 km. Furthermore,



6™ International Symposium on Space Sailing (ISSS 2023), New York, USA, 5-9 June 2023

Table 1. Calibration capabilities and implementation challenges of the calibration steering laws for different initial LTANS.

S Sail’s Back Side Solar Cells’
Cah;)rr::tl(l))nt"l’arget Max. Exposure Exposyre to
csL Tnitial (Perturbation) Ak | Attitude | [% orbital period] Sunlight
LTAN [km] RoC (@ <80 deg)
SRP Acc. PRP Acc. Aerodyn. [deg/s] | Sunlight | &M [% orbital
Acc. direction .
eriod
6 AM Max (Minor) (Minor) 7.656 0 0 83.18
SRP Ace. 9 AM Max (Intermediate) | (Intermediate) | 9.736 0 68.21
12 AM Max 12.106 0 64.34
6 AM (Minor) Max (Zero) 0.013 0.061 0 21.87
Max. .
PRP Acc. 9 AM (Intermediate) Max (Zero) 0.016 0.061 0
12 AM Max (Zero) 0.012 0.061 0
Max. 6 AM (Minor) (Zero) Max 0.061 0 36.00
Aerodyn. 9 AM (Intermediate) (Zero) Max 0.061 0 30.61
Acc. 12 AM (Zero) Max 0.061 0 29.27
6 AM Full (Intermediate) | 8.379 0.061 0 71.99
gﬁfng 9 AM Full (Intermediate) | 8308 | 0.061 0 25 55.60
12 AM Full
6 AM Full (Zero)
PRP AE 9AM | (Intermediate) Full (Zero)
Curve
12 AM | (Intermediate) Full (Zero)
6 AM (Zero)
Acrodyn. AE 9 AM (Intermediate) (Zero)
Curve
12 AM | (Intermediate) (Zero)
Residual 12 AM Zero Zero Zero

exposure of the sail’s back side to the ram direction for
long periods of time also occurs and, for the maximum
SRP acceleration CSLs, a large attitude RoC may also
be required. The CSLs for the maximum aerodynamic
and PRP accelerations present common challenges due
to the significant perturbation from SRP (especially for
larger initial LTANSs) and the prolonged exposure of the
sail’s backside to sunlight. Both these CSLs imply po-
tential power issues, as the sail’s front side is exposed to
sunlight only for a limited time. This is particularly ev-
ident when calibrating the maximum PRP acceleration,
as the sail has its front side constantly facing the Earth,
therefore allowing little sunlight to illuminate it. The
CSL for the maximum aerodynamic acceleration, on the
other hand, presents another major disadvantage, that is,
the deorbiting effect on the orbit. This happens because
drag is maximized, therefore yielding a rapid loss in al-
titude in the order of 36 km. It should be noted that this
large value of Ah is also due to the simulation start time
considered. Indeed, because on December 1%, 2023 high
solar activity is expected, the atmospheric density is
high and, therefore, aerodynamic drag is significant.
The steering laws to calibrate the PRP and aerodynamic
AE curves present potential problems similar to the
CSLs for the maximum PRP and aerodynamic acceler-
ations. Large perturbations by the SRP are experienced
and, once again, the sail’s backside is exposed to sun-
light frequently. The CSL for the PRP AE curve also
yields short time windows in which the solar cells can
generate power, whereas, on the other hand, the CSL for
the aerodynamic AE curve yields large altitude loss, in
the order of 19 km. The results in Table 1 also highlight

an interesting property of the PRP and aerodynamic ac-
celerations, that is, their orthogonality. Indeed, because
the analyses in this section consider circular initial or-
bits, the radial and velocity directions are roughly per-
pendicular at all times during the propagations. This im-
plies that it is always possible to design CSLs for which
the PRP or aerodynamic acceleration is varied while the
other is left unchanged. Because of this, in Table 1 the
steering laws to calibrate the aerodynamic acceleration
show that PRP never perturbs the dynamics. In a similar
fashion, for the CSLs for the PRP acceleration, aerody-
namic drag is always equal to zero. Finally, the CSL to
quantify the residual accelerations only implies one ma-
jor operational challenges, that is, the fact that sunlight
never illuminates the sail’s front side and no power can
be generated. This is due to the particular attitude of the
sail, which is constantly oriented edgewise with respect
to sunlight. It is also worth noting that, to implement this
CSL, the sail must be oriented edgewise also with re-
spect to the velocity and the radial directions. These
three conditions can be met only if an initial LTAN at
12AM is considered, which is the reason for which no
simulation has been performed for this CSL with
LTANs at 6AM and 9AM.

Although the operational constraints given in Table
1 may render the adoption of the CSLs more
challenging, it should be noted that they do not
necessarily constitute killer requirements for the
implementation of these control strategies. For example,
the CSLs requiring a large attitude RoC of 0.5 deg/s may
be implemented allowing for a slower re-orientation of
the sail when entering the eclipse region, so as to
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decrease the attitude RoC and, therefore, the effort
required by the sailcraft attitude control systems.
Furthermore, even though exposure of the sail’s back
side to the ram direction and/or sunlight has a
detrimental effect on the sail’s material, it should be
noted that these situations may be endured for a certain
period of time, thus still allowing for the calibration of
the solar-sail accelerations. In a similar fashion, CSLs
that involve a large loss of altitude or inability to
generate power may also be implemented for short
periods of time. Nevertheless, because these constraints
are deemed the most severe, implementing CSLs that
entail loss of altitude and inability to generate power
may only be possible for sailcraft with sufficiently large
characteristic  accelerations and energy storage
capacities.

5. Conclusions

This paper provided a first-order investigation on
strategies to calibrate the accelerations experienced by
real-life solar sails in Earth-bound orbits, with particular
focus on the solar radiation pressure (SRP), planetary
radiation pressure (PRP), and aerodynamic accelera-
tions. To quantify the maximum magnitude of these ac-
celerations and their variation with the sail attitude, sev-
eral calibration steering laws (CSLs) have been pre-
sented. Also, to assess the calibration capabilities of
these steering laws, several analyses have been con-
ducted using NASA’s upcoming ACS3 mission as base-
line scenario. The results show that the calibration of the
SRP acceleration is more easily achieved for dawn-dusk
sun-synchronous orbits than for other sun-synchronous
orbits, as in the former case the PRP and aerodynamic
accelerations affect the dynamics less severely. Indeed,
for noon-midnight orbits, the PRP and aerodynamic ac-
celerations produce larger perturbations which render
the calibration process more challenging. Similarly,
when the CSLs for the PRP and aerodynamic accelera-
tions are employed, SRP represents a source of disturb-
ance which hinders their calibration, regardless of the
orbit’s orientation. The analyses performed also high-
lighted practical implementation challenges of the
CSLs. Indeed, it was found that the CSLs for the SRP
acceleration can require rapid changes of attitude, which
may prove challenging for the sailcraft’s attitude control
system. Furthermore, these CSLs also entail a prolonged
exposure of the sail’s back side to incoming atmospheric
particles, which accelerates the sail’s material degrada-
tion. Sail degradation also takes place when the CSLs
for the PRP and aerodynamic accelerations are em-
ployed, as the sail’s back side is often exposed to sun-
light. Implementing these steering laws also entails po-
tential issues for power generation, as the sailcraft’s so-
lar arrays are hardly exposed to sunlight along the orbit.
Finally, it was found that the most challenging CSLs for

orbital stability are the ones to calibrate the acrodynamic
acceleration, as significant drag is generated during cal-
ibration and rapid altitude losses are achieved, even in
the order of 3.6 km per day. Altitude loss and inability
to generate power are considered the most crucial con-
straints that can hinder the implementation of the CSLs.
As a consequence, the CSLs for the PRP and aerody-
namic accelerations are deemed the most challenging to
implement, whereas the CSL for the SRP acceleration
proves to be more easily implementable.
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