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NASA’s ACS3 mission will be the first Earth-bound
solar-sail mission to fly so-called calibration steering
laws. These steering laws are designed to expose the sail-
craft to a variety of dynamical conditions to isolate the
effects of different parameters on the dynamics, thereby
facilitating the estimation of these parameters. This pa-
per presents the set of candidate calibration steering
laws of ACS3, highlighting their operational challenges
and impact on the estimation of the sail’s reflectivity and
specularity. The results show that, for a conservative
GPS position accuracy of 10 m, accurate estimation of
the reflectivity and specularity with uncertainties in the
order of 10~% — 102 can be achieved by flying any of
the proposed calibration laws. However, ACS3’s cali-
bration steering laws were also found to introduce op-
erational challenges that may hinder their implemen-
tation for extended periods of time. In particular, the
decreased power generation capability of solar arrays
was found to be the most severe operational challenge
for two out of the five ACS3’s calibration laws analysed.

I. INTRODUCTION

Solar sailing is a propulsion system that uses the solar ra-
diation pressure (SRP) exerted on a thin, lightweight sail to
produce thrust. Its propellantless nature makes it an attrac-
tive alternative to traditional low-thrust chemical propul-
sion. This has led to several studies assessing its potential
for a variety of applications, including Earth-bound, inter-
planetary, and even inter-stellar missions [1, 2]. Despite the
abundance of research on solar-sail orbital dynamics and
control, the technological readiness level of solar sailing
is currently limited due to several practical challenges [3].
These include the sail’s manufacturing, its in-orbit deploy-
ment, and attitude control. For this reason, the majority of
solar sails launched to date have been technology demon-
strators whose objective was to assess the sails’ deployment
and orbit-changing capabilities. Among these are the re-
cently flown Gama Alpha and Lightsail-2 missions from
Gama and The Planetary Society, respectively [4]. Simi-
larly, even more missions are scheduled for launch in the
near future, including NASA’s Advanced Composite Solar

Sail System (ACS3) mission [5]. ACS3 will serve as sail-
deployment technology demonstrator, but unlike the other
solar-sail missions launched so far, it will be the first sail-
craft to fly calibration steering laws. These steering laws
are designed to isolate specific contributions to the sail-
craft acceleration, in particular, the SRP, planerary radiation
pressure (PRP), and aerodynamic accelerations. The use of
calibration laws facilitates the in-orbit estimation of differ-
ent parameters governing the aforementioned accelerations,
thus allowing the refinement of the current state-of-the-art
solar-sail acceleration models.

Despite their potential to increase the reliability of solar-
sail technology, studies on calibration control laws have
been conducted only in Ref. [6] to a preliminary extent. In
light of this, this paper provides the first in-depth analysis of
the estimation capacity of calibration control laws. The pa-
per focuses on the set of candidate calibration steering laws
that ACS3 might use, also highlighting the potential opera-
tional challenges they entail. First, the equations of motion
of ACS3 are introduced, along with a detailed description
of the acceleration models used. The calibration laws are
then discussed and an analysis is presented to assess their
operational challenges. Next, a covariance analysis is pre-
sented, illustrating the accuracy to which ACS3’s optical
coefficients can be estimated from GPS measurements. Fi-
nally, the conclusions of the study are given.

II. DYNAMICS

The dynamics of ACS3 are described in an Earth-centered
inertial (ECI) reference frame I(z,y, z), with the x-axis
pointing towards the mean vernal equinox at January 1%¢,
2000, the z-axis directed perpendicular to the mean equa-
torial plane at January 15¢, 2000 and pointing towards the
Northern hemisphere, and the y-axis completing the right-
handed frame. Within this frame, the equations of motion
can be expressed in vectorial form as:

)]

= VUGB +ap +aq + Qgero + asrp + aprp

In the above equation, r denotes the orbital position vec-
tor and the overhead dot notation indicates differentiation
with respect to time. The Earth’s gravitational acceleration



is represented by the term VUy, with V the gradient opera-
tor and Uy, the Earth’s gravitational potential defined using
the spherical harmonic expansion of the gravity field as per
Ref. [7]. ap and a¢ indicate the point-mass solar and lunar
gravitational accelerations. The aerodynamic acceleration,
Qgero, 18 modelled using the flat-plate hyperthermal free-
molecular flow model as per Ref. [8], similar to other works
that describe the aerodynamics of solar sails in the atmo-
sphere [9-11]. The aerodynamic acceleration is computed
using the NRLMSISE-00 atmospheric density model [12]
with indices of solar radio flux at 10.7 cm and geomagnetic
activity relative to the 50" percentile retrieved from the
Marshall Space Flight Center’s forecast of February 2024
[13]. The SRP and PRP accelerations are denoted by asrp
and apprp, respectively. These accelerations are strictly re-
lated to the optical characteristics of the sail which, as will
be seen in Section IV.II, are the key parameters in the esti-
mation process. Therefore, a detailed presentation of their
definitions is provided in the following subsections.

II.IL SOLAR RADIATION PRESSURE ACCELERATION

In this paper, the SRP acceleration is modelled assuming
the sail to be flat and accounting for its optical properties,
similar to the optical SRP acceleration model devised by
Mclnnes in Ref. [14]. However, unlike Mclnnes’ model,
which assumes that only the sail’s front side can be illumi-
nated by sunlight, the model presented here accounts for the
possibility that the sail’s backside may also be illuminated.
As shown in Section III, this can indeed occur for some cal-
ibration steering laws, which introduces the need to extend
Mclnnes’ optical SRP acceleration model.
The SRP acceleration is defined as:

25¢ A <1AU
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c m
with v the shadow factor computed through the conical
shadow model of Ref. [7], Sg¢ = 1361W/m2 the solar
irradiance at one astronomical unit (AU) from the Sun [15],
¢ = 299792458 m/s the speed of light in vacuum [16], A
the sail area, m the sailcraft total mass, s the norm of the
instantaneous Sun-to-sailcraft vector, s, § = s/s, and «
denotes the pitch angle measured between 8 and the sail
normal direction pointing out from the sail’s backside, 1.
The parameters by, bo, and b3 are defined as follows:
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with 7, §, B, and ¢ denoting the reflectivity, specularity,
non-Lambertian coefficient, and infrared emissivity of the
sail, respectively, and the subscripts “f”, “b”, and “sl/” in-
dicating whether the optical coefficients of the sail’s front
side, back side, or sunlit side are considered. Depending on
the sail orientation, the sunlit optical coefficients coincide

either with those of the front or back side of the sail. In
particular, these are correlated as follows:
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if sgn(cosa) =1
otherwise

Ultimately, 75 represents the sail normal direction with no
positive component towards the Sun, given by:

s = sgn(cos a) it

II.II' PLANETARY RADIATION PRESSURE
ACCELERATION

In this paper, the PRP acceleration is modelled as per the
spherical optical PRP acceleration model presented in Ref.
[17]. Similar to the optical SRP acceleration model, this
PRP acceleration model also accounts for the sail’s optical
properties. However, a major difference between the two
models exists, that is, the definitions of the radiation inten-
sity and the associated radiation pressure exerted onto the
sail. Indeed, planetary radiation originates from the Earth
and its intensity depends on several factors, including the
sailcraft’s geographical location and altitude, and the illu-
mination conditions of the Earth as seen from the sailcraft.
Furthermore, because the sailcraft flies in close proximity
of the Earth, planetary radiation can reach only the sail’s
front side, only its back side, or both sides simultaneously,
depending on its orientation. For this reasons, the PRP ac-
celeration depends on the optical coefficients of both sides
of the sail in a highly non-linear manner, rendering its ex-
pression very elaborate. In light of this and for the sake of
brevity, the full expression of the PRP acceleration will not
be provided in this paper. For additional information on the
model, its derivation and accuracy, the reader is referred to
Ref. [17].

IL.IIIT  ACS3 PROPERTIES

Table 1 provides the optical coefficients, aerodynamic coef-
ficients, mass, and sail area of ACS3, which will be consid-
ered throughout the paper. The provided optical coefficients
are valid for both the SRP and PRP accelerations. The aero-
dynamic coefficients are the sail’s normal and transversal
momentum exchange coefficients, o and o, respectively,
and the ratio of the atmospheric particle average thermal
velocity to the sailcraft inertial velocity, V. Apart from
the above-mentioned parameters related to ACS3’s dynam-
ics, the table also gives information on ACS3’s maximum
achievable attitude rate of change, ¢.,qz, the expected sail
deployment date, and the corresponding orbital elements at
the time of deployment. The orbital elements are the semi-
major axis, eccentricity, inclination, right ascension of the
ascending node, argument of pericenter, and true anomaly,
denoted by a, e, i, 2, w, and ¥, respectively. The infor-
mation presented in the table will be used as input to the
analysis of the calibration steering laws and their estima-
tion capability in the remainder of the paper.



Table 1: ACS3 mission specifics.

Spacecraft Specifications

m 16 kg
A 80 m?
Sbmaz 0.5 deg/s

Frontside Optical Coefficients

7 0.90
3y 0.82
By 0.79
£ 0.03

Backside Optical Coefficients

b 0.43
Sp 0.53
By 0.67
€b 0.60

Aerodynamic Coefficients

ON 0.80
or 0.80
Vr 0.05
Initial State in ECI Frame
a 7378.1363 km
e 0
) 99.4793 deg
Q 257.5333 deg
w 0.0 deg
9 0.0 deg
Sail Deployment Date ‘ 1 July 2024, 12:00 PM
III. CALIBRATION STEERING LAWS

As discussed in Section II, Earth-orbiting sailcraft are sub-
ject to several accelerations that affect their dynamics.
While the gravitational accelerations of the Earth and other
celestial bodies only depend on the sailcraft position, other
accelerations also depend on the sailcraft attitude, namely,
the SRP, PRP, and aerodynamic accelerations. Due to this
dependency, the magnitude and direction of these accelera-
tions can be changed at will by controlling the sail’s orien-
tation, that is, by employing specific steering laws. The cal-
ibration steering laws are dedicated steering laws designed
to amplify the aforementioned attitude-dependent accelera-
tions, thus making their contributions to the total accelera-
tion easier to isolate and identify. Designing such steering
laws in an effective manner can be challenging for a vari-
ety of reasons. The primary challenge is given by the fact
that changing the sailcraft attitude affects the SRP, PRP and

aerodynamic accelerations simultaneously, making it intrin-
sically difficult to truly isolate the contribution of each ac-
celeration. In addition, the extent to which a calibration
law can calibrate the SRP, PRP, and aerodynamic acceler-
ations depends on the specific orbit considered and, par-
ticularly, on its altitude and orientation with respect to the
direction of sunlight. Finally, the design of the calibration
steering laws should account for potential operational con-
straints, which can be particularly stringent for complex
steering laws, specific orbit orientations, and limited sail-
craft attitude-changing capabilities.

Taking the above into account, several discussions were
held with the ACS3 mission team to determine the calibra-
tion steering laws that would maximize the calibration ca-
pacity of ACS3. As a result, five candidate calibration laws
were shortlisted. These are presented in the following sec-
tion, followed by an analysis of the operational challenges
they entail.

III.IL DEFINITION

A steering law can be unambiguously defined by specifying
the orientation of the sail’s normal direction along the orbit.
In light of this, the ACS3’s candidate calibration steering
laws are named after the target direction of the sail’s nor-
mal. These are:

¢ Backside nadir pointing, see Figure 1, left. The nor-
mal to the sail’s backside, 72, points antiparallel to the
radial direction, #, so that the sail is edgewise to the in-
coming atmospheric velocity and the backside always
faces the Earth. It should be noted that since ACS3’s
antennas are mounted on the sailcraft backside, this
calibration law also ensures optimal contact with the
ground stations. Because of this property, this calibra-
tion law is the default steering law of ACS3 and will
also be referred to as “standby” steering law in the fol-
lowing.

* Frontside nadir pointing. The normal direction, 7,
points parallel to the radial direction, #. Therefore, the
sail’s highly reflective frontside faces the Earth, thus
yielding an even larger PRP acceleration compared to
the backside nadir-pointing steering law.

* Sun pointing, see Figure 1, center. The normal direc-
tion, 7N, is constantly parallel to the sunlight direction,
8, even when in eclipse. This results in « = 0 and a
maximum SRP acceleration all the time.

* Drag pointing, see Figure 1, right. The normal direc-
tion, M, points parallel to the inertial velocity, v. In
this way, the sail’s frontside faces the incoming atmo-
spheric particles, thus maximising atmospheric drag.

* Fixed in-plane pointing. The normal direction 72 con-
stantly points towards a pre-determined direction d ly-
ing within the orbital plane. For ACS3, d was cho-
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Figure 1: ACS3’s backside nadir-pointing steering law (left), Sun-pointing steering law (center), and drag-pointing steer-
ing law (right). The light grey and dark grey squares represent the sail’s front and back sides, respectively. The light blue
curve, yellow arrow, and red arrows indicate ACS3’s orbit, Earth-to-Sun direction, and sail normal directions, respectively.

sen as the in-plane direction forming the smallest an-
gle with the sunlight direction 5. Mathematically, this
corresponds to:

d=hx ——7-
S

where h = (r x ) /||r x v]|| denotes the orbital mo-
mentum direction.

IIILIIT ANALYSES

The steering laws presented in the previous section facili-
tate the calibration of the accelerations of ACS3. However,
the implementation of these steering laws also poses oper-
ational challenges which may compromise their feasibility.
This section aims to characterise the severity of these op-
erational challenges and, therefore, assess the feasibility of
each calibration law. The operational challenges considered
in the analysis are the following:

¢ Altitude decrease. Employing the calibration steering
laws for an extended period of time can yield undesir-
able changes in the sailcraft’s orbital parameters and,
particularly, in its altitude.

* Sailcraft attitude rate of change. Depending on the
complexity of the steering law, the sailcraft may be
required to change attitude rapidly, beyond the turning
rates achievable by ACS3’s reaction wheels (0.5 deg/s,
see Table 1).

 Solar sail’s backside exposure to sunlight. Solar
sails usually feature a highly reflective, aluminium-
coated front side, which helps maximise the sailcraft
thrusting capabilities, whereas the backside is either
uncoated or, as in the case of ACS3, coated with
chromium. The chromium coating enhances the emis-
sivity of the sail, which is crucial for thermal control
[14, 18]. When sunlight — and especially ultraviolet —

radiation illuminates the sail’s backside, it causes rapid
degradation of the sail material and thus its sail’s opti-
cal properties and performance. Although the back of
a solar sail is usually not illuminated by sunlight, some
of the ACS3’s calibration laws can yield temporary ex-
posure of the sail’s backside to sunlight.

* Power generation. The solar panels of ACS3 are
mounted parallel to the sail plane, so that they gen-
erate power when the sail’s front side is illuminated.
Implementing some calibration steering laws can yield
extended periods of time during which the solar arrays
are oriented unfavourably, resulting in potential power
generation issues.

The analysis presented in this section is fully based on
ACS3’s mission specifics. The initial state corresponds to
the expected orbit insertion of the sailcraft, defined by the
orbital elements of Table 1. These identify a circular, Sun-
synchronous orbit with altitude of 1000 km and local time
of the ascending node at 10:30 PM. The simulation start
time is set to July 15* 2024, i.e., the expected deployment
date of the sail, see Table 1. For each calibration steering
law presented in Section IILI, the dynamics given in Equa-
tion 1 are propagated neglecting solar and lunar gravity (i.e.,
ac=a¢=0) and modelling the Earth’s gravitational poten-
tial, Ug, using spherical harmonics up to degree 2 and or-
der 0, that is, only including the Earth’s central gravity and
Js gravity terms. The propagation uses the ACS3 specifics
of Table 1 while enforcing the maximum attitude rate of
change, ©yqq, Of 0.5 deg/s. Finally, the propagation is per-
formed using Matlab®’s ode45 integrator for a simulation
duration of 10 days, with absolute and relative tolerances
set to 10712,

Table 2 presents the results of the analysis, providing in-
formation on the operational difficulties of each calibration
steering law. The first two columns show the altitude loss
per day and maximum rate of attitude change required by
each steering law. The third column displays the amount of
time during which the sail’s backside is exposed to sunlight.



Table 2: Operational Challenges of ACS3’s Calibration Steering Laws

Calibration Altitude Max. Attitude Rate Sail’s Backside Cumulative Flux

Steering Law Loss of Change Required Exposure to Sunlight  on Solar Arrays
[km/day] [deg/s] [% Sunlit Orbital Period]  [% Max. Cum. Flux]

Backside Nadir Pointing 0.0 0.057 25.93 44.83

Frontside Nadir Pointing 0.0 0.057 74.05 6.73

Sun Pointing 0.113 0.0 0.0 100.0

Drag Pointing 0.175 0.057 49.83 34.38

Fixed In-plane Pointing 0.118 0.0 0.0 95.33

To make this parameter independent of eclipses — which
last for approximately 32.5% of ACS3’s orbital period — the
exposure time is adimensionalised with respect to the total
time ACS3 is illuminated by sunlight. Finally, the last col-
umn provides information on ACS3’s power-generation ca-
pability. The latter is measured through the cumulative radi-
ation flux captured by the solar arrays, which is proportional
to the total power the solar arrays can generate. It should be
noted that, in the table, the cumulative flux is adimension-
alised with respect to the maximum cumulative flux ACS3’s
solar arrays can collect, i.e., the cumulative flux obtained
when employing the Sun-pointing steering law. To high-
light the benefits and drawbacks of each calibration law in
relation to the operational challenges, the table uses a colour
code with green representing the benefits, yellow indicating
minor issues, and red indicating major problems.

The results show that the two nadir-pointing steering
laws do not yield any change in altitude. This is because the
sail is constantly oriented edgewise with respect to the ve-
locity vector, which minimises atmospheric drag. The other
steering laws yield only small altitude losses because the
altitude of ACS3 is 1000 km, where atmospheric density is
low. The table also shows that the required attitude change
capabilities are well below ACSS’3 maximum achievable
value of 0.5 deg/s. The exposure of the solar arrays and
sail’s backside to sunlight represents the most critical oper-
ational challenges for several calibration laws. For exam-
ple, for the frontside nadir-pointing steering law, very lit-
tle sunlight reaches the solar panels and the sail’s backside
is exposed to sunlight for extended periods of time. Sim-
ilarly, the drag-pointing steering law is found to be chal-
lenging because of its limited power generation capability.
The backside nadir-pointing steering law, on the other hand,
achieves better performance. Indeed, the sail’s backside is
illuminated only during short periods of time, while the so-
lar panels acquire almost 45% of the available solar power.
Finally, the Sun-pointing and fixed in-plane pointing steer-
ing laws provide the best results, as the solar panels are con-
stantly exposed to sunlight and the sail’s backside is never
illuminated.

The analysis presented in this section highlights how
some operational constraints render the implementation of

the calibration steering laws challenging. Nevertheless,
these operational difficulties do not prevent the calibration
laws from being employed altogether. Indeed, for success-
ful calibration, these steering laws may only need to be im-
plemented for a limited amount of time. Therefore, dur-
ing this time, altitude loss, inability to generate power, and
sail’s material degradation caused by the sail’s backside ex-
posure to sunlight may be limited and not jeopardise the
mission. To determine if this is the case, it is necessary to
know the extent of time that each steering law needs to be
sustained. In order to provide further insights into this prob-
lem, Section IV investigates the calibration capacity of each
calibration steering law and assesses the corresponding time
required to achieve a given calibration accuracy.

IV. COVARIANCE ANALYSIS

This section explores the achievable uncertainty levels in
estimating ACS3’s optical coefficients. For each calibration
steering law presented in Section IIL.1, a covariance analysis
is performed to estimate these uncertainties using simulated
observations that mimic ACS3’s GPS measurements.

The following subsections detail the methodology em-
ployed for the covariance analysis, including the covariance
matrix generation, the selection and rationale behind the es-
timated parameters, and the observation acquisition scenar-
ios used as input. Finally, the resulting formal uncertainties
in the estimated optical coefficients are presented and rec-
ommendations for refining ACS3’s operational planning are
provided.

IVI COVARIANCE MATRIX GENERATION

The covariance matrix P is computed as [7]:
- -1
P= (H WH)

where H is the design matrix and W is the weight matrix
of the observations. H contains the partial derivatives of
the modelled observations h with respect to the set of pa-
rameters being estimated q:

Ooh
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q



Each element of H captures the effect of a small change
in a particular parameter on a specific observation. The el-
ements of the weight matrix of observations, W, provide
a statistical description of the random errors affecting the
observations. Assuming N independent observations, W
becomes a block diagonal matrix:

Wi
W =
Wan

where the block W;; represents the weight matrix of a sin-
gle observation 7. In addition, assuming the absence of cor-
relations between the n different components of a single
observation, Wj; is also diagonal:

-2
011

Wi =

-2

Unn

with 07, denoting the Gaussian white noise variance of the
k-th component of observation 7.

The formal error o, represents the one-sigma formal un-
certainty associated with the estimated parameter ¢; and can
be directly retrieved from the diagonal of the covariance

matrix as:
oq; =V Pjj

It is important to note that formal errors assume that the un-
derlying dynamical and observational models used in the
analysis are perfect. In reality, these models will have
limitations, potentially causing the true errors in the esti-
mated parameters to be larger than the formal errors indi-
cate. While formal errors provide a valuable statistical rep-
resentation of the quality of the parameter estimation, espe-
cially in the absence of flight data to validate the solution,
they should be interpreted cautiously.

IVII ESTIMATED PARAMETERS

To identify the most critical parameters to estimate, an anal-
ysis of the sensitivity of the SRP and PRP acceleration en-

0.61 0.61

7' increased by 10%
7y decreased by 10%

-0.61 -0.61

sy increased by 10%
sy decreased by 10%

velope curves to the sail optical coefficients is conducted.
An acceleration envelope (AE) curve represents all poten-
tial accelerations achievable by the sailcraft when changing
its attitude. As the SRP and PRP accelerations vary in both
magnitude and direction with the sail attitude, distinct AE
curves are defined for each.

This analysis focuses on the change in AE curves to a
one-sigma uncertainty of 10%! in each optical coefficient
listed in Table 1. This uncertainty accounts for potential ex-
perimental errors during ACS3’s film material testing. The
analysis evaluates the response to each coefficient individu-
ally for the case where the spacecraft’s front side faces the
radiation pressure source.

The results indicate that the frontside reflectivity and
frontside specularity have the most significant influence on
both the SRP and PRP accelerations, see Figure 2. Because
the remaining coefficients exhibit minimal impact, with the
nominal value curves practically overlapping the curves
considering the one-sigma uncertainty, figures for those co-
efficients are not shown here. Consequently, frontside re-
flectivity and specularity are included in the set of parame-
ters to be estimated alongside ACS3’s initial state.

IV.III OBSERVATION ACQUISITION SCENARIOS

ACS3’s GPS measurements are represented as three-
dimensional Cartesian position observations. These ob-
servations are generated using the TU Delft Astrodynam-
ics Toolbox (Tudat) software [19-21], which has been ex-
tended to incorporate the sailcraft dynamics presented in
Equation 1. Earth’s gravitational potential, Ug,, is modelled
in Tudat using spherical harmonics up to degree and or-
der 50. The simulation start time is set to July 1st, 2024,
with the initial state defined by the orbital elements in Ta-
ble 1. The observations are generated considering a noise
with standard deviation o, of 1 m. This choice does not af-
fect the relative performance comparison between calibra-

Uncertainty value taken from personal communication with J. Ho
Kang, Advanced Materials and Processing Branch, NASA Langley Re-
search Center, March 2024.
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Figure 2: Change of the SRP and PRP acceleration envelope curves to a one-sigma variation of 10% in the sail’s frontside
reflectivity, 7'y, and specularity, s ;. The acceleration envelope curves are normalised with respect to the maximum achiev-
able SRP and PRP accelerations found for the nominal optical coefficients of Table 1.



tion laws. Due to the weight matrix being diagonal, the
formal errors in the covariance matrix scale linearly with
the inverse of any chosen standard deviation value.

To investigate the sensitivity of parameter uncertainties
to data volume and density, the covariance matrix is com-
puted for various combinations of observation windows and
observation intervals. Based on discussions held with the
ACS3 team, mission operation planning allows each candi-
date calibration steering laws to be flown for a maximum of
7 days. Consequently, the covariance analysis examines ob-
servation windows ranging from 1 orbit (approximately 105
minutes) to 98 orbits, with 14 orbits corresponding roughly
to 1 day.

Furthermore, the analysis explores different observation
intervals for the Cartesian measurements. While a typical
GPS receiver for a low-Earth orbit (LEO) satellite has an
update rate of 1 Hz, various factors can influence the ob-
servation frequency. Limited data storage capacity can ne-
cessitate smaller update rates (less frequent data recording)
to keep the data volume manageable. Similarly, power con-
sumption constraints may decrease the number of observa-
tions, as very frequent updates require more power. To ac-
count for potential operational limitations, the analysis con-
siders intervals ranging from one observation per second to
one observation per minute.

IVIV RESULTS

The formal uncertainties of ACS3’s frontside reflectivity
and specularity are estimated for each calibration steering
law using the covariance analysis methodology described
in Section IV.I. The results are presented in Figures 3 and
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4. These contour plots provide the levels of the formal un-
certainties expressed as a function of the observation noise
standard deviation, o,ps. This enables the interpretation of
the formal uncertainties across a range of orbit determina-
tion accuracies.

Typical position accuracies from real-time GPS measure-
ments range from 1 meter to 10 meters, while refined or-
bital solutions attainable via post-processing techniques can
reach sub-centimetre levels. Since the achievable accuracy
depends on various factors, including the receiver type, pro-
cessing techniques, and additional data quality, a conserva-
tive scenario of a 10-meter observation noise level is con-
sidered for further discussion.

To increase the accuracy of current solar-sail dynamical
models, the target formal error uncertainty should be in the
1073 -10~* interval. This range might appear particularly
conservative when considering that the experimental uncer-
tainty is within the 10~* —10~2 range (see Section IV.II).
However, the formal uncertainties obtained from the co-
variance analysis do not account for potential mismodeling
in the spacecraft dynamics and observation models. More-
over, experimental uncertainty cannot account for changes
in the sail’s reflective, diffractive, or absorptive properties
due to degradation in the harsh space environment or de-
ployment imperfections (tears, wrinkles).

The comparison of the formal uncertainties across differ-
ent calibration laws confirms the strong link between the
number of observations and the achieved uncertainty level.
A larger number of observations, achieved through either a
higher frequency or a longer observation window (orbital
revolutions), leads to smaller formal errors. In general,
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more data points provide a more comprehensive picture of
the system dynamics and constrain the solution space more
effectively. Additionally, over extended observation peri-
ods, even subtle orbital changes become more significant,
and the low-signal nature of SRP and PRP accelerations
makes both frequent observations and longer observation
windows crucial for capturing their effects.

Within the maximum seven-day window allowed for
the calibration process, all candidate steering laws achieve
the target uncertainty level of 1072—10"%. However,
significant performance differences exist between them.
Drag pointing and fixed-in-plane pointing outperform the
other steering laws for reflectivity estimation, achieving the
smallest formal errors. Backside nadir pointing followed
by the fixed in-plane pointing and drag-pointing steering
laws demonstrate the best performance for specularity es-
timation. While the frontside and backside nadir-pointing
steering laws exhibit similar uncertainty levels for both re-
flectivity and specularity, the other calibration steering laws
show that reflectivity can be estimated with smaller uncer-
tainty. In general, changes in reflectivity have a more pro-
nounced effect on the spacecraft’s acceleration compared
to specularity, especially when the sail is oriented perpen-
dicular to the radiation source, as shown in Figure 2. This
makes it easier to isolate and estimate the specific effect of
reflectivity on the sailcraft’s motion.

Analysing the Sun-pointing steering law provides addi-
tional insights into the complex non-linearity of the esti-
mation problem. Despite benefitting from a constant and
strong SRP signal, the Sun-pointing steering law performs
poorly for both the reflectivity and specularity estimation.
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This is because the reflectivity and specularity become
highly correlated in this configuration. Equation 2 illus-
trates this point. When substituting 7o = § to the equation,
all terms of the SRP acceleration act along the same direc-
tion, making it impossible to distinguish the individual ef-
fects of reflectivity and specularity on the sailcraft’s motion.
Consequently, the Sun-pointing calibration law relies on the
less strong PRP acceleration signal to estimate these param-
eters, leading to higher uncertainties compared to the simi-
larly defined fixed in-plane pointing. For the fixed in-plane
pointing steering law, the angle between 7 and § remains
constant at approximately 17 degrees. This separation al-
lows the SRP signal to be used to decouple the individual
effects of reflectivity and specularity, effectively leading to
smaller formal uncertainties.

Finally, to address the possibility that calibration ma-
noeuvres cannot be performed, it is worth mentioning that
the standby backside nadir-pointing attitude can be effec-
tively used for calibration purposes. It is recommended to
maintain this attitude for at least 15 orbital revolutions if
observations are provided every second or up to 45 revolu-
tions for minute-interval observations. These recommenda-
tions hold for both the estimation of ACS3’s reflectivity and
specularity (see Figures 3 and 4).

V. CONCLUSIONS

This paper demonstrates that all ACS3’s candidate cali-
bration laws can significantly improve the accuracy of the
sail optical coefficients compared to ground-based measure-
ments. In particular, by flying any of ACS3’s calibration
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Figure 4: Formal uncertainties of ACS3’s frontside specularity for different calibration steering laws.



laws for less than seven days, the uncertainties in reflectiv-
ity and specularity can be reduced by 2-3 orders of magni-
tude, assuming a conservative GPS position accuracy of 10
m. Despite this, calibration laws differ in both estimation
performance and operational complexity. While the drag-
pointing and fixed in-plane pointing steering laws offer su-
perior accuracy in estimating the sail’s frontside reflectiv-
ity, the drag-pointing steering law presents severe opera-
tional concerns due to the unfavourable orientation of the
solar arrays along the orbit. On the other hand, the backside
nadir-pointing and fixed in-plane pointing steering laws per-
form best to estimate the sail’s frontside specularity, with-
out introducing significant operational challenges. Since
the backside nadir-pointing control law is ACS3’s default
steering law, this result is particularly convenient.

In light of the above, the backside nadir-pointing steer-
ing law offers a good balance between calibration perfor-
mance and operational difficulties involved. Therefore,
this steering law is deemed the most practical choice for
ACS3’s initial calibration. However, to increase the estima-
tion accuracy even further, it is recommended to employ the
fixed in-plane pointing steering law in subsequent calibra-
tion phases.
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