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Abstract

This paper studies deorbiting using an analogue to the quasi-rhombic-pyramid concept for planar motion. The focus is on maintain-
ing a stable (meaning oscillatory) attitude close to the direction of the velocity of the spacecraft relative to the atmosphere. The study
consists of a massive computation of deorbit times chosen in a region of the phase space where atmospheric drag plays a leading role.
Here, no damping effects are considered. Thus, any passive stabilisation observed is either due to solar radiation pressure or atmospheric
drag. The results show that such stable deorbiting is feasible up to a threshold that depends upon the physical parameters of the sail. This
threshold is around 500 km of altitude. Stable deorbiting is also shown to reduce the unpredictability that appears due to tumbling.
� 2020 COSPAR. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The growing population of space debris in the last dec-
ades has increased the interest and need for end-of-life dis-
posal devices and strategies. The recent literature has
focused on the idea of carrying an on-board deployable
surface that increases the area-to-mass ratio of spacecraft
to enhance either the effects of Solar Radiation Pressure
(SRP) or the effects of atmospheric drag, see, e.g.
Colombo et al. (2012), Lücking et al. (2012), Lücking
et al. (2012) and Lücking et al. (2013). The enhancements
of the SRP acceleration for deorbiting apply for high alti-
tude orbits, whereas atmospheric drag is useful for lower
altitudes, but in either case the maximisation of their effect
on the orbit for any purpose requires attitude control.

The main approaches that exploit the SRP acceleration
to deorbit spacecraft can be organized in two groups
according to their attitude control requirements. On the
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one hand, there is the passive approach, that consists of
increasing the eccentricity of the orbit, which results in a
decrease of the perigee radius. Here the term passive is used
in the sense that the attitude of the spacecraft is fixed with
respect to the direction of sunlight, see Lücking et al.
(2012). On the other hand, there is the active approach,
that consists of reducing the semi-major axis of the orbit
by maximising the cross area when the spacecraft travels
towards the Sun and minimising it when the spacecraft
travels away from the Sun, see Borja and Tun (2006). This
approach requires to change the attitude of the spacecraft
twice per revolution around the Earth. These attitude con-
trol requirements can be reduced by only changing from
maximal to minimal exposition to sunlight or vice versa
according to the sign of the secular and long-term evolu-
tion of the eccentricity. This control consists of minimizing
the cross area when this term is negative and maximising
the cross area when it is positive. This reduces the attitude
control manoeuvres from twice per revolution to approxi-
mately twice per year. This approach is referred to as mod-

ulating, and falls inside the active category, see Colombo
org/licenses/by/4.0/).
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Nomenclature

Aexp area exposed to sunlight or atmosphere [m2]
C inertia moment along rotation axis [kg m2]
CD drag coefficient
d centre of mass - centre of pressure offset [m]
F force vector [kg m s�2]
F I earth centred inertial frame
F b spacecraft body frame
h height of a sail panel [m]
J2 coefficient of the second zonal harmonic [–]
mb mass of the payload [kg]
ms mass of the sail structure [kg]
M torque along rotation axis [kg m2 s�2]
n unitary normal vector
pSR solar radiation pressure at 1 AU [N/m2]
P Panel
R� mean radius of the Earth [km]
sb bus side length [m]
u unitary vector
w width of a sail panel [m]
x; y; z earth centred inertial frame coordinates

Greek symbols

a aperture angle [deg or rad]
g reflectivity coefficient of the panels [–]
u Euler angle [deg or rad]
/ relative orientation [deg or rad]
l� standard gravitational parameter of the Earth

[km3/s2]
q atmospheric density [kg/m3]
n; m; f coordinates of F b

Subscripts

x;y;z along the direction x; y; z
� referred to panel P�
SRP referred to solar radiation pressure

drag referred to atmospheric drag

S referred to Earth–Sun vector

rel referred to the relative velocity vector

GG referred to gravity gradient
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et al. (2019). These approaches were compared in Colombo
and de Bras de Fer (2016), where the passive strategy was
found to be the most effective technique for short deorbit-
ing times, while active approaches were of interest for
longer deorbiting times.

The main drawback of the approaches that exploit the
SRP is that attitude control is required, either to periodi-
cally change the attitude or to maintain the attitude fixed
with respect to a prescribed direction for some time or
along the whole motion. In this paper we are interested
in the shapes of the sail that reduce the attitude control
requirements to maintain a specific attitude, on average.
That is, shapes of the sail such that if the spacecraft is ade-
quately oriented towards a specific direction, this is orien-
tation is either sustained or the attitude oscillates around
this direction, in a passive way. Note that here the word
passive is used in the sense that attitude stability is solely
because of the external torques that act on the spacecraft.
This is the sense in which this word will be used from
now on, unless we refer to the passive deorbiting approach.
In Ceriotti et al. (2014) the idea of using a Quasi-Rhombic
Pyramid (QRP) shape for the sail was introduced. Such a
shape is meant to cancel, on average, the components of
the acceleration that are not along the sunlight direction,
and hence it endows the spacecraft with what we refer to
as auto-stabilising attitude properties. This requires choos-
ing appropriate initial conditions for the attitude. This
structure and variations of it have been studied in recent lit-
erature, with works that range from the dynamics of space-
craft with this kind of structures, to applications, see, e.g.
Please cite this article as: N. Miguel and C. Colombo, Deorbiting spacecr
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Ceriotti et al. (2014), Heiligers and Ceriotti (2017),
Felicetti et al. (2016), Felicetti et al. (2017), Miguel and
Colombo (2019a) and Miguel and Colombo (2018) or its
extended version Miguel and Colombo (2019c).

Atmospheric drag is a non-conservative force and, as
such, it leads to the decrease of the orbital altitude of space-
craft, regardless of their attitude. Its effect becomes stron-
ger if the atmospheric density is larger, and it is the
dominating effect at very low orbital altitudes, namely
below 500 km of altitude. Atmospheric drag can be
exploited either to control the spacecraft’s orbit, see e.g.
Virgili-Llop et al. (2014),Virgili et al. (2015) or its attitude,
see Kumar et al. (1995), Kumar et al. (1996), Psiaki (2004)
and Virgili-Llop et al. (2019). These cited works deal with
passive aerostabilisation or passive attitude stabilisation

using atmospheric drag forces: If the atmospheric drag is
the dominant effect, and if spacecraft with a QRP shaped
sail, or shaped like some of its variations, are oriented
towards the velocity vector, one expects their attitude to
be passively maintained close to the velocity vector, as
the sail resembles a shuttlecock.

This paper is a contribution to the understanding of the
dynamics and performance of QRP shaped (or QRP-like
shaped) sails for deorbiting purposes, when the spacecraft
is affected by the SRP effect and atmospheric drag.

A simplified setting where the orbital dynamics are
assumed to happen in the ecliptic plane is considered.
The shape of the sail taken into consideration is a modifi-
cation of the QRP shape that consists of two rectangular
panels attached to each other. If adequate initial conditions
aft with passively stabilised attitude using a simplified quasi-rhombic-
020.03.028

https://doi.org/10.1016/j.asr.2020.03.028


N. Miguel, C. Colombo /Advances in Space Research xxx (2020) xxx–xxx 3
for the attitude are chosen, spacecraft with such a sail
would ideally only rotate around an axis that would be per-
pendicular to the orbital (ecliptic) plane. Thus, the orbital
dynamics would remain planar even if they were coupled
with the attitude dynamics.

1.1. Brief literature review

The class of spacecraft considered here has been already
studied in the recent literature. These works focus on one
single effect, either the SRP or the atmospheric drag, and
deal with the passive stability enhancements of the varia-
tions of the QRP shape with respect to either the sunlight
direction (for the SRP) or the velocity vector (for the atmo-
spheric drag).

Concerning the SRP, the attitude and orbital dynamics
of the full QRP shape sail introduced in Ceriotti et al.
(2014) were studied in Felicetti et al. (2016). Special empha-
sis was put on the preservation of the attitude of the space-
craft taking into account eclipses and other disturbance
torques like gravity gradient. Eclipses were shown to affect
substantially the auto-stabilising properties of the QRP
shaped sail, and a moderate spin and ring dampers were
justified to be feasible solutions to maintain heliostability.

The problem considered here is that already tackled in
Miguel and Colombo (2019b), where the effects of eclipses
were not taken into account. For a large set of initial con-
ditions with initial a0 ¼ R� þ 1000 km and different values
of e0 – 0 the attitude dynamics were studied in the case
where the initial conditions for the attitude were chosen
to be u0 ¼ k0. That is, the spacecraft was considered to
be initially oriented exactly towards the direction of sun-
light. The attitude stability around the direction of sunlight
was shown to be eventually lost for all initial conditions
while deorbiting. Taking into account that all initial condi-
tions were chosen in the Low Earth Orbit (LEO) regime,
and according to Felicetti et al. (2016), if eclipses were
taken into account, the oscillations around the direction
of sunlight without the aid of any damping or spin are also
expected to be lost.

Concerning the atmospheric drag, the ‘‘shuttercock”
design proposed in Psiaki (2004) to exploit atmospheric
drag as a passive stabilising effect was studied in
Rawashdeh et al. (2009). The feasibility of attitude stabili-
sation by adding damping effects was tested by assuming
that the orbit was fixed and always circular, and that the
attitude dynamics only occured around an axis perpendic-
ular to the orbital one. The provided results suggest that
such stabilisation is possible for altitudes below 450 km
and that a value of the aperture angle between panels
around 100� was the most efficient choice to reach aerody-
namic stabilisation.

The effectiveness of a shuttercock-like sail for passive
aero-stable deorbiting was justified in Roberts and
Harkness (2007). The considered sail structure in this con-
tribution was considered to have a cone shape to ease the
analysis as, in practice, constructible structures would be
Please cite this article as: N. Miguel and C. Colombo, Deorbiting spacecr
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pyramidal, as the QRP shape. Damping torques were con-
sidered to stabilise the structure during deorbiting. For
some test initial values of the altitude, the optimal value
of the aperture angle between panels was discussed.

The effect of atmospheric drag as self-stabilising effect
was also studied in Miguel and Colombo (2019c) in the
context of deorbiting, considering the atmospheric drag
and gravity gradient torques. The sensitivity analysis with
respect to the aperture angle and the center of mass-
center of pressure offset shows that larger aperture angles
lead to shorter deorbiting times, while the center of mass-
center of pressure offset does not affect the deorbiting
times.

The joint effect of SRP and drag is expected to lead to
complex attitude dynamics. In the orbital region where
atmospheric drag plays a role, this becomes increasingly
relevant as the semi-major axis of the orbit decreases, on
average, and for lower altitudes the air density becomes lar-
ger. This makes the attitude dynamics and their effect on
the orbit dynamics highly unpredictable. The main goal
of this article is to study whether the considered analogue
of the QRP shape can maintain a stable (meaning oscilla-
tory around some direction) attitude along the orbit as it
naturally deorbits, where is it possible, and how the deorbit
time is affected by these stability properties. No damping
torques are added; hence any stabilising effect is exclusively
due to the considered forces.

The paper is organised as follows. First, in Section 2 the
considered family of sails is described, together with the
main physical parameters these depend upon. In Section 3
the model of the attitude and orbit evolution is provided,
and a common framework that allows to study the torques
due to SRP and drag is introduced. This common frame-
work is used in Section 4 to perform an analysis of the atti-
tude dynamics by describing the phase space of the attitude
variables. This is used to define the concepts of stable atti-
tude and stable attitude deorbiting. In Section 5 the numer-
ical study is explained and justified, and from it the main
results on auto-stabilisation are drawn. The contribution
finishes in Section 6 with conclusions and future lines of
research that emerge from this paper.
2. Geometry of the sail structure

The class of spacecraft considered here consists of a pay-
load attached to an already deployed deorbiting device.
This device is a sail that consists of two equal rectangular
panels, Pþ and P�, of width w and height h that are
attached to each other on one of the h-long sides. Consider
a body frameF b whose origin is the Centre of Mass (CoM)
of the spacecraft and whose coordinates are n; m and f.
Denote the vectors of the basis of F b by in; im and if. A
sketch of the considered class of spacecraft in the frame
F b can be seen in Fig. 1. Plot (a) is a 3D view of the sail
structure; and plot (b) is the projection of the spacecraft
onto the ff ¼ 0g plane where all its relevant parameters
aft with passively stabilised attitude using a simplified quasi-rhombic-
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Fig. 1. Sketch of the spacecraft in the frame F b. (a): 3D view of the sail
structure. (b): Top view of a spacecraft with d < 0. The payload is
depicted as a black square, and the CoP is depicted as a (solid) blue circle.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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and elements can be visualised. The sail panel Pþ is con-
tained in fm > 0g and P� is contained in fm < 0g, and they
form an angle 2a 2 ð0; pÞ. The CoM of the sail structure
(and hence the Centre of Pressure, CoP) is depicted as a
(solid) blue dot. The normal vector to the surface of the
panel P� is denoted by n�. The vectors nþ and n� are
perpendicular to if, and they are oriented as depicted in
Fig. 1(b). The sail structure is symmetric with respect to
the axis n. The CoM of the payload is assumed to be on this
n axis. This is depicted as a black square in Fig. 1(b). The
basis vector in is parallel to the vector nþ þ n�. The triad is
completed by choosing im ¼ if � in.

This is a simplification of the QRP shape such that the
attitude dynamics only occur around if, provided adequate
initial conditions for the attitude are chosen and if the
external forces act in a plane that is perpendicular to if.
In this paper the orbital dynamics are considered to happen
in the ecliptic plane, which is assumed to contain the con-
sidered external forces. The initial conditions for the atti-
tude are chosen so that the vector if is always
perpendicular to the ecliptic plane.

Apart from the size, mass and reflectivity parameters,
that characterise the area-to-mass ratio and the size of
the acceleration perturbation due to either the SRP or
drag, the main physical descriptive parameters of the struc-
ture are the aperture angle a 2 ð0; p=2Þ, that is measured
either in radians or degrees; and the CoM - CoP offset d,
Please cite this article as: N. Miguel and C. Colombo, Deorbiting spacecr
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that is measured in meters. The parameter d is defined as
the (signed) distance between the CoM of the payload
and the CoM of the sail structure. In Fig. 1(b) an example
with d < 0 is shown. If d ¼ 0, both the CoM of the payload
and the CoP are at the origin ofF b, see the sketch in Fig. 3.
The CoM mass of the payload of a spacecraft with d > 0
would have a larger n component than the CoP.

Denote the mass of the whole sail structure by ms and
the mass of the payload by mb. Assume that the payload
is cubic with side length sb. If the moments of inertia
around the axes n; m and f are denoted by A;B and C,
respectively, in Miguel and Colombo (2018) it is justified
that

C ¼ 1

6
mbs2b þ D; where ð1aÞ

D ¼ A� B ¼ 1

6
msw2 cos2 aþ d2m2

bðmb þ 2msÞ
ðmb þ msÞ2

: ð1bÞ

The moments of inertia A and B are not provided as their
explicit expressions are not needed in this contribution.
However, their difference D, that in this particular case is
a part of C, is a factor in the gravity gradient torque. This
is used in Section 3.3.
3. Model

The model used in this paper is a coupled system of orbit
and attitude differential equations. The expressions of the
accelerations and the torques due to the SRP and drag
were derived in Miguel and Colombo (2018), and the
reader is referred to this reference for further details. The
orbit dynamics are that of the J 2 problem -the motion of
a mass-less particle around an oblate planet keeping only
the second-degree zonal harmonic of the expression of
the perturbing potential- perturbed by the SRP and atmo-
spheric drag forces. This is written in an Earth centred iner-
tial frame, that is denoted byF I . The coordinates ofF I are
denoted by x; y and z, and the vectors of its basis are
denoted by ix; iy and iz. The vector ix points towards an
arbitrarily chosen direction. As the problem is planar, the
vector iz is parallel to if and perpendicular to the orbital
plane, that is assumed to be fz ¼ 0g. The triad is completed
by choosing iy ¼ iz � ix. In this frame rsc denotes the Earth-
spacecraft vector. The modulus and the direction of rsc are

denoted by r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
and usc, respectively, so rsc ¼ rusc.

Similarly, rS; rS; uS denote the Earth–Sun vector, its modu-
lus and direction, so rS ¼ rSuS; and vrel; vrel; urel denote the
relative velocity vector, its modulus and direction, so
vrel ¼ vrelurel. Let k denote the angle defined by the position
of the Sun with respect to ix. The apparent motion of the
Sun around the Earth is considered to be circular, so
k ¼ nSt þ k0, where nS is the mean motion of the apparent
motion of the Sun, and k0 is the initial phase. See Fig. 2.

The orbital dynamics are coupled with the attitude
dynamics. The equations of motion of the attitude dynam-
ics can be written with sole dependence on one single Euler
aft with passively stabilised attitude using a simplified quasi-rhombic-
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Fig. 2. Sketch of the Earth-centred inertial frame F I .

Table 1
Exposed area as a function of the relative orientations.

/ ¼ u� k; or
u� d

�
Exposed area Aexp

Pþ P�

½�p;�pþ a� hw hw
ð�pþ a;�p=2� hw hw0ð�/Þ
ð�p=2;�a� hw 0
½�a; a� hw hw
ða; p=2Þ 0 hw

½p=2;p� aÞ hw0ð/Þ hw
½p� a; pÞ hw hw
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angle u 2 ½0; 2pÞ rad that describes the orientation of the
body frame F b with respect to F I as

C€u ¼ M ; ð2Þ

whereM is the sum of the torques taken into consideration,
and C is the moment of inertia along the f axis, whose
expression is provided in Eqs. (1).

In this contribution the backside of the sail is also
assumed to produce torque and acceleration due to both
SRP and drag. Here the self-shadowing of the panels is
taken into account, and the shadow that the payload
may cast on any of the panels is neglected. Let d denote
the flight path angle, see Fig. 2. The torques and accelera-
tions due to the SRP and drag depend upon the orientation
of the spacecraft with respect to the directions in which
these forces act. In the explicit formulas, this dependence
is expressed as the dependence on the value of u� k for
the SRP and of u� d for drag. To simplify the notation
Fig. 3. Sketch of the frames F I and F b and the angles u, the orientation
of F b with respect to F I ; k, position of the Sun in F I ; and / ¼ u� k, the
orientation of the F b relative to the direction of sunlight.

Please cite this article as: N. Miguel and C. Colombo, Deorbiting spacecr
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let us use here the same symbol / to denote the relative ori-
entations, either u� k for SRP or u� d for drag. A sketch
of the frames F I and F b in the SRP case can be seen in
Fig. 3. In this figure the angles u; k and / ¼ u� k are
depicted. For the drag case, the sketch would be analogous,
but replacing k for d and uS for urel.

Table 1 contains the values of the area Aexp that is
exposed to either the SRP or the air flow for each possible
relative orientation.

As only rotations around the f axis are considered, the
shadow that one panel casts on the other is a rectangle of
height h and width w� w0, where w0 is the width of the
exposed area. Hence, the area that is partially exposed
due to self-shadowing is hw0. This happens in the cases
/ 2 ð�pþ a;�p=2� and / 2 ½p=2; p� aÞ in Table 1. The
width of the exposed area w0 can be written in closed form
and can be simplified to

w0ð/Þ ¼ 2w
cos/ sin a
sinða� /Þ :

Fig. 4 is a sketch of the projection of a spacecraft with
d ¼ 0 and / 2 ½p=2; p� aÞ onto ff ¼ 0g. For this value
of /, the spacecraft shadows itself. In the projection,
denote by q� the endpoint of the panel P�. Finding the dis-
tance w0 reduces to finding the point q0, the intersection
between the line that is parallel to uS or urel that passes
through the endpoint of the panel that is completely
exposed (in Fig. 4, q�) and the partially shadowed panel
(in Fig. 4, Pþ).

3.1. Force models

The accelerations due to the SRP and atmospheric drag
are considered. Following McInnes (1999), Montenbruck
and Gill (2005) the force due to the SRP exerted on the
panel P� whose exposed area is Aexp is modelled assuming
that a fraction of the incident radiation g 2 ð0; 1Þ is specu-
larly reflected and the rest (a fraction 1� g) is absorbed.
The parameter g is referred to as the reflectivity parame-
ter1. The force due to the specularly reflected radiation
1 In the case where the surface normal points in the direction of uS , the
parameter cR ¼ 1þ g is used, and it is referred to as the radiation pressure

coefficient, see Montenbruck and Gill (2005) or even also to as reflectivity
coefficient, see Colombo and de Bras de Fer (2016).

aft with passively stabilised attitude using a simplified quasi-rhombic-
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Fig. 4. Sketch of the top view of a spacecraft with d ¼ 0 that shadows
itself. In this sketch k or d is 180�, and / 2 ½p=2;p� aÞ.

2 Recall that the CoM of the spacecraft is at the origin of F b
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contributes in the direction of n� while the absorbed radi-
ation contributes in the direction uS. Hence the force due to
the SRP exerted on panel P� can be written as

F�
SRP ¼ �pSRAexpðn� � uSÞ 2gðn� � uSÞn� þ ð1� gÞuSð Þ; ð3Þ

where pSR ¼ 4:56� 10�6 N=m2 is the solar pressure at 1
AU. The parameter pSR is assumed to be constant. Note
that the case g ¼ 1 corresponds to a perfectly reflecting
solar sail, and the case g ¼ 0 corresponds to panels for
which all radiation is absorbed. The parameter g typically
ranges between 0:2 and 0:9, see Montenbruck and Gill
(2005). The value g 	 0:88 is estimated for solar sails with
a highly reflective aluminium-coated side, see Mengali et al.
(2007), Heaton and Artusio-Glimpse (2015) and Heaton
et al. (2017). For the numerical tests, the value g ¼ 0:8 is
used.

The effect of eclipses is taken into account using an
Earth cylindrical shadow model without penumbra. As
the dynamics are planar, the spacecraft is considered to
be in eclipse when it is inside the strip of shadow cast by
the Earth.

Concerning the atmospheric drag, here it is assumed
that the kinetic energy of all the air particles that hit the
surface of P� is totally transferred to the spacecraft, and
this gives rise to a force in the direction of urel. Under this
assumption the force due to atmospheric drag exerted on
the panel P� can be written as

F�
drag ¼ � 1

2
qv2relCDAexpðn� � urelÞurel; ð4Þ

where q is the atmospheric density (measured in kg/m3),
and CD 2 ð1:5; 2:5Þ is an empirically determined dimension-
less drag coefficient, see Montenbruck and Gill (2005). For
simulations, the atmospheric density q is retrieved using the
Exponential Atmospheric Model, see Vallado and McClain
(2013), page 510. The used value for the drag coefficient is
CD ¼ 2:2, as the sail consists of 2 flat plates, see Vallado
and McClain (2013), page 551.
Please cite this article as: N. Miguel and C. Colombo, Deorbiting spacecr
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The exposed area Aexp in Table 1 is a factor in both force
models in Eqs. (3) and (4). As Aexp is piece-wise smooth as a
function of /, so are the accelerations and torques due to
the SRP and atmospheric drag. These torques and acceler-
ations have / ¼ �p
 a;/ ¼ �p=2 and / ¼ �a as switch-
ing manifolds, where the equations lose differentiability
with respect to /, but not continuity.

3.2. Orbit dynamics

Building on previous contributions on the usage of the
SRP to design end-of-life disposals, see Lücking et al.
(2012a), Colombo et al. (2012), Lücking et al. (2013) and
Colombo and de Bras de Fer (2016), the J 2 problem per-
turbed by the accelerations due to the SRP and the atmo-
spheric drag is considered. In Cartesian coordinates, the
equations of motion read

€x ¼ � l�x
r3

� 3R2
�l�J 2

2

x
r5

þ aSRP;x þ adrag;x ð5aÞ

€y ¼ � l�y
r3

� 3R2
�l�J 2

2

y
r5

þ aSRP;y þ adrag;y ; ð5bÞ

where l� ¼ 3:986� 1014 m3/s2 is the gravitational standard
parameter of the Earth, R� ¼ 6378:1 km is the mean Earth
radius, and aSRP and adrag refer to the accelerations due to
the SRP and drag. These accelerations are obtained as the
sums of the acceleration on each panel.

3.3. Attitude dynamics

The attitude dynamics are governed by the set of 2 first-
order differential equations given in Eq. (2), where

M ¼ MSRP þMdrag þMGG:

The summands are the torques due to the SRP, drag and
Gravity Gradient (GG). In Miguel and Colombo (2018)
it is justified that the torque due to the SRP can be written
as

MSRP ¼ Mþ
SRP þM�

SRP; where

M�
SRP ¼ Aexp

mbþms

pSR
2
M�

0 ðu� k; gÞ: ð6aÞ

The summand M�
SRP is the torque due to the panel P�, and

it is obtained by computing M�
SRP ¼ rb;� � F �

SRP, where rb;�
is the position vector of the CoM of panel P� in F b

2. The

function M�
0 ðw; gÞ reads

M�
0 ðw; gÞ ¼ � 1

2
k1;1ðgÞ sinð2wÞ


k2;0ðgÞ cos2 w
 k0;2ðgÞ sin2 w;
ð7Þ

where
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k1;1ðgÞ ¼ sin a½2dmbð2g cosð2aÞ þ gþ 1Þ
lþ wðmb þ msÞðcos a� g cosð3aÞÞ�;

ð8aÞ

k2;0ðgÞ ¼ sin2 a½4dgmb cos a

þwðmb þ msÞð1� g cosð2aÞÞ�; and
ð8bÞ

k0;2ðgÞ ¼ cos a½2dmbðg cosð2aÞ þ 1Þ
þgwðmb þ msÞ sin a sinð2aÞ�:

ð8cÞ

The advantage of this formulation is twofold: on the one
hand, the provided explicit expressions allow to see that
for j/j < a, that is, when the spacecraft is oriented close
to the sunlight direction, the equations of motion of the
attitude dynamics can be arranged as a perturbed pendu-
lum close to an equilibrium point that is at / ¼ 0. The sta-
bility of this equilibrium point depends solely on the
physical parameters of the spacecraft and can be deter-
mined using a closed-form formula. This is discussed in
Section 4. On the other hand the torque due to the panel
P� due to the atmospheric drag can be expressed using
the functions Mþ

0 and M�
0 in Eq. (7), k1;1; k2;0 and k0;2 in

Eqs. (8), but with d in the place of k and g ¼ 0. Namely
the torque due to drag can be written as

Mdrag ¼ Mþ
drag þM�

drag; where

M�
drag ¼ Aexp

mbþms

qv2
rel
CD

4
M�

0 ðu� d; 0Þ:
ð9Þ

These expressions are an arrangement of the formulas

obtained using the relations M�
drag ¼ rb;� � F�

drag. It is

important to remark that the force due to drag Fdrag does
not depend on g, and the fact that Mdrag can be written
using the functions Mþ

0 and M�
0 for g ¼ 0 is a convenient

interpretation that is a consequence of the chosen force
models in Eqs. (3) and (4): all kinetic energy of the air par-
ticles that impact the sail panels being transferred to the
spacecraft is interpreted as the case g ¼ 0 where all incom-
ing solar radiation is absorbed.

This interpretation is useful as the attitude dynamics,
and in particular the stability of the equilibrium point at
/ ¼ 0, can be theoretically handled by only studying the
dynamical system

wPrime ¼ M0ðw; gÞ; where ð10aÞ
M0ðw; gÞ ¼ Mþ

0 ðw; gÞ þM�
0 ðw; gÞ ð10bÞ

for g 2 ½0; 1Þ, where w is an adequately translated and
scaled angle. This is the content of Section 4.

Finally, concerning the torque due to the gravity gradi-
ent, as the payload is assumed to be symmetric, it reads

MGG ¼ � 3l�
2r3

D
C

sinð2ðarctanðy=xÞ � uÞÞ; ð11Þ

recall Eqs. (1) for the definitions of C and D.

4. Description of the attitude phase space

For adequate values of the physical parameters, the con-
sidered spacecraft is expected to exhibit auto-stabilisation
Please cite this article as: N. Miguel and C. Colombo, Deorbiting spacecr
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properties close to the sunlight direction if the SRP is the
dominant effect, or close to the relative velocity vector if
atmospheric drag dominates instead. In case both effects
have similar magnitudes, one expects that, for most initial
conditions, the motion would be complex and highly
unpredictable. This is because both effects affect the
dynamics in different directions that depend on time and
on the position of the spacecraft in its orbit. The only the-
oretically approachable scenario is that in which either the
SRP or drag dominates the other effects taken into consid-
eration. In this case, the equations of motion of the attitude
variables can be written as

C€u ¼ MI þ other effects;

where I is either the SRP or drag, and the other two
remaining effects (drag or SRP, depending of what I refers
to, and gravity gradient) are expected to be smaller.

As both the SRP and drag effects can be written as some
constants times the functionM0ðw; gÞ in Eq. (10b), this sug-

gests to study the dynamical system wPrime ¼ M0ðw; gÞ as
defined in Eq. 10a. In Eq. (10a), ð0Þ ¼ d=ds where s is a
scaled time variable and w is an adequately scaled and
translated angle whose origin is either the sun-pointing
direction (in the SRP-dominated case) or the relative veloc-
ity vector (in the drag-dominated case). This reduction is
fully justified in Miguel and Colombo (2019a) in the
SRP-dominated case. In case the atmospheric drag domi-
nates, the change of variables that would lead to the simpli-
fied form of Eq. (10a) would be dependent on the altitude,
as Mdrag in Eq. (9) depends on the air density q.

The points E0 : w ¼ 0;w0 ¼ 0 and E1 : w ¼ �p;w0 ¼ 0
are always equilibria of the system in Eq. (10a), regardless
of the values of the physical parameters the system depends
upon. The equilibrium E0 represents the direction of the
sunlight and the direction of the relative velocity vector.
In Miguel and Colombo (2018) it was proven that a neces-
sary condition for the stability of E0 (and hence the insta-
bility of E1 due to a change of sign) is that d > dmin, where

dmin ¼ wðmb þ msÞ
2mb

Kða; gÞ; where ð12Þ

Kða; gÞ ¼ g cosð3aÞ � cos a
2g cosð2aÞ þ gþ 1

:

Note that g 2 ½0; 1Þ; a 2 ð0; p=2Þ rad, and the rest of the
quantities involved in Eq. (12) are positive. Thus,
dmin < 0. In particular, if in F b the CoM has a larger n
component than the CoP (i.e., d > 0), E0 is a stable equilib-
rium of Eq. (10a).

The existence of other equilibria depends upon the val-
ues of all physical parameters. This problem has to be eval-
uated numerically. Eq. (10a) written as an order 1 ordinary
differential equation reads

w0 ¼ W; W0 ¼ M0ðw; gÞ:
Hence, the set of equilibria of Eq. 10a are the pairs
ðw;WÞ ¼ ðw�; 0Þ, where M0ðw�; gÞ ¼ 0.
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To illustrate the qualitative description of the phase
space of Eq. 10a the following values for the physical
parameters have been chosen. Concerning the spacecraft
size and mass, h ¼ w ¼ 9:20 m, ms ¼ 3:6 kg and mb ¼ 100
kg. This corresponds to a constructible structure according
to the guidelines of Dalla Vedova et al. (2018). Concerning
the reflectivity parameter, the values g ¼ 0 (fully absorptive
case, interpreted as drag case) and g ¼ 0:8 (SRP case) have
been chosen. All parameters except for a and d are fixed, so
after these choices the parameter space is 2-dimensional.

In what follows the condition d > dmin is assumed. That
is, E0 is assumed to be a stable equilibrium point. The
region of the ða; dÞ-parameter space that corresponds to
pairs ða; dÞ for which d > dmin can be divided into two
sub-regions according to the number of equilibria of the
system in Eq. (10a). As M0 is anti-symmetric, i.e.
M0ð�wÞ ¼ �M0ðwÞ, if additional equilibria exist, they have
to come in pairs. The numerical evidence provided here
Fig. 5. Phase space of Eq. 10a for a ¼ 45�; g ¼ 0:8. The choices of the
parameter d is done so that: (a) M0 vanishes twice in ½�p; pÞ; (b): four
times; (c): six times. The vertical dotted lines indicate the switching
manifolds.
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suggests that there are either 2, 4 or 6 equilibria. These
three cases are exemplified in Fig. 5 for a ¼ 45� and for 3
adequately chosen values of d. A description of each of
these 3 cases follows.

(a) Only E0 and E1 are equilibria. The point E0 is stable
and E1 is unstable. This is true also in the other two
cases.

(b) The equilibria are E0;E1, and two other points that
appear at w ¼ �wbifða; d; gÞ due to a bifurcation.
These occur in the points where M0 is tangent to
W ¼ w0 ¼ 0.

(c) The equilibria are E0;E1, and two pairs of stable-
unstable equilibria that bifurcate from the previous
bifurcation points in (b).

The bifurcation is of the saddle-centre type, that is of co-
dimension one so it can be locally explained by one single
parameter. As all parameters except for a and d have been
fixed, one expects to be able to find a curve of bifurcations
in the ða; dÞ plane that separates the set of parameters for
which there are 2 and 6 equilibria. The bifurcation curve
would be the set of pairs ða; dÞ for which there are 4
equilibria.

This is the content of Fig. 6, where (d) is the bifurcation
diagram for g ¼ 0 and (e) is the bifurcation diagram for
Fig. 6. Bifurcation diagrams in the ða; dÞ parameter space. (d): g ¼ 0:0.
(e): g ¼ 0:8. The blue (solid) line is the bifurcation curve, while the red
(dashed) line is d ¼ dmin, see Eq. (12). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)
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g ¼ 0:8. In (d) and (e) the plane is separated into 3 regions,
which are limited by red (dashed) lines, that represent the
condition d ¼ dmin (recall Eq. 12), and blue (solid) lines,
that are the curves of bifurcation points. For pairs ða; dÞ
chosen below these red (dashed) lines, E0 is an unstable
equilibrium. This contribution focuses on pairs ða; dÞ above
the curves d ¼ dmin, as for these values the equilibrium E0 is
stable. For pairs ða; dÞ that lie on the blue (solid) lines, Eq.
(10a) has 4 equilibria, as in the case (b) in the previous enu-
meration, and the attitude phase space is expected to be
qualitatively as shown in Fig. 5(b). Pairs ða; dÞ chosen in
the regions labelled as ‘‘case (c)”, between the red (dashed)
and blue (solid) lines, are values of the parameters for
which Eq. (10a) has six equilibria. Above the blue (solid)
lines, the regions labelled as ‘‘case (a)”, only E0 and E1

are equilibria of Eq. (10a).
The attitude phase space shown in the examples in Fig. 5

are three cases for a ¼ 45� for which one can clearly see the
qualitative differences between the three cases (a), (b) and
(c). Each plot corresponds to one of the highlighted values
of d in Fig. 6, (e), namely

ðaÞ d1 ¼ 0 m;

ðbÞ d2 ¼ �2:60342454037092 m; and

ðcÞ d3 ¼ �2:98660630839676 m:

The value d2 is a numerically approximated bifurcation
point.

It is worth noting that this is the qualitative description
for all values of a. This is true as the red (dashed) line lies
below the blue (solid) line. Thus, for any value of a, one
can always find 3 values of d for which the phase portrait
of the attitude variables w;W is qualitatively the same as
the examples shown in Fig. 5.

These remarks should be taken into account when
designing any control strategy that includes the change of
aperture angle a. In the examples shown in Fig. 5, the
bifurcations occur inside the main region of stability. How-
ever, as this system is conservative, it may happen that this
stability region separates in more than one connected com-
ponent and hence the overall global dynamics would dras-
tically change, see Miguel et al. (2013).

Note that this numerical study can also be performed by
considering a variable parameter g. This can be of interest
for control strategies based on electrochromic properties of
the sail panels, see Lücking et al. (2012).
4.1. Area-to-mass ratio concept

In this paper the attitude dynamics are considered to
evolve freely, subject to the torques of the SRP and drag
forces, and gravity gradient. The description of the attitude
dynamics performed above in this same section gives a first
approximation of the expected behaviour in the case where
either the SRP or drag dominates, excluding the other
effects. Once these are added, it is not possible to provide
a complete description of the long-term evolution of the
Please cite this article as: N. Miguel and C. Colombo, Deorbiting spacecr
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attitude as the dynamics are strongly dependent on the ini-
tial conditions for the orbit and attitude. Also, one has to
take into account that in the orbital region we are inter-
ested in, the effect of eclipses cancels the SRP acceleration
and torque for a non-negligible fraction of each revolution
around the Earth, and the magnitude of the atmospheric
drag acceleration and torque depends on the orbital
altitude.

Assume that a and d are chosen so that, as a first
approximation, the direction of sunlight for the SRP tor-
que and the relative velocity vector direction for the atmo-
spheric drag are stable equilibria of the attitude dynamics.
That is, d > dmin for g ¼ 0 and g ¼ 0:8, recall Eq. (12).
Even if the spacecraft was initially oriented towards either
of these directions, the other effects can lead to a complex
attitude behaviour that pulls the spacecraft out of this
stable state.

The magnitude of the SRP and drag effects is measured
using the area-to-mass ratio: the ratio between the area
that is exposed to either sunlight or air flow and the overall
mass of the spacecraft. This is a faithful measure of the
magnitude of these two effects provided the attitude is fixed
with respect to either uS or urel. In the case where the atti-
tude evolves freely, the concept of area-to-mass ratio does
no longer make sense as in general, the orientation of the
spacecraft with respect to the directions of the forces
changes continuously. It is only in very specific cases where
one can find a quantity that is analogous to the area-to-
mass ratio of the spacecraft that can explain the effect of
the attitude on the orbital dynamics on the long term.
From a mathematical standpoint, this can only be found
by means of averaging techniques, that in the class of
spacecraft under consideration can only be applied rigor-
ously in case the attitude dynamics are oscillatory around
a stable direction, as in the studies of Ceriotti et al.
(2014), Heiligers and Ceriotti (2017) and Miguel and
Colombo (2019a).

The class of spacecraft considered in Miguel and
Colombo (2019a) is exactly the same as that considered
here. In this reference, it was found that if the quotient
between the area of the panels A ¼ hw and the overall mass
of the spacecraft M ¼ mb þ ms;A=M was large enough, and
the spacecraft was initially oriented close enough to the
attitude stable equilibrium, one could find an explicit for-
mula for an effective area, that was denoted by Aeff : the area
of a flat sail that would produce the same force as the sim-
plified QRP shape considered here, on average. The area
Aeff depends on A, the aperture angle a, the reflectivity g;
and on the amplitude of the oscillations around the
Earth–Sun vector. This means that each amplitude of oscil-
lation around the stable equilibrium in ð0; 0Þ in Fig. 5 gives
rise to a different value of Aeff .

In the particular case in which the sail structure is ori-
ented exactly in the direction of the sunlight, i.e. u ¼ k,
the effective area reads

Aeff j u¼k ¼ hw ð2þ gÞ sin a� g sinð3aÞ½ �: ð13Þ
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It is important to remark that far from being theoretical
minutia, the fact that the necessary conditions meet so that
averaging results can be applied indicates that more faith-
ful predictions can be performed, in the sense that close ini-
tial conditions give rise to qualitatively and quantitatively
similar results. This will be exemplified in the numerical
results in Section 5.
4.2. Attitude stability concept

In a realistic situation one cannot expect the attitude of
spacecraft to be exactly fixed with respect to some direc-
tion. In the best possible scenario, the attitude dynamics
would be oscillatory. The direction around which the oscil-
lations would occur, in turn, depends upon the leading
effect the spacecraft is subject to, and different effects may
play leading roles in different regions of the phase space.

Therefore, the concept of attitude stability has to be
understood in a practical way, and always linked to a speci-
fic effect. In the dynamical systems lingo, stability is
referred to as being practical when the motion is oscillatory
for, at least, a prescribed amount of time. The length of this
time interval is chosen accordingly to the studied phe-
nomenon. This concept is used when the asymptotic beha-
viour is not analytically predictable.

In the context of this paper, the attitude stability can be
linked either to the SRP, in case the attitude dynamics are
oscillatory around uS ; or linked to the atmospheric drag, in
case the oscillations occur around urel.

As in Section 3, denote by / the relative orientation with
respect to the direction of interest, either u� k for SRP or
u� d for drag. A spacecraft is considered to have stable
attitude in some time interval ½t0; tf � if for all points of its
trajectory during this time interval, the attitude dynamics
are librational around the direction of interest. This is
equivalent to the existence of an upper bound
K; 0 < K < p rad, such that j/j < K in ½t0; tf �.

The concept of stable attitude deorbiting hence refers to
having a stable attitude from the beginning of the tracked
motion until the situation in which the spacecraft is consid-
ered to be deorbited.
5. Numerical study

In this section we study numerically under which condi-
tions the modified QRP shape considered here maintains a
stable attitude around urel along the motion, until it is con-
sidered to be deorbited. To have a general perspective, the
set of initial conditions for the orbit and the attitude have
to be appropriately chosen.
5.1. Initial conditions

The performance of the modified QRP shape considered
here as a deorbiting device is measured by studying how the
deorbit time behaves among a large number of initial
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conditions, in relation to the evolution of the attitude along
the motion.

The deorbit time is the amount of time that the space-
craft spends from an initial condition until it reaches an
altitude of 120 km. When a probe reaches altitudes close
to the Kármán line, the provided model is no longer useful
as thermal effects have to be taken into account, see
Roberts and Harkness (2007).Initial conditions for the orbit.
To ensure a reduction of the semi-major axis of the orbit,
the spacecraft has to be affected by atmospheric drag from
the beginning of the motion. The numerical study in
Miguel and Colombo (2018) suggests that aerostability
with the class of spacecraft considered here is only feasible
below 850 km of altitude, as above this threshold the air
density is too small. On the other hand, as the effect of
eclipses is taken into account, the effect of the SRP depends
strongly on the initial orientation of the spacecraft with
respect to the Sun. To account for that, we considered
the following orbit initial conditions: k0 ¼ 90�, and

a0 ¼ 250þ 10ikm; i 2 f1; 2; . . . ; 60g; ð14aÞ
e0 ¼ 0; ð14bÞ
x0 ¼ 6�j; j 2 f1; 2; . . . ; 60g; ð14cÞ
X0 ¼ 0�: ð14dÞ
This is a 2D discretization of ða0;x0Þ 2 ½250; 850� � ½0; 360�
into 3600 points, in a 60 times 60 equispaced grid. The
value e0 ¼ 0 has been chosen as for larger initial values
of the eccentricity, the altitude of the orbit exhibits larger
oscillations. Hence, along the motion, the spacecraft would
enter and exit regions with higher air density q and in this
case the spacecraft would eventually tumble.

Initial conditions for the attitude. The only feasible sce-
nario in which there are self-stabilising attitude properties
throughout the whole trajectory is that where the space-
craft is initially pointing towards urel, see Miguel and
Colombo (2019b). For all initial conditions for the orbit,
we have chosen

u0 ¼ d0; u0
0 ¼ 0 rad=s: ð15Þ
5.2. Physical parameters

The size of the sail panels is a critical physical parameter
for the prediction of deorbiting times, as for a fixed mass of
the spacecraft, the larger the cross area is, the faster is the
deorbiting. To illustrate how the deorbit time and the atti-
tude stability of the orbits depend upon the size of the
spacecraft panels, we have considered three different con-
structible structures according to the guidelines of Dalla
Vedova et al. (2018). We denote them by sc1;sc2 and
sc3. Assuming that the two panels Pþ and P� are squared,
i.e., h ¼ w, for a fixed mass of the payload mb ¼ 100 kg, we
have chosen three different values of w imposing that

w2

mb þ ms=2
¼ 1; 2; and5 m2=kg:
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Table 2
Size of the three test case spacecraft.

# mb [kg] ms=2 [kg] w [m]

sc1 100 3:9586 10:196
sc2 100 5:4734 14:524
sc3 100 8:5437 23:296
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That is, the side length of the panel is chosen in a way that
if the bus was attached to it, the area-to-mass ratio of the
spacecraft would be 1; 2 or 5 m2/kg. The corresponding
numerical values are provided in Table 2.

The values in Table 2 reflect that mass of the sail panel
depends on its size. In Dalla Vedova et al. (2018) the
authors provide a method to assess the constructability
of a squared solar sail for given values of the payload mass
and the area-to-mass ratio, with current technological
restrictions. The method gives the mass of the sail as out-
put. This mass is the sum of the masses of the booms
and the membrane.

If at the beginning of the motion the QRP shaped sail
points exactly towards urel, the sail would act for some
short period of time (before it starts oscillating) as if it
had an effective area-to-mass ratio Aeff=ðmb þ msÞ, where
Aeff is given in Eq. (13). In the three cases of Table 2 these
are

r1;eff ju¼d ¼ 1:3623 m2=kg;

r2;eff ju¼d ¼ 2:6889 m2=kg;

r3;eff ju¼d ¼ 6:5551 m2=kg:

ð16Þ

Note that this effective area-to-mass ratio is larger than the
area-to-mass ratio of a single panel. This is counter-
intuitive fact is analytically justified in Miguel and
Colombo (2019a).

5.3. Sail configurations

The parameter d does not play a role in the deorbiting
times, see Miguel and Colombo (2019c). Moreover, as also
justified in this reference, larger a lead to faster deorbiting.
To allow for comparison, three different configurations
have been chosen:

a ¼ 30�; d ¼ 0; ð17aÞ
a ¼ 45�; d ¼ 0; and ð17bÞ
a ¼ 60�; d ¼ 0: ð17cÞ
If all physical parameters but d are fixed, d ¼ 0 minimizes
the magnitude of the gravity gradient perturbation, see
Eqs. (11) and (1b). The physical interpretation of this con-
dition is that the CoM and the CoP are as close as possible.

5.4. Methods

Each of the 3600 initial conditions in Eq. (14) has been
numerically integrated from t ¼ 0 s until r < R� þ 120 km
was reached. This has been done for each of the three
Please cite this article as: N. Miguel and C. Colombo, Deorbiting spacecr
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spacecraft sizes sc1;sc2 and sc3 in Table 2 and for each
configuration in Eqs. (17). This has been done considering
that the problem has two timescales. To deal with the stiff-
ness of the equations of motion a 2-stage Implicit Runge–
Kutta-Gauss method with automatic step size control has
been implemented. The stiffness of the equations can lead
to very small integration step sizes. Instead of saving all
points along the numerical integration it is advisable to
study the problem by using passages through a surface of
section R (i.e. the Poincaré map on R) instead of actual
time. An adequate choice of surface of section for this
problem is

R ¼ fx ¼ 0; y < 0g; ð18Þ
as orbits are always transversal to the Cartesian axes. See
Fig. 2. One iterate of the Poincaré map on R corresponds
to one revolution around the Earth.

This contribution focuses on the performance of the
modified QRP shape sail in terms of its stability towards
urel, not on the actual deorbit times. The results are there-
fore given in terms of the iterates on R instead of in terms
of nominal deorbit times. This eases the understanding of
the results. The provided results given in terms of time
instead of the iterates are qualitatively the same. Therefore,
in what follows, we refer to time and iterates on R
indistinctly.

Observable 1: Drag-stable time. The spacecraft is ini-
tially oriented towards the velocity vector, that is a stable
equilibrium if drag dominates. If the magnitude of the
SRP force is large enough, one expects the spacecraft
to be pulled out of any oscillatory motion around the
velocity vector and to enter a tumbling state. For space-
craft that were tumbling with respect to both uS and urel,
in Miguel and Colombo (2019b) it was observed that in
some cases the oscillatory motion around the velocity
vector was recovered at low altitudes close to the thresh-
old of 120 km. This is due to the air density becoming
larger and hence the atmospheric drag becoming the
dominant effect, together with the shuttercock-like shape
of the sail.

This suggests to measure the time interval in which the
spacecraft oscillates around urel not from the beginning of
the motion forward, but backwards from the end of the
trajectory, when the spacecraft reaches r < R� þ 120 km.
The length of this interval is referred to as drag-stable

time, and is denoted by ti;jd�s. The indices i and j are those
in the initial conditions in Eqs. (14). This is measured by
counting iterates starting from the last point backwards,
and looking for the first iterate on R such that
ju� dj > 90�.

Orbits starting at higher altitude require more time to
deorbit. To allow for comparison between different alti-
tudes, one needs a relative measure of the drag-stable time.

Let us denote the total deorbiting time by ti;jdeor, where the
indices i; j are again those in Eqs. (14). The chosen observ-
able that is used here to inform about drag-stable time is
aft with passively stabilised attitude using a simplified quasi-rhombic-
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the percentage of the deorbit time that is spent in a drag-
stable state. This is computed as

O1 : pi;jd�s ¼
ti;jd�s

ti;jdeor
100: ð19Þ

Observable 2: Average deorbit time. The SRP effect is only
added when the spacecraft is in the illuminated phase (i.e.,
not in eclipse). Hence, its effect is cancelled for some non-
negligible fraction of each revolution around the Earth. This
makes the problem strongly dependent on the initial phase,
and this is accounted for by choosing different initial values
ofx0 þ X0. Minimal differences in the initial phase may lead
to very different deorbit times. Thus, the study of the results
per integrated orbit can only be seen as a particular case
study that cannot be necessarily generalised.

A measure of the deorbit time understood solely as a
function of the initial altitude of the orbit can be obtained
by averaging with respect to all the considered initial
phases. This suggests to introduce a second observable:
for a fixed altitude with index i in Eq. (14), we consider
the average deorbit time, that is denoted by tideor. It is
obtained by computing the average over the 60 considered
initial values of x0 þ X0:

O2 : tideor ¼
1

60

X60
j¼1

ti;jdeor: ð20Þ

Observable 3: Dispersion of deorbit times. The depen-
dence of the deorbit time on the initial phasing x0 þ X0

can be measured by its dispersion, i.e. the standard devia-
tion. The third observable is, hence,

O3 : ri
deor ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

60

X60
j¼1

ti;jdeor � tideor
� �2

vuut ð21Þ
5.5. Results

The results on the performance of the modified QRP
shape regarding attitude stability, measured as the fraction
of time spent in drag-stable state are shown in Fig. 7. The
observable O1 is displayed as color maps: the first, second
and third column correspond to sc1;sc2 and sc3; and
the first, second and third row correspond to each of the
three considered aperture angles, a ¼ 30�; 45� and 60�.

Each pixel is pi;jd�s (Eq. (19)) where the indices i; j are
those in Eq. (14), increasing from left to right and from
bottom to top in each subplot of Fig. 7. White pixels indi-
cate that the oscillations of u� d along the whole motion
have had an amplitude of at most p=2 rad, so one can con-
sider that drag-stable deorbiting without any control device
has been achieved. Black pixels indicate that the drag-
stable time was zero. Vertical green lines at 475 km for
sc1, at 485 km for sc2 and at 500 km for sc3 are added
for reference. The reason why they are added is explained
with the results of O3. For the studied cases, successful
Please cite this article as: N. Miguel and C. Colombo, Deorbiting spacecr
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stable deorbiting happens roughly for all orbits up to an
altitude threshold h� that seems to depend upon the phys-
ical parameters of the spacecraft. This is roughly close to
500 km of altitude and increases for larger sail sizes. The
stable deorbiting seems to be less likely for altitudes
between 500 and 550 km and drag-stable deorbiting with-
out any external control seems to be completely unfeasible
above 650 km of altitude.

The results suggest that successful drag-stable deorbit-
ing is feasible from higher altitudes if the sail panels are lar-
ger -compare the rightmost column, panels (c), (f) and (i)
with the other two-. Of special interest is the case sc3 with
a ¼ 30�, where all non-white pixels are completely above
550 km of altitude. For sc3, but with a ¼ 45� and 60� most
non-white pixels appear to be above 550 km, which is still
better than sc1 and sc2.

The color-maps in Fig. 7 also provide information on
the effect of a in the passive attitude stabilisation: smaller
amplitude angles a also seem to lead to successful drag-
stable deorbiting from higher altitudes -compare the top
row, (a), (b) and (c) with the two below. This suggests
enhanced stability properties for sharper sails.

As these results are relative measures, they have to be
interpreted in light of the behaviour of the mean and the
dispersion of the deorbiting times, measured as the observ-
ables O2 (Eq. (20)) and O3 (Eq. (21)).

The results of O2 are shown in Fig. 8. The top row shows
the average deorbiting time as a function of the altitude
tideor in the full range of considered initial altitudes, and
the bottom row are details of the pictures right above for
the smallest initial altitudes.

The mean deorbiting time seems to depend exponen-
tially on the altitude. This is expected, as the air density
increases exponentially when the altitude decreases. For
reference on the order of magnitude of the times we are
dealing with, we highlight that the average deorbiting times
for spacecraft initially at h0 ¼ 850 km, with aperture angle
a ¼ 30� are 3.2646 years for sc1, 1.6504 years for sc2 and
0.67271 years for sc3. All the shown results in Fig. 8 give
evidence of the fact that a larger aperture angle leads to
a faster deorbiting, even for cases where most of the orbit
is spent tumbling.

These results explain what was observed above for O1.

1. On average, for a fixed overall mass, having a larger
panel size leads to a faster deorbiting, and hence to a

smaller deorbiting time ti;jdeor, see e.g Colombo et al.
(2017). The effect of the SRP torque is a disturbance that
moves the spacecraft out of the stable equilibria of the
drag torque. The SRP effect is not applied uniformly
due to the non-symmetric shape of the spacecraft and
passages through eclipses. The chance these facts may
eventually lead to a tumbling state are reduced if the
integration time is smaller. Thus, for a larger area-to-
mass ratio one expects successful drag-stable deorbiting
from higher altitudes to be more feasible.
aft with passively stabilised attitude using a simplified quasi-rhombic-
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Fig. 7. Observable O1: Percentage of time spent in drag-stable attitude, pd�s. Spacecraft sc1 (first column), sc2 (second column) and sc3 (third column).
Aperture angle a ¼ 30� (first row), a ¼ 45� (second row) and a ¼ 60� (third row).

Fig. 8. Observable O2: Average deorbiting time tdeor as a function of the initial altitude. Spacecraft sc1 (first column), sc2 (second column) and sc3 (third
column). The second row is a zoom of the top row.
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2. For sharper sails, i.e. for sails with smaller values of a,
the effective area Aeff Eq. (13) is smaller. This is not only
true in the case u ¼ d, but also for non-zero oscillation
amplitudes, as shown numerically in Miguel and
Colombo (2019a). As the effective area is smaller, so is
the size of the SRP and drag torques and accelerations,
and this endows the structure with enhanced stability
properties, see Roberts and Harkness (2007). Thus,
sharper sails allow for successful drag-stable deorbiting
from higher altitudes.

The dependence of the deorbiting time on the initial
phasing x0 þ X0 and on the fact that the trajectory is com-
pletely drag-stable or not is measured with O3; rdeor, see Eq.
(21). The corresponding results are shown in Fig. 9. For all
the three spacecraft and all the chosen values of a, there
seems to be a common qualitative behaviour of rdeor:

� For the lowest initial altitudes, namely below 475 km for
sc1, below 485 km for sc2 and below 500 km for sc3,
the standard deviation is strictly below 0.5 iterates. This
threshold is indicated in each panel, and also in Fig. 7, in
all plots with a vertical green line. For these cases, stable
deorbiting leads to highly predictable motion. Note that
there are still white pixels on the right hand side of the
green lines in Fig. 7. For these cases, even though stable
deorbiting is feasible in the sense that the amplitude of
the oscillations is below p=2 rad, the increasing oscilla-
tory motion, makes the orbit more sensitive to initial
conditions (through the entrances and exits from not
illuminated phases).

� For altitudes above the indicated thresholds, there is an
abrupt increase of rdeor, that is more prominent for
a ¼ 45� and a ¼ 60�. For a ¼ 30�, the increase of rdeor

seems to be slower. This can be linked to the enhanced
stability of sharper configurations. Despite this, all 3
aperture angles reach similar values for the highest alti-
tudes considered.

6. Discussion and future work

In this paper, a modification of the QRP shaped sails of
Ceriotti et al. (2014), that consists of only two panels, has
Fig. 9. Observable O3: Standard deviation of the deorbiting time rdeor as a f
column) and sc3 (third column).
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been assessed as a feasible deorbiting device. The
shuttercock-like shape endows the structures with attitude
stability properties that depend solely on the physical
parameters of the system. The study has been performed
without considering any damping effect, so any evidence
of stability is exclusively due to the external forces taken
into consideration. The main physical parameters can be
chosen in such a way that the attitude stability with respect
to the sunlight direction for the SRP, and with respect to
the velocity vector for the atmospheric drag, can be guar-
anteed at the same time.

Drag-stable deorbiting has been put to the test by ini-
tially aligning the spacecraft with the relative velocity vec-
tor. The results obtained suggest that successful drag-stable
deorbiting is feasible for initially circular orbits for alti-
tudes below a threshold h� that depends on the size of
the spacecraft and on the aperture angle between the pan-
els. Larger area-to mass ratios and larger aperture angles
give rise to faster deorbiting. Smaller aperture angles pro-
vide enhanced stability properties that may be of interest
to deorbit spacecraft from higher altitudes. The threshold
h� is around 500 km of altitude in the studied cases and
is larger for larger the area-to-mass ratios.

Moreover, attitude stability has been linked to more
predictable deorbiting. This requires small amplitude oscil-
lations. In the case the spacecraft tumbles, the shown
numerical results suggest that the cannonball approxima-
tion can be used to obtain an approximation of the mean
effect, yet accurate predictions of deorbit times cannot be
expected when using such approximation, see e.g.
Rosengren and Scheeres (2013).

The main future lines of research that emerge from this
contribution are the following.

1. Sharper shapes give rise to enhanced stability properties,
yet its effective cross-area is smaller. This results in
slower deorbiting times. In Roberts and Harkness
(2007) the authors suggest that one can find an optimal
choice of a in the sense that the effective cross-area is
maximized while maintaining the enhanced stability
properties. A prospective line of research may include
tackling this problem numerically and analytically. This
is expected to depend both on the aperture angle a and
the CoM-CoP displacement d.
unction of the initial altitude. Spacecraft sc1 (first column), sc2 (second
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2. The study of the possibilities of the 3D structure, as
proposed in the original reference Ceriotti et al.
(2014), has already been initiated in the recent papers
Felicetti et al. (2016), Felicetti et al. (2017). Another
prospective study may include tackling the justification
and measurement of non-negligible regions of stability
around the sunlight and velocity directions, the dynam-
ics of oscillatory states as those performed in Miguel
and Colombo (2019a), and the effects of coupling
SRP and drag and the possibilities for passively sta-
bilised deorbiting.
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Paper IAC-16-A6.4.4.

Colombo, C., Lücking, C., McInnes, C.R., 2012. Orbital dynamics of high
area-to-mass ratio spacecraft with J_2 and solar radiation pressure for
novel earth observation and communication services. Acta Astronaut.
81, 137–150. https://doi.org/10.1016/j.actaastro.2012.07.009.

Colombo, C., Miguel, N., Gkolias, I., 2019. Modulating Solar Sail
Control for End-of-Life Disposal with Solar Sails. Presentation at the
5th International Symposium on Solar Sailing (ISSS 2019), Aachen,
Germany. Paper ID 19071.

Colombo, C., Rossi, A., Dalla Vedova, F., Braun, V., Bastida Virgili, B.,
Krag, H., 2017. Drag and solar sail deorbiting: re-entry time versus
cumulative collision probability. In: Presentation at the 68th Interna-
tional Astronautical Congress, Adelaide, Australia. Paper IAC-17-
A6.2.8.

Dalla Vedova, F., Morin, P., Roux, T., Brombin, R., Piccinini, A.,
Ramsden, N., 2018. Interfacing sail modules for use with ‘‘Space
Tugs”. Aerospace 5. https://doi.org/10.3390/aerospace5020048.

Felicetti, L., Ceriotti, M., Harkness, P., 2016. Attitude stability and
altitude control of a variable-geometry Earth-Orbiting Solar Sail. J.
Please cite this article as: N. Miguel and C. Colombo, Deorbiting spacecr
pyramid sail, Advances in Space Research, https://doi.org/10.1016/j.asr.2
Guidance, Control, Dynam. 39, 2112–2126. https://doi.org/10.2514/1.
G001833.

Felicetti, L., Harkness, P., Ceriotti, M., 2017. Attitude and orbital
dynamics of a variable-geometry, spinning solar sail in Earth orbit. In:
Presentation at the 4th International Symposium on Solar Sailing
(ISSS 2017), Kyoto, Japan.

Heaton, A., Ahmad, N., Miller, K., 2017. Near Earth Asteroid Scout
Solar Sail Thrust and Torque Model. In: Presentation at the 4th
International Symposium on Solar Sailing (ISSS 2017), Kyoto, Japan.

Heaton, A., Artusio-Glimpse, A., 2015. An Update to the NASA
Reference Solar Sail Thrust Model. In: AIAA SPACE 2015 Confer-
ence and Exposition, Pasadena, USA. Paper AIAA 2015–4506. AIAA
SPACE Forum. doi:10.2514/6.2015-4506.

Heiligers, M.J., Ceriotti, M., 2017. Orbital Dynamics of an Oscillating Sail
in the Earth-Moon System. In: Presentation at the 4th International
Symposium on Solar Sailing (ISSS 2017), Kyoto, Japan.

Kumar, R.R., Mazanek, D.D., Heck, M.L., 1995. Simulation and Shuttle
Hitchhiker validation of passive satellite aerostabilization. J. Spacecr.
Rock. 32, 806–811. https://doi.org/10.2514/3.26688.

Kumar, R.R., Mazanek, D.D., Heck, M.L., 1996. Parametric and classical
resonance in passive satellite aerostabilization. J. Spacecr. Rock. 33,
228–234. https://doi.org/10.2514/3.26745.

Lücking, C., Colombo, C., McInnes, C.R., 2012. A passive satellite
deorbiting strategy for MEO using solar radiation pressure and the J_2
effect. Acta Astronaut. 77, 197–206. https://doi.org/10.1016/j.
actaastro.2012.03.026.

Lücking, C., Colombo, C., McInnes, C.R., 2012. Electrochromic orbit
control for smart-dust devices. J. Guid., Control, Dynam. 35, 1548–
1558. https://doi.org/10.2514/1.55488.

Lücking, C., Colombo, C., McInnes, C.R., 2013. Solar radiation pressure-
augmented deorbiting: passive end-of-life disposal from high-altitude
orbits. J. Spacecr. Rock. 50, 1256–1267. https://doi.org/10.2514/1.
A32478.

McInnes, C., 1999. Solar Sailing: Technology, Dynamics and Mission
Applications. Praxis. Springer-Verlag, Berlin Heidelberg.

Mengali, G., Quarta, A., Circi, C., Dachwald, B., 2007. Refined solar sail
force model with mission application. J. Guid., Control, Dynam. 30,
512–520. https://doi.org/10.2514/1.24779.

Miguel, N., Colombo, C., 2018. Planar orbit and attitude dynamics of an
Earth-orbiting solar sail under J_2 and atmospheric drag effects. Adv.
Astronaut. Sci. 167, 299–319.

Miguel, N., Colombo, C., 2019a. Attitude and orbit coupling of planar
helio-stable solar sails. Celest. Mech. Dynam. Astron. 131, 59. https://
doi.org/10.1007/s10569-019-9937-x.

Miguel, N., Colombo, C., 2019b. Stable attitude deorbiting using a
simplified planar quasi-rhombic-pyramid sail. In: Presentation at the
5th International Symposium on Solar Sailing (ISSS 2019), Aachen,
Germany. Paper ID 19039.

Miguel, N., Colombo, C., 2019c. Stable attitude dynamics of planar helio-
stable and drag-stable sails. arXiv e-prints arXiv:1907.06908.
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