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Abstract

This paper investigates the problem of multiple solar sail-based spacecraft formation flying in which the chief
follows a heliocentric displaced orbit, whereas each deputy adjusts the sail propulsive acceleration so as to track
a desired (relative) trajectory with respect to the chief. In particular, coordinated control strategies are presented
for both the full state feedback case and the relative velocity unavailability case, respectively. The developed
consensus-based algorithms rely on the protocols formulated on an undirected communication topology with
information link couplings, utilizing every available neighbor-to-neighbor information data such that the reliability
of the formation system can be enhanced. lllustrative examples show the validity the proposed method.
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Nomenclature

= semimajor axis, [au]

propulsive acceleration, [ mm/s?]
eccentricity

relative position errors [m]

set of edges

true anomaly, [rad]

communication topology graph
identity matrix

displacement, [au]

Laplacian matrix (with entries [l;;])
number of deputy spacecraft

mean motion, [rad/day]

angular velocity of reference relative orbit, [rad/day]
solar sail normal unit vector

Sun’s center-of-mass

focus of displaced orbit
focus-spacecraft distance [au]
position vector (with r = ||7|]), [au]
= solar sail
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t = time, [days]
Tp = perifocal frame
Tr = rotating frame
U = reflectivity modulation ratio
u = control input of deputy spacecraft
vV = set of vertices
z, 9, 2 = unit vectors of coordinate axes
\W% = weighted adjacency matrix (with entries [w;;])
@ = cone angle, [rad]
B8 = lightness number
v = elevation angle, [rad]
g, ¢ = attitude angles [rad]
Ho = Sun’s gravitational parameter, [au®/day?]
Pxs Py, Pz = components of relative position vector in chief’s rotating frame, [km]
= relative position vector, [km]
v = vertex
w = angular velocity (with w = ||w]|), [rad/s]
Subscripts
P = planet
C = chief
i = 4-th deputy
max = maximum
® = Sun
Superscripts
T = transpose
* = reference value
= time derivative
A = unit vector

1. Introduction

Over the last decades, solar sailing has been considered one of the most promising technologies for space
mission application, such as interplanetary transfers [1, 2, 3, 4] and astronomical observations [5, 6], due to
its remarkable advantages compared to more conventional propulsion systems. Unlike traditional spacecraft
propelled by chemical or electric thrusters, a solar sail-based spacecraft exploits the solar radiation pressure
to generate a continuous (low) thrust by the interaction of solar photons with a large reflecting surface.
The peculiar propulsion mechanism of a solar sail enables the fulfilment of a class of high-energy orbits [7]
as, for example, rectilinear trajectories [8, 9, 10], or closed orbits whose orbital plane does not contain the
primary body [11]. Those non-Keplerian trajectories may be circular (or elliptic) heliocentric displaced
orbits capable of observing the polar region of a celestial body [12], or quasi-periodic orbits around artificial
Lagrange points [13], useful for monitoring solar plasma storms.

Some scientific tasks, such as the GeoSail magnetosphere mission [14, 15], require a continuous multi-
aspect observation and a high-imaging resolution, thus necessitating the deployment of multiple spacecraft
in a formation, so as to constitute a (virtual) synthetic aperture radar. In fact, by distributing the payload
among multiple spacecraft while each one carries the indispensable functional modules only, a mass decrease
(and size reduction) may be achieved for a single spacecraft, thereby significantly improving the system
performance in terms of propulsive acceleration. In this context, the concept of solar sail formation flying
has been proposed in some mission scenarios [16, 17]. Most of the available literature involving spacecraft
formation flying is focused on a classical chief-deputy architecture, where the information data flows from
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the chief to each deputy, without any mutual negotiation among deputies. One inherent weakness of such
a chief-deputy topology is that the whole system is not able to effectively respond to unexpected situations
or risks, since the chief is a single point of failure for the whole system [18]. In case of chief malfunction or
when a fault takes place in the chief-deputy communication links, the whole mission is at risk of failure.

A possible solution to this problem consists in incorporating the deputy-to-deputy information exchange
into the feedback control system, so as to increase the group robustness. This approach has been recently
proposed by Wang et al. [19] in a context different from that discussed in this paper. More precisely, the
formation flying problem presented in Ref. [19] involves electric solar wind sail-based spacecraft [20, 21],
i.e. a propulsion system that is substantially different from a solar sail and, more importantly, the relative
velocity of each neighboring spacecraft is assumed to be exactly known.

The aim of this paper is to present a distributed solar sail formation architecture around a heliocentric
displaced orbit via a consensus concept. The coordinated cooperative control algorithms are used for solar
sail formation maintenance, where each deputy adjusts its sail attitude and reflectivity modulation ratio so
as to follow a prescribed relative geometry with respect to the chief. By exploiting the available neighbor-
to-neighbor information data, the underlying consensus concept facilitates each deputy spacecraft to update
its state in a cooperative way, (i.e., using information taken from its local neighbors) in such a way that
the final tracking error of each spacecraft converges to zero. The paper also discusses the case in which the
relative velocity information from the neighbor is not available. In this sense, the approach discussed in this
work improves the model described in Ref. [19].

The paper is organized as follows. Section 2 investigates the conditions of generating a heliocentric,
elliptic, displaced orbit for a solar sail-based spacecraft equipped with a reflectivity control device, and
discusses the feasible regions for a given set of orbital parameters. Section 3 analyzes the mathematical model
of the relative dynamics for solar sail formation flying around a heliocentric displaced orbit, which is then
used as a basis for designing consensus-based distributed control algorithms in Section 4. The effectiveness
of the control system is illustrated in Section 5 by means of some numerical simulations. Finally, some
concluding remarks are given in Section 6.

2. Mathematical model

Consider a mission scenario in which multiple solar sail-based spacecraft, flying in formation, provide a
continuous observation of the polar region of a celestial body as, for example, a planet (subscript P). Using
the heliocentric (Keplerian) trajectory of the planet as the reference orbit of eccentricity ep, introduce a
perifocal reference frame Tp(O; &p,§p, Zp), in which the origin O is at the Sun’s center-of-mass, the plane
(Ep,§p) coincides with the planet orbital plane P, axis &p points to the perihelion, and Zp is positive in
the direction of the planet angular momentum vector wp, see Fig. 1.

2.1. Conditions for maintaining an elliptic displaced orbit

In order to observe the polar region of the planet, the chief spacecraft (subscript C') covers an elliptic
displaced orbit of semimajor axis ac and eccentricity e, whose orbital plane is parallel to P and is displaced
at a constant distance Hc (with respect to P), see Fig. 1. The displaced orbit is maintained by exploiting
a reflectivity control device (RCD) [22, 23], whose mathematical model is consistent with that proposed in
Ref. [24]. More precisely, the sail surface can be thought of as being constituted by two parts. The first one
is covered with high reflectivity material for which a specular reflection model without degradation [25, 26]
is assumed (i.e., an ideal force model), whereas the second part is covered by a number of electrochromic
material panels (EMPs) that are used to modulate the propulsive acceleration modulus within a suitable
(small) range, see Fig. 2.

Each EMP is able to vary its reflectivity as a function of the applied voltage and, in a simplified analysis,
when the EMP is in its power-on mode the solar photons are specularly reflected, whereas in power-off
mode the incoming photons are totally absorbed. Note that this behaviour is consistent with the simplified
mathematical model discussed in Ref. [24]. In order to avoid the introduction of additional torque on the
spacecraft, it is assumed that a symmetry exists in the distribution of switched on/off panels with respect to
the vehicle center of mass. Considering the generic solar sail-based spacecraft of the formation architecture,
let the total sail area be denoted by A, while A, is the sail area covered with EMPs. It is useful to introduce
the reflectivity modulation ratio u £ A.g/As, where Aog is the area of the switched-off panels calculated at
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Figure 2: Conceptual scheme of a solar sail with electrochromic material panels.

a given time instant [24]. Accordingly, the range of the reflectivity modulation ratio is u € [0, umax], Where
Umax = Ap/As corresponds to the case where all of EMPs are in power-off mode. In particular, the ratio u
is assumed to be varied with continuity, within its admissible range, by modulating the amount of on/off
time of EMP devices.

For a continuous polar region observation, the chief orbital angular velocity (w¢) and eccentricity (ec)
should match those of the planet, that is, wg = wp and ec = ep. As a result, the chief lies, at any given
time, in the same vertical plane passing through Zp and containing the planet. According to Ref. [27], a
heliocentric displaced orbit with such an arrangement is referred to as Planet Following Displaced Orbit
(PFDO). Figure 1 also shows a second reference frame T (0; £re, g, ZRc), that is, a chief-fixed rotating
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frame in which &g is directed from the focus o of the displaced orbit to the chief spacecraft, while 25, is
along the direction of we, that is, the direction of 2., is orthogonal to the (displaced) orbital plane.
The equation of motion of the chief spacecraft in the rotating reference frame Tg,, can be written as [28]

'7"c+2wc><1'*c+wcxrc+wcx(wcxrc):—’:—g@chrac (1)
C

where ac is the solar sail propulsive acceleration, p is the Sun’s gravitational parameter, and r¢ is the
Sun-chief vector (with r¢ = ||r¢|| being the Sun-chief distance) whose components in the rotating reference
frame Tg. are (see Fig. 1)

T
[TC]TRC = [RC7 07 HC] (2)
and R¢ is the o-chief distance given by

ac (1 —e%)
Rog=—7—"—=~
14 ec cos fo

(3)

where a¢ is the displaced orbit semimajor axis, and f¢ is the chief true anomaly measured counterclockwise
from the direction of the displaced orbit periapsis. Note that, since the chief is assumed to be synchronous
with the planet, the components of the chief angular velocity we in frame Tg, are

welr, = [0, 0. fe] (4)

with )
np (1+ec cos fo)

(1—e2)’

fo = (5)

where np £ \/pu,/a% is the planet mean motion.
Taking into account the effect of RCD and using the approach of Ref. [24], the expression of the (chief)
solar sail propulsive acceleration ac can be written as

ac = B;rl;@ (Po - o) [ucPo +2 (1 —uc) (Fe - fc) fcl (6)
c

where #¢c = r¢/rc is the Sun-chief unit vector, uc is the chief reflectivity modulation ratio, B¢ is the chief
lightness number, defined as the ratio of the maximum propulsive acceleration modulus to the (local) solar
gravitational acceleration (p,/r%), and fc is the sail normal unit vector in the direction opposite to the
Sun. Note that the components of 7t in frame T, are

[,ﬁ’C]TRC = [COS (aC + 70)7 0, sin (Oéc + IVC)]T (7)

where 7o = arctan (Heo/Re) € [0, 7/2]rad is the elevation angle, that is, the angle between the Sun-chief
line and plane P, and ac = arccos (fc - ) € [0, /2] rad is the sail cone angle. In particular, bearing
in mind Eq. (3), the elevation angle can be written as a function of the displaced orbit characteristics
{ac,ec = ep} and the chief angular position fc as

He (1+ec COSfc))
ac (1—€2)

(8)

Yo = arctan <

On the other hand, the sail normal unit vector can be written as a function of the sail attitude as
[fic]y,, = lcosfc cospc, sinfe, cosfc sin vc|” 9)
(e}
where f¢ is the angle between 7o and the (£g.,Zr.) plane, and ¢¢ is the angle measured from &g, to

the projection of fuic onto the (Zg.,2r.) plane, see Fig. 3. In particular, from Eqgs. (7) and (9), the chief
attitude angles are c = 0 and o = ac + e



Figure 3: Attitude angles of the solar sail-based chief spacecraft.

According to Eq. (1), and taking into account Egs. (2)—(7), the normal (i.e. along the £, direction)
and radial (i.e. along the &g, direction) components necessary to maintain a PFDO are

Mo i Be e

— sinyc = 5— cos ac [uc sin yo + 2 (1 —ug) cos ag sin (ac + 7¢)] (10)
re 2rg
pooy Ho 2 Po e ‘ . ‘
c+ T cosye — Re fé = 5,2 C0s ac [uc cos yo + 2 (1 — ue) cos ac cos (ac + 7)) (11)
c c

After some algebraic manipulations (here omitted for the sake of brevity) on Egs. (10)—(11), the value of
the sail cone angle a¢c required for maintaining a PFDO is found by solving the following sextic equation in
the variable tan a¢

¢ tan® ac + c5 tan® ae + ¢4 tan* ac + ¢35 tan® ac + ¢ tan? ac + ¢1 tanac + ¢ = 0 (12)
where the coefficients {co, ¢1, ¢2, 3, ¢4, ¢5, 6} are given by

2
o — at HE (1 — e2 cos? fc) (13)
a$ (1—e2)’

He (1 - e% cos? fc)

cs =4 (ac/ap)’ - =~ Vs (1 ec cos fe) (14)
\/azc (1—€2)"+ H% (1+ec cos fc)
, 2
ac (1—e
cy =4 - ( ¢) = - (ac/ap)3 (1—ec cos fo)| —cs (15)
\/a% (1—e2)"+ HE (14 ec cos fo)
C3 = 0 (16)
L) 22
g = g — Beat (1-ez) an
aZ (1—e2)’ + HZ (14 ec cos fc)?
C1 = —Cj (18)
Co = Cg (19)

Those coefficients are function of the sail lightness number B¢, the chief angular position fo, the planet
orbit characteristics {ap,ep = ec}, and the displaced orbit characteristics {ac, Ho}. The corresponding
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value of the reflectivity modulation ratio uc¢ is given by

s 2 [sin Yo — Be cos? ag sin (ac + 'yc)] (20)
¢ Be cos ae [sin yo — 2 cos ae sin (ac + o))

which is a function of B¢, the sail cone angle ¢, and the elevation angle ~o. For illustrative purposes,
consider now a chief spacecraft covering an Earth-synchronized elliptic PFDO with an eccentricity ec =
ep = 0.0167. In this scenario, Figs. 4-5 show the feasible regions with different constraints on the maximum
value of the reflectivity modulation ratio uc,,, , when the sail lightness number is S = {0.3, 0.6}. Note
that the area of the feasible region enlarges as the values of uc, . and B¢ increase.
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Figure 4: Feasible regions as a function of {ac, Hc} with ¢ = 0.3 and uc,,,, = {0.1,0.2,0.3,0.4}.

Consider, for example, an elliptic displaced orbit with a semimajor axis ac = 0.95 au and a displacement
Hs = 0.05au. Figure 6 shows that the cone angle a¢ and the reflectivity modulation ratio uc reach
their maximum values when the chief is at the aphelion, whereas the minimum values are obtained at the
perihelion of the displaced orbit.

2.2. Chief-deputy relative motion

Having analyzed the generation of an elliptic displaced orbit for the chief, we are now in a position to
study the relative motion between chief and deputies. Taking into account Eq. (1), the equation of relative
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Figure 5: Feasible regions as a function of {ac, Hc} with 8¢ = 0.6 and uc ={0.1,0.2,0.3,0.4}.

max

motion can be written as

bi+2w0><pi+d’€xﬂi+w0x(wCXpi):*%ﬁ+%®rc+ai*aC (21)
; c

K2

where p, & r; — r¢ is the relative position vector between the i-th deputy and the chief spacecraft, see
Fig. 7. Since the deputy sails operate in close vicinity of the chief, the relative distances among the solar
sails are very small compared with the Sun-sail distance. Accordingly, paralleling the approach adopted in
Ref. [16] and bearing in mind Eq. (6), the deputy propulsive and gravitational accelerations in Eq. (21) can
be linearized around those of the chief as

8&() 8&0 Bac
i~ —p, An; + — Au; 22
a; = ac + 5= i+ gam A+ 5o~ Au (22)
Ho Ho O(—pie TC/"%')
5 T TSC rc+ Ore i (23)
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Figure 6: Cone angle and reflectivity modulation ratio of the chief spacecraft (with B¢ = 0.6) during a single revolution.

a.

Figure 7: Relative position vector between the i-th deputy and the chief.

where A fi; £ f; — e, and 7, is the sail normal unit vector of the i-th deputy, Awu; £ u; — uc, and u; is
the reflectivity modulation ratio of the i-th deputy. Also

0 5 . ) . i
A 2 ~ T
rri [(ﬁc.,.c) (o Al) — 2 ("C'ril (Ac TC)] } (24)
o}

8@0 o 50 e uc - ) ) 2

onc g {7TCTC+(1_UC) {2 (fe -re) (Rerd) + (Re - To) HS}} (25)
c

g%z _ Bife {1 (Ao - o) o — (R - 7o) nc} -
“ 9

O(—pe TC/T%) 3o T Mo
= — =1 27
orc e rere e 3 (27)




where I3 is the 3 x 3 identity matrix.
Bearing in mind that #i; can be written in terms of ¢; and 6;, see Eq. (9) and Fig. 3, it is possible to
further linearize A fi; as
oo
d[pc, Oc]

where Ag; £ ¢; — oo and A6; £ 6; — O are the relative sail attitude angles, and the Jacobian matrix is
given by

. — i 0 — Cos sin 6
(9 sSin ¢ €os Uo %Je] C
aLCg = 0 cos ¢ (29)
[ec, bc] cos po cos O —sin ¢ sin ¢

Substituting Eqgs. (22)—(29) into Eq. (21), the linear differential equation of the relative motion between the
i-th deputy and the chief is
p; + 2 M, p; + Mp pP; = M, u; (30)

where wu; is the control input of the i-th deputy, given by
w;i = [Api, AG;, Aug]” (31)

whereas M,,, M, and M, are the coefficient matrices defined as

0 —we 0
M, £ |we 0 0 (32)
0 0 0
' : dac  d(—poro/re)
M, £ M, — diag (wé, wi, 0) — ore grc ¢ (33)
N dac dnc dac

M., (34)

dnc 9 [pc,0c]”  Oduc
Note that, from Egs. (25)—(26), it can be verified that the matrix M, in Eq. (34) is nonsingular provided
Be # 0.

In the following analysis, the relative trajectory tracking problem involving the formation system de-
scribed by Eq. (30) will be addressed. In particular, distributed cooperative control strategies are presented
for two important cases: 1) with full state feedback; 2) without relative velocity measurement. In both cases
the formation maintenance error eventually approaches zero while consensus is preserved during transition.

3. Solar sail formation flying via consensus control

The consensus control algorithms are now developed for a spacecraft formation architecture with a single
chief and N > 2 deputies, based on a local neighbor-to-neighbor information exchange. In particular, the
communication topology of the relative motion is described by an undirected graph, under the assumption
that the information exchange is bidirectional.

A few pertinent concepts of graph theory are first reviewed, according to Ref. [29]. A weighted undirected
graph G consists of a finite non-empty vertex set V = {vy,..., vy}, anedgeset £ = {(vy,v2), ..., (vN_1,vN)}
V x V, and a weighted adjacency matrix W = [w;;] € RVN*N. The matrix W is defined such that its generic
entry w;; = w;; € RV if (v;,v;) € € with ¢ # j, whereas w;; = 0. Note that the matric W is symmetric,
and w;; = 0 if (v;,v;) ¢ € The Laplacian matrix L = [l;;] € RY*Y associated with W is defined as

N

lij = —wgj and l;; = > w;;,Vi # j. In addition, the matrix L is symmetric positive semi-definite, and
j=1

N

>~ li; = 0,Vi# j. Finally, an undirected graph is called connected if there exists a path from every vertex

Jj=1
to every other vertex.
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In the following discussion, emphasis is focused on the cases where the information exchange topology is
fixed and the weights w;; are constant. In modeling the topology of the solar sail-based formation architecture
during the relative motion, each deputy spacecraft is represented by a vertex, while the data flow between
any two deputies is characterized by a weighted edge. In particular, assume that each deputy has access to
the state information of the chief, that is, the topology graph G is connected.

3.1. Consensus control with full state feedback

Consider first the case where the consensus protocol is formulated via full state feedback, that is, both the
relative position and relative velocity information are available when there is a path between two deputies
(i.e., two vertices). Let (pf, p;) € R3 x R? denote the desired relative trajectory of the i-th deputy with
respect to the chief, and introduce the position error e; £ p, — p and the velocity error &; £ p, — p;. The
aim of the developed controller is to drive each deputy towards the desired relative trajectory, viz. e; — 0
and é; — 0, while consensus (i.e. e; — e; and é; — &;) is guaranteed during the transition phase by
exploiting the available information data transmitted from the local neighbors. To this end, the cooperative
control law for the system represented by Eq. (30) is designed as [30]

N N
w; =M pr+2M, pf + My p, — Nei — A& — Y wh (e —e;) — > wy; (& (35)

)
j=1 j=1

where {\/,\V} € RT, wfj and wy; are the (i,j) entries of the weighted adjacency matrices W), and W,,
respectively. Note that W, and W, are allowed to be different and, in particular, the last two terms in
Eq. (35) are designed to maintain the formation during the transition phase, while the other terms are
selected in order to drive each deputy towards the desired relative trajectory.

Theorem 1: Using the control law given by Eq. (35) for the system represented by Eq. (30), consensus
tracking is asymptotically achieved, that is, e; -+ e; — 0 and &, = &; — 0 as t — 0.

Proof: Consider the candidate Lyapunov function V defined as

N
Z Pele; + = Ze e + - ZZw” e —e;) (e;—ej) (36)

lljl

VA

N

Note that V is positive definite, and its time derivative is given by

N N N N
V:Z)\fefel—i-z:ef —ZMUéi—/\fei—)\féi—waj (ei—ej)—waj (éi—éj) =+
- i= j=1 =1
N N
1 : o
+3 YNl (ei—ep)" (ei—¢;) (37)
i=1 j=1

Bearing in mind Eq. (32), the matrix M, is skew symmetric and, therefore, &7 M, &; = 0. Recalling that

wf] = w , the following relationship holds

DY eful (ei—ej) = 3 DY el (e —ej) +5 DD uli(ej—e) =
j=11

i=1j=1 i=1 j=1 i=1

LN
=3 DD wl(ei—e))" (ei—e;) (38)
por
so that
| NN
Zze wi; (€ 63)_52211)1] (&i —¢&;) (& —¢€;) (39)
i=1 j=1 i=1j=1



Substituting Egs. (38)—(39) into Eq. (37), the time derivative of the Lyapunov function becomes

N | NN
TR o) RS R (a0
i=1 i=1j=1
Note that the formation system described by Eq. (30) is non-autonomous, since its coefficients are time
dependent. Therefore, Matrosov’s theorem [31] is here adopted for convergence analysis. To that end, let

(e;,€;) Z e’ é; (41)

Since V is semi-negative definite, see Eq. (40), it follows that {e;, &;} is uniformly bounded and so is the func-
tion F. Also, V = 0 implies &; = 0, therefore the time derivative of F on domain D £ {(ei, é)|V = 0} =

{(ei, &;)| & = 0} can be written as

N N N
—Z/\fe;rei—Zwa’jeiT(ei—ej) Z/\peTeZ—fZZwU e;—e;) (ei—ej) <0 (42)

i=1 i=1 j=1 i=1 j=1

Note that |F| is positive definite for any e; # 0. As a result, there exists a class K function R, such that
|F'| > R(|les]|). According to Matrosov’s theorem, the equilibrium of the system under the control law
Eq. (35) is uniformly asymptotically stable, that is, e, — e; — 0 and é; — é; — 0 as t — oo. This
complete the proof.

3.2. Consensus without relative velocity measurement

The distributed control law given by Eq. (35) requires each deputy to know the relative velocities of
its local neighbors. However, in many cases of practical interest such an information is not available,
especially for solar sail-based spacecraft with a small payload and instrument mass. Moreover, even when
the spacecraft is equipped with a (relative) velocity sensor, the precision still remains questionable for large
baseline formation missions. These two issues require finding an alternative algorithm accounting for the
unavailability of relative velocity measurement. To this end, the consensus strategy is proposed as [32]

N
=D&+ N e+ w(ei—e) (43)
j=1
N
¢ =T q’giJF)‘;)eiJFwaj (ei —e;) (44)
j=1
N
w; =M Py +2M, pf + M, p— N es — > wly (e —e;) = (; (45)
j=1

where {&;,¢;} € R, {A}, Y, wi;, wy;} are defined as in Eq. (35), the matrix & € R**? is Hurwitz,
and I' = I'" € R3*3 is the positive- deﬁnlte solution to the Lyapunov equation ®"I' + ' ® = —© where
® = O ¢ R3*3 is positive-definite. In particular, since no relative velocity information is used, w;; can
be thought of playing a similar role as in Eq. (35). Note that the terms involving the relative velocity
requirement in Eq. (35) are now replaced by the output of a passive filter, as is shown in Eqgs. (43)—(44).

Theorem 2: Using the control law given by Eq. (45) for the system represented by Eq. (30), consensus
is asymptotically reached, that is, e; =+ e; — 0 and &; — &; — 0 as t — oo.

Proof: Consider the candidate Lyapunov function V defined as

N
Ve welety Ze et g Zzwu eime) (eime) 43¢ (Look) " IyaT) ¢ ()
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where ® denotes the Kronecker product, & = [£],...,€N]", L, = L, + diag(\Y, ..., A%). Since the
Laplacian matrix L, = [lfj] € RY*N associated with W, = [w”] RN*N is symmetric positive semi-

i i3] _
definite, it follows that L, is symmetric positive definite, and so is L;;t. The time derivative of V can be
written as
N N N
i=1 i=1 j=1
1 L 1 ) 1 1
R U (e e _ o Llor o _ ..
+5 ;;wj (ei—e)" (ei—&)+5& (Look) (IvoT)é+ & ([Look) (Ivol)é ()

After some mathematical manipulations, Eq. (47) reduces to
. 1or - .
V=—35¢ L,'®O)¢<0 (48)

Since the time derivative V given by Eq. (48) is a function of Sz rather than é;, Matrosov’s theorem cannot be
directly applied. Instead, the Barbalat’s lemma [33] is here used for convergence analysis. In Eq. (46), V is a

positive definite function of {ei, é;, e, —ej, 5}, and Eq. (48) implies V < 0, therefore {e;, &;, e;—ej, 5}
are all bounded. Since ® is Hurwitz, it can be drawn from Eq. (43) that £ is bounded, from which

V=3 € @ e ere @Hoe) g <@t oe) ¢ g 49

Equation (49) shows that V is also bounded, and hence V is uniformly continuous. According to the

Barbalat’s lemma, V — 0 as t — oo, which further results in £ — 0. From Eq. (43) € is bounded, therefore
& is uniformly continuous. Using the Barbalat’s lemma, & — 0 as t — oo. For the sake of convenience,
Eq. (43) may be rearranged into a compact form as

E=(Ive®) &+ (Lol e (50)

where e 2 [e], ..., eN]". Recalling that {5, 5’} — 0, Eq. (50) states that & — 0. Likewise, it can be verified

that & — 0. Using the control law given by Eq. (45), the error equation of the formation system described
by Eq. (30) becomes B .
é+2(IveoM,) e+ (L,00) e+ (InaT)E=0 (51)

Since {é, e, E} — 0, therefore (Ep ® Hg) e = 0, which amounts to stating that e — 0. This complete the

proof.

4. Numerical simulations

To illustrate the performance of the developed consensus-based control law, a formation mission scenario
is now discussed, with a chief spacecraft (S¢) and three surrounding deputies (S; with ¢ = {1, 2, 3}) that are
coordinated through local communication. The chief covers an Earth-synchronized PFDO (i.e. ec = 0.0167)
with semimajor axis ac = 0.95au, and displacement Ho = 0.05 au, while all deputies are driven towards
the prescribed trajectory with different phases. In the chief rotating reference frame 7g., the parametric
solution of the i-th deputy trajectory (relative to the chief) is assumed to have the following algebraic form

T
pr = [100 sin (npt+¢;), 200 cos (nyt+¢;), 1003 sin (n, t + ¢,-)] km (52)

where n, 2 100np is the angular velocity of the relative orbit, and ¢; = 2 (i — 1) /3 is the phase angle.
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4.1. Case A: full relative state information is available

Consider first the case where a full relative state information is available when a path between two
deputies exists. The corresponding communication topology graph of the formation system is shown in
Fig. 8, whereas the position (W) and velocity (W, ) weighted adjacency matrices among deputies are given
by

0 1 2 0 5x 1073 1x 1072
W, = |1 0 0 , W, = |5x 1073 0 0 (53)
2 0 0 1x 1072 0 0

chief

Figure 8: Information exchange topology among the solar sail formation system.

The initial conditions of the three deputies are assumed slightly different from the desired trajectories,
and the initial errors €y 2 [es,,€y,,€5]  are reported in Tab. 1. Using a trial and error procedure, a
satisfactory control performance (in terms of convergence time and tracking accuracy) is obtained when the
dimensionless parameters are selected as A = 5 x 10% and \? = 25. Accordingly, the position and velocity

exo [km] | ey, [km] | ey, [km] | €5, [m/s] | €y, [m/s] | €, [m/s]
S 40 —20 20 1x10™° [ —2x107° | 3x10~°
Sy —20 20 —40 —2x107° [ 1x10® | -1x107°
Ss —40 —20 40 2x107° | -1x107° | =3 x10°°

Table 1: Initial errors of three deputies in the full state feedback case.

errors of the three deputies are drawn in Fig. 9 and Fig. 10 respectively, while the variations of control
inputs A;, A#;, and Awu,; are shown in Fig. 11. Figure 12 illustrates the actual position of the three
deputies (denoted with a circle, a square and a star) when compared with the desired position (denoted with
a dot). These positions are calculated at t = {0, 5, 10, 15} days and are projected on the (:%RC , QRC) plane.
Note that Fig. 12 shows how the control law given by Eq. (35) allows the three deputies to be perfectly
synchronized with negligible final errors.

4.2. Case B: The relative velocity information is unavailable

In this case, the initial errors are assumed to take the same value as those listed in Tab. 1, and the
position and velocity weighted adjacency matrices are given by

0 1 2 0 500 1000
W, = |1 0 0 . W, =500 0 0 (54)
2 0 0 1000 0 0
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Figure 9: Components of the position error in the full state feedback case.

01 T T T

o — — &y ==&, ]

é1 [m/s]

é9 [m/s]

és [m/s]

0 5 10 15 20 25 30
t [days]

Figure 10: Components of the velocity error in the full state feedback case.
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Figure 11: Control input with control law given by Eq. (35).

Because the relative velocity information is not incorporated into the feedback control system, W, can be
freely adjusted. Using a trial and error procedure, a satisfactory control performance is obtained when the
parameters in Eq. (45) are chosen to be X = A\? = 100, ® = —1813, and I' = 10I;3. Finally, since the initial
value of intermediate variables &, can be randomly chosen, here it is assumed that £,; = 0.

To illustrate the performance of the control law given by Eq. (45), the time histories of position and
velocity errors are reported in Fig. 13 and Fig. 14, for a time interval of 30 days. Figures 15 and 16 illustrate
the control input and the intermediate variables &,, while the instantaneous positions of the three deputies
are shown in Fig. 17. Note that, even in absence of relative velocity measurements, the steady state errors
of the three deputies all converge to zero, while consensus is guaranteed during the whole transition phase.
When compared with the results of the full state feedback case, the control law given by Eq. (45) produces
a more oscillating behavior and requires higher control inputs.

5. Conclusions

The problem of solar sail formation flying around a heliocentric displaced orbit has been investigated.
Distributed architectures of the formation control system have been developed for both a full state feedback
case and a relative velocity-free case, the latter being achieved with the introduction of a passive filter
that removes the relative velocity requirement. In particular, the discussed consensus algorithms rely on a
protocol that enables multiple solar sails to maintain a desired formation geometry, while every available
neighbor-to-neighbor information coupling is used to obtain an asymptotic coordination.

Illustrative examples have shown that the proposed consensus-based strategies guarantee a time-balanced
maneuver for solar sail formation flying around a displaced orbit. Compared with a traditional chief-deputy
framework, the inclusion of the shared data flow among neighbors into cooperative control system improves
the robustness and redundancy of the group, thus preventing an unfavorable situation in which a chief
malfunction would imply a failure of the whole formation system.

A natural extension of this work is the analysis of the consensus algorithm performance when a non-ideal
force model is assumed to describe the solar sail propulsive acceleration, or larger distances between satellites
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Figure 12: Relative trajectories of the three deputies in the full state feedback case.

are considered (as for Earth remote sensing or space environment measurement). In this case, the control
law design must be revised to deal with the thermo-optical characteristics of the reflective film and other
constraints such as, for example, time delays and data package lost.
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