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Abstract

We discuss on the possibility of aiding the self assembling of large structures in space using the Coulomb
forces resulting from satellite charging. In particular we propose an original scheme where the self-assembly
procedure is carried out autonomously by large numbers of identical spacecraft and the individual elec-
trostatic charges are also autonomously decided as to aid the process. We prove that it is possible to
accomplish such a cooperative task saving propellant and we lay down the basis to study the stability of
the resulting control feedback taking into account reasonable saturation levels for the thrust and for the
satellite charge. We do not face here the design issues arising from considering controllable currents flowing
in and out each agent, but we prove that the non linear control problem that arises is not a show stopper.

Introduction

A number of attractive space concepts are based on
the prediction that large structures can be built in
space. Solar power satellites, large orbiting reflec-
tors, antennas or telescopes are certainly extremely
challenging concepts given the current available tech-
nology limits, and thus are dubbed by many as “un-
feasible”. Nevertheless these concepts do offer the
possibility of incredible achievements for the human
kind not to be considered seriously. Technologies that
today are closer to the realm of science fiction than
to the one of engineering, such as weather control,
terraforming or power from space, are also the can-
didates to be revolutions that will radically change
the way we perceive space missions. Besides, many
less extreme, and therefore nearer-term, concepts still
require the ability to construct large structures in
space. The ability to perform such an ambitious op-
eration in a fully automated way, is certainly one
of the enabling factors for all these concepts. The
autonomous self-assembly of structures is a compli-
cated problem that involves automated scheduling,
path planning and navigation. Different solutions
may be envisaged for each of these parts. In the case
of structures formed by regular lattices dispositions
of identical parts, the so-called equilibrium shaping
technique (see Izzo & Pettazzi [1, 2]) has been re-

cently shown to be able to cope with all these prob-
lems at the same time and thus to be compatible to be
conveniently used to drive a self-assembly procedure.
The equilibrium shaping drives its inspiration from
important developments in collective robotics and,
in particular, in swarm aggregation (see Gazi [3]).
When using these techniques for a space application,
the constraints deriving from the design of each sin-
gle component have to be accounted for carefully. In
particular, each component has to be able to sense its
orientation and its position and needs some ∆V ca-
pability to be able to perform its task. This could be
provided in large amounts by means of “propellant-
less” propulsion exploiting inter spacecraft Coulomb
forces. The concept of using electrostatic forces to
control the relative position of a satellite formation
in geostationary orbit has first been introduced by
Schaub et al. [4] for formation keeping and recon-
figuration applications. Being internal forces, the set
of manoeuvres allowed by Coulomb forces is limited,
thus making the concept of having satellites equipped
purely with electrostatic actuation to particular ap-
plications. In principle one could also consider an hy-
brid actuation system using conventional propulsion
aided by the Coulomb actuation whenever possible.
Such a concept has been introduced by Pettazzi et
al. [5] and allows to significantly reduce the fuel con-
sumption in those manoeuvres where internal forces



can actually be used.
In this paper we introduce the technical back-

ground that can be used to automatize completely
the tasks in ambitious missions such as that of
self-assembling large structures in space using inter-
satellite Coulomb forces. We propose and study a
feedback law that allow the satellites to command
their charge level as to lower the propellant consump-
tion necessary to complete a given assembly task.

Modeling and notation

Let us consider the motion of N points having mass
mi and electrical charge qi immersed in a space
plasma modeled by a Debye length λD and under
the influence of a central gravity field with strength
µ. We assume that the point masses represent space-
craft able to thrust in the three directions and that
the net currents Ii flowing from the spacecraft are
controllable. If we neglect the mass variation of each
spacecraft, the equations of motion for such a system
can be written as:
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ij
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)
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(1)
where ri is the position vector of the i-th spacecraft
of the swarm, µ is the gravitational parameter of
the body whose sphere of influence is containing the
swarm, kc = 8.9876× 109 N m2 C−2 is the Coulomb
constant and qi is the electrostatic charge of the i-th
spacecraft. We also take into account the shielding
due to the plasma environment by introducing the
Debye length λD. We assume that the agents are
equipped with a generic thruster able to give the ac-
celeration uti

to the agent. We also assume that the
currents flowing in and out the spacecraft are control-
lable and equal to uqi

. The system has a dimension
of 4N , the first 3N equations are describing the dy-
namic of the swarm geometry, the last N the charge
dynamic of the various satellites. In the form of Eq. 1
the spacecraft dynamic equations are decoupled from
the charge dynamic equations. In this form the sys-
tem is fully controllable but requires each agent to

be equipped both with a thruster and with a charge
control system. This kind of agent, that we call satel-
litron because of its charge and swarm dynamic, and
the possibility to use the thrusting system together
with the charge control system, has been studied by
ESA’s Advanced Concepts Team in cooperation with
Surrey University [6] and Bremen University [7] in
arecent joint research effort. Other researchers have
taken the approach to study agents equipped with
only charging control, called Coulomb satellites from
the original work by Schaub et al. [4]. In this last
case uti = 0 and Eq. 1 becomes uncontrollable.
While this approach can be used for some interesting
applications, such as formation keeping or Coulomb
tethers [8], it seems hopeless for applications such as
self-assembly where a fully controllable system is cer-
tainly a major asset.

Let us first introduce some notation that will be
useful both for the purpose of analytical and nu-
merical analysis of the system. We introduce q =
[q1, q2, ..., qN ] as a vector containing the charges of
the satellite in the swarm. We write the acceleration
due to the electrostatic interactions in the simplified
form:

ael
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where we have introduced the matrices Ri := GiΛi

defined as the product of a geometry matrix Gi de-
fined as:
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and a shielding matrix defined as:
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Note that when the Debye length is much larger than
the typical inter spacecraft distance Λi → I,∀i. We
write again the equations of motion:



r̈i +
µ

r3
i

ri = qiRiq + utj

q̇j = uqj

(2)

Following a classical approach we may linearize
these equations with respect to a point moving along
a perfectly Keplerian and circular orbit and project
them onto the relevant LHLV frame. We obtain the
Hill-Clohessey-Wiltshire equations perturbed by the
electrostatic force [4]:

r̈i + Dṙi + Kri = qiRiq + utj

q̇j = uqj

(3)

where:

D =

 0 −2ω 0
2ω 0 0
0 0 0

 ,K =

 −3ω2 0 0
0 0 0
0 0 ω2


where ω is the reference orbit angular velocity. Here
we will focus our attention on this last system, con-
sidering the assembly procedure in geostationary or-
bit where the Debye length is large enough to justify
the use of Coulomb satellites. Our results, though,
would be equally valid in a interplanetary space envi-
ronment where gravitational forces can be considered
as perturbations and may not therefore appear in
the dynamic system considered (formally this would
translate into D = K = O), where O is the null
matrix.

Feedback Synthesis approach

To drive a self assembly whose dynamic is described
by Eq.(3) we want to control the swarm position vec-
tors ri using, as much as possible, the controls uqj

which do not require propellant, rather than the con-
trols utj

which require propellant and therefore are
a scarce resource. In mathematical terms we want to
find utj

(r, ṙ, qj) and uqj
(r, ṙ,q) in the class of piece-

wise continuous functions, so that the swarm acquires
a final configuration defined by some terminal posi-
tion vectors ξj (permutations of the agents in the
final configurations may be allowed to increase the ro-
bustness of the assembly procedure) minimising some
objective J(r(t), ṙ(t),q(t)) that can be the total fuel

consumption of the agents, the fuel consumption of
one particular agent the standard deviation from the
mean of the fuel consumption between the agents or
some other quantity desired to be small. The prob-
lem of optimal feedback synthesis is known to be very
difficult for non linear problems (the interested reader
is addressed to the famous book by Pontryagin et al.
[9]) A numerical reconstruction of an optimal state
feedback is certainly possible but it requires a signifi-
cant computational effort not implementable in a real
time navigation scheme. A behavioral approach can,
on the other hand, synthesize a state feedback that,
though sub-optimal, allows real time swarm naviga-
tion [2]. We here take that approach, renouncing to
find optimal solutions and trying to just solve the
problem. We propose to follow the following scheme:

• We first consider the feedback synthesis for a sys-
tem in the form r̈i + Dṙi + Kri = udj

. We are
completely ignoring the charge dynamics here
and focussing on the swarm path planning. We
build a feedback udj (r, ṙ) able to drive the swarm
to a final configuration. We refer to this part of
the control system as to the path planning layer.
Note that the symbols r, ṙ are used to indicate
the collection of all the satellite rj , ṙj

• We then set utj (r, ṙ,q) = udj (r, ṙ)− qiRiq

• We finally consider the charge dynamic and we
synthesize a charge state feedback uqj

(r, ṙ,q)
that tries to fulfill, at least on average across
the swarm, the criteria utj

< udj

We note here that the first feedback drives the path
planning of the swarm, whereas the second feedback
drives the charge dynamic and therefore determines,
alone, the fuel savings introduced by the use of inter
satellite Coulomb forces.

The path planning

As the focus of this paper is not in the feedback syn-
thesis of udj

(r, ṙ), we will start from the assumption
that such a state feedback is available. The interested
reader may consult for example the work by Izzo and



Figure 1: Visualization of the charge strategy.

Pettazzi [2] where behavioral approaches are mixed
with sliding mode control to obtain a robust state
feedback.

The charge feedback

We assume that at a certain time instant udi
is given.

At the same instant the electrostatic inter- satellite
forces are also well determined, and so is uti

. Con-
sider now the i-th agent. The electroststic force is
qiRiq, and its direction does not depend on the agent
charge as the i-th column of Ri is zero. As a conse-
quence there is a well defined value of the agent elec-
trical charge, that we call desired value qdesi

and that
results in an electrostatic force of a given magnitude.
We stress how the electrostatic force direction is not
controllable by the single agent via its charge, only its
magnitude. We introduce the following charge feed-
back on the current emitted by each spacecraft in a
group of N .

I = q̇ = k(qdes − q) (4)

where q = [q1, q2, ..., qN ] are the N values of the
charges, qdes = [qdes1 , qdes2 , ..., qdesN

] and k is a
scalar constant. We assume, in the general case, that
qdesi is a function of q, r,udi .

There are different options to define the desired
charge of the i-th satellite (in other words to define

the desired magnitude of the electrostatic force act-
ing on the ii-th agent along the direction defined by
Rq). We here require that the electric force magni-
tude equals the ui component along the electrostatic
force direction (see Figure 1). In this way each agent
desires to have the charge that minimises his personal
propellant consumption or, in other words, to provide
the largest possible portion of the udi

by means of the
electrostatic actuation. We have:

qdesi = udi ·Riq/|Riq|2 (5)

In the rest of this section we will try to prove the
stability of such a feedback and to assess whether it
actually brings advantages in term of fuel consump-
tion. We will consider the Ri matrices as constant
(i.e. the swarm is not moving) and the udi as con-
stant (i.e. the acceleration desired by the different
still agents does not vary) and we study the differ-
ential system described by Eq.(4) and Eq.(5). An
equilibrium point q̂ for the system will be defined
by:

qdes(q̂)− q̂ = 0

if such a point exists and is reached, each one of the
spacecraft desires to have exactly the charge that it
has and will not emit any current (the interactions
with the plasma environment are not taken into ac-
count at this level).

Theorem 1 The differential system defined by Eq.
(4) and Eq.(5) admits the equilibrium position q̂ if
and only if udi

= q̂iRiq̂ + u⊥ where u⊥ represents
any vector perpendicular to Riq̂

This theorem is simply stating that according to what
the required controls udi are the satellites could fail to
agree on what charge distribution to have and would
therefore always emit currents. The prove the theo-
rem is quite straightforward and is therefore omitted.

Theorem 2 If q̂ is an equilibrium condition for the
differential system defined by Eq. (4) and Eq.(5) then
also −q̂ will be equilibrium position.

This theorem is a rather trivial statement as changing
the sign of all the agents charges leaves the charge
products unchanged.



We now study the linear stability of the generic
equilibrium position q̂. Without losing generality we
assume that udi

= q̂iRiq̂ and we study the system:

q̇ = k(qdes − q) (6)

qdesi
= q̂i

Riq̂ ·Riq
Riq ·Riq

performing a standard linearization of the dynamic
equations around the equilibrium condition q̂ and in-
troducing the variable x = q−q̂ we get the linearized
system

ẋ = Ax

with

A = k

(
∂qdes

∂q
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q=q̂

− I

)
Where,

∂qdesi

∂q
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q=q̂

= −q̂i
RT

i Riq̂
Riq̂ ·Riq̂

Having a compact analytical expression for the dy-
namic matrix A, the linear stability of the feedback
is soon evaluated by studying its eigenvalues. Clearly
these depend on the vectors Riq̂ which essentially
depend on the relative positions of the satellites and
their requested final controls. The relation between
Riq̂ and the eigenvalues of A is non trivial and its rig-
orous description is well beyond the purposes of this
paper. For the purposes of this paper it is enough to
describe how to assess the feedback linear stability
case by case.

We show as an example a typical simulation of the
feedback described by Eq.(4,5) for a selected case. In
particular, we consider a group of ten satellites in a
regular polygon formation such as that shown in Fig-
ure 2 and we select a random q̂, and as a consequence
a random udi

= q̂iRiq̂, for which the eigenvalues of
the systems have all negative real part. During the
simulation the satellites were not allowed to move and
udi was kept constant. In Figure 3 the charge history
is shown starting from a number of randomly selected
initial conditions. The time axis is logarithmic. The
feedback constant k is set to one. In the particular
case selected the only two equilibrium points are q̂
and −q̂ and they are both linearly stable. We note
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Figure 2: Agents positions in the regular polygon (10
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Figure 3: Monte Carlo simulation of the feedback for
one test case
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Figure 4: Trajectories visualization during the assem-
bly sequence

how at least one of the stable equilibrium points is
always reached at the end of the simulation.

Results for on-orbit assembly

In the previous section we have established some pre-
liminary analytical results on the proposed control
system. We have not proved the feedback global sta-
bility but we have established a number of tools that
may help in anlaysing its behaviour case by case. We
have shown under what conditions we attain at least
the linear asymptotic stability, but as multiple equi-
librium points exist and as the system in non linear,
its global behaviour is extremely challenging to be
studied. On the other hand a Monte Carlo campaign
has revealed that when a linearly stable equilibrium
point exist, the proposed feedback is able to drive
the system towards it. This seems to suggest that the
proposed scheme is suitable to drive the self-assembly
procedures of identical agents equipped both with
some “conventional ” thruster and with the capabil-
ity to control its own charge level. Clearly one could
argue that in a real simulations things are pretty dif-
ferent as the path planning level of the control system
continuously updates the udi

and the various agents
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Figure 5: Charge history for the selected case.
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are actually moving, as a consequence Riq̂ is actu-
ally not constant. Fortunately the high bandwidth
achievable in the charge control allow us to select
the control parameter k so that the charge equilib-
rium is reached in timescales much smaller than those
involved in the path planning. As an example we
here report a full simulation taken from [7] where the
whole control architecture is considered. We consider
four satellites that have to acquire a planar quadran-
gular formation starting from randomly chosen posi-
tions. In Figure 4 the resulting final trajectories are
shown for a swarm of four satellites. In the simulation
the satellite mass is 50 kg, the maximum thrust level
allowed 0.005 N, the maximum charges allowed 2 µC.
The parameter k of the charge controller was set to
1/50. In the initial state the satellites are randomly
placed within a sphere of 10 m centered in the ori-
gin, while the final required formation is, in a LHLV
frame referred to a geostationary orbit, a square with
two satellites placed along the x axis (Earth pointing)
and two on the y axis. The path planning used was
the one descried in [2]. The charge history is shown
in Figure 5, while the comparison between the to-
tal DV necessary to perform the manoeuvre and the
portion provided by the thrusters is given in Figure 6
(EA stands for Electrostatic Actuation). We do not
want here to go into the details of this particular sim-
ulation, we only observe that in this case an infinite
number of equilibria exist in the final configuration
where the control at the path planning level requires
to perfectly cancel the forces due to the tidal grav-
ity. The consistent fuel savings confirm that the self-
assembly procedure is indeed aided by the addition
of the charge feedback proposed. Other simulations
for different configurations and with a higher number
of satellites confirm this result.

Conclusions

The self assembling of structures in orbit is a process
that can be autonomously done by identical agents
using sophisticated path planning techniques that al-
low each satellite to pursue a simple task while re-
maining unaware that a more complicated undertak-
ing is being accomplished. If the agents are capable

of controlling their electrostatic charge, the resulting
inter-satellites Coulomb forces can be used to reduce
significantly the fuel consumption thus allowing for
more frequent reconfigurations to take place. The
resulting highly non linear control problem can be
approached by implementing a layered scheme that
separates the path planning problem from the charge
control problem and that results in a suboptimal pro-
cedure that exploits a limited knowledge on the global
swarm status and that is yet able to conveniently use
the Coulomb interactions to alleviate the propellant
consumption required for reconfigurations, formation
keeping and ultimately for completing an assembly
sequence. The proposed algorithm revealed to be
able to work in real time and exhibits interesting sta-
bility features worth of further investigations.
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