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Abstract

This paper deals with the formation flight control of Cubesat-type nanosatellites in Low Earth Orbit (LEO),
employing a decentralized model predictive control algorithm aimed at minimizing tracking error. The proposed
technique’s effectiveness has been proved through numerical simulations, using a non-linear simulator taking
into account the effects of atmospheric drag, and gravitational field variations as a function of latitude and
longitude.
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1. General Introduction

In recent years, the concept of formation flight (FF) has garnered significant attention in the aerospace
community [1}, 2]. This interest arises from the potential benefits of FF, such as cost-effectiveness,
improved performance, and enhanced adaptability compared to individual spacecraft [3]. Allocating
various functions and payloads across a synchronized fleet of spacecraft has the potential to improve
mission science outcomes. In addition, the use of a network of cooperating satellites increases
redundancy in the event of failures.

A Satellite Formation Flight (SFF) can be defined as the coordinated motion of multiple spacecraft
whose dynamic states are interlinked by a common control law. Solutions to the SFF control problem
can be broadly classified into Multiple-Input Multiple-Output (MIMO) approaches, Leader-Follower
(LF) schemes, Virtual Structure (VS) schemes, Cyclic techniques, and Behavioral methods [4), 3].

In the MIMO scheme, the formation dynamics are treated as a large MIMO system, employing ad-
vanced control methods to achieve optimality and stability. However, this demands a high degree of
communication between agents [5]. The LF scheme simplifies control into individual tracking prob-
lems with a strict hierarchy, applicable to trailing and clustered configurations, the latter being a par-
ticular structural type of formation. In the VS approach, the goal is to mimic the behaviour of objects
in a rigid structure, defining two types of virtual structures: Iterated Virtual Structures (IVS) and Guid-
ance Virtual Structures (GVS) [6]. The cyclic approach is similar to LF but without the hierarchical
constraint, allowing two spacecraft to provide feedback via their relative state [7]. Behavioural meth-
ods combine multiple controllers for various behaviours, with formation control being one essential
behaviour. Behavioural control is an extension of one or more control methods [4].

This paper is focused on the FF of Cubesat-type nanosatellites in Low Earth Orbit (LEO). Cubesats,
being small satellites used for various applications [8], face challenges in autonomy, failure resilience,
and position and attitude control when deployed in LEO. Environmental disturbances such as drag,
solar pressure, and J2 current anomalies [9] pose threats to the formation integrity, necessitating
robust response mechanisms. The limitations inherent in Cubesats, such as restricted sensors, on-
board computing, communication bandwidth, and propulsion capacity, make the design of a formation
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control algorithm challenging. In particular, the lack of suitable propulsion systems in Cubesats rep-
resents a major challenge in the design of a formation control algorithm, with only a few missions
such as IMPACT and BricSAT-P featuring electrospray thrusters and micro-cathode arc thrusters,
respectively [10].

In recent years, advancements in electric micro-propulsion have enhanced fuel efficiency and minia-
turization, making it suitable for Cubesats [11]. This study focuses on n nano-satellites of the Cubesat
type in Low Earth Orbit (LEO), forming a Satellite Formation Flight (SFF) mission. The formation con-
trol algorithm is employed to modify, sustain, or initially establish the satellite formation. Each Cube-
Sat propulsion system comprises six cold thrusters positioned along the positive and negative axes
of the satellite’s body. The architecture can be viewed as virtual, incorporating a different thruster
configuration and suitable control allocation [12, [13].

A receding horizon control method, widely used over the years to manage the presence of constraints
and nonlinearities typical of FF [14) 15, [16], was developed to optimize both trajectory tracking and
consumption while maintaining the formation in an almost rigid structure, taking into account thruster
constraints and performance, and leveraging the potential of efficient trajectory planning algorithms
onboard [17,[18, [19].

Numerical simulations prove the effectiveness of the proposed control algorithm, which allows for
maintaining a small tracking error in the presence of typical perturbations of LEO orbits with a rea-
sonable control effort.

2. Model Predictive Control

According to the receding horizon approach, at each time step k, the Model Predictive Control
(MPC) solves a constrained optimization problem to determine an optimal control sequence U (k) =
[w(k|k)T ,u(k+1]k)7...u(k+NJk)"]" within a given prediction time horizon, [t +NT.], where N is the
number of time steps and T; is the sample time. However, only the first move u*(k|k) is applied to the
plant.

The optimization problem aims to minimize a cost function J (§(k|k),U (k),k), considering the tracking
error and the control effort in the prediction time horizon by evaluating the future system behaviour.
A quadratic cost function is adopted:

J (& (klk) , U (k), k) =

Z (k+ilk) — € (k+10))" Q (& (k+ilk) — & (k+1)) + 1)

+u (k+ilk)" Ru (k+i|k)+
+ (& (k+N+1]k) — (k+N+1)) S (&(k+N+1k)—E(k+N+1))

=

where

o (&(k+ilk)— (k+z)) Q (& (k+ilk) — & (k+ 1)), measures the state deviation from a desired state
vector & (k+i),

u (k+ilk)" Ru (k+ilk), accounts for the control authority,

© (E(k+N+1[k)— (k+N+1)) S (&(k+N+1k)—&(k+N+1)), weights the terminal tracking
error.

The weight matrices @ and S are assumed semidefinite positive, while R is positive definite.
The optimization problem’s constraints include the prediction model to account for the future plant
behaviour (2) as well as the limitations on states, outputs, and control variables (4):

E(k+i+1]k) = Ag€(k+ilk) + Bau(k+ilk)Vi=0,1,...,.N 2)
&(klk) = &(k) (3)
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g(&(k|k),U(k),k) <0 (4)
To facilitate the Quadratic Programming solver, the constraints in (4) are formulated as linear inequal-
ities:
En <& (k+i+1]k) < &u 5)
U <u(k+ilk) <wuy  Vi=0,1,...,N
where &, and &), denote the lower and upper bounds for the state &(-), whereas u,, and u,, set the
limits of the input vector w(-).

3. Satellite Formation Model: Hill-Clohessy-Wiltshire equations

The Hill-Clohessy-Wiltshire (HCW) equations offer a simplified model for relative orbital motion, where
a leader satellite is in a circular orbit and a follower spacecraft is in either an elliptical or circular orbit.
Consider the local vertical local horizontal (LVLH) reference frame, centred in the centre of mass of
the leader satellite, with the x-axis aligned with the radius vector, the y-axis running parallel to the
tangent of the Reference Orbit, and the z-axis forming a right-handed system. Assumptions include:

(i) The leader satellite is in a constant circular orbit with angular velocity @ = \/(GMg)/r3, where
G is the gravitational constant, and Mg is the Earth’s mass.

(i) The relative distance between the leader and follower satellites is significantly smaller than the
leader satellite’s distance from the Earth’s centre.

(iii) No external disturbances act on the satellite.
The HCW equations for relative motion are given by [20, 21]:
¥ =30+ 20y +ay
y=—@ita (6)
7= —65214-51Z

These equations can be expressed in matrix form as:

é:A§+Bu (7)

where ¢ = [x,y,z,%,y,2] is the state vector (position and velocity), and u = [ay,ay,a;]” is the input
vector. The state matrix A and the input matrix B are given by:

0 O 0 1 0 O
0 O 0 0 1 O
4_| 0 0 0 0 0 1
T 3@* 0 0 0 2 0
0 O 0 2o 0 O
0 0 -@ -0 0 0
- } } (8)
0 0 O
0 0 0
0 0 O
B_IOO
010
0 0 1]

Consider the sample time T, as the control algorithm execution time. The mathematical model de-
scribed by (7)) and (8) is converted into a suitable discrete-time set of state equations as follows:

E(k+1) = As€(k) + Byu(k) (9)
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Figure 1 — Tracking error. Curves for satellite #1, #2, and #3 are depicted with blue, red, and black
lines, respectively. (a) Position error. (b) Velocity error.

Ay = €AT"'

T (10)
B, — / A= Bag

0
where £(k) = [x(k),y(k),z(k),%(k),y(k),2(k)]" and w(k) = [a.(k),ay(k),a.(k)]" are the state and the input
vectors at time instant k, whereas A, and B, are the discrete-time state and input matrices.

4. Numerical results

A numerical simulation campaign was carried out to test the performance of the proposed controller.
In the following, we present a test case in which three satellites have to guarantee an assigned
formation, achieving a tandem configuration where each satellite maintains a constant distance from
the preceding satellite.

Every satellite is controlled using the MPC algorithm, whose prediction model is based on HCW
equations (9) and (10). Consequently, satellite #1 follows a virtual leader (VL), tracking an unper-
turbed reference trajectory, whereas satellite #2 has to maintain a constant distance from satellite #1.
The same, satellite #3 follows satellite #2, preserving the desired mutual anomaly.

In Table[T] the simulation parameters are resumed. It is assumed that the satellites maintain, during
their orbits, a difference in true anomaly of 10deg, starting with a slight tracking error, defined in terms
of a true anomaly of 0.001deg.

To take into account realistic parameters, the formation is composed by three 3U Cubesats of mass
equal to 4kg. The propulsion system of each CubeSat consists of six different cold thrusters, arranged
along the positive and negative axes of the satellite body. Each thruster can generate a maximum
acceleration of 1.25m/s>.

The dynamics of each satellite is described by a non-linear 6DoF model [22], including the effects of
the atmospheric drag and the zonal harmonic J,. Each satellite is equipped with an attitude controller
that allows it to maintain a constant orientation relative to the local tangent plane.

Figureshows the tracking errors, A& (k) = &(k) — &(k) of each satellite with respect to its own leader,
whereas in Figure [2] the resulting control signals are illustrated.

It is worth noting that, at the beginning of the simulation, the positions of satellite #2 and satellite
#3 differ from the desired ones, consequently, the initial value of the acceleration provided by the
controller is not equal to zero.

Figure (3| shows the relative distance between each satellite and its respective leader. After a small
transient phase, due to the initial position error of satellites #2 and #3, the mutual distance between
each couple of satellites is always below 1 x 10~2km, also in the presence of J2 and drag effects.
Furthermore, the shape of the formation is maintained during the orbit, as depicted in Figure 4, where
the position of the satellites [x,y,z]”, in the LVLH reference frame, is shown.

4
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Table 1 — Test-case with three satellites: analysis data.

Orbital Elements | Satellite #1
Semimajor axis 7078.4 km
Eccentricity 0
Inclination 90 deg
Longitude of the ascending node 0deg
Argument of periapsis (deg) 0
True anomaly (deg) 0.0 deg
Control objective Track an unperturbed trajectory
Desired mutual distances from its leader 0
Orbital Elements | Satellite #2
Semimajor axis 7078.4 km
Eccentricity 0
Inclination 90 deg
Longitude of the ascending node 0 deg
Argument of periapsis Odeg
True anomaly 10.001 deg
Control objective Follow Satellite #1
Desired mutual anomaly from its leader 10.0 deg
Orbital Elements | Satellite #3
Semimajor axis 7078.4 km
Eccentricity 0
Inclination 90 deg
Longitude of the ascending node 0 deg
Argument of periapsis 0deg
True anomaly 20.001 deg
Control objective Follow Satellite #2
Desired mutual anomaly from its leader 10.0 deg
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Figure 2 — MPC controlled acceleration. Curves for satellite #1, #2, and #3 are depicted with blue,
red, and black lines, respectively.
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Figure 3 — Relative distance between each satellite and its respective leader. Blue, red, and black
lines represent, respectively, the distance of Satellite #1 with respect to Virtual Leader (VL), the
distance of Satellite #2 with respect to Satellite #1, and the distance of Satellite #3 with respect to
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Figure 4 — Satellite position with respect to Virtual Leader (VL) in LVLH frame. Blue, red, and black
lines represent, respectively, position of Satellite #1, #2, and #3.



A model predictive control algorithm for the formation control of nanosatellites in LEO orbit.

5. Conclusions

In this paper, the design and testing of a flight control scheme based on a decentralized MPC algo-
rithm for a formation of Cubesat-type nanosatellites in LEO orbit is presented. In particular, the main
aim of the flight control algorithm is to minimize the tracking error while considering the minimization
of thruster activation. To prove the effectiveness of the proposed methodology, a realistic test-case
has been carried out on a non-linear simulator, taking into account disturbances due to atmosphere
drag, and gravitational field variations as a function of latitude and longitude. The simulated scenario
considered the tracking of a reference trajectory by a formation consisting of three satellites orbiting
in LEO orbit. In particular, the proposed architecture shows the capability to ensure an effective track-
ing of the reference trajectory, maintaining the formation shape during the simulation while effectively
avoiding collisions between the satellites.
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