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Abstract: This paper presents a behaviour-based control method to reposition a
swarm of spacecraft in order to balance the fuel consumption among the agents.
Under the influence of the J2 perturbation, the agents with larger orbital elements
differences with respect to the reference orbit consume more energy to maintain
their position within the configuration. The proposed control law can guide the
spacecraft in the high-fuel-consumption positions to switch with those in the low-fuelconsumption positions. This approach does not require any centralised command
and control. The coordination is achieved through agent-level interactions. From the
simulation data, the extension of mission lifetime is demonstrated.
1. Introduction
The flying of autonomous formations of spacecraft (or spacecraft clusters) has been
identified as a potential enabling technology for future space missions. This concept
enables the transformation of a large monolithic spacecraft into a network of smaller
elements for the purpose of offering improved scientific return through longer
baseline observations and a high degree of redundancy in mission-critical systems.
Examples include the System F6 program at the Defence Advanced Research
Projects Agency (DARPA), the Solar Imaging Radio Array (SIRA), the
Magnetospheric Multiscale Mission (MMS), and the Exoplanet Exploration Program
(EEP) missions at NASA [1-4].
The guidance and control of formation-flying spacecraft has been a significant area
of research over the last decade. A new challenging concept of formation flying
spacecraft: spacecraft swarm, which consists of a large number of low-cost massproducible satellite nodes, has been investigated in more recent studies. The
coordination algorithms proposed in previous research mostly employ centralised
optimisation methods which do not scale well due to intensive computation [5-10].
Moreover, in these studies, the swarm operates within a limited information network
and a record of the full states of the swarm may not be recorded on the network.
Therefore, a decentralised control law becomes advantageous if not essential in this
new type of scenario. A decentralised formation controller based on the adaptive
Graph Laplacian matrix has been proposed to synchronize the relative motions of a
large number of spacecraft moving in elliptical formations [11]. In [12], the collisionfree initial conditions for the spacecraft swarm composed of hundreds of agents were
presented. Gauss’ Variational Equations (GVEs) were used to compute the initial
conditions which eliminate the secular drift due to J2 perturbation. The method using
differences in mean orbit elements to establish J2 invariant relative orbits has also
been investigated [13]. However, those initial conditions that create a truly invariant
relative orbit, in which the formation returns to an identical relative state each orbit,
are highly restrictive in terms of the geometry of the formation and as such are not
practicable under most envisioned mission requirements. Therefore, it is necessary
to reduce the constraints on J2 invariant conditions to satisfy the mission

requirements [14]. Such partial J2 invariant conditions will cause the formation to
deform over the long term unless corrections are performed to reposition a
spacecraft in its relative position within the operational orbit. Several formation
keeping methods for single spacecraft have been proposed in [15-17]. The results
showed that fuel consumption of individual spacecraft will not be uniform across the
formation as it depends on initial conditions and the location of the spacecraft within
the formation. As the fuel capacity is limited, some spacecraft within the swarm will
deplete their fuel reserves earlier than others. This will cause the premature
degradation of the mission if the unbalanced fuel consumption is not mitigated.
Significant research effort has been invested in recent years into the design and
simulation of intelligent swarm systems or Self-Organised (SO) systems[18]. SO
systems can generally be defined as decentralised systems, comprised of relatively
simple agents which are equipped with the limited communicational, computational
and sensing abilities required to accomplish a given task [19]. The individuals within
the swarm system are not able to assess a global situation and control the tasks to
be carried out by the other agents, i.e. there is no supervisor in a SO system. For
example, each time an agent performs an action, the local environment is modified
by this action. The new environmental configuration will then influence the future
actions of other agents. This process leads to the emergent behaviours at the
system level. The concept of SO system has been applied to the formation flying
spacecraft [20, 21], in which the spacecraft, modelled as a swarm of agents, follow
three biological rules, namely ‘avoidance’ of both each other and the threat, ‘gather’
to maintain the formation and ‘attraction’ towards target locations according to predefined artificial potential functions. In this study, the scenario is more complicated
than converging to target locations. Therefore the agents will be required to switch
between multiple modes and their behaviours are governed by different rule sets
under each mode. The objective of this paper is to investigate the feasibility of using
the behaviour-based control law based on agent-level interaction to achieve the
desired coordination in order to balance the fuel consumption while maintaining
desired formations.
The remainder of this paper is structured as follows. Following the problem
statement in Section 2, Section 3 describes the behaviour-based control framework.
Simulation results and analysis are presented in Section 4 and a summary of the
study is given in Section 5.
2. Problem Statement
In this study, the initial configuration of the spacecraft swarm is considered to follow
a random distribution centred at the reference orbit. Each individual spacecraft on
the periodic relative orbits (PROs) will be rotating with respect to the centre of the
relative frame.
Different types of PROs of the spacecraft in the formation have been investigated
[15]. The shape of the projection of the PROs perpendicular to the radial direction is
of interest for the purpose of ground-observation missions. The projected circular
PRO is used in this study as its primary advantage is that the spacecraft are
separated by a fixed distance when the formation is projected onto the along) plane. Figure 1 shows the configuration of the swarm
track/cross-track (
comprising 200 spacecraft. By definition, , , and are the relative displacements in

the radial, in-track, and cross-track directions respectively in the local vertical/local
horizontal (LVLH) frame.

Figure 1(a): The initial position of the
spacecraft swarm.
2.1.

Figure 1 (b): The initial position of the
spacecraft swarm on
plane.

Initial Conditions

The secular drift among the spacecraft in the formation which are caused by the
earth oblateness (J2) effects has been studied [13]. The initial conditions must be
carefully selected to generate relative orbits that are not only bounded, but also
remain close to the desired trajectory. In this study, the numerical approach genetic
algorithm (GA) is used to determine the initial conditions. Firstly, the approximate
initial conditions that satisfy the relative motions are obtained from Hill’s equations
[22]. Then, these initial conditions are used to generate an initial population in GA.
The fitness function which is used to rank the individuals in GA is given by:
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The first term is drift in the along-track direction (see Figure 2). It is measured as the
distance between the spacecraft relative distance at the initial time and after a
number of periods. In the presence of J2 perturbation, the period matching conditions
obtained from Hill’s equations would not be valid due to the differences in the
precession rates of the spacecraft [23]. Thus the secular drift in the along-track
direction has to be accounted for to minimize the propellant used to correct the
orbits. The second term of the fitness function represents the deviation of the PRO
from the desired projected circular formation. It is the sum of the Euclidean distance
between the control points on the desired path and the corresponding points on the
PRO. The nonlinear dynamics model of the relative motion is used to propagate the
dynamics [24]. Therefore the individuals with lower fitness scores represent better
solutions. Following the initial phase, the main cycle of the GA refines the solutions
iteratively by applying the natural selection process.

(1)

Figure 2: PRO with drift.
The solution obtained from the GA is presented in the following example. The
reference orbit with the following initial mean orbital elements is considered:
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The resulting relative orbit with initial relative position 23
'(
0 0.5-. 0'( is
shown in Figure 3. As can be seen from Figure 3(1, 2), the initial conditions obtained
from Hill’s equations result in drift in both the along-track and the cross-track
directions over 50 orbits. Figure 3(3, 4) shows the relative orbit resulting from initial
conditions generated by the GA after 100 generations. It is clear that the relative
motion in the along-track direction is bounded. The growth in the cross-track
oscillation is less, but cannot be eliminated. Without control inputs to maintain the
spacecraft within the tolerance of the desired states, it will cause the distortion of the
swarm configuration in the long term.

Figure 3(1): Relative orbits obtained using
Hill’s equations (50 orbits).

Figure 3(2): Relative orbits
obtained using Hill’s equations
plane).
(

Figure 3(3): Relative orbits obtained using
GA (50 orbits).

2.2.

Figure 3(4): Relative orbits
obtained using GA (
plane).

Unbalanced Fuel Consumption

To prevent the distortion of the swarm configuration, a control effort is required to
counter the effect of the perturbation. The linearised dynamics model for J2
perturbed relative motion with a mean circular reference orbit is used in this study:
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The entries of the transition matrix can be found in [25]. Equation (2) can be
compactly represented as a linear time varying (LTV) state-space equation:
K7
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The discrete equivalent state-space equation with a sampling period Q is given by:
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With the initial state KM0O and impulsive control inputs ∆WM-O Mfinal states can be written recursively as:
K7 MZO
where
L#M^, ZO

L#MZ, ZOKM0O

∑\]
L#MZ
S

-

0
1, ZO H I ∆WM-O,
[

0,1,2, … , ZO, the
(5)

[, ^ 0
b.
#
LMZ 1O, ^ 1
_
L#MZ 1O ` L#MZ ^O, ^ a 2

Based on the linearised system model, the formation-keeping problem can be
formulated as a linear programming (LP) problem to minimise the overall ∆W which is
used to maintain the spacecraft flight within the position tolerance [17]. In the
simulation, the LP planning horizon is set to be one orbit time. The relative dynamics
are discretised on a 5.964 seconds time step so that one orbit contains 1000 time
steps. Figure 4 shows the fuel cost (measured in ∆W) per orbit for each initial
position within the swarm configuration. As can be seen, the fuel consumption for
each spacecraft in the swarm is not uniform. It is related to its orbital elements
differences with respect to the reference orbit. If the coordination strategy is not
applied to balance the fuel consumption, the mission lifetime will be affected as the
spacecraft on the outer perimeter of the configuration will run out of fuel before those
nearer to the centre.

Figure 4: Fuel cost map.
3. Behaviour-Based Control Law
In this paper we investigate the possibility of using the limited local sensing
capabilities of each individual spacecraft to coordinate the swarm and achieve a
common objective. In particular it is assumed that each spacecraft can sense the
presence of its neighbours and measure the inter-spacecraft distances. The common
objective is to extend the mission lifetime by allowing the spacecraft in the high-fuelconsumption positions to switch with those in the low-fuel-consumption positions. A

behaviour-based control law was developed to achieve this. Each agent carries out
reactive behaviours driven by the local environment. At the beginning of each
planning cycle (set to be one orbit time in the simulation) an individual spacecraft
selects one of four behaviour modes to determine its next move. These behaviours
are position hold, descend, ascend, and position.
3.1.

Position Hold

Position Hold is the default behaviour mode of the agents at the beginning of the
mission. In this mode, the spacecraft will maintain their current position within the
swarm. The spacecraft will eventually switch back to the position hold mode when
the remaining propellant is lower than a certain value c de f .
3.2.

Descend

As analysed in section 2, those spacecraft on the outer perimeter of the swarm
consume more propellant in order to maintain the position. To prevent them from
running out of propellant much earlier than the rest, they will change to the descend
mode and move to a position where the fuel consumption is low. A switch to the
descend mode is triggered when the amount of propellant becomes less than a preset value c e .
As shown in the Figure 5, the spacecraft in the descend mode (represented by the
black circle) will firstly construct a fuel consumption map for its surrounding area.
The size and the resolution of the fuel consumption map are determined by the local
sensory information and on-board computational resources. It will subsequently
move to the cell with lowest fuel consumption rate without violating the safety
distance of its neighbours (represented by white circles). If the agent cannot find any
other cell on the map that has lower value than its current cell, it will change to the
position mode. Furthermore, the descend mode will be temporarily disabled if the
agent sensing the surrounding space becomes too crowded. If this situation lasts for
more than the time of 10 orbits, the agent will change to position mode automatically.
The purpose of this logic is to: firstly leave enough space for the agents in the
ascend mode moving outward; secondly prevent the agents from squeezing to the
minima of the fuel consumption map.

Figure 5: Movement in descent mode.
3.3.

Ascend

As the agents with high fuel consumption rate relocate, the empty spaces they leave
must be filled by other agents in order to maintain the original swarm configuration.
Therefore, the ascend mode, which is an inverse process of the descend mode, is
necessary. This behaviour mode is triggered when the agents detect an increased
number of neighbours. In the simulation, the sensor range of 50 metres is assumed.
The ascend behaviour is activated when the agents detect that the number of
neighbours has increased by two. It is worth noting that only the agents who have
enough fuel (more than cd e ) are able to change to the ascend mode.
In ascend mode, the control law is similar to the one used in the descend mode. The
agents seek for the cell with a high value of fuel consumption instead. The
movement will stop when the agents enter into less occupied space where number
of neighbours is less than 2. After 10 orbits without motion, the agents will change to
position mode.
3.4.

Position

In the position mode, the agents will adjust the inter-spacecraft distance after the
reconfiguration. We adopt the artificial potential function method to model the
attraction and repulsion between the spacecraft [26]. With this method the
movements of all the spacecraft follow the local gradient of the potential field and
converge to the desired states. Since the mission scenario does not require accurate
position of each agent other than even distribution on the circular plane, the agents
in the position mode are restricted to take only 10 movements. The agents will
change to the position hold mode either after 10 movements or when the remaining
propellant becomes less than c de f .
4. Simulation Results

The simulation results of applying the behaviour-based control law to a spacecraft
swarm are presented in this section. For simulations, the parameters used to trigger
the corresponding behaviours are chosen as follows: c de f = 1 m/s, c e
=2
m/s, and cd e
= 70 percent of initial ∆W. Figure 6 shows the movements of the
spacecraft swarm with 200 agents at four stages. The agents whose fuel
consumption is more than 2.5 m/s per orbit in the initial configuration are indicated in
red colour. As can be seen, the movements of the agents started around 600 orbits
after the initiation of the mission. The red agents gradually moved toward the
location with low fuel consumption and pushed the blue agents move outward to fill
the empty space. The whole process is finished after 1000 orbits with all the red
agents occupying the low-fuel-consumption positions. Moreover, the final
configuration of the swarm maintained all of the mission-essential features such as
the size of the formation and agent spacing.

Figure 6(1): Initial swarm.

Figure 6(2): Swarm after 600 orbits

Figure 6(3): Swarm after 800 orbits

Figure 6(4): Swarm after 1000 orbits

The objective of this study is to balance the fuel consumption among the agents and
thus extend the mission lifetime. Table 1 summarises the increase in mission lifetime
by using the proposed control law. The useful life of the swarm was regarded to have
ended when 10 percent of the swarm ran out of fuel, as we assume this would cause
the degradation of mission performance. It is shown that the mission lifetime
increases 22.9 percent when the initial ∆W is 5 m/s and increases more with higher
initial ∆W as the amount of ∆W spent on the manoeuvres becomes smaller portion of
the total ∆W. However, the last two cases did not demonstrate such a trend. This is
mainly because of the inefficient manoeuvres that occurred when the agents were in
the position behaviour mode.

Initial DeltaV
5 m/s
6 m/s
7 m/s
8 m/s
Mission Lifetime
Static Swarm
1496
1795
2094
2393
Dynamic Swarm
1839
2329
2820
3301
Lifetime Increase
22.9% 29.7% 34.7% 37.9%
Table 1: Mission lifetime (measured in number of orbits)

9 m/s
2692
3735
38.7%

10 m/s
2991
4153
38.8%

5. Summary
This study investigates the feasibility of applying a behaviour-based control law to
coordinate a spacecraft swarm. It is shown that the coordination in the system level
could emerge as each agent enacts simple reactive behaviours. The objective which
is to balance the fuel consumption while maintaining the swarm configuration is
achieved by using proposed method. In future studies, the agent behaviour under
position mode will be further investigated as they are currently inefficient. The
prediction or negotiation algorithm will be considered to reduce the number of the
moves that the agents take to achieve the desired spacing.
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