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ABSTRACT
This paper presents recent results of reconfiguration
maneuver experiments performed onboard the International Space Station (ISS) using the SPHERES
testbed of the MIT Space Systems Laboratory (SSL).
These experiments were designed using two different
two-stage path planning algorithms previously developed by the authors to solve the general multispacecraft translation and rotation reconfiguration
maneuver problem with coupled constraints. This
problem is particularly difficult because of the nonlinearity of the attitude dynamics, the non-convexity
of some of the constraints, and the coupling between the positions and attitudes of all spacecraft.
Flight data are shown in this paper and compared
to the theoretical results. The success of these experiments validate the results of the two-stage algorithms. This paper also lists the lessons learnt from
these experiments, which will be used to improve future SPHERES ISS reconfiguration maneuvers.
Key words: two-stage path planning; reconfiguration
maneuvers; SPHERES; ISS; flight results.

1.

INTRODUCTION

Many future space missions and programs will be enabled by the formation flying technology of multiple
spacecraft. Some examples are the Terrestrial Planet
finder (TPF) [1], the Laser Interferometer Space Antenna Project (LISA) [2], the Micro-Arcsecond Xray Imaging Mission (MAXIM) [3], and the System
F6 Program to demonstrate a fractionated spacecraft
approach [4]. Formation flying has been extensively
investigated as a way to expand the capabilities of
space missions focused on obtaining magnetosphere
and radiation measurements, gravity field measurements, and 3-D mapping for planetary explorers
(to name a few). The use of fleets of small satellites, instead of a single monolithic satellite, enables
higher resolution imagery and interferometry, robust

and redundant fault-tolerant spacecraft system architectures, and more complex networks of satellites,
thereby improving science return [5]. There are two
key types of trajectory design problems for formation flying spacecraft: 1) reconfiguration, which consists of maneuvering a fleet of spacecraft from one
formation to another, and 2) station-keeping, which
consists of keeping a cluster of fleet of spacecraft in a
specific formation for a determined part of the trajectory. Both types of formation flying maneuvers must
be addressed for deep-space missions where the relative spacecraft dynamics usually reduces to double
integrators, or planetary orbital environment flying
missions where spacecraft are subjected to significant
orbital dynamics and environmental disturbances [6].
This research focuses on the reconfiguration maneuver problem for multiple spacecraft in deep space environment. This problem has been the subject of extensive research in formation flying spacecraft [6, 7].
It is particularly difficult because of the nonlinearity
of the attitude dynamics, the non-convexity of some
of the constraints, and the coupling between the positions and attitudes of all spacecraft. Even though
several solutions exist for the attitude control problem alone, its intrinsic complexity, arising from its
nonlinearity, makes the general spacecraft reconfiguration problem harder. The non-convex constraints
place this problem in a general class of path planning problems with a computational complexity that
is exponential in the number of degrees of freedom
of the problem. In addition, some types of pointing constraints force coupling between the position
and attitude the spacecraft, making it impossible to
separate the translation control problem from the attitude control problem. As a result, the trajectory
design must be solved as a single 6N DOF problem instead of N separate 6 DOF problems. Since
the size of future formation flight missions will continue to increase [8], new path planning techniques
should be able to handle large scale formations. Garcia et al. developed a two-stage path planning algorithm to solve the general case of combined translation and attitude reconfiguration of multiple spacecraft [9]. In Ref. [10], the solution time of the first

Figure 2. A SPHERES Microsatellite

Figure 1. The formation reconfiguration problem [14]
stage was greatly reduced, thus enabling solutions of
larger reconfiguration maneuvers. The authors improved the second stage of the approach by using a
Gauss pseudospectral method (GPM), and developing a “transition step” that guarantees feasibility between the two stages of the algorithm [11]. This paper summarizes the recent results of reconfiguration
maneuver experiments that were designed based on
the algorithms introduced in Ref. [11, 9, 10]. The experiments were performed onboard the International
Space Station (ISS) in March and April 2007, using the Synchronized Position Hold Engage and Reorient Experimental Satellites (SPHERES) hardware
testbed [12, 13]. These experiments allowed to test
the reconfiguration maneuver algorithms in real microgravity environment, thus validating the theoretical results.

2.

SPHERES BACKGROUND

The SPHERES testbed was developed by the MIT
Space Systems Laboratory (SSL) to primarily perform true laboratory experiments onboard the ISS
in a micro-gravity environment. It provides a costeffective, risk-tolerant, long duration, and easily reconfigurable environment that allows the development, validation, and maturation of spacecraft formation flying and autonomous rendezvous and docking [12]. The testbed is designed to give the opportunity to multiple scientists to validate new theories,
rather than just meeting the traditional quantitative requirements for a specific space mission [15]. A
SPHERES satellite is shown in Figure 2. Prior to
sending SPHERES algorithms to the ISS, the scientists conduct tests on the SPHERES flat table
testbed in the MIT SSL laboratory. The flat table testbed uses the same flight hardware that is onboard the ISS, but the SPHERES are mounted on air
carriages to float on it [12]. Each SPHERES satellite has a diameter of 0.25 m, a mass of 4.2 kg, and

can produce a 0.22 N thrust in each axial direction
through twelve thrusters that provide controllability in all six degrees of freedom, thus enabling both
torque and translation control [16]. The SPHERES
testbed, including three SPHERES microsatellites,
are currently in orbit onboard the ISS in the US laboratory. The first experiments were performed on
May 20, 2006, and they successfully tested simple
attitude slew maneuvers, a docking maneuver with
a fixed target, and a position-hold experiment [17].
Then followed several other SPHERES test sessions
that demonstrated a series of complex maneuvers
over the last two years. The next section presents
the reconfiguration maneuver problem formulation
used in designing the ISS SPHERES experiments.

3.

PROBLEM FORMULATION

The general reconfiguration problem (Figure 1) resides in finding a trajectory of N spacecraft from
time 0 to time T . Let pi (t) be a point of the trajectory of a single spacecraft at time t. This point
consists of
pi (t) = [xTi (t), uTi (t)]T ,

(1)

where xi (t) and ui (t) represent the state and control
inputs at each time t, respectively,
xi (t) = [r Ti (t), ṙ Ti (t), σ Ti (t), wTi (t)],
ui (t) =

[f Ti (t), τ Ti (t)],

(2)
(3)

and where i ∈ 1 . . . N indicates the spacecraft. r i (t)
∈ R3 is the position of its center, ṙ i (t) ∈ R3 is its
velocity, wi (t) ∈ R3 its angular velocity, and σ i (t)
∈ R3 is its attitude representation in modified Rodrigues parameters (MRP) [18]. All these variables
are measured with respect to a local inertially fixed
frame. f i (t) ∈ R3 represents the control input force,
and τ i (t) ∈ R3 the control input torque. Therefore,
p(t) = [. . . , pTi (t), . . .]T ,

(4)

represents a point in the composite trajectories of all
the spacecraft at time t. Since the interest of this

research is in deep space missions, the translation
dynamics are approximated with a simple double integrator
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• Absolute stay outside constraints
• Absolute stay inside constraints
• Relative stay outside constraints
• Relative stay inside constraints

where M ∈ R is the mass, assumed to be the same for
all spacecraft for simplicity. I3×3 is the 3 × 3 identity
matrix, and 03×3 is the 3 × 3 zero matrix.

The absolute stay outside constraints can be written
as

The attitude dynamics in MRP notation of the
spacecraft considered as a rigid body are

for every stay outside pointing constraint k. This
constraint ensures that the spacecraft vector y k remains at an angle greater than θk ∈ [0, π] from the
inertial vector z k . The vector y k represents the body
vector y kB in the inertial coordinate frame. The
transformation of coordinates is given by

σ̇ i (t) = R(σ i (t))wi (t)
J ẇi (t) = −wi (t) × Jwi (t) + τ i (t)
= −S(wi (t))Jwi (t) + τ i (t)

(6)
(7)

where J ∈ R3 is the spacecraft constant inertia matrix, considered to the same for all spacecraft for
simplicity. S ∈ R3×3 is the skew-symmetric matrix
representing the cross product operation
"
#
0
−a3 a2
a3
0
−a1 , ∀a ∈ R3
S(a) , [a×] =
−a2 a1
0
(8)
The Jacobian matrix R ∈ R3×3 for MRP attitude
representation is given by [18]
R(σ i ) =


1
(1 − σ Ti σ i )I3×3 + 2S(σ i ) + 2σ i σ Ti
4
(9)

The path constraints can be divided into two categories: 1) collision avoidance constraints, and 2)
pointing restriction constraints.
The collision avoidance category contains the interspacecraft collision avoidance constraints, which ensure safe separation between every pair of spacecraft,
and are written as
kr i (t) − r j (t)k ≥ Rij

(10)

z Tk y k (t) ≤ cos θk

y k (t) = Rot−1 (σ(t))y kB

(12)

(13)

where Rot(σ(t)) is the rotation matrix representation of the MRP attitude vector σ(t), which can be
written as [18]
Rot(σ) = I +

4(1 − σ T σ)
8
S(σ) +
S(σ)2
(1 + σ T σ)2
(1 + σ T σ)2
(14)

where S is the matrix defined in (8). It is assumed
that y KB and z k are fixed vectors i.e., independent
of time t.
The absolute stay inside constraints only change the
sign of the inequality of (12). They can be written
as
z Tk y k (t) ≥ cos θk

(15)

The inter-spacecraft relative stay outside constraints
are given by
r̂ Tij (t)y k (t) ≤ cos θk

(16)

where y k (t) and θk are the same as defined above,
and
r j (t) − r i (t)
kr j (t) − r i (t)k

for i, j ∈ 1. . . N , i 6= j, and Rij is the minimum distance allowed between the centers of spacecraft i and
j. k.k denotes the 2-norm. Collision avoidance also
contains the obstacle avoidance constraints, which
ensure safe maneuvering of every spacecraft among
all obstacles, and are written as

represents the unit vector pointing from spacecraft
i to spacecraft j. The inter-spacecraft relative stay
inside can be similarly written as

kr i (t) − lo (t)k ≥ Rio

r̂ Tij (t)y k (t) ≥ cos θk

(11)

r̂ ij (t) =

(17)

(18)

for every obstacle o, and for i ∈ 1. . . N . lo is the position of the center of obstacle o, and Rio is the minimum distance allowed between the centers of spacecraft i and obstacle o.

The boundary conditions specify the initial and final
configuration i.e., state of each spacecraft. They can
be written as

The pointing restriction category contains four types
of constraints:

xi (0) = xis
xi (T ) = xif

(19)
(20)

where xis represents the state corresponding to the
specified starting condition, and xif to the specified
final condition ∀i ∈ 1 . . . N .
The state and control vectors are restricted to lie
within specified bounds
xmin ≤ xi (t) ≤ xmax
umin ≤ ui (t) ≤ umax

(21)
(22)

where the inequality is understood to be component wise. The bounds on the input control vectors
are usually due to the limited thrust of each spacecraft. The bounds on the velocity vectors are usually
characteristic of safety limits. Finally, the position
bounds ensure that the problem space is bounded
[19].
The objective is to minimize the total energy of the
formation
N Z T
X
J=
kf i (t)k2 + kτ i (t)k2 dt
(23)
i=1

0

Minimizing the total energy consumption of a formation of spacecraft is an objective for many space missions [20, 21]. Furthermore, the energy is in general
directly related to the fuel consumption. So minimizing energy energy leads to less fuel consumption.

4.

RECONFIGURATION MANEUVERS
ON THE SPHERES TESTBED

At the time of these experiments, only two
SPHERES were in orbit onboard the ISS, thus the
maneuvers tested consisted of one and two satellite
experiments. But several three SPHERES reconfiguration maneuvers are now ready to be tested in
upcoming SPHERES test seesions. The SPHERES
testbed did not contain a linear or nonlinear programming solver, so instead of solving the path planning problem online, the solution for the reconfiguration maneuver problem was computed off-line, and
encoded onboard the SPHERES microsatellites as a
series of waypoints. Each waypoint consisted of a
state vector as defined in (2). A PD controller combined with pulse-width modulators were used by the
SPHERES to closely track the waypoints, which were
expressed in a coordinate frame attached to the ISS.
Note that a “ground” version of the maneuvers were
first tested on the SPHERES flat table to verify and
validate the flight code prior to sending it to the ISS.
The dynamics used in the design of the ISS reconfiguration maneuvers are defined in (5) and (7). Notice
that the translation dynamics are expressed as double integrators, since the effects of the Earth gravity
gradient are minimal due the sufficiently small operating area inside the ISS. The design of the maneuvers takes into consideration the danger of losing

metrology near the edges of the working area. Therefore all maneuvers are planned inside a ”virtual box”
centered at the middle of the ISS SPHERES working
area and side lengths 1.5 m. Note that some “virtual” fixed obstacles are considered in the design of
the maneuvers for the purpose of making the reconfiguration problem more challenging.
The astronauts use a NASA laptop computer onboard the ISS as a ground station to transmit commands to the satellites and record telemetry [16]. At
the beginning of each experiment, the astronauts follow the initialization instructions that specify the initial positions and attitudes of the SPHERES. After
waiting for the estimator to converge, the SPHERES
satellites move to their initial configuration or waypoint. They then closely follow the trajectories until
they reach their final configurations. States, state
errors, and thruster data are recorded and sent to
the NASA laptop on the fly.
Two algorithms were tested in these experiments: 1)
RRT-LS and 2) RRT-LPM. The RRT-LS algorithm
is a two-stage approach, with a first stage based on
Rapidly-exploring Random Trees (RRTs) [22], and
with a second stage solved using a linear solver (LS)
[9, 10]. The RRT-LS actually solves a linearization
formulation of the reconfiguration maneuver problem
described in Section 3. The cost function is modified
to be the total fuel consumption instead of the total
energy. The second algorithm implemented onboard
ISS, RRT-LPM [23], is another two stage path planning algorithm, where its first stage is also based
on RRTs, but its second stage is solved using the
Lengendre Pseudospectral method [24, 25]. This algorithm is very similar to the RRT-GPM algorithm
published in [11], except that the second stage in
RRT-GPM uses the Gauss pseudospectral method
[26]. The transition to RRT-GPM was mainly motivated by the development of GPOCS [27], a new
GPM software package that provided a user friendly
interface for the design of the problem. The theoretical differences between GPM and LPM are described
in [28]. But both pseudospectral methods are very
similar in their implementation to the reconfiguration maneuver problem considered in this research.

5.

FLIGHT EXPERIMENT RESULTS

The ISS experiments are divided into two sections:
RRT-LS and RRT-LPM. The first section shows the
results of the ISS experiments that are based on
the RRT-LS approach. These experiments were performed on March 17, 2007 during the 6th SPHERES
ISS test session. Figure 3 shows a picture of two
SPHERES onboard the ISS during the 6th test session executing a reconfiguration maneuver. The second section displays the results of the ISS experiments that were designed using the RRT-LPM approach, and were performed on April 27, 2007 during

Figure 3. Two SPHERES performing a reconfiguration maneuver onboard the ISS using the RRT-LS
approach (Courtesy of NASA).

Figure 4. Snapshots from the video of a SPHERES
performing a reconfiguration maneuver onboard the
ISS using the RRT-LPM approach (Courtesy of
NASA).
the 8th SPHERES ISS test session. Figures 4 and 5
are snapshots from the videos of the two experiments
performed onboard the ISS using the RRT-LPM approach. Recall that the total cost in the RRT-LS
tests is the total fuel consumption i.e. the sum of
the absolute value of the forces and torques applied,
while the total cost in the RRT-LPM tests is the total energy, i.e. the sum of the square of the forces and
torques applied. Therefore, these costs are not compared against each other, but instead against their
theoretical counterparts.

5.1.

RRT-LS Experiment Results

The examples described in this section were designed
using the RRT-LS algorithm, and performed onboard the ISS during the 6th SPHERES ISS test
session. They consist of one and two satellite maneuvers.
The one-satellite experiment is a simple maneuver
of one spacecraft, consisting of a translation from
one corner of a cube to the opposite corner, and
a rotation around the Z body axis. The problem also contains sun avoidance and obstacle avoidance constraints. A virtual obstacle is located at

Figure 5. Snapshots from the video of two SPHERES
performing a reconfiguration maneuver onboard the
ISS using the RRT-LPM approach (Courtesy of
NASA).
[0.3, 0.3, 0.3]T with radius 0.1 m, and there are two
20◦ “stay outside” pointing constraints in the +Y
and −Y inertial axis directions. The results of the
ISS experiment are shown in Figures 6 to 11. Figure 6 is the trajectory followed by the SPHERES
during the reconfiguration maneuver. Figures 7 and
9 show the states of the spacecraft and the input
controls over time. Figure 8 displays the error between the desired states and the actual states of the
SPHERES microsatellite. The trajectory followed in
this experiment satisfies the obstacle avoidance and
pointing restriction constraints as shown in Figures
10 and 11. The ISS cost of this maneuver is 0.456.
The second experiment consists of a more challenging
two-spacecraft reconfiguration maneuver involving
coupled constraints. The spacecraft have to switch
positions while pointing their X body axis at each
other to within 35◦ . They also have to avoid colliding
with a fixed virtual obstacle of radius 0.12 m, located
in between their initial positions. The ISS results
of this experiment are first shown in Figures 13 to
18. The trajectories followed by the two SPHERES
during this experiment onboard the ISS is shown in
Figure 13. Figures 14 and 15 show the states of the
spacecraft and the input controls over time. Figure 16 displays the error between the desired states
and the actual states for the two microsatellites. Figure 17 shows that the inter-spacecraft pointing constraint is satisfied during the entire duration of the
maneuver. The obstacle avoidance constraint, shown
in Figure 18, is violated by spacecraft 1 between t =
21 s and t = 23 s by less than 1 cm. But it is otherwise satisfied by both spacecraft. Finally, the cost of
this maneuver computed out of the ISS data is 1.353.

5.2.

RRT-LPM Experiment Results

The examples described in this section were designed
using the RRT-LPM algorithm, and performed onboard the ISS during the 8th SPHERES ISS test ses-

Figure 6. Trajectory of the spacecraft during the ISS
single spacecraft maneuver designed using the RRTLS approach.

Figure 7. States of the spacecraft over time for the
ISS single spacecraft maneuver designed using the
RRT-LS approach.

Figure 8. State errors of the spacecraft over time for
the ISS single spacecraft maneuver designed using the
RRT-LS approach.

Figure 9. Input controls over time for ISS single
spacecraft maneuver designed using the RRT-LS approach.

Figure 10. Cosines of the angles between the ranging device and the restriction pointing vectors during
the ISS single spacecraft maneuver designed using the
RRT-LS approach.
Figure 13. Trajectories of the spacecraft during
the ISS two-spacecraft maneuver designed using the
RRT-LS approach.

Figure 11. Distance between the center of the spacecraft and the center of the obstacle during the ISS
single spacecraft maneuver designed using the RRTLS approach.

(a) Spacecraft 1

(a) Spacecraft 1

(b) Spacecraft 2

Figure 12. Theoretical input controls for the spacecraft over time during the two-spacecraft maneuver
designed using the RRT-LS approach.

(b) Spacecraft 2

Figure 14. States of the spacecraft over time for
the two-spacecraft ISS maneuver designed using the
RRT-LS approach.

(a) Spacecraft 1

Figure 17. Cosines of angles between ranging device
vector and relative position of both spacecraft during
the two-spacecraft ISS maneuver.

(b) Spacecraft 2

Figure 15. Input controls for the spacecraft over time
during the two-spacecraft ISS maneuver designed using the RRT-LS approach.

Figure 18. Distance between the centers of the spacecraft and the center of the obstacle during the twospacecraft ISS maneuver designed using the RRT-LS
approach.

sion. They consist of one and two satellite maneuvers. They exactly correspond to the one and two
satellite maneuvers described in the previous section,
but they are solved using the RRT-LPM algorithm
instead of the RRT-LS algorithm.

(a) Spacecraft 1

(b) Spacecraft 2

Figure 16. State errors over time for the twospacecraft spacecraft ISS maneuver designed using
the RRT-LS approach.

The results of the one-satellite experiment are illustrated in Figures 19 to 24. Figure 19 is the trajectory
followed by the SPHERES during the reconfiguration maneuver. Figures 20 and 22 show the states of
the spacecraft and the input controls over time. Figure 21 displays the error between the desired states
and the actual states of the SPHERES microsatellite.
It is seen that the trajectory followed in this experiment satisfies the obstacle avoidance and pointing
restriction constraints as shown in Figures 23 and
24. Finally, the cost of this maneuver is 0.00815.
The results of the two-satellite experiment are shown
in Figures 25 to 30. The trajectories followed by
the two SPHERES during this experiment onboard
the ISS is shown in Figure 25. Figures 26 and 27
show the states of the spacecraft and the input controls over time. Figure 28 displays the error between
the desired states and the actual states for the two
microsatellites. Figure 29 shows that the obstacle
avoidance constraint is satisfied during the entire maneuver. The inter-spacecraft pointing constraint is
violated between between t = 16 s and t = 24 s, but
it is satisfied everywhere else outside this window of
time. Finally, this maneuver has a cost of 0.0343.

Figure 21. State errors of the spacecraft over time for
the ISS single spacecraft maneuver designed using the
RRT-LPM approach.

Figure 19. Trajectory of the spacecraft during the ISS
single spacecraft maneuver designed using the RRTLPM approach.

Figure 20. States of the spacecraft over time for the
ISS single spacecraft maneuver designed using the
RRT-LPM approach.

Figure 22. Input controls over time for ISS single
spacecraft maneuver designed using the RRT-LPM
approach.

Figure 23. Cosines of the angles between the ranging device and the restriction pointing vectors during
the ISS single spacecraft maneuver designed using the
RRT-LPM approach.

Figure 24. Distance between the center of the spacecraft and the center of the obstacle during the ISS
single spacecraft maneuver designed using the RRTLPM approach.

(a) Spacecraft 1

Figure 25. Trajectories of the spacecraft during
the ISS two-spacecraft maneuver designed using the
RRT-LPM approach.

(b) Spacecraft 2

Figure 27. Input controls for the spacecraft over time
during the two-spacecraft ISS maneuver designed using the RRT-LPM approach.

(a) Spacecraft 1
(a) Spacecraft 1

(b) Spacecraft 2

Figure 26. States of the spacecraft over time for
the two-spacecraft ISS maneuver designed using the
RRT-LPM approach.

(b) Spacecraft 2

Figure 28. State errors over time for the twospacecraft spacecraft ISS maneuver designed using
the RRT-LPM approach.

Table 1. Comparison of total costs of the ISS reconfiguration maneuvers against theoretical results.
Theoretical Results
ISS Results
Maneuver RRT-LS RRT-LPM RRT-LS RRT-LPM
1 s/c
0.363
0.00213
0.456
0.00815
2 s/c
1.012
0.00986
1.353
0.0343

Figure 29. Cosines of angles between ranging device
vector and relative position of both spacecraft during
the two-spacecraft ISS maneuver.

Figure 30. Distance between the centers of the spacecraft and the center of the obstacle during the twospacecraft ISS maneuver designed using the RRTLPM approach.
5.3.

Discussion

Below are some observations and discussion related
to the results of the ISS experiments.
• The SPHERES microsatellites succeeded in following the planned trajectories achieving the
desired reconfiguration maneuvers. The obstacle and pointing constraints were satisfied
in the majority of the tests. The violations
that occurred were limited to a short period of
time compared to the duration of the maneuver.
They are believed to be caused by measurement
errors. Another reason could be related to the
limitation of PD controllers which are known
to be incapable of completely removing steady
state errors [29].
• The state error graphs show that the maximum
error between the theoretical and actual ISS values is less than 12 cm in position. Furthermore,
the maximum error in the attitude variables in,
in general, less than 12 degrees. However, Figure 21 presents a spike in the attitude error that
reaches 17 degrees. A possible explanation is
that this spike is due to a measurement error
due to sensor noise. It can also be caused by
multipath in the ultrasound signal transmission.
For this same reason, a PD controller was used
to perform the reconfiguration maneuver tests
on ISS, instead of a PID controller. If a PID
controller was used as the onboard controller,
“long” spikes in the measurement errors could

have caused the integrator in the PID to windup
[29]. Recently, a filter innovation threshold has
been added to the SPHERES estimator [16]. A
measurement with an innovation above a specified threshold is rejected because it is a sign
of non-coherence. Thus future reconfiguration
maneuver experiments will use a PID controller,
and the state errors are expected to be reduced
significantly.
• The costs of the ISS maneuvers are summarized
in Table 1. They are shown next to the theoretical results computed in Ref. [23]. The costs of
the ISS experiments that used the RRT-LS approach are relatively close to the theoretical values: the cost is 26% higher for the single satellite
experiment, and 33% higher for the two-satellite
experiment. The difference is mainly due the extra fuel that the SPHERES has to consume in
order to correct the errors in the states while
following the nominal path.
Comparatively, the ISS experiments designed
using the RRT-LPM approach have costs considerably higher than the theoretical ones: the
cost is 3.8 times higher in the single satellite
experiment, and 3.5 times higher for the twosatellite experiment. The reason for this difference is directly related to the way the thrusters
work on SPHERES. In fact, they are ON/OFF
type and cannot produce variable thrust levels. Therefore the force and torque commands
given by the controller are converted to thruster
ON/OFF using a pulse-width modulator [30].
Figure 31 shows the mechanisms of this conversion. The thrust impulse produced is centered in the control period. It is designed not
to occupy more than 25% of each control period, since the other 75% of the time is reserved
for taking measurements. Let us assume that
the commanded thrust has an amplitude A, and
that the control period is called Tc . Then the
cost of a control period, defined as the square of
the trust multiplied by the time period (for the
RRT-LPM case), is equal to A2 ×Tc for the commanded thrust, but is equal to (4×A)2 ×Tc /4 =
4 × A2 × Tc for the produced thrust. Therefore,
the produced cost is 4 times the commanded
cost. This explains the differences between the
theoretical results and ISS results for the maneuvers using the RRT-LPM approach. This
behavior is apparent on the RRT-LPM experiments because of the continuous type of controls

these errors. Other fault detection, identification and recovery (FDIR) techniques might be
needed to reduce these errors further.
• The PD controller causes state errors. Replacing the PD controller by a PID controller will
be essential in reducing the levels of error observed. More “aggressive” maneuvers could be
then performed, including closer collision avoidance experiments.

Figure 31. Conversion of the thrust commanded to
thruster ON/OFF time with the use of the pulsewidth modulator [30].

• The SSL flat table is an invaluable facility to
repetitively test and validate the algorithms in
a low cost environment before sending them to
the ISS. It removes the risk of facing implementation errors onboard the ISS. It was the
reason why the reconfiguration maneuvers performed onboard the ISS did not face any major hardware or software error. Since future ISS
SPHERES reconfigurations will be more complex (they will include up to three SPHERES),
the flat table facility will become even more important to ensure the success of the experiments
onboard the ISS.

that the RRT-LPM approach produces. But notice that the ISS costs of the RRT-LS experiments are not affected by this thrust conversion because of the “impulse-like” type of the
controls that the RRT-LS approach returns. In
fact, the impulse-like controls are similar in nature to the discretized thrusts produced by the
SPHERES. Another important reason that explains the smaller error in the RRT-LS costs is
that the cost function used to design the RRTLS maneuvers is the total fuel consumed, compared to the total energy in the RRT-LPM case.
The total fuel is less affected by the thrust conversion mechanism since it’s the sum of the absolute value of the controls.
The ISS experiments achieved their main goal: the
application of the two-stage reconfiguration maneuvers design to real satellites in a microgravity environment, thus validating the algorithms used to design them. Another goal that was also met was to
learn from these experiments in order to improve the
two-stage algorithms, and apply the improvements
on future ISS reconfiguration maneuvers.

5.4.

Lessons Learnt

The main lessons learnt from the ISS experiments
and recommendation for future improvements are
listed below:
• The thruster levels commanded by the controller
do not correspond to the levels computed in the
design process. This observation is due to the
thruster conversion shown in Figure 31. The
knowledge of this conversion should be added to
the two-stage reconfiguration design to improve
the results. It might be also beneficial to try
designing the RRT-LPM maneuvers using the
total fuel consumption as the cost to optimize
rather than the total energy, and compare the
results.
• The measurement errors of the SPHERES flying
on ISS are not negligible. An innovation filter
analysis developed in Ref. [16] helps in reducing

• Reconfiguration maneuvers including up to
three SPHERES should be performed in the
coming ISS test sessions. In the longer term,
the planning of the reconfiguration maneuvers
should be done onboard SPHERES in realtime. To enable such a great capability, a linear
and nonlinear solvers should be implemented on
SPHERES, along with more memory and preferably a faster microprocessor.

6.

CONCLUSION

This paper presented the results of the reconfiguration maneuvers that were performed onboard the
International Space Station using the SPHERES
testbed. Flight data were plotted and compared
to the theoretical results. The success of these experiments validate the results of the two-stage algorithms, the RRT-LS and the RRT-LPM techniques,
that were developed by the authors [11, 9, 10, 23].
Several valuable lessons were learnt from these tests,
and will be essential in improving future SPHERES
reconfiguration experiments onboard the ISS.
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