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ABSTRACT

Space robots have been suggested as a prime candidate
for On-Orbit Servicing (OOS) and Active Debris Re-
moval (ADR) missions. In this paper, we present the
results of employing LQR-based controllers for various
free-floating robotic systems. LQR-based controllers
have been used frequently as they provide an optimal
controller for linear systems. Previous work has shown
that the LQR controller for the linearized equations of
motion for free-floating robots without gravity is glob-
ally asymptotically stable and locally optimal. The lin-
earized equations of motion for 3 different systems are
presented along with results from experiments for fixed-
point stabilization and trajectory tracking. These sys-
tems vary between having continuous actuation using
propellers, and binary-pulsed thrusters, along with either
a single floating rigid body or a multi-body floating sys-
tem. LQR controllers allow for trajectory tracking dur-
ing different phases of OOS or ADR missions. Along
with trajectory stabilization, recent works have demon-
strated the estimation of the Region of Attraction (RoA)
of such controllers for trajectory stabilization. This can
be used in the future for sequential controller composi-
tion of controllers to guarantee stability through phase
transitions. Furthermore, the estimated RoA allows for
quick go/no-go decision-making during operations when
unaccounted/unmodelled disturbances are observed.

Key words: Free-Floating Robotics; Space Robotics; Or-
bital Robotics; Free-Floating Control; LQR; Experimen-
tal Validation.

1. INTRODUCTION

As Space Debris becomes a larger problem [13], robotic
Active Debris Removal (ADR) has been suggested and
researched as a method to remove space debris [11].
Along with their ADR capabilities, robots can also be
used for On-Orbit Servicing (OOS) [7]]. Control of robots
with a free-floating base is difficult due to the inher-
ent kino-dynamic coupling in the system as the reac-
tion forces from the manipulator affect the motion of
the base and vice-versa. This coupling requires kino-

dynamic planning which is more difficult in contrast to
traditional fixed base manipulators on Earth. Due to this,
research has been carried out on various control methods
for robots with free-floating bases for space applications,
some of which, the reader can see in [5, 10} (15} |18} 20,
23|, 24]. However, due to the free-floating nature of the
robotic system, testing these methods on Earth is chal-
lenging. Thus, only a few of the methods in literature
have been experimentally verified either in space or on
a free-floating testbed. One of the most common ways
to experimentally test and validate free-floating control
algorithms is by using air-bearing testbeds on flat floors
such as [4} (8, [19| 22| 24]]. This paper provides a report
on the use of linear controllers for different types of free-
floating systems, such as single or multibody systems and
with various actuation modalities such as continuous ac-
tuation or binary actuation.

2. BACKGROUND

In this section, we provide a short introduction to the dy-
namics of free-floating systems due to space constraints.
The reader is referred to the literature for a thorough treat-
ment of the topics referred here: [[1,114,126,128]. While the
dynamics given below are applicable for all free-floating
robotic systems, specific adaptations can be made for par-
ticular systems which are elaborated in The
generalized dynamics for free-floating systems without
gravity can be written as:

M(q)qg+Cl(q,q) = u (D

q represents the generalized positions of the system.
M(q) € R6+7*6+n jg the generalized mass-inertia ma-
trix of the system, C(q,q) € R®™" is the generalized
Coriolis and Centrifugal effort, and u € R%+" is the vec-
tor of generalized forces.

For each of the tests, trajectory optimization was per-
formed using the direct transcription method [21] and
the control was performed using a Time-Varying Lin-
ear Quadratic Regulator (TVQLR) [21]. For a more in-
depth review of the methods used for the experiments in
this paper, the reader is referred to the following work:
(1L 14, 121 26].



3. SYSTEM DESCRIPTION

In this section, the various free-floating test systems are
described along with the variations in actuation modal-
ities and the adaptations of the modeling and control
methods for the specific systems.

3.1. Elissa

Elissa is a planar 3DoF free-floating experimental
testbed at the Institute for Space Systems at TU Braun-
schweig [22]. Unlike the more common air-bearing
testbeds (such as [4} 9, [16, [17]) where the floating sur-
face is fully solid and the air-bearings are placed along
with a gas supply on the free-flying vehicle, the Elissa
testbed is more akin to a typical air-hockey table where
the air required for floating of the spacecraft under test
is provided from a large number of small holes on the
surface of the table. This allows for larger untethered ex-
periment run times as the onboard air supply capacity is
no more a limitation. The filtered air for Elissa is sup-
plied using blowers situated in a different room to reduce
noise during experiments and allow for continuous oper-
ation. The advantage of such a system is that it allows
for relatively long-duration experiments. However, the
setup does not permit heavier test payloads as the surface
area required for the base becomes impractically large.
The test spacecraft used for this work weighed around
~ 4.26kg. The testbed consists of an air-bearing ta-
ble, one or more free-flyers, and a motion capture sys-
tem as seen in The free-flyers consist of Rasp-
berry Pi 3 as the onboard computer and communicate
to the lab computer via WiFi using the Robot Operating
System (ROS Noetic) as the communication middleware.
For the experiments reported in this paper, the free-flyer
was operated in hardware-in-loop configuration with all
the computations performed on the lab computer and the
actuation commands relayed to the onboard computer
which then executes them and sends back the feedback
data. Each free-flyer has eight propellers for actuation
operated using brushless DC motors. For state feedback,
a motion capture system was used.

(a) Elissa Air Table and Mo-
tion Capture System

(b) Elissa Free-Flyer

Figure 1: Elissa Experimental Testbed. From [29]

Each free-flyer is modeled as a single rigid body with a
mass m = 4.26 kg and the moment of inertia about the
single rotation axis I,, = 0.064kgm?. The state vector

x € RS of the system can be written as:
T . T
' =z v 0. = ¥ w,]

x=[a q @)

here, q and q are the generalized positions of the system,
with = and y being the positions about x- and y-axis, and
6 being the rotation about the z-axis. Similarly, Z, ¥, and
w, are the velocities about the x- and y-axis and rotation
velocity about the z-axis respectively. The control input
u € R3 can be written as u = [fz fy TZ]T where

the terms are forces in x and y direction and torque about
z-axis respectively.

For the free-flyer system, the dynamics can be written as:

X = Ax+ Bu 3)

where A and B can be written as:
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We can now use the methods for trajectory optimization
and control given in[Section 2|for synthesizing nearly cir-
cular trajectories for this system for an inspection-like
scenario and then realize it on the experimental testbed
using TVLQR. For the trajectory optimization, a circular
trajectory was realized using intermediate points as con-
straints along with the free-flying facing the center of the
circle at all times during the circular trajectory. The tra-
jectory optimization problem can be written as:

tf
min / (WAt + Wu)dt
x(®)u) i,

s.t. x(t) = Ax(t) + Bu(t)

X (to) = X (6)
X (tcirc) = Xcire
x(ty) =xg

Umin S ll(t) S Umax

Here, W, and W, refer to the time and actuation cost
weights respectively. This trajectory optimization prob-
lem’s goal is to minimize the time and actuation used



while respecting the linear dynamics and executing a
nearly circular trajectory enforced by X ;... This can now
be transcribed into a non-linear program which is solved
using SNOPT [6] solver:

min Z At,k (Wt + ugwuuk)

Xk ,Ug
st Q1 = qr + Atrqg
Qrt1 = qr + Atpdr
dk — Buk =0
Aty = Aty (7)
an=[3 1 3]
Q0 =1[4 2 7]

3
an=[3 3 &
Umin S ur S Umax

T

]T

This results in a nearly circular trajectory as can be seen
in [Section 4] [Figure 6| To run the controller to follow
the trajectory on the real system, a control architecture as

shown in was implemented.
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Figure 2: Closed Loop Control Architecture for Elissa.
The control-related components are shown in blue, the
free-flyer plant in red, and the state estimation in green

The controller’s output forces u are mapped to the
propeller actuators using the Force Allocation Module
(FAM). The closed-loop control frequency of the system
is = 100Hz. The free-flyer’s propeller has a lower and
upper force limit due to aerodynamics at the lower RPM
and RPM limit at the upper bound. These are handled
by a saturation block with a headband that limits the out-
put from the TVLQR controller. For trajectory optimiza-
tion, the bounds are handled respectively using appropri-
ate Wi, and u,,q, after mapping the force limits from
the propellers to the generalized forces that can be ap-
plied to the center of mass of the free-flyer model. The
propellers are controlled using an Electronic Speed Con-
troller (ESC) and identification was performed to map
the force generated for each commanded RPM. For state
feedback, Optitrack motion capture system was used to
accurately obtain the free-flyer’s position q. The velocity,
q, was obtained by numerical differentiation of the posi-
tion followed by a moving averaging filter. An in-depth
report on Elissa’s software framework can be found in
[12].

The 8 propellers on the free-flyer assert a generalized

force on the body which can be defined using the fol-
lowing mapping matrix T € R3*8:

u=Tf
fta
1 1 -1 -1 0 O 0 0 fe
=10 O 0 o 1 1 -1 -1

a —a —a a a —a —a a

fio

here, a denotes the propeller’s leverage arm w.r.t to the
free-flyer’s center of mass. To map the actuation output
u from the controller to the propellers, T has to be in-
verted. For this, the Moore—Penrose inverse or the pseu-
doinverse of the T matrix T is used. From this, we get
the mapping matrix. However, as the propellers can only
provide thrust in one direction, all negative entries in T
are removed and the positive entries are multiplied by a
factor of 2 [30]]. The final mapping matrix T € R®*3 can
be written as ([30]):

€))

_ _ 2Tt for T.0 >0
T where T = {0 ’ for T.ij <0
1] —

3.2. REACSA

REACSA is a free-floating test setup at the Orbital
Robotics and GNC Lab (ORGL) [31] at ESA-ESTEC.
It consists of a platform floating with the use of air bear-
ings on an 5m X 9m epoxy flat floor. The REACSA
test platform consists of three components: ACROBAT
which provides the floating base with 3 air bearings, SAT-
SIM which provides the air tanks and 8 thrusters, and
RECAP which provides the reaction wheel. Combined,
these three platforms create REACSA (see [Figure 3|for a
schematic and left of for the real system) which
is then used for experiments for free-floating satellite
control. The platform weighs ~ 220 kg and thus, is one
of the largest free-floating testbeds available in Europe.
In-depth information about the platform can be found in
[2-4].

The propulsion system in REACSA consists of 8 thrusters
mounted as 4 counter-facing pairs which can be used to
apply forces and torques on the system. Ideal thrust is
assumed as long as the minimum on-time of the thrust
is followed, as is done in this work. The thrusters are
controlled by 8 electronic solenoid valves controlled by a
Raspberry Pi 3 onboard computer. The reaction wheel is
also controlled by the onboard computer via an Ethernet
connection. Similar to Elissa in[Sub-Section 3.1} the con-
trol during experiments is done using the hardware-in-
loop method where a lab computer performs all the con-
trol computations and sends commands to the onboard
computer via WiFi with ROS2 Humble as the communi-
cation middleware. The onboard computer performs the
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Figure 3: REACSA Schematic. From [3]

commanded actuation commands and provides feedback.
Full-state feedback of the system is obtained using the
Vicon motion capture system. The closed-loop control is
run at ~ 100 Hz.

The REACSA system is modeled as a double rigid body
(main body and reaction wheel) with the following state
vector x € R:

x=[q ¢ =@ y 6. & ¢ w. wrw]
(10)

Here, the extra term wgyy is the reaction wheel velocity
while the rest are similar to that presented earlier in
Section 3.1l The control vector u is then defined as:

u=[r fo fi fo fs f1 f5s fo f° (D

where T is the torque applied to the reaction wheel while
fn is the force applied at the n'” thruster. Now, we can
write the dynamics of the system as follows:

|:03><3 13><3 0:|
X
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03 X7
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1 01 X6
Ta

here, m is the total system mass, I,, and I are the mo-
ment of inertia of the reaction wheel and the overall sys-
tem respectively, and sy and cy denote the sine and cosine
of the respective angles.

We can now use the trajectory optimization and control
methods given in for this system as well. For

the trajectory optimization formulation, it is assumed that
the thrusters can provide continuous force instead of bi-
nary on/off actuation. This is later converted to binary
commands using a Sigma-Delta modulator [30]. The tra-
jectory optimization problem is written as:

N
1){1%1 {; ukRuf} Vk e [1,N — 1] s.t.

X(O) = Xinit, X(tf) = Xfinal
Xin < X < Xmaxy Wpin < U < Upag

At
Xpp1 — Xp = ?(fk + 4012 + 1) (13)

where
1 t
Xpy1/2 = i(xk + Xpq1) + g(fk — 1)

1
Ugt1/2 = 5(111@ + Upy1)

In contrast to the backward-Euler integration scheme
used in [Sub-Section 3.1 Hermite-Simpson is chosen as
the transcription method. This non-linear program is
then solved using the IPOPT solver [27]. For control, a
TVLQR is used whose output is routed via a Sigma-Delta
modulator as mentioned before. For state estimation, a
Kalman Filter is used. The control architecture used for
the experiments can be seen in [Figure 4
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Figure 4: REACSA Control Architecture. From [2]

3.3. REACSA with Robot Arm

As an upgrade to the REACSA system, a robot arm was
also attached to the system along with another passive
floating system: MANTIS. This setup can then be used
to study and test free-floating/free-flying multibody dy-
namics which is required for ADR/OOS missions. The
system setup can be seen in The robot arm
is a custom 3-DoF planar robot arm with 3 Quasi-Direct
Drive (QDD) actuators (T-Motor AK80-6) which provide
direct torque control and feedback along with low fric-
tion and backdriveability. These are connected with three
0.4 m links which are made from carbon fiber plates with
a porous substrate in between for extremely lightweight
(100 g) and rigid links. The robot arm is controlled via



a CAN network with closed-loop control speed capa-
ble at 1kHz using the driver from [25]. The CAN bus
was attached to the on-board computer Raspberry Pi us-
ing a USB-CAN adaptor and the closed-loop control fre-
quency during experiments was kept at 100 Hz. For the
control architecture, the previous architecture from @
was expanded to include command and feedback
from the robot arm using a robot arm driver. The con-
trol frequency was kept the same. The system model and
the controller implemented can be seen in more detail in
(11 26] which is in line with[Section 2] During the experi-
mental campaign, multiple such disturbances were added
to the system at various locations of the system. The LQR
controller gains were tuned such that the velocity gains
were significantly higher than the position gains. This
was done to emulate the use of the LQR controller for a
post-capture detumble scenario. Thus, due to these gains,
the LQR controller was able to reduce the angular veloc-
ities of the system to below the testbed noise levels and
hence detumble successfully.

Figure 5: Free-Floating Multibody Robot Setup at ESA-
ESTEC. On the left is the REACSA platform and on the
right is the MANTIS platform. They are connected with
a custom 3-DoF planar robot arm.

4. EXPERIMENTAL RESULTS

4.1. Elissa

The state and actuation cost weight matrices were deter-
mined and tuned experimentally by trial and error. The
following matrices were used:

—

(14)

cocoococod
cocoocoZo
o
cocoosoo
ot
coZococo
o
ocZocococo
o
SQoococoo
=

e

10 0
R:lo 1 0 (15)
0 0 10

With the following cost matrices, the Elissa free-flyer was
able to track an almost circular trajectory while keeping
one side facing the center of the circle to simulate an ob-
servation mission maneuver. The snapshots of the trajec-
tory along with the free-flyer in various positions can be
seen in The tracking performance of the con-
troller with respect to the optimal trajectory computed
can be seen in [Figure 7} While the position tracking is
good, the velocity tracking is observed to have slightly
curtailed performance with this controller and the exper-
imentally tuned gains. We estimate this can be improved
in the future with better system identification methods.

Figure 6: Snapshots of the Free-flyer moving along the
nominal trajectory

Timeins Timeins

(a) Optimal vs. measured posi- (b) Optimal vs. measured lin-
tion. ear velocity.

Figure 7: Elissa TVLQR nominal stabilization results

4.2. REACSA

Similar to the state and cost matrices
for the experiments with REACSA were also estimated
by trial and error during experiments. Two trajectories
were devised for the experiments: a straight line of 2.2 m
with 180° turn and a semi-circle with one side pointing at
the center of the circle to emulate an observation mission.
Furthermore, as the reaction wheel experiences stiction at
low speeds, it is spun up to half its rated velocity before
the experiment begins. The results of these experiments
can be seen in|Figure 8|and [Figure 9|respectively.
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Figure 8: Experimental Results from the Straight Line
Experiment with 180° turn. From [2].
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Figure 9: Experimental Results from the Semi-Circle Ex-
periment. From [2].

The system was able to track the given trajectories and re-
ject the disturbances from the external environment (such
as the slightly uneven floor [2} 4]). However, the perfor-
mance on the real system was degraded when compared
to earlier simulations: average linear errors of 0.325m
and 0.315m and average angular errors of 23.8° and
51.2° for the linear and semi-circle trajectory respec-

tively. Furthermore, it can be seen from and

that the reaction wheel is saturated multiple
times during the trajectory execution and control. After

reaction wheel saturation, the attitude control is provided
by thrusters which degrades the attitude control perfor-
mance significantly. It can be concluded that the reac-
tion wheel inertia is smaller than what would be desired
for good control authority for the REACSA system given
the external disturbances caused by the unevenness of the
floor.

4.3. REACSA with Robot Arm

Similar to earlier experimental results, the cost matrices
were also determined using trial and error during experi-
ments. For the experimental results shown in
the system was set up in zero configuration as shown in
[Figure 3| and a disturbance was added to the system in the
form of pushing it with a stick at the center of the robot
arm. This disturbance can be seen in[Figure 10]at ~ 11s.
The LQR controller recovers from this large disturbance
and the system returns to its initial velocities which are
non-zero due to the disturbance from the floor. This can
be considered as the base-level noise of the system during
experiments.

5. CONCLUSION

This paper shows experimental validation of the LQR
controller for different free-floating systems. The nov-
elty of this work lies in demonstrating the robustness and
flexibility of the LQR controller on various platforms that
have different actuation modes: continuous (propeller,
robot arm, reaction wheel) and binary (thrusters), or sin-
gle or multibody systems, or mixed or non-mixed ac-
tuation modalities. While experimental validations are
not as common in literature, a similar methodology ap-
plied to 3 different testbeds demonstrates the versatil-
ity of the trajectory optimization and stabilization meth-
ods given here. The next steps to further this research
are to experimentally demonstrate and validate the Re-
gion of Attraction (RoA) of the LQR controllers using
the Lyapunov stability criteria, including bilateral con-
tact dynamics and mapping to the controller synthesis
and RoA analysis using the jump Riccati equation, ex-
tending the LQR formalization to Mixed-Integer Model
Predictive Control, and furthermore testing on even more
platforms such as underwater platforms by including the
hydrodynamic forces in the model to execute hydrobatic
maneuvers.
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