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ABSTRACT
This paper describes the development and construction of an Orbital Robotics & GNC laboratory (ORGL), comprising a flat floor, referred to
as the Orbital Robotics Bench for Integrated Technology (ORBIT) for free floating dynamics, a wall
mounted robotic arm installation referred to as
GNC Rendezvous, Approach and Landing Simulator (GRALS), and two controlled floating platforms. The facility is initially intended to support
existing work happening in the GNC and robotics
laboratories, to test close-range rendezvous, docking, berthing of free-floating objects and landing
or drilling on low-gravity bodies, but with the intention to also offer it for other applications.
This paper describes the developed laboratory and
describes some example experiments that have
been conducted in the ORGL.
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INTRODUCTION

Over the past years the subjects of combined orbital robotics and advanced guidance, navigation,
and control (GNC) have become increasingly important for European space missions. Automated
docking has been successfully carried out and attention is now being focused on the capture of uncooperative targets for Active Debris Removal in
the framework of Clean Space initiative. Additionally, the two subjects are capital for missions
(underway and in preparation) for landing and
sampling on low-gravity bodies such as comets,
asteroids and small moons. To support the existing and upcoming missions and R&D activities in these high-visibility, technological fields,
the Automation and Robotics (A&R) Laboratory
and the Guidance Navigation and Control (GNC)
Laboratory at the European Space Research and
Technology Centre (ESTEC) have collaborated to
create an orbital robotics and GNC facility. This
facility supports a large flat floor on which several air-bearing platforms alongside with a 33 m,
7 degrees-of-freedom robot arm system to support
the activities.

The Orbital Robotics & GNC laboratory (ORGL)
was built to help in the early prototyping of GNC
and robotics systems, and to support the technology and program developments by providing
specific complementary measurements, evaluating performances and prototypes and preparing
validation methodologies and standards.
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2.1

STATE OF THE ART
Guidance, Navigation and Control
test facilities

There are several steps in the end-to-end testing
of Guidance, Navigation and Control (GNC) systems, starting with a Model-in-the-Loop (MiL)
approach -purely software-based- and moving towards a Hardware-in-the-Loop (HiL) test setup,
where the GNC system is tested together with several sensors. The test set-up must be such that
the sensors can provide representative data to the
GNC system. Such test set-ups are also used to
test navigation sensors and research the robustness
of the GNC system to different mission environments. In the case of vision-based navigation, it
is common to displace the navigation camera in
a facility that reproduces the scenario to capture
what the camera would observe during the actual
mission. To such end robot arms are used. There
are several facilities in Europe that are used for
vision-based navigation, all of them make extensive use of robot systems to provide an environment and dynamics fit for navigation testing with
sensors.
In Bremen, Germany, the German Aeronautics
Centre (Deutsches Institut für Luft- und Raumfahrt, DLR) has developed a Testbed for Robotic
Optical Navigation (TRON), a facility with a
robot arm on a 10-meter long linear track, used
for descent and landing purposes [1]. An illumination system provides the lighting to illuminate
the landing terrains, enabling descent and landing
scenarios from 100 km altitude to touchdown, and
a laser tracking system for ground-truth measurement.

In Oberpfaffenhofen, Germany, DLR has developed the European Proximity Operations Simulator (EPOS) test facility to study rendezvous and
docking scenarios [2]. This test-bed consists of
two robot arms and background illuminations systems to mimick a rendezvous scenario, either for
collaborative rendezvous or for active debris removal.
In Madrid, Spain, GMV has developed a dynamic
testbed for the validation of space GNC technologies and related metrology equipment, with real
air-to-air metrology dynamic stimulation, called
platform-art c [3]. GMV’s test bed consists of two
robot arms on a 16-meter rail, smaller robot arms
for mock-up support, a laser metrology system for
micro-meter accuracy in ground truth, and an illumination system. Application cases include collaborative and non-collaborative rendezvous, operations in small-body missions and descent and
landing scenarios.
The GNC Rendezvous and Landing Simulator
(GRALS) is a facility that is composed of a small
robot arm on a 33-meter long rail, spanning the
length of the Orbital Robotics and GNC Laboratory, and is able to interact with the ORBIT facility to combine Robotics and GNC systems’ operations, a unique combination in Europe. The aim
of this facility is to perform research and development within the European Space Agency, and perform rapid prototyping of GNC systems for ESA’s
missions.

Figure 1: ORGL layout

2.2

Robotic contact dynamics test
facilities

In the field of in-orbit servicing, it is important to understand how two or more free floating
objects interact with each other. Regarding orbital robotics, e.g., grasping objects or performing
docking maneuvers, are of high interest. As the
objects are free-floating and in some cases even
uncooperative, accurate simulations are required.
In order to reduce the uncertainties inherent to any
simulation, research facilities are being developed
which enable studying real contact dynamics in
a simulated orbital environment instead of pure
simulations of all components, including the sensors.
The DLR studies on-orbit servicing, grasping in
particular, using its On-Orbit Servicing Simulator (OOS-SIM) [4]. The facility consists mainly
of two industrial robotic arms (KR120) with a
mass of 1049 kg each, one lightweight robotic arm
(LWRIII) weighing 15 kg, three force torque sensors, and a stereo camera located at the gripper.
The main purpose of this setup is to simulate a
chaser (mounted on one of the heavy-duty arms)
approaching a target object (on the second KR120
arm), trying to grasp it via the small arm. The
setup spans a workspace of 23.38 m2 .

2D motion table capable of moving an 80 kg payload with a maximum acceleration of 1 m/s2 up to
a speed of 0.25 m s−1 along its axes.
DLR’s Test Environment for Applications of Multiple Spacecraft (TEAMS) is a flat-floor consisting
of two 4 m × 2.5 m granite plates and can be utilized to study formation flight using vehicles with
3 or 5 degrees of freedom [8, 9].
NASA’s Air Bearing Floor (ABF) is a 70 0 × 98 0
epoxy floor with an average deviation of 6.5 µm
[10]. A crane allows objects of up to ca. 907 kg to
be positioned on the floor without damaging it.

3

CONTACT DYNAMICS

To test and simulate the contact dynamics of interacting hardware, the laboratory uses a flat-floor
with air bearing based floating platforms.

3.1

The current state of the laboratory’s flat floor facility is displayed in Figure 2. The details of this
facility have been published previously in References [11] and [12]. The pressurized air installation is changed to accommodate the new robotic
gantry. Additionally, the re-filling capabilities for
the 300 bar pressure systems are upgraded to enable re-filling inside the flat-floor area.

DLR is currently also constructing a facility to
study contact dynamics in the context of landing
probes with varying weights and speeds on planetary surfaces. To this end, it features a mobile
robotic arm with a maximum payload of 500 kg
which can interact with a tilt-able floor. Especially
for the application of landing on different terrains,
such real-life simulations are advantageous, since
numerical simulations of soil dynamics under impacts are oftentimes unreliable [5]. The landing
surface and the robotic arm together have a footprint of approximately 10 m × 4 m.
Another approach to simulating on-orbit behavior
is to use air-bearing vehicles floating on a large,
flat surface, called a flat-floor facility [6]. This
way, researches can get data describing real contact dynamics in a larger workspace at the price
of reducing the dimensionality of the problem
(which may also be considered a benefit as it simplifies and thereby focuses the tests).
One such facility is the Orbital Robotic Interaction, On-orbit servicing, and Navigation (ORION)
developed by the Florida Institute of Technology
with a 9.4 m×9.6 m epoxy surface [7]. It features a

ORBIT testbed overview

Figure 2: Orbit flat floor

3.2
3.2.1

Air Bearing systems
ROOTLESS

Details of the ROOTLESS platform (Robotic
Testbed for Floating-Dynamics Simulation) have
previously been described in [13]. It is an inhouse developed mobile platform for low mass
and low inertia payloads. It used a holonomic locomotion platform to follow the drift of a payload
floating on continuously supplied air bearings on
top of ROOTLESS. The current state is shown in

Figure 3: Rootless
Figure 3. ROOTLESS’s latest upgrade is an active leveling system further describer in Reference
[14]. This allows not only to calibrate itself for
imperfections of the underlying floor but also to
impose a drift by forcing the payload into an inclination which has the effect of a micro-gravity into
a commanded X-Y direction of the room. This
feature allows to have less stringent requirements
on the floor flatness which makes testing cheaper
but also to test landing or locomotion systems for
low gravity environments.

based on four air bearings that need an external air
supply. Empty, it has a mass of 129 kg and can be
loaded with equipment up to a total mass of 250
kg (250 kg is the limitation of the laboratory crane
and therefore the limit of usability).
The ACROBAT system now got an upgrade stack,
called SatSim (SATellite SIMulator). It is a 45
kg cold gas propulsion system for translation in
X and Y and rotation around Z (vertical axis). It
can store 4kg of 300 bar compressed breathing
air which can be used for the eight thrusters for
propulsion but can also be in parallel as the supply
for the air bearings of ACROBAT. This way, the
ACROBAT + SatSim stack is independent from
a continuous air or power supply and can operate
without external disturbance. The stack is shown
in Figure 5.

Figure 5: SatSim on Acrobat
Figure 4: Neobotix’s MPO-500
To increase the user handling possibilities and to
incorporate the lessons learned from ROOTLESSI, The next generation ROOTLESS is based on a
holonomic Neobotix MPO-500 platform (seen in
Picture 4 ). This increases the mass threshold for
the needed leveling system and the pneumatic systems which opens up the possibility of on-board
air supply for increased autonomy. Additionally,
the system has a certified safety system on-board
which allows it to be used without extra safety
precautions with respect to human interaction.

3.2.2

ACROBAT & SatSim

ACROBAT (Air Cushion Robotic Platform) is detailed in Reference [12]. It is a floating platform
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GUIDANCE NAVIGATION AND
CONTROL

The GNC Test Facilities have the following main
objectives:
• Support the technology and program developments by providing specific complementary measurements, evaluating performances / prototypes; preparing and validating methodologies and standards.
• Conduct investigation in case of failure or
anomaly occurrence, at component, board,
equipment level, to help in determining the
root cause of the anomaly, and make independent evaluation and assessment, not biased by industrial or national interests to help
project managers to take decisions.

• Train technical staff and maintain the technical skills and competences of technical personal by working with real hardware or software and by having challenges with which to
be confronted.
• Support innovation, and the initiation of new
space mission developments.
• Support pre-flight verification campaigns.
• Support the post-flight analysis tasks with the
aim to derive flight performance and increase
the knowledge of design and development by
lessons learnt.
Within this scope it is necessary to perform testing in HiL set-ups, including navigation sensors
such as cameras (either in the visual-spectrum or
in several bands of the infrared), altimeters, and
other relevant navigation sensors.

Figure 6: GRALS robot arm on linear track

4.1

GRALS

The GRALS facility is built and configured as
test bed consisting of hardware and software elements. The hardware elements are: a robot system, an illumination system, a series of satellite
and terrain models, dSPACE environment simulators, and laboratory computers to run the simulations and perform the communication between
elements. The robot system consists of a small
robot arm with 6 degrees-of-freedom, a linear
track 33 m long, the robot controller, a PLC and
a laser safety-barrier system. The software elements include the communication protocol to the
robot system, the simulator environment and the
real-time environment. The robot arm is able to
hold a GNC system payload, and to simulate its
movements for rendezvous and entry, descent, and
landing missions in 6 degrees of freedom. Explicitly, GRALS is able to reproduce:
• Scaled landing trajectories for planetary or
small body-missions descent phase,
• Scaled and 1:1 trajectories for planetary
or small body-missions landing/touchdown
phase,

• Scaled trajectories for the approach of the
rendezvous phase of a mission,
• Scaled and 1:1 trajectories for the final approach and docking/berthing of the rendezvous phase of a mission.
Examples of test campaigns include, but are not
limited to: rendezvous and capture scenarios
for advanced debris removal, ISS docking and
berthing, in-orbit servicing, Martian orbit RvD,
descent & landing for Moon missions, Mars Missions, asteroid missions and small moons missions, touch & go for sampling, and hazard detection and avoidance testing.
Through these scenarios it is possible to study, develop and investigate the GNC in HiL configuration (with sensors, image processing and processors). Since the robot arm is able to carry a combination of payloads (e.g. cameras, altimeters, IP
systems, etc.) up to 10 kg, it is possible to carry
a combination of sensors to capture the necessary
sensor input and perform data fusion as part of the
GNC loop.
GRALS can currently be operated in open-loop,
the GNC simulator provides a trajectory to the
robot system and the sensor(s), mounted on the
flange of the robot arm, capture the navigation input. GRALS is currently being expanded to include the closed-loop capability, and to include
flight-representative processors in the HiL set-up.
External targets can also be used, such as a planetary terrain model or a symbiosis created with
the ORBIT test bed (Orbit Robotics Bench for
Integrated Technology) to form more complex
scenarios and possibly include contact dynamics.
This capability enables the GNC Test Facilities to
provide support to collaborative and uncollaborative rendezvous missions and planetary and small
body missions with landing or touchdown.
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5.1

COLLABORATIVE FACILITY
SCENARIOS
Uncooperative target approach

An example of a joint GNC and robotics approach can be shown in the case of an uncollaborative rendezvous where a piece of debris (the
target) must be actively removed by a satellite (the
chaser). In this case it is possible to use the visionbased navigation to navigate towards the debris
using a camera and an image processing algorithm, and a gripper to grab hold of the debris at
the capture moment.

Figure 7: GRALS during an uncooperative rendezvous approach
Figure 7 shows the GRALS approaching the target
debris satellite, figure 8 shows the flange of the
robot arm with adaptor interface, the vision-based
camera (in black casing on the right-hand side),
the COSMIC GRIPPER approaching the Launch
Adaptor Ring (LAR) and the battery pack on the
left side (white box).

Figure 9: GRALS interacting with a free floating
platform
such a scenario. The information on the landing
state vector and attitude can be forwarded to the
ORBIT platform to perform tests on the landing
forces.

6

Figure 8: COSMIC gripper and navigation camera on GRALS approaching a LAR
Another possible iteration for uncollaborative rendezvous is to combine ORBIT on the Flat Floor
with GRALS. ORBIT can reproduce the behaviour of the uncollaborative spacecraft on the
flat floor, while GRALS acts as the chaser spacecraft to identify the behaviour of the target through
image processing, and proceed to approach it.
Thanks to the very low-friction of the floor, contact dynamics can be reproduced during the capture phase.

5.2

Landing with surface contact

In the case of a landing scenario GRALS can once
again carry a set of sensors to perform the navigation during descent. These sensors can include
a camera or an altimeter to perform either scaled
or 1:1 descent in the last phase of descent. Hazard Detection and Avoidance can be performed in

CONCLUSION

The Orbital Robotics & GNC laboratory (ORGL)
was built to help in the early prototyping of GNC
and robotics systems, and to support the technology and program developments. The developed
test facilities offer the possibility to perform research and development for rendezvous and descent & landing scenarios using navigation sensors and investigating contact dynamics at capture
and touchdown. To this end one 25 kg class actuated floating platform, one 200 kg class actuated
floating and a 7-DOF wall mounted robot arm can
all be used separately or cooperatively for orbital
dynamics simulation.
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