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ABSTRACT

In-space robotic operations can revolutionize the way in-
orbit missions are approached. Being able to refuel, fix,
upgrade or even assemble a satellite paves the way to a
sustainable use of Earth’s orbits. Achieving such oper-
ations is challenging due to the inherent constraints of
space operations. One of the main challenges is the sim-
ulation to both prepare and monitor in-orbit mission. In-
deed, it is essential for the operator to visualize the oper-
ations, beforehand, to anticipate potential problems and,
during the mission, so that he rapidly spots when an un-
expected behaviour occurs and easily understands how to
fix the potential issue. A relevant solution to address this
problem is to develop a simulated digital twin of the sys-
tem in orbit. Magellium is currently working on such a
tool’s development.

Key words: In-obit robotic operations; Simulation; Digi-
tal twin.

1. INTRODUCTION
1.1. Context

With the growing number of satellites (whether opera-
tional or defunct) orbiting Earth, new challenges have
emerged in recent decades. How can we safely de-orbit
obsolete satellites? How can we ensure the proper main-
tenance of those still in service? Robotic in-orbit opera-
tions provide promising answers to both issues. Robots
could, for example, dismantle satellites that are no longer
functional, or integrate new components into active ones
to extend their operational lifetime. They could also play
a key role in assembling large structures directly in space.
A fully automated station for in-orbit experiments can
even be considered to replace the|International Space Sta-|
[tion (ISS)| after the end of its operational life in 2030. De-
spite this potential, such robotic interventions remain rare
today because of the significant constraints of space envi-
ronments. This underlines the importance of developing
reliable methods to simulate viable robotic missions from
Earth and to supervise their execution once deployed.

To solve this issue, Magellium has developed, for the last
5 years, a framework named [Ground station Architecture]

[for In-space Assembly (GAIA)| This framework, com-
posed of modular components, aimed to provide a set
of simulation-based tools to prepare and monitor in-orbit
robotic operations for assembly or servicing by multiple
robots.

1.2. GAIA overview

The GAIA framework pursues two main goals. On the
one hand, it plays a key role in mission design by validat-
ing the|Concept of Operations (ConOps)|through simula-
tion. On the other hand, it supports the mission execution
by supervising operations through a digital twin. Conse-
quently, this framework is relevant at two distinct stages:
(1) the ground preparation phase before launch and (ii) the
in-orbit activities phase during the mission. In addition,
the framework is conceived to be modular and adaptable,
making it suitable for a wide variety of space missions. It
is based on the ROS2 middleware [/1]].

As the focus of this manuscript is more on the simulation
and digital twin, only a brief description of each com-
ponent of is provided below but more details are
available in Bazerque et al. [2]. The different
and their interfaces are presented in Fig|I]

1.2.1. Mission preparation

The main purpose of the Mission Preparation is to
support the design of the mission scenario. It is structured
around three core elements:

* Simulation Framework: This component provides a
3D virtual environment that accurately reproduces
mission conditions. Its objective is to act as a test
bench, allowing the validation of operational safety
before deployment in space. More details about this
tool are provided in section

* Robotic Framework: This module contains all the
software capabilities needed to interpret and execute
sequences of operations. Since the Ground Segment
must accurately reflect the Flight Segment, the skill
libraries (sequencing, motion planning, perception)
must be identical to those onboard. However, they
may rely on different middleware. To address this,
the Robotic Framework integrates a communication
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Figure 1:|GAIA|architecture.

bridge that translates messages between the Ground
Segment and Flight Segment middleware formats.

Mission Preparation |Graphical User Interface]
[(GUL)} This graphical interface allows the opera-
tor to launch and monitor the mission preparation.
Through it, the operator can fully control the execu-
tion of test sequences—pausing them, running them
step by step, or stopping them to load an alternative.
The main goal of the Mission Preparation Frame-
work is to equip operators with monitoring and con-
trol tools that help them refine and validate an ap-
propriate sequence of operations.

1.2.2. Mission control

The Mission Control [BB] is the component that en-
ables communication with the Flight Segment (in-orbit
or ground-based, real or virtual). The operator provides
a sequence of actions (a|Behaviour Tree (BT)| for exam-
ple), which the Mission Control [BB]interprets and trans-
lates into unit commands compatible with the Flight Seg-
ment middleware, using the same communication bridge
as in the Robotic Framework. Once executed, the result-
ing telemetry is processed and displayed through moni-
toring tools, such as the status panel and the digital twin,
to give the operator a clear overview of system state.

1.2.3. Digital twin

The[GATA|framework includes a software component de-
signed to help the operator visualize the execution of the
robotic operations at the Flight Segment level and to re-
spond in case of anomalies. This capability is essential
for in-orbit demonstrations, where direct visual inspec-
tion of the spacecraft is impossible. The Digital Twin|[BB]
aims to serve as a highly realistic replica of the onboard
environment, supporting both the validation of upcom-
ing operation sequences and the monitoring and analysis

Figure 2: Simulation in Webots of the [In-Orbit Demon-
stration (IOD)|in the contexte of the BPI-DEMARLUS

project.

of executed ones. To achieve this, the status of each sys-
tem components is updated based on the received teleme-
try during each visibility window. Additionally, it of-
fers the possibility to replay operation sequences for post-
analysis. In such cases, the digital twin functions primar-
ily as a visualizer rather than a simulator, since no physics
engine is needed for replay. More details about the digital
twin functioning are available in section [3]

1.3. Past and current projects

was developed and used over different projects:

* ESA-ISAAC: This project, which ended in Febru-
ary 2025, aimed a ground demonstration of a large
structure assembly by a multi-arms robot on a float-
ing bed. Magellium worked on the simulation of the
the mission control [GUI| and a tool to validate
the robot’s arms trajectories for the ground demon-
stration.

* BPI-DEMARLUS [3]: This project, which ended in



Figure 3: Comparison between the simulation (on the
top) and the real demonstrator (on the bottom) in the con-
text of the BPI-DEMARLUS project.

January 2025, targetted the assembly of an antenna
composed on 6 tiles using 3 robotic arms on ground.
Magellium provided the simulation for both the TDD
(see Fig.R) and the nal ground demonstration (see
Fig[3) along with the motion planning skill, the mis-
sion controf GUJl and a rst version of a digital twin.

HE-EURISE [4]: This project, which is expected to
end in December 2025, aimed a ground demonstra-
tion of a set a functions useful for in-orbit opera-
tions (refuelling, assembly and testing). Magellium
designed the simulation, the digital twin and the per-
ception skill as part of this project.

2. SIMULATION FOR MISSION PREPARATION

2.1. Concept

As quickly explained in sectign 1.2.1, in the simulation,
the whole demonstration setup is virtually reconstructed
to allow the operator to validate the ConOps and to test
the Flight Segment software.

In more detail, the simulation encompasses a set of tools
for modelling the key mission elements, both in terms of
dynamics and graphics, based on the operator's inputs.
For each simulated object, the operator needs to specify
the:

» Graphical description: objects geometry and tex-
ture, required in particular for vision algorithms.

» Physical description: parameters such as mass, iner-
tia matrix and bounding box, used for contact com-
putations.

The simulation also offers 3D visualization of the scene
with interactive tools to navigate, move objects, change
the lighting conditions and access or modify the state in-
formation about any simulated component. Sensors and
actuators can be integrated into mission elements, with
support for a wide range of devices: RGB and depth cam-
eras, accelerometers, gyroscopes, force/torque and con-
tact sensors. Actuators include all sort of motorized joints
(hinge, slider, ball joints) for robotic arms, lighting sys-
tems and locking mechanisms to simulate standard inter-
face behaviours. The simulator can be extended to repre-
sent mission-speci ¢ sensors and actuators. In addition,
analysis tools are provided to log and display telemetry
data generated during the simulation.

2.2. Technical choice

From a technical point of view, in the GAIA framework,
the simulation is implemented using Webots [5]. We-
bots is a robot simulation software developed since 1998
by Cyberbotics Ltd.. It is widely used in industry, edu-
cation, research, and numerous EU-funded projects. In
December 2018, it was released as free and open-source
software under the Apache 2 license. The simulator pro-
vides an extensive library of robots, sensors, and actua-
tors commonly employed in robotics, with the possibility
to extend and model additional devices. Webots relies
on a custom physics engine built on the Open Dynam-
ics Engine (ODE) and a rendering engine (WREN) based
on OpenGL for realistic visualization. Each simulated
element is associated with an executable called a "con-
troller” which manages its sensors and actuators. This
design emulates the behaviour of hardware driver com-
ponents in real robotic systems.

2.3. Building process

A simulation building process requires accurate
Computer-Aided Design (CAD) models of the scene to
emulate.

CAD models are detailed 3D representations created us-
ing parametric surfaces, commonly used for precise man-
ufacturing and engineering purposes. The mechanical
team in charge of providing the hardware generally al-
ways works with this type of format and can provide them
to initiate the simulation. However, these models need to
be converted into meshes - simpli ed representations of
geometry using polygons or triangles - before they can
be used in simulation environments. This conversion is
necessary because simulation tools rely on physics en-
gines, which operate with polygonal meshes to compute
collisions and dynamics and do not support CAD formats
directly. Additionally, meshes are optimized for real-time
rendering, enabling ef cient memory usage and compu-
tational performance, especially in large simulations. Itis
necessary to simplify the topology of the converted mesh






	Introduction
	Context
	GAIA overview
	Mission preparation
	Mission control
	Digital twin

	Past and current projects

	Simulation for mission preparation
	Concept
	Technical choice
	Building process
	Use cases
	Sensor and actuator dimensioning
	Reachability analysis
	Realistic representation


	Digital twin for mission monitoring
	Concept
	Building process
	Use cases
	Digital shadow
	Recovery

	Sim-to-real gap

	Conclusion

