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Abstract

In the quest for reliable data exchange during space missions, this project is dedicated to
designing and implementing an adaptable and reliable Packet Utilization Standard (PUS) ser-
vice speci cally tailored for On-Orbit Servicing (OOS) robots. The proposed solution aims to
address the unique challenges faced in the demanding environment of space, such as varying
mission requirements, real-time data processing, and dynamic communication conditions. By
doing so, it seeks to optimize the way these robots communicate and interact with spacecraft
and the mission control systems.

In this project, our main achievement is the design and implementation of space packets com-
pliant with the ECSS PUS standard, encompassing telemetry and telecommand functionalities
for e cient data exchange in space missions. First, we designed the packet structures; then, we
implemented the software to create the packets, and lastly, we created the service out of the
packets. Of course, in addition to rigorous testing, we validated the accuracy and robustness of
the implemented packets. Furthermore, the integration of the CANopen communication pro-
tocol within the ECSS PUS implementation facilitated real-time access to CANopen devices,
signi cantly improving communication e ciency with external hardware components in the
on-orbit servicing robot project.

These developments will enable the monitoring and te control of the robots which will position
OOS robots as great assets in advancing the capabilities of on-orbit servicing and maintenance,
while also addressing the challenges posed by space debris and ensuring the sustainability and
longevity of critical space assets.

Xi



General introduction

In the ever-evolving eld of space exploration, on-orbit servicing[6] has emerged as an innova-
tive approach, o ering enhanced capabilities for the maintenance, repair, and enhancement of
satellites and spacecrafts while they are already in space. These highly advanced robots will
play a pivotal role in modern space missions, navigating the challenging space environment,
and performing intricate tasks that were once considered challenging for human astronauts. By
extending the operational lifetime of satellites, addressing mechanical malfunctions, conducting
crucial repairs, and facilitating propellant refueling, on-orbit servicing robots will become es-
sential assets in advancing the e ciency and sustainability of space missions. Their versatility
and precision in carrying out servicing tasks will open new possibilities in space exploration,
positioning them as great assets in pushing the frontiers of space exploration.

However, alongside the advancements in space exploration and on-orbit servicing, a pressing
issue has emerged { the proliferation of space debris[7] . As space missions become increas-
ingly complex and ambitious, the reliance on advanced technologies and sophisticated satellite
systems has grown signi cantly. Unfortunately, this progress has led to the accumulation of
space debris in Earth's orbit, posing serious risks to functioning spacecraft and jeopardizing
the success of space missions. The escalating problem of space debris calls for urgent solutions
to safeguard the safety and integrity of valuable space assets.

In the pursuit of reliable and e cient on-orbit servicing robots, numerous advancements across
various elds are indispensable. Among these crucial aspects, communication plays a piv-
otal role, and the presence of a standardized Packet Utilization Standard (PUS) [8] becomes
paramount. In relation to that, our work is dedicated to implementing the European Coop-
eration for Space Standardization (ECSS)[9][10] PUS to enable asynchronous communication
between the robots and the mission control center. By adopting this standardized protocol, we
aim to enhance the seamless exchange of data and commands, ensuring a robust and coordi-
nated performance of the on-orbit servicing robots.

This report outlines the project's life cycle in three chapters, documenting the accomplished
work during the internship period :

Chapter 1 provides an overview of the internship environment, the existing solution,
and the identi ed problematic. It also introduces the proposed solution and its di erent
components.
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Chapter 2 is dedicated to exploring the design and implementation of the proposed solu-
tion, detailing the methodologies and challenges encountered during the process.

Chapter 3, presents the various testing procedures undertaken to validate the robustness
of the packets, along with real-world testing in actual environment.
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Host company and project context

Introduction

In this chapter, we present an introduction to the host institution, shedding light on its organi-
zational structure and core areas of expertise. Furthermore, we delve into the project's context,
outlining its scope, and problem statement.

1 Host company

This section o ers an overview of the host organization, highlighting its expertise in various
domains and showcasing the accomplishments and work carried out by the speci ¢ host institute
where the project is being conducted.

1.1 DLR (German Aerospace Center)

The German Aerospace Center (DLR)[11], founded in 1969, is the national center for aerospace,
energy, and transportation research in Germany. Headquartered in Cologne, it possesses 30 in-
stitutes across the country. With approximately 10,000 employees, DLR is involved in extensive
research and development projects through national and international partnerships. It serves
as Germany's space agency, managing and implementing the country's space program on be-
half of the federal government. DLR's research portfolio spans aeronautics, space exploration,
transportation, and energy, bridging basic research with innovative applications. The insti-
tute operates large-scale research centers that serve its own initiatives and cater to clients and
partners from various sectors.

The o cial logo of the organization is shown in the gure I.1.



Chapter |I.

Figure 1.1 { Logo of German Aerospace Center

1.2 Institute of Robotics and Mechatronics (RMC)

The internship took place at the Institute of Robotics and Mechatronics (RMC)[12], which
is at the forefront of developing versatile robots that enhance human interactions with their
surroundings. These robots are designed to operate in hazardous or inaccessible environments,
supporting various tasks with a wide range of autonomy. The RMC expertise covers diverse as-
pects of robotics, including mechanical and electronic design, control and dynamics simulation,
machine learning, and more. As a member of the German Aerospace Center, it contributes to
space exploration by developing highly autonomous robots for planetary missions. Additionally,
the technology transfer from RMC bene ts various elds, including aeronautics, transportation,
healthcare, manufacturing, and disaster management, thereby extending the impact of robotics
in enhancing productivity and addressing societal challenges.Figure 1.2 represents the institu-
tion's hierarchy[13].

Figure 1.2 { Hierarchy of the host institution
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The project was carried out inside DLR's Department of Autonomy and Teleoperation[14],
which is dedicated to advancing the autonomy of robotic systems through extensive research in
various domains. Their focus encompasses the development of distributed, real-time computing
platforms for precise robot control, integration of sophisticated control strategies for compliant
robots, and the planning of robot motions while accounting for dynamic constraints. The
objective of the institute is to enhance robot autonomy by generating control programs from
logical task descriptions and empowering autonomous decision making based on environment
representations and sensor information.

2 Project context

As mentioned in the Introduction, on-orbit servicing (OOS) is becoming increasingly essential as
the number of satellites and the complexity of the mission continue to increase. For instance,
we can consider the Starlink project conducted by SpaceX, which currently operates 3,200
satellites and plans to deploy 12,000 satellites by 2025[15]. Such a mission will undoubtedly
require servicing satellites to maintain the growing number of spacecraft involved.

To achieve this goal, DLR has several research projects aimed at enhancing our understanding
and developing OOS spacecraft in the near future[16][17]. Our current work revolves around
the OOS-SIM and CAESAR projects.

The OOS-SIM (on-orbit servicing simulator)[18] is a cutting-edge simulator dedicated to on-
orbit servicing tasks, speci cally assembly, maintenance, and repair of satellites in Earth's orbit.
It also investigates the viability of removing non-functioning target satellites. Utilizing two large
industrial robots to simulate weightlessness, the system employs a sensitive lightweight robot
arm with a gripper mounted on the servicing unit, creating a free- ying robot in orbit as we
can observe in the gure 1.3 in the page below.

The OOS-SIM's capabilities enable the replication of multi-body dynamics in a gravity-free
environment and simulate contacts between the lightweight robot and the target satellite while
considering orbital dynamics. It serves as a comprehensive test platform for developing and
validating orbital robot control and image processing methods, allowing for precise and control-
lable interactions between robot arms and satellites. The ultimate objective of the project is to
showcase the capture of a non-cooperative tumbling target satellite, with potential applications
in active debris removal to address space debris challenges.
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Figure 1.3 { On-Orbit Servicing Simulator (OOS-Sim)

The Compliant Assistance and Exploration SpAce Robot (CAESAR)[19] marks a signi cant
advancement in torque controlled robot systems developed by DLR. It is built for various on-
orbit services, including assembly, maintenance, repair, and debris removal in Low Earth Orbit
(LEO) and Geostationary Earth Orbit (GEO). With its dexterity and sensitivity, CAESAR
represents a breakthrough in space robotics, comparable to how intelligent and sensor-based
service robots revolutionized robotics on Earth. The seven degrees-of-freedom (DoF) robotic
system can adeptly catch satellites in tumbling or non-cooperative states, enabling assembly,
maintenance, and repair operations. Built upon DLR's renowned lightweight robot technology
(LWR 111)[20] an the robotic arm ROKVISS[21] (RObotics Components Veri cation on the
ISS) , CAESAR serves as the space-quali ed counterpart to current service robot systems,
promising enhanced capabilities for On-Orbit-Servicing tasks. The joints are position and
torque controlled, and the full robot with all 7 joints can be controlled by a Cartesian impedance
controller[22] , facilitating diverse robot kinematics based on mission objectives. Moreover,
CAESAR's compliant behavior adds a vital safety feature, enabling it to respond adaptively in
dynamic environments or when working alongside astronauts.
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