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Abstract

The miniaturization of spacecraft has brough the possibility of conducting space missions
to a vast portion of private enterprises and scientific institutions. The inaccessibility of
modest developers to the resources that governmental agencies and primary contractors
utilize to develop conventional satellites has not been an obstacle for them to apply
different, more agile and risk-seeking approaches. However, the failure rate of Small
Satellite missions has increased to a higher degree than the total number of missions,
particularly if only CubeSats are considered.

The research conducted in this thesis proposes an improvement to the development
of space systems by focusing on the verification and validation processes. For that,
the thesis revolves around two main areas. First, the thesis deals with the engineering
methodology. The notions of concurrent engineering are generalized and combined with
the test-driven development and behavior-driven development methodologies to perform
the parallel, yet integrated, development of the various spacecraft subsystems that can be
at different maturity levels. For example, these processes have been applied in-house to
the development of onboard computers and telecommunication systems. The proposed
methodology allows for the automation of the engineering workflow and the early detec-
tion and correction of defects in the system by frequently testing it along the process.

Secondly, the research also deals with the development and utilization of a simulation
environment that fits the proposed methodology. The thesis provides advancements on
hardware-in-the-loop simulation techniques with a particular focus on frictionless plat-
forms. Such a platform can perform, but is not limited to, dynamic simulations. Ad-
ditionally, the thesis also provides the characterization of the platform to use it as a
reference for comparison with other similar ones.

All in all, the simulation environment has demonstrated to provide the versatility
needed by the methodology. Such environment has served as a platform to develop
different subsystems from the simulation of physical models to the testing of actual
hardware prototypes. Two studies are provided as examples of such accomplishments,
i.e., a study with the remote simulation of cooperative maneuvers and a different one
with the development of flexible appendages for a spacecraft.
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Chapter 1

Introduction

1.1 Background and motivation

The traditional spacecraft development philosophy was driven by high component reli-
ability, thorough testing and risk adverse policies to attain lifespans that could surpass
decades of mission operations. With the dawn of “New Space” and the democratization
of access to space, many unorthodox approaches are transforming the traditional way of
conducting projects motivated by the miniaturization of electronics.

Small satellites are appealing research instruments because they have transformed the
traditional spacecraft construction process into a fast and low-cost experience that may
nevertheless yield important results for scientific, commercial, and governmental pur-
poses. Since the year 2000 the number of small satellites launched to orbit has increased
one order of magnitude [1]. This explosion of satellites is lead by an ever increasing num-
ber of commercial and educational nanosatellites after the appearance of the CubeSat
specification in 1999.

Unfortunately, 41.3 % of small satellite missions observed between 2000 and 2016
ended up failing during their missions [2]. In particular, university lead CubeSat missions
suffer from a great percentage of infant mortality cases [3]. According to data from [4], a
large number of those early failure incidents might have been averted in time for correction
if more thorough testing had been performed on the ground. Many university teams,
on the other hand, still fail to allocate appropriate resources for testing. Conclusions
extracted from [5] point that the problem may not be related the quantity of the tests but
the effectivity of the models employed for testing. With this context in mind, it is critical
to develop sufficient verification and validation methods in order to maintain spacecraft
quality. Some documents such as [6] provide guidelines to improve the successful rate of
CubeSat missions. However, it is the author’s opinion that more efforts should be put to
improve the techniques and tools for evaluating small satellites.

Modern systems are frequently built on a general platform that is then reconfirmed or
adapted to meet the unique demands of the application. This customization is frequently
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2 Introduction

accomplished by the use of various application software or the modification of certain
feature in firmware or programmable circuitry (FPGA). In Europe, where there are three
major satellite prime contractors, this means that a spacecraft computer must be able
to execute at least three different satellite control software products, as well as different
types of application software for controlling scientific instruments and possibly a launcher
control software.

The verification and validation of complex systems has traditionally been accom-
plished through a combination of detailed simulations of the hardware and tests that
exercises all combinations of modes and communications. Simulators are also tested to
make sure that they behave in the same way as the real target system. This manual
procedure consumes a great deal of valuable time and resources, and there is a sig-
nificant demand for a more automated approach. Some prime contractors are already
implementing model-based approaches for their system development workflows, and it is
expected that the trend will continue to the others, perhaps leading to the replacement
of traditional system specifications.

A hardware-in-the-loop simulation is the imitative representation of the functioning
of a system in which some parts of the model are replaced by hardware rather than just
executing mathematical models. In this manner, a space system may be controlled in real
time under a variety of situations, simulating the realistic scenarios of numerous space
missions. The main motivation for developing a hardware-in-the-loop simulation facility
has been the experimentation towards better means of testing small satellite systems in
conjunction to the improvement of the verification and validation methodologies.

Perhaps, the most visible application of the hardware-in-the-loop simulation facility
that has been developed during this research is the physical experimentation of guidance,
navigation and control systems. Although the notion of frictionless platforms for emu-
lating orbital conditions in the laboratory is not novel, it is still possible to contribute
with new configurations and applications. However, the purpose of such facility is also to
perform functional tests in a comprehensive environment including, ideally, end-to-end
tests.

1.2 Objectives

The objectives of this research are:

• To understand the current state-of-the-art of the technologies for verification and
validation of space systems in order to be able to start the research activities.

• To develop a set of tools and techniques for integrated verification and validation
of complex systems that can potentially find the system margins and implement
automatic means of executing tests.

• To develop an integrated hardware-in-the-loop simulation platform for the execu-
tion of real-time scenarios on the physical systems while emulating in-orbit flight
conditions.
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The author and collaborators in this project are particularly interested in the tools
and techniques for integrating agile approaches into a concurrent engineering framework
utilizing hardware-in-the-loop simulation platforms in order to improve the performance
and reliability of embedded space systems. There are many challenges associated with
the implementation of agile methods and model-based systems engineering throughout
the project life cycle [7], and the utilization of hardware-in-the-loop simulations for such
purposes [8]. Thus, this thesis aims to answer a subset of such challenges, which can be
summarized in the following research questions.

RQ1: What is the state of the art and the research gaps in the tools and techniques for
developing small satellite technologies?

RQ2: How can the principles of agile methods become practical throughout the entire
development process of space systems?

RQ3: How can the concurrent engineering principles be applied to integrated verification
and validation techniques in a coherent process?

RQ4: How can we use hardware-in-the-loop simulations to perform concurrent engineer-
ing?

By answering these questions, the space industry may become more efficient when
evaluating new systems and elements within those systems. Furthermore, the creation
of a development and simulation facility provides the groundwork for future methods of
working, which should further minimize the effort and working time required to execute
system validation tasks.

1.3 Novelty and contributions

The work compiled in this thesis has given solutions to the many challenges that have
appeared on the path of answering the research questions. It also resolves other side
questions relevant to the academia. The contributions of this thesis are summarized as
follows:

• A literature study has been performed within the different research areas. The
literature study that has been provided in the thesis is divided in two parts. The
first part deals with verification and validation methodologies, modeling techniques
and process definition and applications. The second part addresses hardware-in-
the-loop simulation platform architectures and experiment designs.

• Several integrated verification and validation techniques for the system have been
researched and deployed. Specifically, a collection of tools and methodologies for
testing embedded systems utilizing agile methods, such as test-driven development
and behavior-driven development, has been created.
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• The test-driven development and behavior-driven development techniques have
been combined within a concurrent engineering framework for system modelling,
detailed design and hardware-in-the-loop simulations.

• As a supplement to the environmental test protocols, a generic methodology has
been created and a system functional test protocol has been built based on con-
current engineering methods and the hardware-in-the-loop simulation platform for
system quality control.

• A hardware-in-the-loop simulation facility has been built in which the newly de-
signed equipment may be operated in real time under a variety of conditions de-
scribed by virtual models emulating realistic scenarios of numerous space missions.
Such a platform enables the system engineers to immediately assess the perfor-
mance of the device under test in relation to a satellite in operation, as well as
research and find ways to improve its capabilities.

• Several architectures have been tried with different outcomes for the hardware-in-
the-loop simulations. The software employed at the platform is based in Simulink,
where a target processor runs as a dedicated real-time kernel for operating and
controlling different subsystems including the possible equipment being evaluated.

• Multiple experiments with the hardware-in-the-loop simulation facility have been
executed and reported, including the characterization of the frictionless vehicle and
table.

Additionally, there are six appended papers that are also part of this compilation
thesis. The contributions of such papers are summarized next.

Paper A: CubeSat Mission: From Design to Operation

This paper presents the project life cycle of a CubeSat mission, namely qbee50-LTU-
OC, that has been conducted through traditional approaches. The paper provides the
lessons learned after the conclusion of the project and also a critique of some of the poor
practices and methodologies while conducting such kind of projects. The need of appro-
priate tools and methodologies to develop small satellites is detected there and discussed.

Paper B: Concurrent development and verification of an all-software base-
band for satellite ground operations

The verification method of a software-defined radio system based on the GNU Ra-
dio development kit and commercial off-the-shelf front ends is described in this work.
The different modules that compose the systems have been verified against a realistic
radio communications channel model. A behavior-driven development methodology has
been adapted to this specific case and implemented to perform such tests in an orderly
manner. Moses Browne Mwakyanjala implemented the system and the test software,
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and reported the results of the tests. He also compiled the manuscript with the contri-
butions from each coauthor. Cristóbal Nieto Peroy conceived the new workflow for the
methodology and supported Moses with the application of such methodology. Cristóbal
also contributed in the interpretation of the test results and offering alternative solutions
when troubleshooting.

Paper C: Integrated Design and Simulation Environment for a Space Quali-
fied Onboard Computer

Using a hardware-in-the-loop platform, this paper presents an Integrated Design and
Simulation Environment for the verification and validation of onboard computers. The
paper provides the architecture of the simulation as well as the hardware and models
that are used. The need of a dedicated experimentation tool is reported. Moreover, a
methodology combining concurrent engineering and agile methods is introduced.

Paper D: Simulation of Spacecraft Formation Maneuvers by means of Float-
ing Platforms

This article provides a proposal case for studying simulations of spacecraft formation
maneuvers in a hardware-in-the-loop simulation facility specifically designed for small
satellites. The methods and results of the preliminary characterization of the frictionless
table and a recently developed frictionless vehicle are given. The paper also provides
some additional experiments including alternative methods for measuring forces and in-
ertial characteristics.

Paper E: A Concurrent Testing Facility Approach to Validate Small Satellite
Combined Operations

This paper offers a method for conducting coordinated experiments with floating
platforms at two facilities in remote locations across the internet. The theoretical justifi-
cation of the synchronization protocol is provided as well a the practical implementation
of such protocol, including the Simulink models. Tracking data is added to the synchro-
nization protocol to expand the possibilities of such protocol into a tool for coordinating
spacecraft operations. Additionally, the results of a validation test run through virtual
simulations are discussed. The results of another demonstration experiment involving
the physical motion of the frictionless vehicles are also debated.

Paper F: Solar panel and attitude control design for an Autonomous Table-
Top Emulator (KNATTE)

This paper presents an application of the hardware-in-the-loop simulation facility.
Notably, the implementation of a simulation scenario to test a linear-quadratic-Gaussian
(LQG) control algorithm with the coupled effect flexible appendages. The natural modes
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of the frictionless vehicle are studied with finite element models (FEM) and measured
in-situ with piezoelectric sensors. The study provides extensive testing with detailed
models and measurement points rather than one-element simplifications typical from the
literature. An alternative amplification circuit for the sensors that cancels grounding
noise is also provided. Elena Fernández Bravo built the panels and implemented both
the FEM models and the LQG controller. She also reported the results of the tests
and compiled the manuscript with everybody’s contributions. Cristóbal Nieto Peroy
supported in the theoretical approach and the practical implementation of the tests.
He also contributed in the design of the electronics and helped in the development and
application of the different parts, experiments and interpretation of the results.



Chapter 2

Historical advances in design and
simulation techniques

This chapter compiles the findings in the academic literature as an overview of the
current development and testing techniques with a special focus on embedded systems
and space applications. An overall description of the state of the art of simulation
architectures and platforms will follow.

2.1 The development process

Various integrated validation and verification methodologies are studied and reported in
this literature for further reference. The report consists of different modeling techniques
that are used to describe the system, design and development methodologies for such
systems and the tools and applications that had been used to implement such method-
ologies.

2.1.1 Modeling techniques

Model-based systems engineering (MBSE) may be defined as the formal application of
modeling to support system requirements, design, analysis, verification, validation ac-
tivities and other phases of a project life cycle. These models are helpful for display-
ing relationships between system requirements, components, functions and stakeholders.
The tool in reference [9], namely SCADE, is used in model-based design environment
dedicated to generate a significant amount of source code in C language for embedded
systems.

The unified modeling language (UML) has been developed by the object modeling
group (OMG), and its primary use is to visualize the system design. It makes no con-
straints for the design creation process, model segmentation, or verification and testing
techniques [10]. The UML has become a standard in software development that speci-
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8 Historical advances in design and simulation techniques

fies a data format for transferring models and diagrams across UML tools from various
manufacturers. However, it is commonly used to model generic industrial processes too.

The UML standard enables automatic code generation from graphical notation. Tools
that are based on the UML standard provide the option of generating software code in
C, C++, Java, etc. from UML diagrams [11]. Rational Rose, Open Ameos, and Omondo
are some examples of available UML tools with such capabilities [12–14].

A UML metamodel defines the meaning of the diagram elements and their method
of translation into source code. This means that the meanings of particular diagram
notations can be customized for specific code generation cases. The current UML V2
standard’s graphical language defines seven different types of structural diagrams, while
there are seven more behavior diagrams to the mix. One can choose a class diagram,
object diagram, component diagram, composite structure diagram, deployment diagram,
package diagram, profile diagram on one hand, and activity diagram, use case diagram,
interaction overview diagram, timing diagram, state machine diagram, communication
diagram and sequence diagram on the other.

The system modeling language (SysML) is a graphical modeling language developed
by the OMG and the International Council on Systems Engineering (INCOSE). As is
also the case of UML, the SysML specifications are used for describing a system, but it
dos not conform to a methodology nor a computer application by itself.

The SysML standard may be used to model all features of a system either directly
or through a model interface [15]. It is also used to specify, analyze, create, optimize,
and evaluate complex systems, such as hardware, software, data, human interactions,
procedures, and facilities. SysML-based models have acquired the most momentum in
MBSE applications over UML models due to their extended scope to describe physical
systems and not just software or processes.

There are four pillars for systems engineering that SysML covers, i.e., requirements,
structure, behavior and parametrics. There is one type of requirement diagrams and it is
used for tracing the dependencies of requirements in a project. Parametric diagrams are
used to define variables and the relationships between those variables with equations that
represent physical models. Structure represents the architecture of the system or how
different components are connected in various ways. Three distinct diagrams form the
structure diagrams, i.e., package diagrams, block definition diagrams and internal block
diagrams. Further, the way a block responds to inputs and outputs, as well as changes in
its internal state, is described by its behaviors. Behavior diagrams show what the system
has to perform in order to achieve the requirements. Behavior diagrams include activity
diagrams, state machine diagrams, sequence diagrams and use case diagrams.

The authors in reference [16] have developed an integrated model-based systems en-
gineering tool that has been applied to the simulation of a CubeSat mission. Such a tool
consists of a SysML model created with MagicDraw, a set of analytical models developed
in MATLAB, and an orbital simulation model created in STK.
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2.1.2 Design methodologies

There are many attempts to apply different design methodologies available in the aca-
demic literature. A compendium follows with some methodologies that have been applied
to the development of space systems or embedded systems or became relevant due to its
potential.

The structured analysis and design technique (SADT) is an approach for modeling
systems as a hierarchy of functions in software engineering. The SADT methodology
is built on hierarchical diagrams, which allow top-down modeling of software functions
from the highest level to the smallest granularity [17–19]. Only the algorithmic domain,
data, and control flow domains are reflected in the function decomposition. This implies
that SADT diagrams cannot describe timings or data structure hierarchies. Additionally,
with this old simplified modeling technique, there is no assurance of completeness of the
model or accurate dynamic behavior of parallel multitasking models.

The hierarchic object-oriented design (HOOD) method is a software design technique
that is based on the hierarchical decomposition of program systems [20,21]. The HOOD
approach has been used by the European space agency with promising results [22], but
it is now overtaken by more modern modeling approaches such as UML. The HOOD
method provides exhaustive traceability between software requirements and design as
they evolve during development. The separation of issues is a novel feature of the HOOD
approach: interfaces, functional features, data models, and behavioral aspects are all
described separately in each module. The logical architecture is mapped into the physical
code hierarchy or, vice versa, the functional distribution is described independently of
the design hierarchy.

The method for component-based real-time object-oriented development and testing
(MARMOT) seeks to give the elements needed to master the multidisciplinary endeavor
of building embedded systems [23]. Such a method can support the development of
systems involving multiphysic elements [24]. In this framework, a specification is a col-
lection of descriptive UML artifacts that collectively describe the external interface of a
component so that such a component may be combined into or used by a system. The
realization artifacts define the internal conception of a component as a whole. Validation
determines if the concrete and abstract representations are consistent.

The holistic concurrent design framework is suitable for designing multidisciplinary
systems [25]. The methodology aims to improve communication and collaboration be-
tween disciplines by introducing the concepts of satisfaction and energy as universal
parameters that represent the the holistic behavior of interdisciplinary systems and can
be optimized. The methodology employs fuzzy logic throughout the design process to
codify subjective components of design, such as the effect of the designer’s attitude, re-
sulting in the simplification of the multi-objective constrained optimization process. The
technique then changes the designer’s subjective attitude based on a holistic system per-
formance by employing an energy-based model of multidisciplinary systems in the final
step.

The orthogonal-array based design methodology is a parametric technique for explor-
ing the design-space and optimizing it in one go [26]. The parametric approach is based
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on the use of orthogonal arrays, which are commonly utilized in the area of design of
experiments. When compared to more computationally intensive approaches, multiple
design iterations with orthogonal arrays result in the best solution with less effort.

In a similar proposal another parametric methodology has been studied in [27]. The
mixed hypercube approach uses a fractional factorial method, commonly employed in
design of experiments. It also performs a global sensitivity analysis. The mixed hyper-
cube method allows for analyses that are quantitative and traceable, but it does not
require large processing effort. As a conclusion of the paper, expert knowledge cannot be
captured in a set of equations. Thus, expert judgment in picking the right initial guesses
is still an important factor of system design.

The ilities-driven methodology described in [28] seeks to include life-cycle properties
into the conceptual design process by providing characteristics of these properties. The
collaborative effort of teams of stakeholders is focused on reviewing the properties in a
quality function deployment process. The approach has the potential to be evaluated in
a concurrent design environment as a supplementary tool for writing requirements and
recommending where investments and resources should be ideally spent.

There is a special subset of methodologies applied to system development that are
known as agile methods. Such methodologies have been gaining relevance during recent
years, specially in the field of software development.

The suitability of agile methods in the workflow of a space project has been a source of
discussion [29–32]. The reason for the disparity is that traditional spacecraft development
methods rely on extremely precise and robust planning while agile approaches assume
an incomplete plan and tolerate continual modifications, making them more adaptable
to a changing environment. ESA has published the first standard practice about agile
methods quite recently in 2020, i.e., ECSS-E-HB-40-01A [33]. That said, the scope of
such handbook is still focused on software development.

There are many specific methodologies that follow the principles of agile methods.
For the sake of this research, these methodologies are divided in two big groups: one for
those methods that focus on the programmatic and management problems, and another
one for those methods that focus on the technical aspects of the development process.

Let us start with the two most common managerial methods. Extreme Programming
(XP) is a four-practice paradigm that emphasizes communication and collaboration fol-
lowing a uniform style. The activities that form the XP process are refactoring, con-
tinuous integration, test-driven development, and coding standards [34]. On the other
hand, Scrum is a methodology to manage development process based on the notion that
environmental and technological resources will change over time. Therefore, the devel-
opment is organized in short-term plans [34]. A sprint is a one-month iteration phase
that includes four actions, i.e., planning the activities to perform during that period of
time, determining which features are to be accomplished for the design during the sprint,
reviewing the outcomes at the conclusion of the sprint, and holding brief daily meetings
in the same location to discuss time-sensitive issues.

The topic of development techniques, as opposed to management methodologies, is
richer and more interesting for the objectives of the thesis. Notably, test-driven develop-
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ment and behavior-driven development are among the frameworks that are most used at
present, and the ones that the thesis is focused on.

Test-driven development (TDD) is an agile development methodology, originally ap-
plied to software development. TDD relies on the definition of the requirements in very
specific test cases that are applied in short development cycles. Unit tests are coded
before the functionality is implemented. Moreover, the development does not move to
new functionality until all tests are passed. After a new test is passed the object under
development should be refactored to clean any nonfunctional items [35,36].

The article in reference [37] presents an experiment comparing two samples of pro-
grammers that developed the same product. One sample of programmers used waterfall
approaches, while the other one used the TDD methodology. Among the conclusions of
using TDD they found that the quality of the outcome produced by applying TDD was
superior than applying a waterfall approach. The paper also finds that the developers
using TDD took 16 % more time, but those applying a waterfall approach did not develop
any considerable automated test cases. Finally, the paper also concludes that the TDD
approach promoted simpler designs.

The TDD embedded system test framework implemented by the tool in reference [38],
called Embedded-Unit, is divided in four stages. Stage 1 consists in the product envi-
sioning. In this stage a MATLAB-Fit server lets the customer explore the conceptual
functions of the product by allowing contact with the developers. In stage 2, the develop-
ers represent these concepts into MATLAB code and show the customer that the design
corresponds to the original vision using MATLAB-Fit. The product then moves out of
theory into simulation in stage 3 using FitNesse in C++. Finally, the product is tested
in stage 4 also with FitNesse. This tool has been modified to assist multi threaded ap-
plication development after proving beneficial in uncovering previously unknown silicon
faults.

Another application for developing embedded systems in TDD is presented in [39].
The workflow of the tool begins with the modeling of a single finite-state machine repre-
sentation the embedded system followed by the creation of a single test for this transition
that runs on a desktop computer. The next step is to simulate hardware behavior using
software. Finally, the hardware behavior is emulated on a microcontroller in order to
ensure a more accurate simulation of the hardware. In this manner, software can be
developed prior to the completion of hardware.

The approach in reference [40] has been adopted for the development of the ATS
co-processor. It allows the movement of time critical code sections onto an FPGA or on-
chip co-processor. Regression testing must support more than simply the typical agile
approach of rewriting and reorganizing code for maintainability. Additionally, regression
testing in the Embedded-Agile framework will also be required to revalidate functionality
as the code travels between devices.

The TDD methodology has certain drawbacks, including the fact that it focuses on
validating the system’s state rather than the expected behavior of the system, and that
test code is tightly connected with the real system’s implementation. The behavior-
driven development (BDD) method combines the concepts of TDD with developing test
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cases during the requirements phase so that requirements and functional specification of
the product can be well defined by developers and testers [41].

Test scenarios are written in BDD with a high-level or natural language. Additionally,
BDD test cases represent scenarios that show how the end user would use the final
product, and these scenarios in BDD are used as acceptance criteria. The scenarios
are then translated to tests which drive the implementation. While BDD uses textual
descriptions of the business process, the enterprise information systems community is used
to develop graphical representations of the business process, based in UML diagrams.

There are many development environments available to apply BDD [42]. Some exam-
ples with different scopes are JBehave, NBehave, Cucumber, RSpec, MSpec, StoryQ and
SpecFlow. Another example in [43] customizes the Python unit tests standard library so
that a developer can write unit specifications and obtain results in BDD style.

In a notable attempt, the authors in [44] transformed the natural language of the
test case definitions into actual code that can run the tests. The Cucumber program-
ming environment is used for this application, but acceptance tests are written in natural
language as predefined background scenarios and are later transformed into actual test
code in C/C++ in this occasion. The tool semiautomatically takes the definitions from
BDD scenarios. Then, the computer interprets the text by means of a Stanford parser
and suggests classes, attributes, and operations. The user then has the option of accept-
ing or rejecting these recommendations. Furthermore, the computer suggestions can be
updated, resulting in computer training for future analysis.

It is also quite interesting the suggestions in [45] and [46] to apply the BDD method-
ology for designing circuits. The Cucumber environment is merged with the Verilog
hardware description language to develop and verify circuits following a BDD method-
ology. Acceptance tests cannot cover all potential inputs and states of a bigger circuit,
therefore they cannot ensure a bug-free design. However, acceptance tests may be broad-
ened by automatically creating formal properties in property specification language. The
specifications of the hardware components are described by in natural language. For
that, the preconditions-trigger-assertions structure typical in the BDD methodology is
used to define acceptance tests. The acceptance tests can be used then to create a circuit
in HDL language.

2.2 Testing and simulation tools

The ways in which a piece of hardware can interact with its environment are numerous.
However, the scope of this thesis focuses on two distinct types of interactions. On the one
hand, the survey explores the test setups that study the electrical interactions and the
flow of information with other devices. On the other hand, the survey also explores the
setups that emulate space dynamics in a laboratory environment. The instances included
in this survey cover aspects of the simulation such as the models and software prior to
putting actual hardware in the control loop, electronics as a target of the simulation,
mechanical facilities, and simulations of complete space systems.
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2.2.1 Verification and validation of space systems

Space system testing infrastructures nowadays allow a successive verification of the on-
board software from pure simulation setups via hybrid test benches up to a fully in-
tegrated spacecraft hardware setup [10]. The gradual testing process starts with the
physics of the system being represented by an algorithm-in-the-loop simulation. The
functional verification bench utilized for this purpose is constrained to algorithm verifi-
cation of the satellite software for attitude and orbit control applications. In a second
stage, algorithms are coded in the intended programming language. This form of testing
is known as software-in-the-loop simulation. The target system is fully replicated in this
test, including the processing components, to the extent that target-compiled onboard
software may run in the simulator without alterations as will be in orbit. Such software
verification facility must simulate data protocols, raw engineering data in binary format,
et cetera. Third, the verified software runs in a representative target computer hardware.
This is referred to as controller-in-the-loop simulation although in some references this
may still be considered software-in-the-loop simulation. For controller-in-the-loop tests,
the hybrid system test bed setup is utilized. In this setup, the representative computer
interfaces a virtual spacecraft and the surrounding environment. In the last stage, the
onboard software runs in the real spacecraft. This tests are referred to as hardware-in-
the-loop simulations. In this test setup, the space environment and the motion dynamics
of the spacecraft are still being modelled. The hybrid test bed develops into a fully
functioning model by including satellite hardware incrementally.

The computer simulation technique in [47] follows a similar approach, and divides the
workflow in four procedures: design, validation, statistical simulation, and hardware-in-
the-loop simulation. The general rule for hardware-in-the-loop simulation is to start with
a fully computer-simulated modular control loop and gradually substitute each module
with its matching actual hardware. For the first phase, simulation are composed only
by the genuine onboard computer and controller software. All other subsystems are
emulated. In the second phase, the test bed includes the onboard computer as well as
the real actuators. Finally in the third phase, inertial sensors are present in the control
loop in addition to the onboard computer, which is placed in actual angular motion
through a three-axis rotating table. Take for example the architectures in Figures 2.1
and 2.2.

The research in reference [48] presents an end-to-end test bed for guidance, navigation,
and control (GNC) analysis and design for formation flying clusters and constellations
of satellites. This consists in a hardware-in-the-loop simulation in which the motion is
considered primarily by virtual simulations.

Preliminary design studies are now carried out using a semi-concurrent, optimized
technique. Airbus DS has developed the model-based development and verification envi-
ronment (MDVE) [15]. It is an example of a modular simulator infrastructure that covers
all verification phase setups. In contrast, the ESA space operations center (ESOC) has
created its own system simulation infrastructure called SIMSAT. The European space
agency (ESA) normally does not accept system simulators from the development cycle
for operations. Following their policies, simulators for operational support must be built
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Figure 2.1: Diagram of a hardware-in-the-loop simulation architecture in the first phase. Credit:
de Castro et al. [47]

Figure 2.2: Diagram of a hardware-in-the-loop simulation architecture in the third phase. Credit:
de Castro et al. [47]
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independently.

The front end of these simulation setups connects the onboard hardware to the rest
of the spacecraft, which is still simulated. Such front end is composed of a collection of
input/output cards that communicate signals from the real spacecraft onboard computer
to the system simulator and then return the simulated data back to the computer. Ad-
ditionally, the simulator includes a pulse generator card that provides an external signal
to synchronize the onboard computer as well as an internal signal to the simulator. This
approach enables for highly accurate synchronization of both components of the system.
In the case of specific hardware-in-the-loop arrangements, the absolute time reference
may be given through GPS receiver, internet time-keeping services or other methods.

The specific architecture provided in [49] enables testing control rules by directly
implementing them within a virtual mother board. Such a board has been represented
with a MATLAB function block, which requires little translation from ANSI C code
to MATLAB syntax. The block then accepts input signals from the different compo-
nents and transmits commands/outputs back. The outputs of such blocks are linked
to the reduced system component models, which are realized using additional Simulink
blocks. Dynamic simulation video or test cases can help professionals communicate and
exchange data. The workflow applied with this setup consisted in algorithm definition,
code development, and validation.

The experimental satellite virtual simulator presented in [50] may be used for testing
control and communication concepts although it is primarily a virtual missions analysis
platform. It includes virtual reality equipment for enhancing the intuitive perception
of orbital dynamics of the satellite and the effect of perturbations. Except the onboard
computer, that is part of the architecture, all remaining functionality of the spacecraft is
simulated using MATLAB/Simulink environment. The data transfer between different
simulation modules are performed through the TCP/IP protocol.

The simulation platform of reference [51] does not rely on proprietary software pack-
ages like MATLAB/Simulink. The primary use of the platform is to test and certify new
payloads before flight. For that, Microsemi IP Cores are used to operate, manage, and
communicate with several frequently used nanosatellite payloads, and other customized
cores may be integrated into the FPGA. Almost any electrical equipment can be con-
nected to the test bed board. Additionally, this platform may be used for long distance
education to have access to laboratories although the simulation scheme implemented
does not run in real time.

In another test bed, FPGA circuits are used to perform simulations and collect data
from interactions with other computers that are being tested [52]. Every intelligent unit
performs a variety of functions to form a distributed parallel test system, such as flywheel
simulators, sun sensor simulators, gyro simulators, or any other type of particular test
work.

The platform of reference [53] considers data and fault injection buses. For test pur-
poses, those buses are stimulated with triggers and timing signals. It is important to
ensure the test system expandability by employing a reconfigurable design technique. To
complete the closed-loop test of the attitude control system for microsatellite verifica-
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tion, the electric simulators of the attitude control system were linked to the attitude
controller running in the onboard computer, dispatching and fault injection computer,
and dynamics simulation computer.

The facility described in [54] can replicate a satellite network and connect one node
to another. Several personal computers with wireless communication capabilities, FPGA
boards and one picosatellite node make up the facility. In one of the computers, the STK
software tool is utilized to model the orbit dynamics. On the rest an FPGA board is
used for system on chip (SoC) implementation, particularly to simulate the payload of a
satellite node. The inter-satellite communications between the nodes are modeled using
TCP/IP through WiFi and Ethernet.

A navigation processor has been developed and explained in [55] for flexible real-time
formation flying applications. The onboard navigation processor used GPS for navigation
purposes. A closed-loop hardware-in-the-loop simulation of autonomous formation con-
trol was used to validate the results of using the navigation processor and the real-time
control accuracy. For that purpose, a GPS signal emulator was linked to the hardware-
in-the-loop simulation. Current formation flying application implementations allow both
accurate relative navigation and autonomous formation control. Furthermore, naviga-
tion systems based on global navigation satellite system (GNSS) can be carried out by
using a GNSS signal simulator (GSS). Such simulator can be used to test custom GNSS
receivers, or integrate them into more complex test scenarios involving guidance, naviga-
tion and control algorithms as is the case of the prototype flight software for the PRISMA
mission [56]. The orbit and attitude computations are not carried on by the GSS, but
by a dedicated computer in a MATLAB/Simulink environment. Such computer provides
real-time tracking data to the GSS. The GSS then generates artificial GNSS radio signals
equivalent to those of the real spacecraft. Moreover, the absolute time reference of the
system is the oscillator of GSS. Thus, all other participants of the close-loop system are
synchronized to the clock of the GSS.

The Polytechnic University of Turin developed hardware-in-the-loop simulation plat-
form that can be used in the assembly, integration and verification phase of CubeSat
projects [57]. The core of the simulator is programmed in C++ under a Linux envi-
ronment. This simulator calculates the orbital conditions in real time through an SGP4
orbital propagator. The thermal imbalances and the local magnetic field is calculated
afterwards based on the position and orientation of the satellite. Electrical emulation of
sensors and actuators is also included in the simulation platform. The simulator com-
putes the output value of each sensor and reads it by the system under test. Similarly,
the embedded system controls the actuators with appropriate control signals and delivers
the control values back to the simulator.

2.2.2 Simulation of space dynamics

Robot manipulators

If forces are known or simulated air bearing platforms are not necessary and alternative
technologies such as electric or hydraulic actuators can be utilized. Robot manipulators
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are an ideal tool for experiments that only require to study the kinematics of the orbital
and attitude motion problems. This may be the case of testing sensors or certain control
algorithms. However, robot manipulators come with several drawbacks with respect to
other devices. They are quite complex mechanically and may be prone to reliability issues.
Solving the inverse kinematics problem to control the manipulator is computationally
demanding for real-time tests. If external forces are to be considered in the problem,
the sensors have to be extremely accurate to properly simulate dynamics, specially since
space dynamics involve very small forces that have very high impact in the dynamics of
the spacecraft due to the almost absent friction there is in orbit. Robot manipulators
also involve voluminous structures and additional hardware that may interfere with other
elements of the experiments.

That said, robot manipulators still found many applications to the emulation of space
conditions. For instance, paper [58] implements a triaxial satellite attitude simulator.
The manipulator consists on three concentric frames that can be controlled with in-
dependent actuators. The attitude dynamics and attitude controller are performed in
MATLAB and SIMULINK. The rest is all implemented with hardware systems.

The European proximity operations simulator (EPOS) has been developed to simulate
satellite rendezvous operations. Particularly for the docking interfaces of the ATV and
HTV missions [59]. The facility uses two six-degrees-of-freedom heavy-duty robots which
can support up to 250 kg payloads. One of the robots is static (KUKA KR240) while the
other one (KUKA KR100HA) is mounted on a rail system that allows the moving robot to
approach the fixed one from 25 m distance. The end effectors of each manipulator mount
the hardware mock-ups of the docking mechanism and also contact interfaces that feed
the simulations. A computer simulator solves the problem equations in real time. The
German aerospace center (DLR) has upgraded the old version of the EPOS facility [60].
This time, a new tool for emulating impacts is presented, which is based on a combination
of passive and active compliance. The tool reproduces impact dynamics with different
values of stiffness and damping characteristics by combining a real passive compliance
between the robot end effector and the docking interface with a virtual contact dynamics
model in the satellite numerical simulator. Take for reference Figures 2.3 and 2.4.

Testing a flexible spacecraft in an environment with gravity effects poses many diffi-
culties due to large deformations caused by such accelerations. Indeed, the structure of a
solar panel cannot support itself against gravity when fully deployed. The center of mass
of a flexible spacecraft is no longer fixed. The simulation facility in reference [61] solves
this problem by eliminating the solar panel from the hardware tests. A mock-up of the
target satellite is mounted on the wrist of the manipulator which also includes force and
moment sensor to feed the simulations as shown in Figure 2.5. The robot manipulator
controller was developed using Simulink in a QNX real-time operating system. The effect
of the solar panels is computed in the simulation from a mathematical model.

The grupo de mecánica de vuelo (GMV) has developed another test bench that at-
tempts to be a cost-effective solution for testing navigation sensors, actuators, and au-
tonomous navigation algorithms for minisatellites on ground [62]. Their proposed plat-
form allows the use of real sensor measurements obtained by recreating a real dynamic
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Figure 2.3: Close-up photo of the EPOS robot manipulator facility. Credit: Boge et al. [59]

Figure 2.4: Diagram of the EPOS robot manipulator facility specifying the docking interface.
Credit: Zebenay et al. [60]
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Figure 2.5: Photo of a robot manipulator executing an experiment with the mock-up of a satellite
attached to its end effector. Credit: Aghili et al. [61]

profile of spacecraft mock-ups using an accurate numerically controlled robotic arm. The
precise and accurate calibration of the test bench is a critical driver throughout the cali-
bration process, since it is directly related to the validation level that the test bench will
accomplish.

The research conducted in [63] provides an autonomous robot-based solution to
facilitate compliant and safe manipulation of a spacecraft docking mechanisms. An
impedance control algorithm is implemented in the controller of a conventional six-
degrees-of-freedom robotic arm. This test bench allows for the validation of autonomous
docking and manipulation operations.

Other researchers have attempted to mimic orbital dynamics with robot manipula-
tors [64]. In this case, the spacecraft itself was meant to be a space robotic manipulator.
Despite reproducing six degrees of freedom motions, the main problems in this scenario
are properly sensing dynamic interactions and coping with real-time computational re-
quirements.

The major challenge in simulating a space robot on Earth is because space manipula-
tors cannot support their own weight on Earth. Hardware-in-the-loop simulation, as used
by the Canadian Space Agency (CSA), the German Space Center (DLR), and NASA,
is one possibility. The SPDM task verification facility (STVF) was created by the CSA.
In reference [65] the validation process of such hardware-in-the-loop facility is explained.
Because colliding bodies have extremely basic contact geometries, theoretical models may
be developed so that simulation results correspond closely with experimental data, both
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for impact and steady state. The validation process for the Canadarm2/Dextre System
consisted in a free-space test, a spring-constrained test, a constrained test, and a stability
test.

Air-bearing platforms

It is possible to divide the simulators into thee main categories based on the degrees
of freedom that they provide. Firstly, the planar systems allow horizontal motion and
spin in the vertical axis. These systems generally carry their own compressed air in
tanks and create an air cushion that provides almost frictionless sliding motion on a
smooth flat surface. Secondly, the rotational systems allow the dynamic simulation of
satellite attitude motion also in three degrees of freedom. Depending on the geometry
of the platform, the pitch, yaw and roll rotations may be limited to a different extent.
Finally, the combination systems are simulators which integrate the capabilities of planar
systems and rotational systems. These devices can have five or six degrees of freedom,
combining translation and attitude stages. For the last category, the complexity of the
system grows much faster than just the sum of the independent systems due to the
couplings that appear in practice between different motions. Adding degrees of freedom
to the platforms reduce the versatility of the platform. For instance, balancing and
tuning combined systems might become a frustrating experience if achievable. A trade-
off between functionality and degrees of freedom should be conducted before taking the
decision of building one of these platforms.

The simulation facility described in [66] consists of three parts. Namely, the air bear-
ing platform, the wireless router and ground virtual telecommand and display system.
The air bearing platform can only rotate in one axis and the other two must be simulated
mathematically. Its operations are supported with an xPC target PC104 computer, an
angle measurement unit, gyros, response wheels, actuators and power supply with bat-
teries. The CAN bus connects all of the instruments on the air bearing table. The
models were created and initialized in the control computer using MATLAB/Simulink
environment with the real-time workshop toolbox. Another example of single axis air
bearing platform for the simulation of microsatellite propulsion is exposed in [67]. The
hardware includes the air-bearing table, thrusters, relay actuator, air collector, wireless
communications, onboard computer, fiber gyros, reaction wheels, storage battery, power
control box, and industrial computer. Since the air-bearing table can only experiment
motion in one axis, the authors selected to simulate the yaw and roll angles with math-
ematical methods and freed the pitch angle. The inertial moment of the air-bearing
table is 21.284 kg · m2 and the thrusters force is 20 N. A similar architecture is imple-
mented in [68], but with different onboard data handling sensors and actuators. In this
case MATLAB/Simulink has been used. The air bearing platform of Figure 2.6 is quite
representative among this category.

The University of Würzburg has developed a small laboratory-based floating satellite
[69]. Such a test bench is for the students to learn the elementary spacecraft subsystems
in a more interactive way. Different control algorithms and techniques for various types
of space missions are being developed and verified by the students.
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The spacecraft attitude dynamics simulator (SADS) platform developed in [70] works
as a test bed for spacecraft attitude control system development and demonstration by
simulating the rotational motion of a spacecraft in orbit. A dumbbell architecture with
two equipment plates allows full rotational freedom around the yaw and roll axes. See
Figure 2.7 for reference. However, the rotation around the pitch axis is constrained 30◦ in
both directions. The simulator works under a MATLAB/Simulink environment with the
real time workshop toolbox. Additionally, the propulsion consists of a cold gas system.
The platform incorporates sliding semi-automatic mechanisms for the accurate position
of the center of mass.

In contrast, the authors of reference [71] developed a tabletop spherical air bearing
platform. The three-axis air-bearing platform (TAP), as they call it, has a gravity torque
adjustment that allows for manual, rough automated, and fine automatic adjustments.
To evaluate the stability of the platform, the swing period should be employed as a
parameter. The balancing process consists in extending the oscillation period as much
as possible without producing system instability. Accelerometers are used to make a
rough automatic adjustment. When the measurement of the accelerometer is zero, the
platform reached the equilibrium. The settings of each balancing mass can be calculated
then through the least square approach. In order to eliminate the dynamic unbalance
torque, we need to eliminate the product of inertia. Removing mass from the TAP
platform is not be feasible. An equivalent method can be found in [72].

The University of Rome La Sapienza has been quite prolific on the research with free
floating platforms. The platform they developed consists of an air-bearing platform that
allows motion contained in the horizontal plane. Among the tests they have reported
there are examples of image processing algorithms [73], coordinated maneuver with two
platforms [74], and study of flexibility-induced effects on the control dynamics of the
platform [75]. An example of two floating platform performing a coordinated maneuver
is shown in Figure 2.8.

Other developments of planar air-bearing platforms can be found in [76, 77]. These
devices are recognized to be useful instruments for simulating frictionless orbital dynam-
ics, albeit at the cost of scaling down and decreasing the problem complexity. As a
result, the outcome of these experiments must be considered only within the context of
the experiment. However, in many situations, these platforms provide fairly significant
representations and are simple to use.

It is quite remarkable the progress made in [78] for achieving an air-bearing plat-
form with six degrees of freedom. It consists of a translational stage and an attitude
stage as shown in Figure 2.9. The translational stage consists of three linear air bear-
ings that support the entire platform over an epoxy floor. Air-bearing pulleys on the
translational stage allow gravity-free vertical motion. On top of that the attitude stage
is mounted, which consists of a spherical air bearing. The platform additionally include
twelve thrusters distributed around the attitude stage in order to provide translational
and rotational motion. The onboard computer of the platform runs Simulink in a Linux
environment. Additionally, the facility has a PhaseSpace optical motion tracker to mea-
sure the position and orientation of the platform.
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Hybrid and unconventional platforms

Another outstanding idea with difficult implementation has been presented in [79]. In
order to minimize the additional moment of inertia that the platform adds to the sys-
tem, everything is built surrounding the target satellite. The satellite has four or more
supporting points all around it. The supporting points are actually smooth surfaces for
the air bearings that are mounted on a gimbal-like mechanism. In this way, if the gimbal
is able to follow the motion of the satellite it will always be suspended in a frictionless
environment with unconstrained motion in all axes. This approach has only been devel-
oped for an attitude emulator. This concept is further developed in [80]. See Figure 2.10
for reference.

A similar concept but applied to planar air-bearing platforms has been developed
in [81]. Also, the University of Würzburg has recently developed a similar planar air
bearing platform [82]. Two experimental air-bearing vehicles can be supplied with an
uninterruptible supply of compressed air and electrical power. For that, both types of
lines are routed through a Cartesian gantry that is built over the table. This allows to
minimize the mass that the platforms must carry at the expense of adding complexity to
the system and the risk of inducing external forces.

Some test facility concepts combine the ideas of robotic manipulators and air-bearing
platforms. For example, the experiment proposed in [83] consists in coordinated maneu-
ver with two agents shown in Figure 2.11. On one side, the chaser motion is emulated
by a non-anthropomorphic robot manipulator. On the other side, the target spacecraft
is floating on air-bearing pads. Dynamic closed-loop tests may be performed with this
setup by attaching real sensors to a full-scale mock-up of the docking ports and sending
back the captured data to the computers and software.

Exploring more on this idea, the authors of reference [84] have executed proximity
maneuvers also in a hybrid facility. Actually, robotic manipulators are mounted on
air-bearing platforms. This enables the combined use of the kinematics and dynamics
simulators in experiments.

One final example of an exotic solution for simulating microgravity has used neutral
buoyancy tanks [85]. Despite being the best attempt on Earth to replicate weightlessness
in all six degrees of freedom, there are numerous challenges, including extreme friction
with the medium and other practical issues that prevent the normal use of some subsys-
tems, such as propulsion, due to incompatible interactions.
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Figure 2.6: Close-up photo of a single axis air-bearing platform. Credit: Min et al. [67]

Figure 2.7: Different views of a spherical dumbbell air-bearing platform. Credit: Mirshams et
al. [70]
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Figure 2.8: Close-up photo of two planar air-bearing platforms performing a coordinated ma-
neuver. Credit: Sabatini et al. [74]

Figure 2.9: Close-up photo of a six degrees of freedom air-bearing platform with the assembled
attitude stage on the left and the partially assembled translational stage on the right. Credit:
Gallardo et al. [78]
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Figure 2.10: CAD model of the pseudo-spherical mechanically-aided air bearing. Credit:
Gavrilovich et al. [80]

Figure 2.11: Example of a hybrid experimental facility. Credit: Lange et al. [83]
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Chapter 3

Development methodology

Systems engineering has been traditionally approached through sequential workflow
models like the waterfall model or the V-model [86, 87]. In a sequential workflow as
the one depicted in Figure 3.1 the design of the system comes first. Space projects of
American and European tradition usually divide the definition process in four phases
[88,89], each phase more detailed than the previous ones. Then, the design is followed by
the implementation and integration of the system. The system constituents are finally
evaluated with respect to their ability to perform their tasks from low integration level
until the system is formally validated before deploying the system into operations. If
any defect is detected during the verification and validation phase, the design has to be
corrected, and the complete development process must be repeated. Space engineering
usually applies the V-model for the various scopes that compose together the entire scope
of the project in the main system development [90]. However, the downside of applying
a sequential workflow model is twofold. First, the possible appearance of unnecessary
bottlenecks when different tasks could be executed in parallel. Second, the fact that the
product is tested at the end of the process can potentially reveal failures at a moment
in time that it is too expensive to remedy, specially when there are changes in the scope
of the project. Additionally, the size and complexity of space projects aggravates such
problems. Therefore, the role of verification and validation in the development process
is paramount in a technical and programmatic way.

Both verification and validation involve some kind of inspection to make sure that a
design meets the corresponding requirements [91]. Verification is the methodical evalua-
tion of a system to ensure that it has been implemented correctly. In other words, during
the development process a system is designed with certain desired attributes. The system
is said to be verified when such attributes are confirmed from a reference. In contrast,
validation is the methodical examination of a system to ensure that such a system is able
to accomplish its expectations. Particularly, a system has been validated if it has proven
to provide all the functions needed by the stakeholders and only these functions. All in
all, the entire context of system development can be divided in two domains as shown in
Figure 3.2. On one side, the problem is defined by the expected outcomes of the project

27
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Figure 3.1: Diagram showing the V-model with four different definition/integration levels.

Figure 3.2: Semantic diagram representing the role of verification and validation for different
stages of the development process.
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during the foreseeable operations. On the other side, the solution provides answers to
such a problem, which can be given through abstract or physical means. Validation oc-
curs by comparing an instance in the solution domain with the expected outcomes of the
problem domain. Meanwhile, verification occurs by comparing an instance in the solution
domain with a reference instance also in the solution domain. Note that a system can
pass its verification, but still not be valid. In this case, a system is compliant to some
requirements, but may not be able to meet the user expectations. This happens when
the set of requirements is incomplete, inconsistent, or unrelated. However, verification is
not strictly necessary if the system has been validated although that would be a sign of
a faulty process, and it should not occur.

The design concept in Figure 3.2 is the full abstraction of the system, and the oper-
ational system is the physical realization of the solution in its designated environment.
Implementing the conceptual design into the operational system in a single step is usu-
ally not possible due to the complexity that most systems have. For that, between both
extremes there may be a spectrum of intermediate reference models, with various degrees
of fidelity to the operational system, which facilitates the transition from the abstract so-
lution to the physical one. Within the reference model spectrum, on one side we may find
instances that represent an idea, such as a collection of diagrams, tables, etc. And on the
other side we may find a fully integrated system functioning in an emulated environment,
i.e., hardware-in-the-loop simulation. In between both extremes, there is a plethora of
possible simulations with varying amounts of integrated hardware components.

Requirements form the reference for specifying the design and validating the resulting
system. Hence, they are relevant during the entire life cycle of a project. Requirements
form a hierarchy in the same way systems do. Subsystems can be defined as smaller
problems that can be combined to solve a bigger one. The division may continue until
we can only specify the most elementary components. Additionally, requirements can also
split in those that define the problem and those that constrain the solution [92]. The
problem is defined by what the system is supposed to achieve. The list of requirements
may include demands about mission, operations, technical performance, safety, reliability,
life span, interactions with the environment and interfaces with other actors. The solution
requirements on the other hand limit the subset of all possible valid answers to the
problem. The solution is defined by what and how the system is supposed to do to solve
the problem. Among such constraints we may find regulations, policies, schedule and
cost.

3.1 Developing a nanosatellite by traditional meth-

ods

The QB50 project consisted in a consortium of academical organizations lead by the
von Karman Institute for Fluid Dynamics that eventually sent a constellation of 36
nanosatellites into low Earth orbit. The goal of QB50 was to demonstrate the feasibility
of conducting a project with a large number of developing institutions and that a low-
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cost constellation for scientific purposes was possible. The programmatic objective was
accomplished successfully. However, the scientific objective had a limited output.

Lule̊a University of Technology joined the QB50 project in late 2015 and contributed
with the SE01 satellite. We have written Paper A after the conclusion of the project
providing an overview of the entire satellite life cycle. The development of SE01 followed
a traditional sequential approach, and was completed in eight months. Such a fast devel-
opment time was accomplished by the hard work and dedication of the team members
rather than following any particular organizational structure or methodology. Special
mention to the Open Cosmos team who dedicated long hours to develop the satellite
with us.

The paper summarizes the lessons learned from the project, emphasizing those as-
pects that could be improved and the tools and practices that we were lacking during
the process. In short, even a project as small as a nanosatellite involves a vast set of
disciplines that developers must control in order to accomplish the objectives. The in-
timate collaboration of the members of a multidisciplinary team is essential to design a
satellite. Not only every subsystem has to be fully understood and implemented, but
also the interactions between subsystems and their impact on the behavior of the entire
system must be considered. Additionally, the small size of the team many times promote
disorganized members and the application of improvised procedures. We have detected
that more work should be put into improving and homogenizing the planning, manage-
ment, design, integration, testing and operations for small teams. All this motivated
the exploration of alternative development methodologies that could be applicable and
would be relevant at least in the field of small satellites.

3.2 Alternative development methodologies

3.2.1 Concurrent engineering

Concurrent engineering is a set of principles for product development which consists in
identifying those processes that could be divided in tasks such that the parallel (con-
current) execution of assignments is maximized through collaboration between different
disciplines. The approach also combines parts of the design, manufacturing or integra-
tion processes. The correct application of concurrent engineering principles should lead
towards the integration of processes and the elimination of slacks, thus reducing the time
to obtain an operational product [93].

A common theme in concurrent engineering is the development of all subsystems
in parallel rather than focusing on one subsystem at a time. For that, a multidisci-
plinary team of specialists should collaborate tightly by facilitating the flow of informa-
tion between them. Additionally, the responsibility for deciding about interfaces between
subsystems should be shared among the development team rather than condensing all
integration work on the system engineers.

The way we propose to integrate the design and integration processes implies the
extensive use of hardware-in-the-loop simulations. Any design should ideally be validated
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before deploying the system into operations. Hardware-in-the-loop simulations provide
the means to test hardware against any kind of model or scenario that can be programmed
in a computer. The biggest limitation of such simulations are the hardware interfaces.
Nonetheless, if an interaction with the environment cannot be achieved by physical means,
it may be simulated virtually. Therefore, the correspondence of such simulations with the
realistic behavior should still be evaluated. The hardware-in-the-loop simulation facility
implemented for that purpose is explained in detail in Chapter 4.

3.2.2 Development driven by verification and validation

Test-driven development (TDD) is an evolution of the original ideas of test-first develop-
ment. Both such methodologies were originally conceived to develop software, and that
is still their major application [94]. The most interesting feature of applying test-first
approaches to product development is the tight combination of the evaluation of the de-
sign within the development process. Therefore, faulty designs may be detected at early
stages of the development phase and corrected at due time [95].

Test-first development is a systematic and gradual approach to system development
that begins with the specification of verification tests and ends with the implementation
of the appropriate design. Test-driven development begins with defining the functionality
contained in the requirements as unit tests. Such tests examine the operations of the
system’s indivisible parts (units) as well as the information transmitted between such
parts. Following a TDD methodology all new unit tests must be checked before adding
them to the list of tests that will be performed from there on. Only after this point
the actual development can take place. Then, the design process continues until all
tests are completed. The methodology contemplates an additional step to enhance code
with secondary criteria such as simplicity, maintainability and performance. This step,
known in computer science as refactoring, is more subjective and is generally left to the
developer’s criteria to fulfill. The process is repeated until all necessary functionality
has been developed. Figure 3.3 shows an activity diagram representing the workflow to
accomplish test-driven development.

The TDD approach is ideal for verification of code because the unit tests are of the
lowest possible level. Meaning that the level of detail is the maximum possible. Addition-
ally, all developed software had a purpose from the beginning. In other words, the final
product only implemented the functionality that was required. As an extra feature, all
testing code left after the development process is still worth as product documentation,
which serves as a manual to understand how the resulting product may be used. Also,
despite the development time is significantly larger than a straightforward development
process, it is compensated afterwards assuming there is an independent testing phase [95].
However, the methodology still have some inconveniences. First, the infrastructure that
is necessary to develop the tests is quite large from early stages of the project. The ap-
plication of the methodology requires special training and discipline from the developers
and may be frustrating for the inexperienced ones.

In general, systems do not correspond to linear processes in which elements are com-
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Figure 3.3: Activity diagram of the test-driven development process.

pletely independent. Thus, the behavior of the system does not necessarily match with
the sum of the individual contributions of every element. The principal criticism to TDD
is with the assumption that if all steps to accomplish the process are correct the behavior
of the entire system performance is satisfactory. In reality, even properly verified systems
can produce results that are not always effective [96].

Behavior-driven development (BDD) appeared as an intent to improve test-driven
development practices, in order to ensure that the system functions according to the
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Figure 3.4: Activity diagram of a behavior-driven development process combined with a test-
driven development process.
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specifications. Instead of verifying that the output of every element is within the spec-
ification, BDD treats the system as a whole unit, and checks what the entire system
is supposed to do. In TDD the system architecture is given, and the developers need
to implement the system and verify it according to such an architecture. However, in
BDD the architecture is a consequence of the development process, and the specifics of
the implementation are not as important as the overall behavior of the system. Further,
it is necessary that all stakeholders be involved in the BDD-based design process. In
other words, BDD validates the system as all the stakeholders agreed upon after every
iteration. For that, BDD makes extensive use of a language that can be used by both
technical and non-technical stakeholders.

Note that behavior-driven development is a design methodology, as is also the case of
TDD. Thus, BDD does not limit how validation should be performed. However, the BDD
methodology technically provides some guidelines on how requirements must be stated.
In particular, for every scenario a pre-condition, a trigger event and the assertions of the
test must be defined. If the developers can provide proof that the tests for all scenarios
are passed successfully, then the design is considered accepted [97].

Behavior-driven development is a designing methodology that constrains any imple-
mentation of functionality only after the test case is set. As in the case of TDD, the
development flow is divided in three phases. First, a new failing test is written. It is
important that the test is executed and checked to fail to make sure that the test actually
checks for functionality that has not been implemented already. Secondly, the design is
implemented only to the point that all tests pass. Finally, once the design is proven, the
design is reiterated as necessary to fit with secondary criteria similar to the case of TDD.

Although behavior-driven development was conceived as an improvement to test-
driven development, the BDD and TDD methods are not mutually exclusive. While
BDD works with acceptance tests, TDD works with unit test. This means that both
methodologies complement each other and may be used to test the system for correctness
and acceptability at the same time. In practice, the entire TDD methodology fits inside
the implementation phase of BDD. Figure 3.4 shows the workflow for a behavior-driven
development process including a test-driven development iteration loop inside.

3.3 A methodology for developing hardware

As stated in the beginning of the chapter, the problems of applying a sequential product
development are manifold. The development methodology we are looking for should help
to mitigate such deficiencies on three fronts. First, tasks may be executed in parallel
following a concurrent engineering philosophy. Second, early and frequent verification
and validation may be achieved by applying test-first philosophies such as test-driven
development and behavior-driven development. Third, incremental verification setup
and product development through the application of the lean principles to facilitate the
communion of the two first objectives.

One reasonable criticism to test-first approaches is the vast amount of tests necessary
to conduct the development process. The original scope of TDD and BDD is within the
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field of software development. However, the strict application of test-driven development
for embedded system programming is already challenging. When software performance
starts to interact with the hardware that supports it, the cost of performing tests start
to increase significantly. One immediate solution to the increasing cost of implementing
tests on hardware is batch testing. Every new step in the methodology is applied to a
collection of tests rather than increasing the pool of tests one by one. The collection of
tests in a batch may be as large as the developer can handle without losing track of the
failed tests. This usually corresponds to the order of tens of tests for embedded system
programming. This practice still respects the spirit of the methodology as long as no
new code is implemented unless it is for fixing a failing test.

That said, there are even bigger problems to apply test-first approaches to the devel-
opment of hardware. In general, software allows for virtually unlimited changes in the
functionality of a system at a tiny cost. That is not the general case of hardware devel-
opment, where any change in the design has a significant cost in materials, fabrication
time, integration time, etc. before being able to test it.

This problem has been tackled in Paper B by applying a slightly modified version of
the behavior-driven development methodology to elaborate an application in software-
defined hardware. In particular, we have developed a baseband for satellite ground
operations utilizing an Ettus USRP B210 software-defined radio platform. Software-
defined radios are embedded systems that can specify in software several functions for
radio communications that were traditionally implemented in hardware, e.g., filtering,
amplification, modulation scheme, et cetera.

The acceptance tests consisted in adding different sorts of impairments to the radio
channel, e.g., Gaussian noise, phase noise, carrier-frequency offset or timing offset. Then,
the performance has been measured with statistics such as bit error rate, frame error
rate or word error rate with respect to the energy per bit to noise power spectral density
ratio. Such performance can later be compared to the acceptable values as reported by
the consultative committee for space data systems (CCSDS) standards. The performance
must be unacceptable so far. However, different function blocks have been developed one
by one in the code to correct such channel impairments, and tuned until the performance
of the baseband is compliant with the standards.

The application of behavior-driven development in Paper B is limited to very specific
hardware architectures. A different approach with a broader scope of application is
presented in Paper C. The suggested hardware design and testing methodology is still
based on the behavior-driven development methodology. However, the focus of the BDD
process is put on the evaluation tool rather than the final product itself. The BDD can
be applied to the development of simulations with no modifications because simulations
are implemented in software. Hence, the development process consists in improving the
simulations with the behavior that is expected from the requirements, and then develop
the hardware as needed.

The methodology is applied in three distinct phases. First, the method starts with
the creation of a reference functional model. This reference model must be convertible
to the set of tests that shall guide the development process later on. For example,
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universal modeling language (UML) or systems modeling language (SysML) are two
descriptive tools that can be used to represent systematically the requirements, structure,
behavior and parametrics of a system under development. There are applications that can
transform models specified in this languages into executable code for the tests [98–100].

The method continues with the development of a virtual simulation that can pass all
tests. Such a simulation must be comprehensive enough to represent the entirety of the
system. From this point on, the system can be implemented in hardware. For that, the
hardware interfaces must be in place already. All physical parts of the system can be
gradually implemented and integrated to the evaluation tool now in form of hardware-
in-the-loop simulations. At the end of the process, all subsystems will have been tested
physically within the capabilities of the simulation facility. Ideally, the results should
correlate fully to the operational scenario after the last simulation. This is never the case
in reality, and hence results of the real behavior in orbit are very valuable to quantify
the validity of the simulation platform.

The BDD methodology is sequential in nature. In order to reconcile this fact with
the concurrent engineering principles, we need to recover the concept of batch testing.
In this case, batch division is not arbitrary, but should fit the scope of a subsystem.
In other words, all subsystems are developed in parallel following their own process.
However, system level tests including all subsystems in their most updated version must
happen periodically. The methodology even allows adding new subsystems or replacing
old ones, but these new additions also need to pass through the same three phase process:
reference model, virtual simulation and hardware-in-the-loop simulation. For this reason,
the system architecture should have a clear division in distinct modules as early as for
the consolidated reference model.

After all this, it is clear that the methodology is powerless without an appropriate
simulation tool. Such simulation tool must support simulations all the way from pure
model abstraction to the physical realization of the system. Chapter 4 presents the
development of a hardware-in-the-loop simulation facility that is standalone from the
earliest stages of the methodology, but can also adapt to modifications and upgrades.



Chapter 4

Simulation environment

4.1 Architecture of the hardware-in-the-loop simu-

lation facility

The aim of the simulation facility is to serve as a tool for the verification and validation
of models, software and hardware of different space systems. Such a facility has been
envisioned to perform a variety of simulations including guidance, navigation and control
simulations that involve physical interactions with the surroundings. For that purpose,
the facility combines various technologies in order to compensate and complement the
physical limitations that each of them has separately. The hardware-in-the-loop sim-
ulation facility laying at LTU’s Nanosatellite laboratory is depicted in Figure 4.1 and
its CAD model is provided in Figure 4.2 for further clarification of the layout. The
facility consists of seven main systems, i.e., simulation computer, computer vision sys-
tem, frictionless table, frictionless vehicle, frictionless attitude stand, fixed-base robot
manipulator and moving-base robot manipulator.

The frictionless vehicle floats over the frictionless table and can have physical inter-
actions with the fixed-base robot manipulator and the moving-base robot manipulator.
Both robot manipulators can also act upon one another. However, only the fixed-base
robot manipulator have the potential to interact with the frictionless attitude stand.
Obviously, the robot manipulators can be used to emulate other robotic arms in space,
but the extended use is to simulate the movement of any kind of object in space. While
the frictionless vehicle and attitude stand are used for accurate dynamic simulations
at the expense of limiting the number of ways in which the systems may move, the
robot manipulators can perform six-degrees-of-freedom kinematic simulations. However,
the robot manipulators require accurate and responsive force sensors and higher com-
putational power to perform dynamic simulations equivalent to those of the frictionless
systems.

Further, all systems may be operated in situ. The role of operating and coordinating
all systems corresponds to the simulation computer. For that, a wireless local area

37
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Figure 4.1: Overall layout of the hardware-in-the-loop simulation facility in Kiruna: a. simu-
lation computer, b. camera, c. frictionless table, d. frictionless vehicle, e. frictionless attitude
stand, f. fixed-base robot manipulator and g. moving-base robot manipulator.

Figure 4.2: CAD model of the hardware-in-the-loop simulation facility: c. frictionless table,
d. frictionless vehicle, e. frictionless attitude stand, f. fixed-base robot manipulator and g.
moving-base robot manipulator.
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Figure 4.3: Connection diagram of the hardware-in-the-loop simulation facility.

network has been created as shown in Figure 4.3. The simulation computer is a regular
desktop computer running the Windows 10 operating system. It unifies the programming
environment for all systems through MATLAB/Simulink. It can communicate through
WiFi to the payloads of the frictionless systems while wired connection is used for the
remaining systems. In particular, the fixed-base robot manipulator utilizes the Profibus
protocol through an industrial Ethernet port [101]. The robotic arm and the gantry that
compose the moving-base robot manipulator require two different protocols. The robotic
arm utilizes Modbus protocol through a general purpose Ethernet port while the motors
that power the gantry use the Profibus protocol as the fixed-based robot manipulator
[102,103]. Additionally, the camera for the computer vision system is connected directly
to the simulation computer via USB port.

4.2 Robot manipulators

The hardware-in-the-loop simulation facility includes two robot manipulators that are
used for different purposes. First, the fixed-base robot manipulator is meant to be utilized
in simulations where such a robot is taken in the center of the reference frame adopting
a passive role or supporting in tasks like berthing. Such a robot can emulate missions
like the first Canadarm mounted on the Space Shuttle [104] or the Remote Manipulator
System that is part of the Japanese Experiment Module of the International Space Station
[105]. Secondly, the moving-base robot manipulator is meant to perform more agile
maneuvers and adopt an active role in the simulations. Among other scenarios, the
moving-base robot manipulator is intended to perform as a chaser in simulations of active
space-debris removal missions or other non-cooperative capture operations [106–108].

The fixed-base robot manipulator is an anthropomorphic robotic arm with six revolute



40 Simulation environment

joints distributed in the typical articulated configuration with 2 shoulder joints, 1 elbow
joint and 3 joints forming a spherical wrist. Particularly, it is an IRB 2600-20/1.65
manufactured by ABB as shown in Figure 4.4.

Figure 4.4: Close-up of ABB’s IRB 2600-20/1.65 robot manipulator installed in the Nanosatel-
lite lab.

The IRB 2600 robot can carry a maximum payload of 20 kg and reach up to 1650
mm when fully extended. However, in its current position the robotic arm can only
reach maximum 1184 mm over the frictionless table. The performance of the IRB 2600
has been summarized in Table 4.1. The fixed-base robot manipulator is mounted on a
base structure as shown in Figure 4.5. The maximum allowed distributed floor load is
200 kg/m2 and the point load must be maximum 200 kg. In the worst case scenario,
during an emergency stop, the ABB robot may exert a vertical force of 6720 N including
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Table 4.1: Performance of the IRB 2600 - 20/1.65 robotic arm.

Parameter Value
Pose repeatability 0.04 mm
Pose accuracy 0.03 mm
Linear path repeatability 0.13 mm
Linear path accuracy 0.55 mm
Pose stabilization time 0.00 s
Axis resolution 0.001◦

Axis 1 maximum speed 175◦/s
Axis 2 maximum speed 175◦/s
Axis 3 maximum speed 175◦/s
Axis 4 maximum speed 360◦/s
Axis 5 maximum speed 360◦/s
Axis 6 maximum speed 500◦/s

the 272 kg of the robot and 216 kg of the structural base. In such conditions the robot
may also exert a torque of ±7690 Nm. The solution found by the group was to build
an hexagonal structure supported on rubber pads to distribute the loads over a larger
surface. The structural frame was fabricated in three parts of construction steel S235, i.e.,
a top plate of 10 mm thickness, a tripod formed by three legs of 80 mm × 40 mm × 2 mm
rectangular profile, and three equal rhombuses formed by IPE 80 I-section beams. The
highest distributed load is 63 kg/m2 and the point load is 183 kg.

Figure 4.5: CAD model of the fixed-base robot manipulator mounted on the hexagonal base.
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The moving-base robot manipulator consists of a Universal Robots UR5 robotic arm
mounted on a Rollco X-Y Cartesian gantry assembled around the frictionless table as
shown in Figure 4.2. As the IRB 2600 robot, the UR5 model is an articulated robotic
arm with six revolute joints. However, the wrist configuration is non-spherical, hence the
position cannot be decoupled from the orientation of the end effector. A close-up photo
of the UR5 robot can be seen in Figure 4.6. Additionally, the UR5 can manipulate a
maximum payload of 5 kg and position the end effector up to a distance of 850 mm. The
performance of the UR5 has been summarized in Table 4.2.

Figure 4.6: Photo of the UR5 robot manipulator mounted on the gantry.

Table 4.2: Performance of the UR5 robotic arm.
Parameter Value
Pose repeatability <0.1 mm
Pose accuracy <0.1 mm
Axis resolution 0.001◦

Axis maximum speed (all) 180◦/s

As of the Cartesian gantry, it consists of two parallel toothed-belt drives and another
one in an H-like arrangement that support the UR5 manipulator as in Figure 4.7. The
gantry adds two redundant linear degrees of freedom to the six degrees of freedom of the
robotic arm. Hence, it effectively extends the workspace of UR5 robot 3800 mm in one
direction and 3600 mm in the other one. In practice, the gantry system covers the entire
surface of the frictionless table.
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Figure 4.7: CAD model of the moving-base robot manipulator.

The Cartesian gantry is driven by two MAC140 servomotors as shown in Figure 4.8.
The output of both servomotors is reduced with identical CP060 planetary gears with a
100:1 ratio. When the servomotors are powered with 24 V they are capable of moving
the platform, including the 18.4 kg of the UR5 and the 5 kg of payload, at an effective
speed of 4 m/min.

Figure 4.8: Close-up of the motors that power the gantry.
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Unlike the fixed-base robot manipulator, the moving-base robot manipulator does not
have structural problems because the dynamic loads are much below of those of the ABB
robot and its static loads correspond to 174 kg of gantry plus robot and payload weights.
The structure is well supported with six feet measuring 160 mm × 80 mm × 550 mm fab-
ricated with the same extruded aluminum than the frictionless table. Moreover, the
anchorage of the moving-base robot manipulator has been made independent from such
a table to minimize vibration transfer.

4.3 Frictionless attitude stand

The primary use of the frictionless attitude stand is the simulation of attitude dynamics in
three degrees of freedom. For instance, such a system can be used for sensor calibration or
accurate three-dimensional characterization of actuator including reaction wheels, cold
gas thrusters, et cetera. The frictionless attitude stand consists of a t-slot clamping
plate, on which payloads are fixed, mounted on a hemispherical air bearing. Hence, the
frictionless attitude stand corresponds to a tabletop configuration with unconstrained
yaw rotation but limited pitch and roll movement, specifically to ±45◦. The setup is
supported on a suitable pedestal as shown in Figure 4.9.

Figure 4.9: Photo and CAD model of the frictionless attitude stand.

The air bearing and the pedestal have been supplied by PI-USA. In particular, the
air bearing is a PI A-653, of which more specifications can be found in Table 4.3. In
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contrast, the clamping plate has been fabricated in house. The attitude stand shares the
same clamping plate with a former version of the frictionless vehicle explained in Section
4.6.1. Hence, some of the experiments performed with such a vehicle are also applicable

to the frictionless attitude stand. Additionally, the plate includes four weights that can be
adjusted with their corresponding linear actuators to balance the platform. Tabletop air-
bearing configurations have a natural tendency to tip over when the platform is payload
heavy. Ideally, the center of mass should be located as close as possible to the center of
rotation to reach neutral stability, but never over it.

Table 4.3: Specifications of PI A-653 air bearing.
Parameter Value
Hemisphere diameter 100 mm
Moment of inertia about the sphere center 0.6 g/m2

Load capacity 65 kg
Nominal operational pressure 550 kPa
Consumption 28 L/min (standard)

4.4 Frictionless table

4.4.1 Description of the table

The frictionless table is the structural support that allows a working area for fric-
tionless vehicles to operate on. Particularly, The dimensions of the working area are
3510 mm × 3780 mm. However, the effective area that the current version of the friction-
less vehicle can operate without collisions with the fences is 3165 mm × 3435 mm. The
table has been developed in collaboration with CONEX Engineering with flatness and
dimensional stability as the principal design drivers. Hence, it resulted in a rigid struc-
ture although quite heavy with 1510 kg. Refer to Figure 4.10 for a visual description of
its construction.

Structurally, the frictionless table consists of a top surface of steel plates supported
by two sets of perpendicular beams. In order to avoid points with significant distortions,
the weight is shared over 20 posts that lay on their respective D80 knuckle foots with
inserts for reducing vibration and absorbing impacts. The table does not have to support
significant dynamic loads unlike the fixed-base robot manipulator. As a result, the dis-
tributed load on the floor is 110 kg/m2 and the maximum point load is 90 kg. The overall
effect is still below the building constraints including the overlapping sections with the
robot supports. The specifications of the main structural components are summarized in
Table 4.4.

One of the most crucial decisions that have been taken is the selection of the finishing
surface material. The top surface must be as flat and smooth as possible so the air
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Figure 4.10: Overview of the frictionless table with a breakout of its main structural components:
a. top plates (flanks), b. top plates (center), c. fences (north axis), d. fences (east axis), e.
upper beams, f. lower beams, g. foot posts.

Table 4.4: Specifications of the main structural components of the frictionless table.
Part Amount Dimensions Material
Top plates (flanks) 4 1795 mm × 985 mm × 6 mm Rolled steel S355J0
Top plates (center) 4 1795 mm × 945 mm × 6 mm Rolled steel S355J0
Fences (north axis) 2 80 mm × 40 mm × 3590 mm Extruded aluminum
Fences (east axis) 2 80 mm × 40 mm × 3780 mm Extruded aluminum
Upper beams 13 160 mm × 80 mm × 3590 mm Extruded aluminum
Lower beams 4 200 mm × 80 mm × 3860 mm Extruded aluminum
Foot posts 20 80 mm × 80 mm × 160 mm Extruded aluminum

bearings that create the frictionless effect on the vehicles do not find any imperfections
that may create disturbances while operating. In this scenario, three materials have
been considered, i.e., glass, granite and a combination of steel and epoxy. The three
options present comparable structural performance. The glass has a specific modulus
of 18.0 to 26.9 MPa · kg−1 · m3 while the steel that supports the epoxy has 23.8 to
27.3 MPa · kg−1 · m3 and the granite has 3.7 to 25.9 MPa · kg−1 · m3. On one side,
glass is less consistent than the other two options due to the ripples created during the
manufacturing process. It additionally requires special care for handling and installing
it. On the opposite side, granite would be the best option in terms of precision, but the
costs and the fact that it comes in one heavy piece makes it unsuitable to install in the
laboratory considering the planned dimensions. The final decision has been to construct
the working surface with a bed of steel plates for structural integrity and covering it with
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a layer of 4 mm of self-leveling epoxy resin for level and smoothness. Steel plates and
epoxy are affordable, practical to install and easy to maintain.

4.4.2 Characterization of the surface

Even considering that the table has been designed for high rigidity, some distortions
on the surface are inevitable. These distortions may be caused by thermal dilation,
stress relief in fasteners and supports, floor deformation due to addition of other heavy
equipment close by, et cetera. As a consequence, the frictionless vehicle experiences
external forces that should not be there but become apparent during the simulations.

To prevent and mitigate the effects of such distortions, characterization is paramount.
First, let us establish a reference frame for the measurements that will follow. The
structure of the table is aligned to the geographical cardinal points within ±1◦. Hence,
such orientations are used to facilitate the definition of the reference frame. The origin of
the reference frame is located at the southwesternmost corner of the working area. From
there, the first axis points northwards, the second points eastwards and the third points
downwards. The frame of reference is represented in Figure 4.10.

A preliminary manual characterization has been performed in Paper D. Such a charac-
terization consisted in measuring the elevation and azimuth angles of the local deviations
with a graded spirit level over a grid of 12 × 12 points over the frictionless table. The
results of the preliminary characterization indicated a maximum deviation of 0.069 m/s2

and a general tendency of the disturbances to point towards south or south-west. Due
to the inaccuracies of the spirit level, these results should not be taken as quantitative,
but rather as a qualitative reference for further investigation.

A more systematic approach has been conducted with the intent of improving the
preliminary characterization of Paper D. In this approach, the inertial measurement
unit (IMU) installed in the frictionless vehicle is used. The instrument can measure
acceleration, angular velocity and magnetic field in three axes. However, only the raw
acceleration measurements are considered in this analysis. Due to the logistics of the test,
the measurements have not been taken in a completely randomized series, but rather in
a methodical way. That is, the table is divided in 11 rows and 11 columns with a
separation of 310 mm between them. To keep a consistent reference in each position the
grid references were physically made with a set of lines under tension as in Figure 4.11.
The series of measurements start at the position closest to the origin of the table and
putting the frictionless vehicle against the the two fences that form the corner. At every
position, four samples have been taken, i.e., one for each cardinal direction. One sample
consists of a recording of 5 seconds of raw IMU data at 100 samples per second while the
frictionless vehicle stands completely stationary in direct contact with the table. Then,
the series continue sequentially advancing the position of the vehicle eastwards through
the row. After a row is completed, the position advances one row northward and resets
the eastward position. A visual clarification of the sequence can be found in Figure 4.12.

To complete one row of measurements, one person requires about one hour of work.
Therefore, the experiment had to be interrupted many times. Before starting a new
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Figure 4.11: Frictionless vehicle taking samples while it is stationary on the table. Notice the
orange lines that are used to facilitate the proper placing and orientation of the vehicle.

Figure 4.12: Diagram of the measurement sequence followed during the characterization of the
frictionless table.
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row, an additional sample has been taken in the origin position in order to take into
account the comparative offset in the acceleration measurements after every power cycle.
The estimation of the gravity disturbances consists in eliminating three effects from the
measurements. First, consider that the IMU may not be well aligned with the frame of
the vehicle. An IMU that rotates parallel to the table would see a vector that rotates
opposite to the body frame with a constant angle. However, an IMU that is not parallel
will see the vector oscillating as the frame rotates. The sensor misalignment have been
corrected in ~ai,j,Aligned with Equation 4.1.

~ai,j,Aligned =
1

4
(~ai,j,N + RE~ai,j,E + RS~ai,j,S + RW~ai,j,W ) (4.1)

Vectors ~ai,j,N , ~ai,j,E, ~ai,j,S and ~ai,j,W are the mean vectors for a series of recordings
at an i, j position for the north, east, south and west orientations respectively. Matrices
RE, RS and RW are the rotation matrices to align their respective vectors to the same
orientation than that when ~ai,j,N was taken.

Secondly, as already mentioned, different rows of samples may have a different offset.
The offset is a random effect that adds a constant value to the measurement and resets
each time the instrument powers up. During the experiment the system may have been
powered up at the beginning of some of the rows, but never in the middle of a row.
Hence, the comparative offset ~ai,Row.Offset for all elements in a row can be calculated
with Equation 4.2. Then, all aligned vectors ~ai,j,Aligned can be corrected to have the same
offset. Hence, such vectors become ~ai,j,Same.Offset by removing their respective row offset
~ai,Row.Offset as in Equation 4.3.

~ai,Row.Offset = ~ai,Row.Ref − ~aAbs.Ref (4.2)

~ai,j,Same.Offset = ~ai,j,Aligned − ~ai,Row.Offset (4.3)

Finally, there is still a common offset that affects all vectors. From previous characteri-
zation, it is known that there is a point on the table that is truly horizontal and its value
~aTrue should correspond to the local gravity vector from Equation 4.4.

~aTrue =




0
0

gLocal


 =




0
0

−9.824


 (4.4)

Therefore, the overall offset ~aOverall.Offset can be calculated by removing the true value
from the row-corrected value ~ai,j,Same.Offset at such a point, which corresponds to position
2340 mm north 480 mm east (i = 8, j = 2) following in Equation 4.5. Finally, the overall
offset can be removed from the vectors for every position becoming ~ai,j,No.Offset as in
Equation 4.6.

~aOverall.Offset = ~a8,2,Same.Offset − ~aTrue (4.5)

~ai,j,No.Offset = ~ai,j,Same.Offset − ~aOverall.Offset (4.6)
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After processing all samples, the gravity disturbances at each position is found as the
projection of the corresponding corrected vector ~ai,j,No.Offset on the horizontal plane. A
quiver plot with the gravity disturbances at every position is displayed in Figure 4.13.

Figure 4.13: Mapping of the gravity disturbances over the frictionless table.

The results show a maximum deviation of 0.0591 m/s2 at the position 170 mm north
1100 mm east, and a general trend of arrows pointing southwest. However, the standard
deviation of each sample varies between 0.01 m/s2 and 0.02 m/s2, which are comparable
to the table deviations themselves. Consequently, these results are still to be taken with
skepticism. More systematic characterization experiments are worth to investigate with
the intent of improving the accuracy of the current results. On a positive note, the
overall magnitude and the general direction of the distortions coincide with the manual
characterization and the observations during the operation of the frictionless vehicle.
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4.5 Computer vision system

The computer vision system identifies and tracks marked objects for the simulations. Its
main purpose currently is to provide reliable position and attitude data to the frictionless
vehicle because the tracking data estimated with IMU measurements is not accurate. The
sensors in the IMU do not output the actual state vector, but rather acceleration and
angular velocity, which must be integrated to determine the position and orientation of
the vehicle. This estimation method is extremely sensitive to errors in the measurements.
As a result, the estimation of the state vector tends to diverge rapidly from the initial
conditions.

The magnetic field readings assist to stabilize attitude estimations, but position esti-
mates still require a better solution to allow for accurate simulations. The combination of
computer vision solutions, which brings slow computation, with onboard measurements,
which have rapid acquisition, yields a precise, trustworthy, and relatively quick estima-
tion of the state vector using sensor-fusion approaches. In any case, the information
provided by a system that can track objects from an inertial reference is still valuable
for validating the simulations.

The development of the computer vision system has been performed in house with
commercial-off-the-shelf components. It consists of a webcam Creative “Live! Cam Chat
HD VF0790” and the simulation computer. The webcam takes pictures up to a resolution
of 1280 × 720 pixels and allows for adjusting image settings including resolution, pan,
tilt, saturation, hue, contrast, gamma, sharpness, backlight compensation, brightness,
white balance and exposure value [109]. The camera is hoisted with four lines that are
supported from different points on the ceiling of the laboratory as shown in Figure 4.14.
The extension of the lines can be modified to adjust the camera framing. However,
at maximum tension the field of view of the camera only allows to see a portion of
3.0 m × 1.7 m of the table as in Figure 4.15.

The algorithm to process the images has been coded in MATLAB with the functions
provided in the computer vision toolbox. Those functions are able to read from the cam-
era and process the images, but they rely on the previously calibrated camera intrinsics
in order to yield proper results. Such calibration can be done automatically from a series
of images, all from the camera we want to calibrate, capturing a checkerboard in several
poses as in Figure 4.16. The calibration application is capable of detecting the borders
between different squares on the checkerboard and estimate camera intrinsics from the
optical distortions that can be measured provided that the checkerboard is a reliable
dimensional reference.

In order to detect the objects in a simple way during the simulations, the algorithm
relies on fiducial markers rather than detecting the features of the various objects. Sim-
ilar to the checkerboard, fiducial markers are objects used as reference for measure and
identification of objects in an image. In particular, the fiducial markers that have been
used during the simulations are of type AprilTag, and more specifically from the Tag16h5
family [110]. See Figure 4.17 for reference. Such a family of fiducials have been selected
because they are amongst the simplest to detect.
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Figure 4.14: Close-up of the camera attached to the ceiling with four lines under tension.

Figure 4.15: Field of view of the camera and placement of the fiducial markers over the fric-
tionless table.
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Figure 4.16: Selection of 9 of the images that have been used to calibrate the camera intrinsics.

Figure 4.17: Mosaic with all the fiducial markers from the Tag16h5 family. Credit: Max
Krogius. [110]
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Although the assumption of such markers in the algorithm can sporadically induce
false detections, it rarely happens and is a problem that is fixed during tracking. The
processing of images containing such fiducials result in data including identification,
position and orientation of every marker. In order to place the markers in the most
suitable objects for the simulation, the fiducial markers have been printed on sticker
paper measuring 60 mm aside.

Four fiducials have been placed on the working surface to define the frame of reference
and correct for camera misalignment for the simulations. In this case, the markers have
identification codes 0, 1, 2 and 3, and have been placed with millimeter precision on the
four corners of a rectangle of 2800 mm × 1500 mm that fits the field of view of the camera
as in Figure 4.15. The marker 0 is the origin of the image frame of reference. The vector
0̄1 is the first axis pointing north. The third axis is perpendicular to the plane formed
by 0, 1 and 2 pointing down, away from the camera, and the second axis is calculated by
the right-hand rule. Therefore, the reference frame of the table can be transformed from
the image reference by just applying a translation of the origin. The remaining label
number 3 is redundant. With all this, the algorithm can track marker number 10, which
has been placed on the center of the frictionless vehicle, with an accuracy of 6 mm in
position and 0.22◦ in orientation. See Figure 4.18 for reference.

Figure 4.18: Image processed by the Computer Vision System of KNATTE operating over the
frictionless table. The system identifies all fiducial markers (yellow labels), and calculates the
position and orientation with respect to the camera (red, green and blue axes).

Before starting the simulations, the camera settings have to be properly adjusted to
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have a consistent detection of the markers. The settings in Table 4.5 have been manually
selected as for reaching the best detection performance. However, the performance of
the camera is very sensitive to the illumination of the scene. Hence, the exposure value
have to be calibrated before starting tracking objects. The calibration algorithm consists
in taking five seconds of footage for every different exposure setting. That footage is
processed in real time. The optimal exposure value is the one with the largest count of
positive detections. One positive detection counts when all reference markers are detected
only once for that specific frame. The exposure of the camera is then fixed to the optimal
value for the entire duration of the simulation.

Table 4.5: Settings for the Creative ”Live! Cam Chat HD VF0790” camera during the simula-
tions.

Parameter Value
Resolution 1280 × 720
Pan 0
Tilt 0
Saturation 0
Hue 0
Contrast 50
Gamma 100
Sharpness 0
Backlight Compensation 0
Brightness -64
White Balance Mode auto
Exposure Mode manual

The detection algorithm is quite sensitive to the light conditions of the moment, es-
pecially when natural light is used. Natural light is diffuse, but not well spread over
the scene. Additionally, natural illumination may vary quickly during simulations with
changing weather conditions. This is even more severe problem in Kiruna due to the
drastic change of natural light in different seasons. In an attempt to improve the consis-
tency of the lighting conditions in the laboratory, the simulations rely on room lights and
adjustment of the shades on the laboratory windows. In such conditions, the calibration
algorithm is capable of compensating the small changes that external weather is still able
to affect. However, the lamps shine direct light on the objects. See for example the light
reflections over the frictionless table in Figure 4.19. These spots of concentrated light are
intense enough to create misreadings of the fiducial markers that pass through them. To
counteract this effect, the algorithm includes a filter to reject outliers. The filter compares
the latest reading of position and orientation with the exponential moving average using
a rejection factor of 0.4. If the magnitude of the difference is greater than 50 mm or 2.5◦

the value is discarded. The algorithm subsequently communicates the filtered position
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and orientation to the frictionless vehicle via user datagram protocol (UDP) socket.

Figure 4.19: Image taken by the computer vision camera with four reflections over the surface
of the table and vehicle. Notice how the fiducial on the frictionless vehicle appears blurred
compared to the reference markers.

In summary, the computer vision system implemented here is quite sensitive to il-
lumination, sometimes to the border of incapacitation, and only offers a cropped image
of the working area. However, such a system has demonstrated to provide the intended
measurements with enough reliability, accuracy and speed to fulfill the simulation needs
despite all its drawbacks.

4.6 Frictionless vehicle

4.6.1 Lessons learned from the first platform

During the activities of this research, two different frictionless vehicles have been devel-
oped. The first developed vehicle was conceived as a passive platform that can move
in five degrees of freedom. Such a platform consists of an attitude module as the stand
described in Section 4.3 mounted on a horizontal translation module. See Figure 4.20 for
reference. On the one hand, the attitude module allows the payload for rotating in three
axes through a spherical air bearing. The platform is free to rotate around the vertical
axis, but it is constrained to ±45◦ on the other two. On the other hand, the horizontal
translation module stands on three flat air-bearing pads. While the vehicle is on the
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frictionless table, the flat air bearings allow for two translations and one rotation around
the vertical axis. The horizontal translation module is also the base that supports the
rest of the vehicle with all the necessary electronics and pneumatics to make it work.
Additionally, an annular structure elevated by linear actuators acts as a support and
brake to lock the attitude module when not needed.

Figure 4.20: Close-up photo and CAD model of the first frictionless vehicle. a. device under
test (EyasSat), b. attitude module, c. horizontal translation module, d. spherical air bearing,
e. attitude module brake and f. flat air-bearing pad.

The attitude module is barely in equilibrium when unloaded. Adding a mass as
small as 200 g may tip the platform over. To avoid tipping the payload, the module
has four actuated counterweights distributed around the clamping plate. The reason to
include four weights rather than the minimum three required to tune the center of mass
of the setup is to maintain biaxial symmetry at the expense of adding computational
complexity to the control problem. One of the experiments that have been conducted
with the frictionless vehicle has been balancing the attitude module. The process has
been documented by Guillermo Ledo in reference [111].

The development of the control algorithm to balance the attitude module followed four
stages. First, the system has been modeled through the equations of motion of the system.
Secondly, an algorithm has been implemented in MATLAB to estimate the center of mass
of the platform based on the batch least-squares estimate of kinematic measurements.
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After such estimation is performed, the algorithm also calculates the position of each
counterweight that is required to balance the platform. Thirdly, the algorithm has been
tested with multidomain physical simulations implemented in Simscape. Finally, the
results of the simulation have been verified with hardware-in-the-loop simulations.

After testing the estimation algorithm, it has been observed that the algorithm is
quite sensitive to noise from both the numerical solver and the measurements. However,
the reliability of such algorithm might improve using the damped least-squares estimation
method instead. Despite the difficulties in using the balancing algorithm, the simulations
have proved to be useful for testing the effectiveness of the methodology and the setup.
The behavior of the algorithm tested in Simscape and that when tested in the hardware-
in-the-loop simulation are almost identical, thus confirming the relevance of adopting a
progressive development approach with different levels of implementation.

In another experiment setup described in Paper C, the firstly developed friction-
less vehicle has been part of a hardware-in-the-loop simulation for validating RUAG’s
spacecraft management unit. The objective of the simulation was to test the space-
craft management unit in an operational scenario controlling both virtual and physical
subystems. For that, all possible ways of interacting with the spacecraft management
unit were covered, i.e., SpaceWire communications, CAN bus communications and power
management. The MIL-STD-1553 communications port of the spacecraft management
unit was not functional at the moment of the simulations. Figure 4.21 shows the ar-
rangement of systems that have been used to interface the spacecraft management unit
during the simulations and debug communications.

Figure 4.21: Setup of hardware-in-the-loop simulations with the spacecraft management unit.
a. programming computer, b. ground support equipment, c. spacecraft management unit, d.
oscilloscope, e. SpaceWire interface, f. CAN bus interface, g. arbitrary function generator.
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A simulation computer coordinated all hardware and synthesized the signals of virtual
systems in a Simulink environment. The simulation scenario consisted in a simple attitude
determination and control operation to steer a demonstration satellite, EyasSat, attached
to the frictionless vehicle as in Figure 4.20. EyasSat is a complete system that emulates
all basic functions of a satellite for educational purposes. In summary, the spacecraft
management unit controlled EyasSat’s reaction wheel, bypassing its onboard computer,
based on the readings of the encoder and a virtual sun sensor.

After these simulations, the frictionless vehicle showed to be useful to recreate micro-
gravity-like conditions in the laboratory. However, such vehicle presents two main draw-
backs in the scope of the followed methodology. First, the complexity of operations for
the frictionless vehicle, with five degrees of freedom, is unnecessarily high at the current
state of research. Simpler simulations allow for less time spent in preparations and more
opportunities for research, with the added risk of being less representative. Second, the
former frictionless vehicle depends on another system that provides the basic functions
of the objective spacecraft, like EyasSat. The aim of EyasSat as a product is not to serve
as a simulation platform, but to serve as a demonstration platform for educational pur-
poses. Hence, the performance of EyasSat is not suitable for the evaluation of hardware
for space applications. For example, simulations with EyasSat do not fulfill the min-
imum specifications for real-time operations. Additionally, the demonstration satellite
has a proprietary architecture with limited opportunities for modification.

4.6.2 Development of the new vehicle

The Kinesthetic Node and Autonomous Table-Top Emulator (KNATTE) is a second
frictionless vehicle that has been developed to fulfill the needs derived from the lessons
learned of the first one. The new platform has been developed in collaboration with
University of Rome La Sapienza. The aim of KNATTE is to serve as a multipurpose
platform that can simulate spacecraft behavior to practice concurrent engineering. For
that, the new frictionless vehicle is a standalone system with all basic functions needed
for the simulations, i.e., creation of the frictionless effect, communications, data handling
and determination and control of position and orientation. At the same time, KNATTE
is modular and expandable with new components and software without compromising the
functionality of the whole. Hence, KNATTE can run not only virtual, but also hardware-
in-the-loop simulations depending on the development state of each new subsystem.

The architecture of KNATTE can be divided in three principal subsystems, i.e., struc-
ture, pneumatic subsystem and electric subsystem. Figure 4.22 shows the construction of
KNATTE and its most important components while Figure 4.23 shows a block diagram
with all functional connections. All components have been selected to be easy to replace,
maximizing compatibility with the most common commercial systems and minimizing
the fabrication of ad-hoc parts. As a result of this, the cost of the entire assembly could
be kept within 50000 SEK for one frictionless vehicle. Additionally, the KNATTE plat-
form has a total mass of 9986 g and a vertical moment of inertia of 0.160 kg · m2 when the
tank is completely full. The system weighs 9673 g and has a vertical moment of inertia
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Figure 4.22: Close-up photo and CAD model of KNATTE with some of the most important
components highlighted. a. power adapter, b. input/output interface, c. battery, d. inertial
measurement unit, e. solenoid valves, f. nozzle, g. solenoid drivers, h. air-bearing pad, i.
second stage regulator, j. tank and first stage regulator and k. onboard computer.

of 0.155 kg · m2 when no compressed air remains in the tank.

The structure forms a cube with 300 mm sides made of extruded aluminum beams.
The slotted frame provides a solid yet simple mechanical support for attaching other
compatible components. Additionally, such type of frame elements are commonly used for
industrial purposes. Additionally, the internal space has been divided in two volumes by
aluminum sandwich panels and enclosed by vinyl panels. A list of structural components
is provided in Table 4.6

The pneumatic subsystem powers two of the principal functions of KNATTE, i.e., air
bearings and thrusters. First, one tank stores compressed air at a maximum pressure of
310 bar. Then, two stages of regulators lower the pressure to 4 bar, which is required
by the thrusters. Consequently, the KNATTE vehicle may operate with a maximum
0.64 N of thrust and 0.102 Nm of torque. An additional manual regulator provides
an independent pressure feed to the air bearings at 1.4 bar. The air consumption of
KNATTE is limited to 3.9 L/min in standard conditions for the creation of the frictionless
cushion. However, the consumption might increase up to 160 L/min while the propulsion
system is active. Therefore, the autonomy of KNATTE for one full charge is about
ten minutes. Table 4.7 shows a list of the components that make up the pneumatic
subsystem.

On one side, pressure is supplied to three air-bearing pads to create the frictionless
effect. Contrary to the former frictionless vehicle, the KNATTE platform does not have
a spherical air bearing. Hence, the system can only provide the two translations and
one rotation contained in the horizontal plane. In any case, the three degrees of freedom
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Figure 4.23: Block diagram of KNATTE’s architecture showing the electrical and pneumatic
components.
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Table 4.6: List of components for the structure of the KNATTE vehicle.
Component Model Qty. Dimensions
Strut 20 × 20 Rexroth 3842992888 16 260 mm
Angle bracket Rexroth 3842523511 20
Cubic joint Rexroth 3842524478 8
Base plate RS PRO 778-1692 3 272 mm × 272 mm
Side panel RS PRO 809-9698 4 300 mm × 300 mm
Surface mount rim Rexroth 3842518343 N/A 3120 mm
Handle Rexroth 3842518738 2
Nut Rexroth 3842523135 40
Bolt RS PRO 908-7687 40
Din rail Altech 2511120/1M 1 180 mm
Bumper RS PRO 189-3233 8
Thumbscrew RS PRO 830-4145 8

Table 4.7: List of components for the pneumatics of the KNATTE vehicle.
Component Model Qty.
Tank + regulator First strike HPA 1
Second stage regulator Ontank regulator 1
Filling interface hose Ninja Microbore 2
Adapter NPT to 6 mm Legris 38050611 1
Adapter NPT to G Legris 0164 250 1
Main valve Legris 78010610 1
Adapter PI10 to PI6 RS PRO 176-1871 1
Manifold 7 outlets SMC KM11-06-10-6 1
Tubing 6 mm SMC TU0604B-20 2000 mm
Manifold tee SMC KQ2T06-00A 3
Manifold cross SMC KQ2TW06-00A 1
Adapter M5 PI6 SMC KQ2S06-M5A 4
Adapter PI6 to G1/8 Festo QSLF-1/8-6-B 8
Pressure switch Festo PEV-W 1
H-rail mounting Festo PENV-BGH 1
Air bearing regulator Festo VRPA-CM 1
Solenoid valves Festo MHJ9-QS 7
Solenoid driver Festo MHJ9-KMH 4
Air bearings + brackets Newway S104001 3
Air bearing mounts Newway S8013B06 3
Air bearing retainer Newway S8013S01 3
Nozzle Silvent MJ40 8
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delivered by KNATTE have shown to be sufficient for simple but challenging operations.
On the other side, the pneumatic subsystem supplies air to the propulsion system. The
current thruster setup uses a decoupled array with one thruster centered on each side for
translation and two pairs of opposing thrusters at the corners for torque generation. A
diagram with the location of all thrusters and air bearings is provided in Figure 4.24.

Figure 4.24: Schematic of the distribution of KNATTE’s pneumatic actuators. The circles
represent air-bearing pads. The triangles represent the nozzles of the propulsion system. The
rectangles represent rubber bumpers that save the nozzles from being crushed against the wall in
case of collision.

The avionics are controlled by a small desktop computer that runs simulations in
MATLAB/Simulink. A Bosch BNO055 inertial measurement unit offers 100 samples
per second real-time measurements of acceleration, angular rate, and magnetic field, as
well as temperature corrections. However, the external measurements from the computer
vision system provide more accurate and reliable estimation of KNATTE’s position and
orientation, specially if data from both systems are blended through Kalman filtering.
The command signal from the computer is administered externally by a input/output
interface which controls the solenoid drivers that will ultimately power the thruster valves.
The electricity necessary to power the avionics is taken from one LiFePO4 battery capable
of supplying 7800 mAh of electricity at 12 V. The capacity of such battery is enough to
power the entire system for several hours making the pneumatic system the limiting factor
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for KNATTE’s autonomy. A comprehensive summary of the electronic components of
KNATTE is provided in Table 4.8.

Table 4.8: List of components for the electronics of the KNATTE vehicle.
Component Model Qty.
Computer DELL OptiPlex 3070 1
Input/output interface USB-6001 1
IMU IMU Brick 2.0 1
IMU cable “Mini USB Cable 90cm” 1
IMU bracket “Mounting Kit 12mm” 1
Battery RS PRO 182-8653 1
Main switch RS PRO 175-8442 1
Computer switch RS PRO 111-5809 1
Voltage regulator RS PRO 417-916 1
Terminal blocks Phoenix 3244119 17
DIN End bracket Weidmuller EW35 4
Jumpers Phoenix 3030116 6
Banana red socket Mueller BU-31607-2 1
Banana black socket Mueller BU-31607-0 1
Antenna extension cable CSGP02210BK10 1

The development of the new platform has also followed a lean approach. First, a
model of the plant including the equation of motion has been developed in Simulink. The
model of the plant in Figure 4.25 consists in finding the state vector of the shape q =(
North, East, Heading

)T
by integrating the accelerations of the vehicle twice over the

time. The accelerations can be calculated knowing the thrust forces, other external forces
and KNATTE’s mass and moment of inertia. The thrust forces need to be transformed
into the inertial reference frame before adding them with the rest.

Figure 4.25: Simulink diagram of the equation of motion of KNATTE.
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Figure 4.26: Simulink diagram of the controller of KNATTE.

After the hardware of KNATTE had been assembled, the platform has then been
characterized and tested to verify the behavior of the model. Such characterization has
been documented in Paper D. This part has been crucial to adjust hardware settings like
the pressure ratings for the pneumatic actuators.

Next, the control algorithm has been implemented in the avionics of KNATTE to-
gether with the model of the plant as shown in Figure 4.26. Two inputs to the controller
are the state vector (q reading) and its time derivative (q dot reading). The state vector
comes from the simulated sensors, i.e., the state-space model that has been just imple-
mented. Some delays and noise have been added to the equations of motion to make a
more realistic simulation of the sensors. The simulated sensor data has to be processed
by KNATTE’s algorithm before feeding it it into the actual controller. When sensor data
is detected non reliable, as is frequently the case for the computer vision system, a filter
estimates the current state vector by dead reckoning. Alternatively, a Kalman filter can
also be used to blend data from different sensors.

Further, the controller also takes the input of the commanded state vector (q command)
and its time derivative (q dot command). The commanded state vectors can follow any
arbitrary trajectory of our choice. In particular, a guidance module has been implemented
to adjust a cubic polynomial curve to a series of waypoints and associated time points.
The controller needs all such vectors, or at least the error vectors, to be transformed from
the inertial frame into KNATTE’s body frame because the actuators are also fixed to
the body. After that, the algorithm implements proportional-integral-derivative (PID)
transfer functions for controlling translation and proportional-derivative (PD) transfer
functions for rotation. However, the derivative part in both cases is processed separately
from the error vector of the q dot rather than from the derivative of the error vector
because the controller gives out better performance.

The controller gains have been adjusted easily thanks to the rapid execution of the
virtual simulations. In particular, the gains for translation are P = 10, I = 1 and D = 20.
The integral part additionally implements a clamping anti-windup algorithm. The gains
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for the rotation control are P = 1 and D = 5. The tuning process would have been much
longer if the controller had been tested on hardware for every iteration. For example,
Figure 4.27 shows the performance of KNATTE’s controller during a virtual simulation.
The controlled state of KNATTE conforms to the command trajectory within a margin
of a few centimeters. More importantly, the controlled trajectory behaves in a stable way
and tends to converge towards the commanded one.

Figure 4.27: Plot of the simulated state compared to the commanded one.

The analog control signals must be modulated to binary signals because the thruster
valves only have two control states. The current algorithm implements pulse-width mod-
ulation for that purpose. Figure 4.28 shows all the control signals that correspond to the
trajectory followed during the virtual simulation.

The controller has been eventually validated with hardware-in-the-loop simulations.
For that, the space-state model has been replaced for the interfaces to the hardware
that it was simulating as shown in Figure 4.29. Specifically, the platform sends a data
request to the computer vision system via a UDP port at a regular interval of 0.05 s.
The readings are received from the computer vision system through a different UDP
port. Additionally, the control signals are sent to the solenoids via TCP/IP protocol to
a virtual machine that handles the communications with the input/output interface.

For illustrative purposes, a plot with the actual trajectory of KNATTE after applying
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Figure 4.28: Plot of the modulated control signals during a simulation.

Figure 4.29: Simulink diagram of KNATTE’s control algorithm with the interfaces for hardware-
in-the-loop simulation activated and the interfaces for virtual simulation deactivated.

the same controller in the hardware-in-the-loop simulation is shown in Figure 4.30. Notice
how despite the bigger delay and noise missed in the virtual simulations the trajectory
of KNATTE still converges to the commanded one in a stable manner.
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Figure 4.30: Plot of the measured state compared to the commanded one.

4.7 Utilization of the simulation facility

The current configuration of the hardware-in-the-loop simulation facility enables us to
run simulations at various phases of development. After evaluating the correspondence of
such simulations with the expected behavior in orbit, test cases may range from system
modeling to hardware-in-the-loop simulations of space operations.

Emulation of guidance, navigation and control technologies is one of the biggest po-
tentials of the facility. The propulsion system of KNATTE has been developed with
simplicity and reliability in mind, and for being able to work in the laboratory. As a re-
sult, the performance and operation of such thrusters will differ from those of actuators
mounted on real spacecraft. Cold gas thrusters are the closest space actuators to the
pneumatic propulsion system deployed on KNATTE.

The pneumatic system of KNATTE cannot attain the precise and continuously regu-
lated output levels of common space actuators such as some propulsion systems, reaction
wheels, or magnetic torquers. For this reason, the emulation of the behavior of such
actuators within KNATTE’s constraints opens research opportunities. The KNATTE
vehicle uses a standard pulse-width modulation algorithm to solve this problem, but
other algorithms such as sigma-delta modulation, pulse-width pulse-frequency, and other
hybrid approaches are also conceivable and worth researching.

The study of delays in space control systems is another relevant topic that can be
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investigated with the facility. If the delays are large enough, they may cause instabilities
in the close loop control of all sorts of spacecraft. During this research, two papers have
been developed in parallel dealing with two different aspects of control delays.

On one side, control delays may be affected by the latency of communications between
spacecraft that perform coordinated operations. Long distance communications are often
required, for instance, in constellation missions. During such missions, satellites may
need to coordinate while being in opposite points of an orbit. An approach to perform
coordinated simulations between two vehicles at remote facilities has been presented
in Paper E. For this, two independently developed test beds have been prepared, one
at Lule̊a University of Technology and the other at La Sapienza University of Rome.
In order to perform real-time simulations both platforms need to agree to the same
precise time reference. For that purpose, a synchronization algorithm based on the simple
network time protocol (SNTP) has been implemented, which allows for measuring the
clock offset and latency between the agents. Both platforms share UDP packets through
the internet with data regarding their local time, position and orientation.

On the other side, delay problems become particularly challenging when changes in
the geometry of the vehicle are of significant magnitude and affect the system dynam-
ics. In terms of control dynamics, KNATTE’s structure should be considered rigid.
However, real spacecraft arrangements usually include appendages whose geometry may
change significantly during operations. This is true for deployable booms, solar panels,
big antennas and interactive components like robotic manipulators. When the inertial
characteristics of such components are large enough to have a considerable effect on the
spacecraft’s center of mass or moments of inertia, the system’s natural frequency may be
lowered to the point where the system dynamics interfere with the reaction time of the
control system.

The scenario studied in Paper F presents a couple of mock solar panel mounted
on KNATTE’s structure. These panels reduce the natural frequency of the vehicle to
roughly 1.4 Hz, which influence the control algorithm aboard. Furthermore, the binary
character of KNATTE’s thrusters reduces the efficacy of potential solutions that rely on
continuously variable output. Once the platform has been properly modeled, a variety of
control laws can be used to dampen the elastic vibrations. To solve this problem, a finite
elements method has been employed to quantify the dynamic response of the flexible
panels. Then, the results of applying such method have been used as input to design a
linear quadratic regulator that diminishes the vibrations on the panels.
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Chapter 5

Conclusions and future work

5.1 Conclusions

The research embodied in this thesis has been conducted in three main phases, i.e., survey
of the relevant academic literature, synthesis of an engineering methodology and devel-
opment of a hardware-in-the-loop simulation facility that could fit such a methodology.
The findings of each of these phases can be applied to answering the research questions
posed in Chapter 1. The research questions are listed again for reference.

RQ1: What is the state of the art and the research gaps in the tools and techniques for
developing small satellite technologies?

RQ2: How can the principles of agile methods become practical throughout the entire
development process of space systems?

RQ3: How can the concurrent engineering principles be applied to integrated verification
and validation techniques in a coherent process?

RQ4: How can we use hardware-in-the-loop simulations to perform concurrent engineer-
ing?

The survey conducted in Chapter 2 proved to be fruitful to find out the state of the
art of the design methodologies applied to systems engineering, and specially to space-
craft design. Therefore, the answer to RQ1 can be found in Chapter 2. The design
methodologies depend on appropriate modeling techniques and applications that have
been gathered in the chapter.

One research gap found after the survey is the fact that despite the number of method-
ologies that can be found in the literature, they usually have a limited scope within a
project. They many times are also incompatible with other methodologies. Two of the
most powerful methodologies that are currently gaining relevance in the space industry,
but still have difficulties finding a common ground, are concurrent engineering and agile

71
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methods. It has not been until relatively recently that agile methods start to be accepted
within the space industry due to the conflicts they present with traditional approaches.
In particular, test-driven development and behavior-driven development are two agile
methods that apply a strict sequential workflow and are mostly dedicated to software
development. On the other hand, concurrent engineering theoretically consists on paral-
lelizing tasks across different phases of the project life cycle, but have few applications
beyond the design phase. The combination of these two methodologies is explored later
on in the thesis to expand the scope of both.

Moreover, the state of the art of testing and simulation tools for different applications
has also been surveyed and summarized in Chapter 2. The academic literature focuses
mostly on the construction and the specific applications of such facilities, but many times
lack the broader scope of a methodology in which to apply them.

Furthermore, the research conducted in Chapter 3 is meant to answer both RQ2 and
RQ3. Particularly, there are at least two ways to expand the scope of agile methods.
On the one hand, the research conducted in Paper B shows that test-first approaches,
such as behavior-driven development, are synergistic with the concept of software-defined
radio. When the functionality of the platform can be defined mostly by software means
the application of BDD does not need special modifications. However, it is not practical
to develop functions one at a time since the cost of building, programming and executing
tests on a physical platform becomes significant in human terms. Batch testing should
be implemented instead. On this line, the development of generic platforms that can
implement the concept of software-defined hardware may improve the versatility and
reusability of space missions.

On the other hand, the methodology in Paper C proposes to use the principles of
behavior-driven development for developing the evaluation tool rather than the product
itself. This is still practical as long as the simulations that are used in the verification
and validation tests involve software. The evaluation tool must eventually transition to a
hardware-in-the-loop simulation. The product is then gradually developed and integrated
to such a hardware-in-the-loop simulation to satisfy the test scenarios.

With regards to RQ3, the methodology in Paper C also proposes to divide the de-
velopment process in different intermediate steps. Phases of parallel and concurrent
simulations alternate. In this scheme, every subsystem is developed separately to allow
for parallelization. However, such intermediate simulations must include concurrent sim-
ulations involving all subsystems to put all the progress in common. For this, a fully
functional platform is necessary at the time of transitioning to hardware.

Additionally, the design methodology presented in this thesis is especially applicable
in the case of a continuous development effort rather than to individual projects. This
is because the knowledge obtained throughout the new design process will be preserved
and used again. The research indicates that these approaches are useful for very small
platforms. Minisatellite programs, in particular, may profit since they are frequently
continued in time. Even if the payload or mission concept changes, minisatellite platforms
will remain roughly in the same category.

The hardware-in-the-loop simulation facility presented in Chapter 4 is a tool that fits
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the objectives of the methodology of Chapter 3 in three ways, thus answering RQ4. First,
it promotes the development of space systems driven by verification and validation with
the execution of detailed unit tests as well as simulations of operational scenarios. Second,
the facility promotes lean development because KNATTE is modular and expandable.
Therefore, progressive improvements may be added or removed from the vehicle with
no risk of detracting its essence as a standalone tool for simulation. And third, the
facility allows and complements the concept of concurrent engineering since any new
component can be tested within the facility independently of its state of maturity, hence
supporting the development of different subsystems in parallel. During the progress of
this research, we have used the platform to develop components such as communications,
data handling, dummy solar panels and control algorithms.

This has been shown in the thesis by the fact that two completely different projects
have been conducted in parallel using the KNATTE platform during the same time frame.
In particular, the synchronization experiments of Paper E and the flexibility experiments
of Paper F have happened during the same period of time although not simultaneously.
That said, experiments integrating the developments of both papers may happen soon
after the completion of this thesis.

Additionally, the original concept described in Paper E adds a new dimension to the
possibilities of conducting concurrent engineering with the hardware-in-the-loop simu-
lation facility. The coordination protocol developed in Paper E allows for connecting
multiple of such facilities through the internet. Two platforms can then perform joint
experiments without the need of being physically present in the same laboratory.

5.2 Future Work

The work that has been initiated in this thesis may be continued in many different
paths. Starting with the topics that are closely related to the thesis, it is worth trying to
measure the effectivity of the proposed methodology. This is a difficult endeavour because
it requires to perform enough samples of a minimum length to obtain meaningful results.
That said, a quantitative experiment could be proposed by applying the methodology to
a series of small scale projects such as CubeSat missions and compare the results with
other approaches that may be published in the academic literature.

Additionally, the methodology of the thesis can be completed by specifying the mod-
eling techniques that can connect requirements to simulation in a systematic way. Such
modeling technique should include a domain neutral language that can describe the be-
havior of an entire system in a comprehensive way. A possible description technique that
could be used for this purpose is bond graphs. The work of modelling the system should
ideally lead to the automation of tests through a dedicated computer application. In
this regard, the literature is quite active in language parsing techniques that could be
used to interpret written requirements, and optimization algorithms that could find the
minimum amount of tests that are actually needed to verify the system.

As seen in Chapter 3, it is paramount for the success of the project to make the
right decisions about the division of the architecture in modules as early as possible.
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Fewer modules favours the efficiency of the resulting system while more divisions favors
specialization and replaceability of such modules. Future research could be done to
investigate if an optimal division in modules can be found for a specific system, and how
to reach such optimal value.

Further developments on the hardware-in-the-loop simulation facility may improve
the experience of using it and broaden the current set of applications. For example,
characterization and calibration of the different components has been so far a long and
arduous task. A self calibration algorithm would be highly advantageous for dedicating
more valuable time into the actual experiments and simulations.

Other activities that may follow the current research plan of the laboratory revolve on
expanding the experiments to more complicated scenarios involving several active agents.
Those agents could be replicas of KNATTE, but also the robot manipulators that are
currently in place. For example, we could use the moving base robot manipulator as a
replicator of a remote agent, such as the PINOCCHIO platform in Paper E, to introduce
contact physics in the simulations.

Any system can improve from the addition of more accurate instruments, and the
hardware-in-the-loop simulation facility is no exception. Currently, the weakest point in
the simulation is the tracking measurements. The computer vision system implemented
by inexpensive methods is effective but not reliable. The fact that the computer vision
system works with light in the visual spectrum makes it very vulnerable to the changing
illumination conditions of the scene that we as operators cannot avoid since we need
light to see what is happening in the laboratory. There are already other tracking sys-
tems commercially available, which do not depend on visual light and could improve the
accuracy and reliability of the data.

The use of models for troubleshooting spacecraft orbit operations are usually devel-
oped independently to the models used for qualification. This is practiced due to the
limited scope (usage) of the spacecraft models during the qualification phase. However,
the models that result from a test-first approach tend to be extensively tested and true
to the actual resulting product. Hence, such models could potentially be used for be-
ing the reference during operations saving significant resources to the project. However,
statistical studies on the reliability of such models should be done before taking that
step.

Finally, the hardware-in-the-loop simulation facility is a system that supports simu-
lations for educational activities in the area of systems engineering and control theory.
Research on how to engage students into the development of simulations for educational
purposes could be very beneficial to the academic community.
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[63] J. Garćıa, D. Gonzalez, A. Rodŕıguez, B. Santamaria, J. Estremera, and M. Ar-
mendia, “Application of impedance control in robotic manipulators for spacecraft
on-orbit servicing,” in 2019 24th IEEE International Conference on Emerging Tech-
nologies and Factory Automation (ETFA), pp. 836–842, IEEE, 2019.

[64] I. M. Da Fonseca, L. C. Goes, N. Seito, M. K. da Silva Duarte, and É. J. de Oliveira,
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Cristóbal Nieto-Peroy, M. Reza Emami

Paper originally published in:
Applied Sciences, Vol. 9, 2019, No. 15:3110. DOI: 10.3390/app9153110

© 2019 the authors. Creative Common CC BY license.

No special permission is required to reuse all or part of article published by MDPI,
including figures and tables. For articles published under an open access Creative Com-
mon CC BY license, any part of the article may be reused without permission provided
that the original article is clearly cited. Reuse of an article does not imply endorsement
by the authors or MDPI.

85



86



applied  
sciences

Article

CubeSat Mission: From Design to Operation

Cristóbal Nieto-Peroy 1 and M. Reza Emami 1,2,*
1 Onboard Space Systems Group, Department of Computer Science, Electrical and Space Engineering,

Luleå University of Technology, Space Campus, 981 92 Kiruna, Sweden
2 Aerospace Mechatronics Group, University of Toronto Institute for Aerospace Studies,

Toronto, ON M3H 5T6, Canada
* Correspondence: emami@utias.utoronto.ca; Tel.: +1-416-946-3357

Received: 30 June 2019; Accepted: 29 July 2019; Published: 1 August 2019
����������
�������

Featured Application: Design, fabrication, testing, launch and operation of a particular CubeSat
are detailed, as a reference for prospective developers of CubeSat missions.

Abstract: The current success rate of CubeSat missions, particularly for first-time developers,
may discourage non-profit organizations to start new projects. CubeSat development teams may not
be able to dedicate the resources that are necessary to maintain Quality Assurance as it is performed for
the reliable conventional satellite projects. This paper discusses the structured life-cycle of a CubeSat
project, using as a reference the authors’ recent experience of developing and operating a 2U CubeSat,
called qbee50-LTU-OC, as part of the QB50 mission. This paper also provides a critique of some of
the current poor practices and methodologies while carrying out CubeSat projects.

Keywords: CubeSat; miniaturized satellite; nanosatellite; small satellite development

1. Introduction

There have been nearly 1000 CubeSats launched to the orbit since the inception of the concept
in 2000 [1]. An up-to-date statistics of CubeSat missions can be found in Reference [2]. A summary
of CubeSat missions up to 2016 can also be found in Reference [3]. However, the life expectancy
of a CubeSat mission is very limited. Two main reasons contribute to such a short lifetime: First,
CubeSats are typically launched into Low Earth Orbits (LEOs), resulting in their fast orbit decay and
reentry. For example, from an original circular orbit with an altitude of 400 km, CubeSats typically
decay to a reentry trajectory within a period of one to two years [4]. Secondly, the early failure rate of
(university-led) CubeSats is around 48% [5]. One reason for such a low reliability can be the relatively
poor-quality standards that developers apply during the manufacturing, assembly, integration and
validation phases. Despite growing interest from industry in CubeSats as proper means of technology
demonstration, such platforms are still primarily considered as an educational tool. Therefore, it is
understandable that they may not readily reach a level of quality appropriate for the space conditions,
if every development is carried out without considering the experience of similar previous missions.

The current trend of academic CubeSat initiatives is to aim at real science missions but without
compromising the educational objectives. To fulfill scientific goals, quality control is needed during
the entire Assembly, Integration, and Verification (AIV) process. Since the academic community is
a nonprofit sector, researchers should share the knowledge gained through missions to not repeat
mistakes and reinforce good practices.

There have been several researchers and educators contributing to the community with their
experience with CubeSat missions. To mention a few, the originators of the CubeSat concept from
CalPoly have given an overview of the CubeSat Specifications [6]. Another team from the Jet Propulsion
Laboratory has summarized the main working philosophy for CubeSats in Reference [7]. A group
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of researchers from North Dakota State University have developed the concept of open source
satellite [8–11]. Their goal is to improve the educational output of Nanosatellite hands-on projects
by providing reference design models (without getting into the details of technical outcomes or
programmatic aspects) and harmonizing hardware, software, testing procedures, and operations.
Additionally, they demonstrate a strong correlation between participation in such projects and the
amount of skills gained by students. Such educational outcomes are consistent with those found by
other researchers [12–14]. However, it is necessary to solve some sustainability challenges before
utilizing satellite projects as an effective educational tool. Such challenges can be summarized in
two main categories according to Reference [13], i.e., funding and student involvement. In the first
category, either educational institutions or private student initiatives should take the burden of finding
the required amount of money to conduct a Small Satellite project. An example of creative solutions to
the funding problem can be found for the development of ESTCube-2 [15], through which the team
was able to effectively conduct a crowdfunding campaign. Regarding the second category, university
students may have difficulties striking a balance between the time dedicated to their personal life,
the academic activities and hands-on projects. Some universities already allocate academic credits
to hands-on projects [13]. However, this may not give sufficient incentive in certain cases, as the
amount of time and effort required for such projects often exceeds the allocated credit considerably.
The organization of open-access spacecraft design competitions may be an effective solution to motivate
students to participate in hands-on projects. Even institutions and students without previous specific
knowledge of space engineering are able to participate with outstanding results [14], enhancing the
outreach of such projects. The European Space Agency’s (ESA) Fly Your Satellite! (FYS) program,
which started in 2013, is an example of competitions that provide technical and institutional support to
the winning projects alleviating their funding constraints [16]. A total of 13 groups have already been
supported by the program. Among them, the signal processing group at the Polytechnic University
of Catalonia has been quite active publishing the results of several CubeSat missions. For example,
they have contributed to the literature with the architectures of the onboard data handling, electrical
power supply and communications systems for a technology demonstration mission [17]. They also
published the mission analysis and a trade-off analysis for various configurations considered in
a Global Navigation Satellite System Reflectometry (GNSS-R) mission [18], and the mission analysis of
a different Earth Observation and GNSS-R mission [19].

In the literature, one can additionally find some CubeSat development teams that report their
missions with very specific technical information [20,21], while others prefer to put the emphasis on
the mission description, but barely mention the technical details [22,23]. Some of these works in the
literature include a brief section on lessons learned, but such descriptions are typically short hints with
little or no relevance to other missions [20,24]. Some guidelines for carrying out CubeSat projects are
presented in Reference [25], as a result of a survey from the CubeSat community. In addition, some
(brief) recommendations are made in Reference [26] for designing CubeSats. NASA has also published
a guide, especially written for beginners, which sets the bases for starting a CubeSat mission, including
descriptions and advice for all phases of the project [27].

The aim of this paper is to provide a structured approach to developing CubeSats, which can serve
as a complement to the current literature on CubeSat engineering, through providing technical details,
materials and procedures as well as criticism to current practices. The paper uses a reference project
based on the data resulting from the design, development, verification and operation of an actual
CubeSat, which was conducted at the Luleå University of Technology (LTU), namely qbee50-LTU-OC
(SE01). Such a project was part of an international collaboration within the QB50 mission [28].
The mission consisted of a constellation of 36 CubeSats to characterize the composition and the
electrical and thermal properties of the Earth’s lower thermosphere, between 200 and 380 km of altitude.
Each CubeSat was equipped with one of the three different mission payloads, namely, Flux-Phi-Probe
Experiment (FIPEX) for measuring the time-resolved behavior of atomic and molecular oxygen,
Multi-Needle Langmuir Probe (mNLP) for rapid measurement of electron density, and Ion-Neutral
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Mass Spectrometer (INMS) for identifying the influx of major particles, such as atomic and molecular
oxygen, nitrogen and oxides of nitrogen.

The present paper reports the necessary steps to initiate a CubeSat project in Section 2. Section 3
focuses on the technical tasks including manufacturing, assembly, and integration phases. Section 4
discusses the test campaigns for the satellite. In Section 5, the paper proceeds with a discussion of issues
regarding the shipment of a CubeSat to the launch facilities. Section 6 briefly reports the operation of
the CubeSat. Some conclusions are made in Section 7.

2. Initiation of the Project

2.1. Contracts and Collaborators

The most important part of a CubeSat project is the team. A cohesive team is necessary to achieve
deadlines on time. This can include external collaboration with other institutions or enterprises that can
complement their expertise areas. It is crucial that all stakeholders understand from the beginning how
the rest of the team should be contributing to the project, their work pace, priorities, and limitations.

In this sense, academic institutions and private companies have distinctive ways of working.
On the one hand, companies should understand that people in the academia have to prioritize
teaching and research tasks over the development of secondary projects. Moreover, the results of their
work should conclude in publishable contents. On the other hand, industrial partners respond to
economic incentives. They need to meet short-term milestones to satisfy the interests of investors,
and they have a strong protective attitude regarding the intellectual property behind their products.
These stimuli will sometimes drive the project to non-assumable workload or close to unethical
compromises. Therefore, it is imperative to write a document formalizing the collaboration agreement
with all stakeholders. This document should cover major possible conflict points, such as ownership,
budgeting, responsibility sharing, decision making, information sharing and communication protocol
between partners, publishable and confidential materials, image rights, media coverage, public
representations, etc.

In parallel, a realistic planning has to be made at the beginning of the project to prevent any
misalignment in working speeds. If the relationship with external companies is strictly commercial, it
is highly recommended to specify deadlines to their work and penalties if such work is not achieved
on time. The launching phase has to be taken into account from the beginning. This is an important
item in the budget, which also has consequences in the project schedule. Currently, there are only
four operative launch brokers available for CubeSat developers [29]. They offer their services at
prices per launch that move around $100,000 per unit CubeSat as a piggyback payload. Some more
dedicated alternatives seem to be ready in the following years. In any case, the risk of failure is always
assumed by the CubeSat developer. In general, any modification performed by the broker or any
changes in the definition of interface without the explicit consent of the owner should not be acceptable.
Hence, the interface design should be stated explicitly in the contract with the broker. Otherwise,
the project may be blocked due to the late discussions concerning the permitted modifications for
launcher integration.

2.2. Project Timeline

In order to deliver the satellite on time for launcher integration, it is crucial to define a detailed
work plan, and control the time spent on every phase of the mission. As an example, Figure 1
summarizes the timeline for the complete SE01 mission, and Figure 2 shows the most important
milestones that were completed during the mission.

A preliminary design should be completed without full knowledge of all parameters, since external
factors have an influence on the project. For example, the frequency allocation process, which often
involves a lengthy formal procedure, may affect the communications subsystem. This is the reason it is
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important to work on the design of the satellite, the test campaign, the frequency allocation and the
ground station in parallel right from the beginning of the project.

The inspection of components can start as soon as they arrive at the laboratory. Once the structural
components are inspected, the integration of the satellite can begin without the need to inspect all
components. The satellite may need additional adjustments to meet unexpected requirements or
deviations from the design.
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It is possible to start programming the satellite at the beginning of the project. However,
some software developing practices, such as Test-driven Development (TDD), recommend testing
the software while it is being developed [30]. Therefore, in practice, software should be directly
programmed on the target computer.

Preparations for the test campaign consist of defining the tests, designing fixtures, and finding
laboratory facilities that can perform the tests according to the specifications. The pure test campaign
can be done in two weeks. However, functional tests are performed every time a new version of the
software is developed, and thus may take a longer time.
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Setting up a ground station for the mission may take as much time as for making a satellite ready
for launch. Furthermore, having one ground station does not guarantee reliable and consistent access
to the satellite once it is in orbit. Opportunities for communication in LEO are scarce, with up to five
contacts per day of less than 12 min. The viable approach to maximizing communication time with the
satellite is to increase the number of ground stations used for the mission by creating a network of
ground stations. Finding interested institutions and coordinating them is often a long-term initiative,
which may take more time (and effort) than one CubeSat mission.

2.3. Satellite Registration and Frequency Allocation

Whether the developers have a ground station or they are going to assign the telecommunications
to a satellite operations contractor, there are two legal steps that need to be completed, i.e., the satellite
registration and frequency allocation. Both steps should start as soon as the team begins working on
the project, because the process can take several months. In particular, frequency allocation has an
impact on both the mission design and final tuning of components.

If the CubeSat is going to operate with a commercial telecommunication frequency, both requests
are handled via the International Telecommunication Union (ITU) [31]. However, most CubeSats
operate with radio amateur frequencies, because they are free of charge. In that case, the frequency
allocation should be handled through the International Amateur Radio Union (IARU) [32], though
the satellite registration is still handled by the ITU. Deciding in which band the satellite should
operate basically depends on the purpose of the mission. Typically, CubeSats operate in very high
frequency (VHF), ultra high frequency (UHF) or S-band. It should be noted that in order to use
amateur frequencies the channel should be open to the public. This requirement can be problematic if
it is intended to retrieve confidential telemetry from the satellite, but most scientific and educational
missions should not be concerned about this requirement. In any case, there must be at least one liable
person for each ground station as well as the CubeSat. In the specific case of using radio amateur
frequencies, the person must hold a radio amateur license. Getting a license as an amateur radio
operator may take a few months until the candidate passes the corresponding exam. Hence, a quick
shortcut for the project would be to find a licensed operator who can help the team with this matter
from the beginning. The radio amateur community is quite popular and open to collaboration with
the space community. An example of such collaborative spirit from the amateur community is the
Satellite Networked Open Ground Station (SatNOGS) project. Such a project consists of a network
of ground stations run by volunteers with the aim of observing LEO satellites and capturing their
downlink telemetry. The SatNOGS network is accessible through Reference [33].

The CubeSat registration process starts by contacting the local (national) telecommunication
authorities to communicate with them your intentions of registering a new satellite. They will manage
the application before the ITU. It should be noted that the ITU work at a diplomatic level, and they
cannot be approached unless through the recognized authorities. The first documentation to be
prepared is a letter of application. Together with the letter, there should be another document with the
information described in the Appendix 4 of the ITU Radio Regulations. Such a document consists of
a collection of database files that are generated by a dedicated software, SpaceCap, and verified by
another software, SpaceVal. Both software applications are provided by the ITU. These database files
contain information such as orbital parameters, frequency bands, link budget, geographical data and
antenna diagrams. Some additional information may also be requested by the local authorities, such as
purpose of the project, duration of the mission, and equipment description.

For the amateur frequency allocation, the IARU requires an Amateur Satellite Frequency
Coordination Request form. The information that needs to be provided in this form is similar
to the one provided to the ITU for satellite registration, but in the format of a written report.

If the applications are successful, the IARU will publish the allocated frequency in the list of
satellites whose frequencies have been coordinated within a month or so. The satellite registration
will be confirmed and published by the ITU through the Space International Frequency Information
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Circular (IFIC) in less than three months. During the following months the development team should
expect to receive formal letters of “request for coordination” from international telecommunication
authorities. These requests must be replied with formal letters, which are again handled by the local
(national) authorities.

Finally, in case of using amateur frequency range for the CubeSat, the development team must
notify the IARU with the allocated frequency no earlier than six months after the publication of the
pertinent case in the IFIC. The notification process is similar to the satellite registration process, but the
forms must be filled with the definitive and accurate data.

2.4. Quality Assurance and Documentation

Quality Assurance (QA) is the set of measures oriented to make sure that the work done during
the project is conducted consistently and according to the stakeholders’ expectations. The standard
defines the workmanship, processes and materials used during the project as well as the procedures
and means of check the activities throughout the project. Additionally, QA allocates a contingency
plan to manage any deviation from the original plan.

ESA’s standard on Quality Assurance [34] for satellites focuses on certain activities that will ensure
the quality of the design and development process, but does not specify how to perform such activities.
The activities can be categorized in eight general principles, i.e., controlling critical items, controlling
nonconformance, managing alerts, establishing the means of proving acceptance authority, tracing
parts and responsibilities, controlling metrology and calibration procedures, establishing measures on
handling, storage and preservation of components, and defining statistical quality control procedures
for batch production.

Documentation plays a crucial role in performing QA as well as maintaining (and disseminating)
the knowledge constructed throughout a project. It is also an effective way to keep track of poor practices
or mistakes done during the development process. ESA’s standard on Quality Assurance requires
preparing an extensive set of documentation for every space project. However, some interpretations of
such standards may lead a team to produce redundant documentation. Redundancy in documentation
can not only reduce the efficiency by causing extra work of creating repetitive documents, but also cause
confusion due to version mismatch. Therefore, care must be taken to avoid unnecessary redundancy
and to update all sources of information when introducing changes into the documentation.

The ESA’s standard is mainly tailored to conventional space missions, due to their advanced
complexity and high costs and associated risks. Nevertheless, even partial implementation of
the standard can have a significant impact on improving the success rate of CubeSat missions,
thus enhancing the chance of continuing CubeSat programs within small institutions. However,
the application of such a standard could entail notable amounts of documentation that may end up
challenging for some (small) CubeSat teams. To address this problem, ESA is currently working on the
simplification of the QA requirements and documentation for CubeSats missions. Examples of some
recent works are mentioned in References [35,36].

2.5. General Facilities

To conduct a CubeSat mission, the development team requires a different set of facilities for each
phase of the project, i.e., fabrication, assembly, integration, test, and operation. A workshop with
a milling machine, drills, saws, and other power tools is suitable for the fabrication of simple structural
parts and making small modification to the existing ones. Additionally, a computer numerical control
(CNC) machine may provide the development team with some manufacturing autonomy at the cost of
having qualified personnel. An additive manufacturing machine may also increase the efficiency of
the development team for rapid prototyping purposes or fabricating some supporting components.
A soldering station equipped with, lenses, irons, a stable bench, and an extractor for the fumes is
crucial to make quality electronic board assemblies and fabricate cable harnesses.
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Once all components are built either in-house or outsourced, they must be cleaned, inspected,
and integrated together in a controlled environment, to pass the cleanliness requirements. For CubeSats,
such requirements usually restrict the manipulation of the flight unit in a cleanroom of FED_STD-209E
class 10,000. Such class number refers to the maximum amount of particles with a size of 0.5 µm
or larger that are allowed in a cubic foot of air. Although the FED_STD-209E classification is still
commonly used among CubeSat developers, the standard has been superseded by the ISO 14644–1
standard [37]. A FED_STD-209E class 10,000 is equivalent to a class ISO 7. It should be noted that, in
order to minimize the amount of suspended particles in the cleanroom environment, it is required
that the operators wear lint-free coats, head covers, masks, shoe covers, and gloves. Additionally,
the cleanroom must be equipped with tools for integrating electronic components, such as properly
grounded anti-electrostatic-discharge mats and wristbands (Figure 3). The cleanroom also requires
instrument to perform electric and functional tests, including a computer, multimeter, function
generator, power supply, and oscilloscope.
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Most functional tests can be performed in a cleanroom. However, qualification tests must be
performed at sites with specialized facilities that may be expensive to own and operate, such as electric
shaker and thermal-vacuum chamber. More details on such equipment are provided in the Verification
and Validation section.

Finally, the mission relies on having at least one ground station to communicate with the CubeSat.
A ground station suitable for a CubeSat mission usually operates in the VHF and UHF bands, i.e.,
144–146 MHz and 435–438 MHz for the amateur region 1. Missions that require a wider bandwidth to
download science data may also operate in the S-band, between 2.40 and 2.45 GHz in the amateur
band. It should be noted that to improve the gain of the ground station, directional antennas should be
used together with a pointing mechanism. Such antennas need to be installed in an open spacious
area, typically a rooftop (Figure 4).

The length of a Yagi antenna for the VHF band is 2 m, and 70 cm for a UHF antenna. Antennas
operating in the S-band are more effectively designed with a dish or patch shape. To amplify the signal
modulated by a radio transceiver, a low-noise amplifier (LNA) with a power output between 10 W and
100 W is sufficient for LEO missions. Additionally, a computer is necessary as the operator’s interface
as well as for generating command signals, tracking the satellite, tuning the transceiver, controlling the
power output, pointing the antennas, etc.
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3. Fabrication and Integration

One of the incentives behind CubeSats is maximizing the commercial off-the-shelf (COTS)
components that can be used to build the satellite. This means that ideally developers of a CubeSat are
to fabricate minimum possible amount of parts. This idea is supported by assuming that some parts of
sufficient quality can be obtained at costs less that their in-house fabricated counterparts, even if those
COTS components are not space qualified.

In this sense, there have been serious attempts to catalog state-of-the-art CubeSat components [38],
and report the expected evolution of technology applicable to CubeSats [39]. The selection criteria for
such COTS components should rely on flight heritage and the results of a thorough verification and
validation process. Regarding the first factor, the more flight hours that a component can demonstrate
without a failure, the more reliable it is. Component suppliers do not usually provide detailed
reliability statistics, but they do provide the number of successful missions. Such a number can be
used as a proxy figure to the reliability of the component, especially considering the high rate of
CubeSat infant mortality. A statistical analysis and a reliability estimation model for CubeSats are
discussed in Reference [40]. With respect to the second factor, the development teams may increase
the reliability of the components by testing them in an appropriate environment at early stages of the
development process. For this purpose, the utilization of hardware-in-the-loop simulation techniques
for nanosatellites is proposed in References [41,42]. In such simulations, prototyped components can
be integrated with other emulated components, and tested against their specifications through fault
injection. In the later stages, a fully integrated system can also be validated in a similar manner.

The following sections describe the development of SE01 as a reference for guiding prospective
developers toward the most common materials, components and practices for fabrication and
integration of CubeSats. For more detailed investigations, ESA has published a database with
material specifications for outgassing, corrosion, flammability, etc. [43]. NASA has also made available
a database with the results of outgassing experiments [44].

3.1. System Layout

The SE01 CubeSat has a two-unit (2U) form factor, as shown in Figure 5a. A single-unit CubeSat
has a dimension of 10 × 10 × 10 cm3. The satellite has 17 solar cells that are mounted on all the external
sides, expect for one side (the bottom in Figure 5a) which is used for the science payloads.
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The SE01 CubeSat has two payloads. The primary payload is FIPEX, which has been developed by
the Technische Universität Dresden in Germany. The payload measures the time-resolved flux of atomic
and molecular oxygen using two sensors that are exposed to the space environment (see Figure 5b).
Following the CubeSat Specifications [45], the payload is mounted at the bottom side of the SE01
CubeSat, since this is the only side with allocated space for protruding elements before the CubeSat’s
release into the orbit. The secondary payload is an onboard computer developed by LTU’s project
partner, Open Cosmos Ltd., for its in-orbit demonstration; hence its name Open Cosmos’s Onboard
Computer (OC-OBC). The secondary payload is positioned inside the SE01’s structure with the rest
of electronics.Appl. Sci. 2019, 9, x FOR PEER REVIEW 9 of 24 
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the SE01’s bottom side.

Additionally, the satellite’s attitude determination and control system (ADCS) relies on an external
magnetometer module, which is also mounted on one of the sides (front in Figure 5). On the top side
(opposite to the payload side) the antenna unit is mounted next to two solar cells, which includes four
hinged monopoles that can be stowed vertically within the CubeSat envelope. A detail view of an
antenna hinge can be seen in Figure 6a. Antenna monopoles are kept stowed through four inter-stage
units, as illustrated in Figure 6b. Such inter-stage units are located in the space between the two stacks
of electronics inside the satellite. The inter-stage units also serve as an interface with the ground
support equipment.
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The distribution of subsystems in a CubeSat is highly dependent on the requirements for every
mission. In general, in addition to the antennas, solar panels and other external appendages, the typical
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configuration of a CubeSat should also include at least one payload (PL), a data concentrator (DCU),
an onboard computer (OBC), a transceiver (TRX), an electric power supply (EPS), and an attitude
determination and control system (ADCS). The break-out boards are used to connect the bus to any
component that needs dedicated harnessing, and to provide bus continuity between different electronic
stacks. The physical placement of subsystems within the CubeSat depends on the available space
within each electronic stack and the particular constraints that each subsystem may have, such as the
ones for the FIPEX payload. The final configuration for the SE01 CubeSat is shown in Figure 7.Appl. Sci. 2019, 9, x FOR PEER REVIEW 10 of 24 
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According to the CubeSat Specifications, the mass of a 2U CubeSat is limited to 2660 g. In fact,
for the QB50 mission the mass was limited to 2000 g [46]. The SE01 CubeSat was designed with a total
mass of 1900 g. A breakdown of CubeSat’s mass budget is summarized in Table 1.

Table 1. SE01’s mass budget.

Mass [g]

Antenna module 30
Attitude determination and control system 400

Secondary payload (OC-OBC) 40
Break-out board 10

Inter-stage boards 45
Electrical power supply 200

Transceiver 50
Onboard computer 40
Data concentrator 45
Break-out board 10

Primary payload (FIPEX) 160
Solar panels 360

Structure 390
Harnessing 120

TOTAL 1900

3.2. Structure

The adopted structures for CubeSat designs have become quite mature in recent years. However,
they inherit a fixed construction approach from the early CubeSat missions, where all subsystem
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boards have a unique way of being stacked. Figure 8 illustrates such a configuration for a 2U CubeSat
structure. The materials used for structural purposes are basically aluminum alloys for aeronautical
applications, 7075 and 6061, as well as austenitic stainless steel, A2 and A4. However, aluminum
materials must be surface-treated with a hard anodize coating, which is non-conductive, in order to
prevent cold welding and corrosion. If conductive surfaces are required, aluminum should be treated
with chromate conversion coating. Moreover, the use of steel in CubeSats is restricted only to fasteners
or mechanical parts, to avoid magnetic field disturbances.Appl. Sci. 2019, 9, x FOR PEER REVIEW 11 of 24 
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3.3. Bonding Materials

Outgassing is a frequent problem that affects most of bonding materials. There are three major
bonding materials that are suitable for CubeSat assembly. Epoxy can be utilized when a hard and
lasting bond is required, e.g., to secure fasteners, to encapsulate electronics, and as strain relief for
electric wires. Epoxy has a prolonged curing time that typically lasts one hour or more depending
on the composition and the catalyst dose. Further, room-temperature vulcanizing (RTV) silicone can
be used in CubeSats as a filling, and to consolidate harnessing or any other appendages. After the
silicone is cured, it is easy to remove by hand, but it is commonly used as a permanent bond for light
components. The curing time takes a few minutes, so it is more suitable as a quick adhesive solution
than epoxy. Additionally, Kapton tape can be used to make labels, secure a beam of wires, routing
harness, hold components that do not need a strong and permanent bond or even protect surfaces from
scratches. The adhesive is very sticky and problematic to handle, but it does not leave any residue
when removed from surfaces. In general, it is not convenient to overuse bonding materials, because
they can change significantly the inertial properties of the satellite.

3.4. Electronics and Connectivity

The CubeSat industry has adopted the PC/104 specifications [47] as a de facto standard for the
electronic boards. Moreover, such specifications provide mechanical and electrical benefits towards
CubeSat fabrication beyond the compatibility with different structure and electronics suppliers.
Following the PC/104 specifications, all electronic boards must measure 3.550 × 3.775 in2 (90 × 96 mm2),
and the electric bus must allocate four rows with 26 contacts of standard 0.1 inch spacing through-hole
(THT) headers. Additionally, all necessary boards can be stacked in modules, as illustrated in Figure 9,
whose maximum volume must be able to fit in a 1U CubeSat form factor. Such electronic boards can
be firmly attached together with M3 standoffs, and they share the same bus connection throughout
the stack, thus improving the stiffness provided by the CubeSat’s structure and simplifying the
internal harnessing.
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Printed circuit boards (PCBs) are fabricated with a succession of layers of FR-4 reinforced glass fiber
and copper. The standard process for PCB production can be adopted for space purposes. However,
some coating materials used during PCB fabrication may not be suitable for in-orbit utilizations, due
to outgassing issues. For the same reason, care should be taken for the selection of soldering mask or
silkscreen products. In case of doubt, such products should be avoided for qualification or flight units.
However, it is recommended that a layer of space-proof conformal coating be applied to the board
after all components have been soldered, to protect electronics from environmental interaction.

Some metals are susceptible to outgassing and whisker growing. Whiskers are thin metal crystals
that grow under vacuum conditions and may produce short circuits between electric contacts. The list
of materials to avoid includes brass, zinc and cadmium [48]. To avoid whisker growing, soft solder
alloys with at least 40% of lead content are commonly used. However, silver alloys are preferred, such
as 95Sn-5Ag, due to its low toxicity compared to lead alloys.

A fully integrated satellite can have hundreds of wires densely packed between electronic boards.
The complexity of routing the harness grows exponentially with the number of wires. For this reason,
it is important to simplify the mapping and minimize the number of wires. Using color-coded wires
and labeling both ends of a harness may help identifying the origin of used connections. Moreover,
the material of choice for wire insulation and shrinking tube should be polytetrafluoroethylene (PTFE)
or polyolefin (PO), but polyvinyl chloride (PVC) should be avoided for these cases.

When the umbilical interface provided by a CubeSat supplier does not cover all the required
lines, the developers need to improvise additional external harnessing. This situation is not desirable,
because the satellite may end up with several connectors hanging around. Ideally, if the umbilical
harness cannot be handled by a single interface, all connectors should be close to each other on the
same board.

The miniaturization of components in a CubeSat also leads to the use of minimalistic connectors
for ad hoc applications. Although these connectors can be found made of high-quality polymers, they
tend to break either through the locking tabs or the wire junctions. They are especially sensitive to
decoupling cycles. Developers sometimes need to use tweezers to handle the connectors; consequently,
connectors can be damaged more easily.

The electric power supply takes care of collecting, storing and distributing electricity to the rest of
the subsystems in the satellite. A power budget analysis is necessary to study the feasibility of the
mission and to size the components in the power supply chain. The power budget of the SE01’s mission
is summarized in Table 2. First, the power consumption required by every subsystem is gathered.
The required peak load is also relevant to sizing the capacitors that fulfill exceptional power demands
during transitions. The overall nominal power requirement is calculated based on the duty cycle of
every subsystem for the worst-case operational mode. The duty cycle is the average time period in
which a specific subsystem is consuming power.
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Table 2. SE01’s power budget.

Peak
Power
(mW)

Nominal
Power
(mW)

Critical
Mode
(Duty

Cycle %)

Safe
Mode
(Duty

Cycle %)

Low Power
Mode (Duty

Cycle %)

Control
Mode
(Duty

Cycle %)

Science
Mode 1
(Duty

Cycle %)

Science
Mode 2
(Duty

Cycle %)

EPS 120 120 100.00 100.00 100.00 100.00 100.00 100.00

OBC 400 130 0.00 100.00 100.00 100.00 100.00 100.00

DCU 20 20 0.00 100.00 100.00 100.00 100.00 100.00

RX 400 180 0.00 100.00 100.00 100.00 100.00 100.00

TX 5000 2800 0.00 0.00 0.33 0.33 0.33 0.33

ADCS 1640 640 0.00 0.00 0.00 100.00 100.00 100.00

PL 1 (FIPEX) 3100 2000 0.00 0.00 0.00 0.00 20.00 0.00

PL 2 (OC-OBC) 180 150 0.00 0.00 0.00 0.00 0.00 100.00

TOTAL [mW] 120 450 459 1099 1499 1249

The average power generated by the SE01’s solar panels in the worst case is 2600 mW. Solar
panels can sustain power for the satellite in a sun-synchronous orbit during the 42-min period in
which the satellite is illuminated by the Sun [49]. The included Lithium-Polymer (LiPo) batteries of
the SE01 CubeSat have to take over during eclipse. The typical voltage of the battery pack is 7.4 V,
and it has a capacity of 2600 mAh. The battery level is self-sustained during control mode for the
presented power budget. However, science modes will rapidly drain out the batteries. Hence, after
every complete orbit running one of the science modes, the satellite should switch to low power mode
to recover the battery level for safe operations.

3.5. Telecommunications

The different modulation schemes, emission patterns, data rates, the dynamics of the satellite
and other minor parameters have an effect on the probability of completing the communications link
between the CubeSat and the ground station. The link budget for the SE01’s mission is summarized in
Table 3.

The SE01 CubeSat was equipped with a rigid canted turnstile antenna, as shown in Figures 5 and 6.
Such antenna was tuned to the UHF frequency band, particularly to 435.8 MHz. The stiffness of such
kind of antennas provides a very stable omnidirectional radiation pattern. However, rigid antennas
occupy a significant space on the side panels of the satellite when they are stowed. The performance of
such antennas is significantly reduced if the radiating elements have to be shortened from its tuned
length. Therefore, such antennas are not suitable for CubeSats smaller than 2U; otherwise, the antennas
would trespass the limits of the allowed envelope in its optimal length. For the VHF frequency band,
the required space for the antenna should be even larger.

Other kinds of antennas are also common for CubeSat missions. For example, 3Cat-1 was equipped
with two bi-stable metal dipoles [17]. This kind of antenna can be quite simple and reliable, and operate
in either VHF or UHF bands. However, such antennas are usually coiled around the satellite in the
stowed position, taking space from the CubeSat’s side panels. Another example of antennas for
CubeSats which can operate in the VHF and UHF bands are flexible coiled metal antennas, such as
those used in Swisscube [24]. They take minimal space within the satellite structure while stowed,
but once deployed they may not keep the optimal shape.

New missions with ambitious imaging objectives require higher data rates that neither VHF nor
UHF bands can provide. The current trend in CubeSats is moving toward S-band frequencies, around
2.3 GHz. Operating in the S-band requires antenna topologies with directional radiation patterns.
This can be provided by patch antennas, such as the one used for INSPIRESAT-1 [50]. Patch antennas
are monolithic, taking small space fitting in a flat surface of 10 × 10 cm2, and may provide a gain of
6 dBi and an opening angle of 85◦.
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Currently, most common onboard radio systems are hardware-defined. However, the trend is
moving toward software-defined radio (SDR), as it is the case for the SE01’s mission [51]. The SDR
equipment has the benefit of being able to develop different radio designs with a single hardware
implementation, hence not compromising the design of the telecommunications subsystem at the early
stages of the project. Further, SDR also has the advantage of allowing the developer to bypass certain
processing blocks, in order to simulate the signal at different stages. This is particularly useful to test
the radio equipment and emulate wireless communications without actually powering the aerials.

Table 3. SE01’s link budget.

Uplink Downlink

Frequency [MHz] 435.8 435.8
Wavelength [m] 0.6884 0.6884

Transmission power [W] 75 1
Transmission power [dBW] 18.75 0.00

Transmitter antenna gain [dBi] 14.00 0.00
Effective isotropic radiated power (EIRP) [dBW] 32.75 0.00

Orbit altitude [km] 350 350
Minimum elevation [deg] 1 1

Distance between antennas [km] 2140 2140
Free-space path loss [dB] −151.84 −151.84

System losses [dB] −7.00 −7.00
Receiver antenna gain [dBi] 0.00 14.00

Carrier reception power [dBW] −126.10 −144.80
Noise temperature [K] 234 300

Bandwidth [kHz] 500 500
Carrier-to-noise ratio [dB] 21.83 2.00

Data rate [bps] 115,200 115,200
Signal-to-noise ratio per bit (Eb/N0) [dB] 28.21 8.38

Required Eb/N0 [dB] 7.80 7.80
Link budget margin [dB] 20.41 0.58

4. Verification and Validation

The test campaign is an important milestone, because it confirms whether the project can move
forward or developers still need to perform modifications to the satellite. For the SE01 CubeSat,
the reference document that was used to design the test campaign was the QB50 requirements
document [30]. Additionally, NASA provides guidelines on mechanical tests for its launch services
program, which can be used as support reference [52].

4.1. Functional Tests

During functional tests the satellite is checked against its software behavior to see if the satellite is
able to perform all programmed tasks successfully. Particularly, functional tests focus on the basic
tasks that guarantee the satellite’s survival, such as communications, power distribution, and fault
management. However, there are many other tasks, including orbit positioning and attitude control,
which can hardly be quantified or even tested, because there is no suitable environment to perfectly
emulate space conditions on Earth. Ideally, the satellite should have a complete verification of orbit
operations. A hardware-in-the-loop simulation platform can emulate both virtual and physical in-orbit
conditions, and can expand the currently available set of simulation scenarios.

Functional tests are performed before and after every major test, in order to check the evolution of
the satellite during the test campaign. If an anomaly is found during a functional test, the campaign
must be stopped until engineers figure out the cause and fix the problem. Some tests may need to be
repeated to check for the full functionality.
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4.2. Mechanical Tests

It takes several weeks to design and manufacture fixtures. Ideally, developers should start working
on the test preparations in parallel to the fabrication of the satellite. Even if test campaigns can be
outsourced, developers may still need to provide auxiliary equipment.

Major mechanical tests can be conducted with one electrodynamic shaker. Figure 10 shows the
SE01 CubeSat in a 3U fixture mounted on a shaker through a head adaptor. Since a 3U fixture was
available off-the-self, the developers decided to use the product instead of fabricating a 2U fixture
in-house. A dummy payload was used to fill in the fixture along with the SE01 CubeSat.Appl. Sci. 2019, 9, x FOR PEER REVIEW 15 of 24 
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Figure 10. SE01 in a 3U fixture on the electric shaker facility.

Programming the shaker to follow all acceleration profiles may take at least one working day.
Developers may need to make small modifications to those profiles during the tests, especially at both
ends of the frequency range.

The resonance search test is used to find the lowest resonance frequency. Resonance search
tests are performed before and after every major mechanical test. Figure 11 shows the response of
a resonance search test for three runs and the control profile for comparison. For the QB50 mission,
it was required that the first mode appears above 200 Hz. Additionally, the natural frequency for
different runs should not shift more than 5%, otherwise it may indicate a failure during one of the major
mechanical tests. On the positive side, a natural frequency shift may indicate internal readjustment,
misalignment and/or interference with other components in the fixture. On the negative side, it may
indicate loose components, unsecured fastening and/or broken parts.
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The sine vibration test is one of the major mechanical tests, which is performed to confirm that
there are no dangerous resonance frequencies in the test range, and the satellite is able to withstand the

101



Appl. Sci. 2019, 9, 3110 16 of 24

required load. A quasi-static acceleration test (QAT) is also performed together with the sine vibration
test. The QAT emulates the static loads of a rocket during the launch. Static accelerations are usually
much higher than dynamic ones. To perform a QAT with an electrodynamic shaker, the acceleration
profile should briefly increase to the required amplitude, and come down again for frequencies much
lower than the natural frequency. For SE01 in particular, the amplitude of the control signal was
increased to 10.8 g between 20 and 21 Hz during the frequency sweep. The results of a sine vibration
test with QAT performed on one axis of SE01, shown in Figure 12, illustrate how the response of the
satellite increases as it approaches the natural frequency. No unexpected acceleration peaks should be
observed, and no damage on the satellite should be noted after the test.Appl. Sci. 2019, 9, x FOR PEER REVIEW 16 of 24 
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Random vibrations occur during the launch. Therefore, a random vibration test is used as an
accelerated life testing. That is, higher load levels during the test correlate with longer operating times.
In a random vibration test all frequency ranges are excited, thus all resonant frequencies are tested
simultaneously. In case of SE01, a root-mean-square acceleration of 8.03 g was applied during 120 s
for each axis. The results of random vibration test for one of the SE01 axes are shown in Figure 13.
The actual root-mean-square acceleration experienced by the satellite was 9.30 g. No damage should
be appreciated in the satellite afterwards.
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Shock tests emulate rocket stage separation events. Typically, a shock test can be done on an
electrodynamic shaker with a half-sine profile. The head of the shaker moves up and down only once
in a period of tenths of milliseconds to achieve the required acceleration. Since SE01 was a proto-flight
model, a waiver to skip the shock test was granted.

4.3. Thermal-Vacuum Tests

Thermal-vacuum tests check for the behavior of a satellite in an environment with different
conditions of extreme temperature and vacuum. Such tests may take tens of hours to complete,
and they require constant monitoring during temperature transitions. Assuming some breaks between
the test for the team and for the analysis of interim results, the total time for performing thermal-vacuum
tests may take at least one week to finalize.

The purpose of thermal-vacuum bake-out (TVBO) test is to detect any anomalous behavior in
the satellite exposed to high temperature and very low pressure. The TVBO test is commonly used
for detecting outgassing materials in the satellite. The SE01 CubeSat remained for 3 h in a bake-out
chamber (Figure 14), with a controlled environment at 50 ◦C and 1 × 10−5 mbar. During that time,
the satellite only lost 2 g of its mass. Such a mass loss represents less than 1% of the total mass of the
satellite, thus meeting the general requirements for outgassing.
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The satellite must also pass a thermal-vacuum cycling (TVC) test. Unlike TVBO, the TVC test
is meant to check for how the satellite behaves under extreme temperature changes in vacuum.
The environment to perform a TVC test must be prepared in order to reach both hot and cryogenic
temperatures. Figure 15 shows the SE01 CubeSat inside a thermal-cycling chamber through an
observation port during the TVC test.
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Following QB50 mission requirements, the satellites must pass four cycles with peak temperatures
of +50 ◦C and −20 ◦C. A good grip between the CubeSat and the heating table leads to higher heat
transfer to the satellite. Hence, a bolted union will make the temperature cycles much faster than
placing the CubeSat resting over the table. Figure 16 illustrates the temperature profile of two different
points of SE01 and a control temperature during the TVC test. Long periods of time occurred, during
which temperature was kept constant at 25 ◦C, due to the unavailability of an operator for the chamber
overnight. Additionally, the pressure was kept under 1 × 10−5 mbar during the entire test. Additionally,
the TVC tests require performing functional tests during the one-hour-long plateaus at the highest
and lowest temperatures. Hence, it is necessary to fabricate an umbilical cable especially designed to
interface all needed satellite connectors through the vacuum chamber. It should be noted that both the
materials used for building the satellite as well as the umbilical should have low outgassing properties.
Vacuum chamber operators may require a detailed breakdown of all materials used. In conclusion,
a TVC test is considered successful if all functional tests are passed and no damage is observed on the
satellite after the test.
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5. Delivery

After assembly and tests, the CubeSat needs to be packed properly and transported to the launch
service provider. In general, the place where the satellite is assembled may not necessarily be close
to the launch facilities. Satellites are usually taken to an intermediate location first for their final
integration to the launcher interface before going to the launch facilities. Service providers take the
responsibility of the satellite from the moment it enters their facilities to the orbit insertion, and they
sometimes even offer support to developers during the delivery process.

5.1. Packing

The CubeSat has to be taken from the laboratory’s clean environment to another clean environment
at the launch service provider’s site without being exposed to the dust. Hence, packing the satellite
properly is crucial. A sealable antistatic bag to cover the entire satellite is usually sufficient. Vacuuming
the bag may be preferred, although small amount of air inside the bag could act as cushion and protect
the CubeSat against hard impacts.

In general, solar panels are very delicate to scratches, so ideally nothing should touch them during
their entire lifetime. A common measure to avoid any accidental contact with the solar panels during
ground operations are methacrylate covers. They are quite effective to protect solar panels, but they
usually need designated points in the structure to attach to with the accompanying fasteners.
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To transport the satellite safely a shock-absorbent suitcase is required, such as those used for
transporting delicate instruments like optics and filming equipment. These suitcases usually come
with shock absorbing foams inside, which protects the item from any impact. However, foam materials
can be easily charged electrically, and they can also leave residues after trimming them to size, both of
which may be detrimental to clean room operations. Additionally, tamper-evident seals, such as
a simple signed zip tie, should be used to prevent the suitcase from being opened during transportation.

5.2. Transportation

It is necessary for the developers to understand the regulations enacted by national (and
international) authorities regarding export of satellites. Some countries may even put in place special
regulations for CubeSats. Within the European Union, CubeSat developers do not need to meet
any special requirement. However, most typical launch sites for CubeSats are not located within
the European Union, such as Cape Canaveral in the US or Baikonur in Kazakhstan. Consequently,
an export license issued by the Customs Office may be required. One may also need to ensure that no
international traffic in arms regulations (ITAR) apply to the CubeSat package through its route.

Standard shipping companies may not be sufficiently reliable for shipping CubeSats (from Europe,)
since they do not seem to offer special services tailored to CubeSat packages, and they do not provide
reasonable insurance for such parcels. Further, they do not assume any responsibility if the parcel is
stopped at customs, and it will be very difficult to claim for any damage if something happens internally.

A viable option for the CubeSat transportation would be to deliver it to its destination in person.
Nevertheless, travelers should make prior arrangements and be prepared during the trip with sufficient
documentation, such as manuals, blueprints, export licenses and any other proof of shipment, in order
to minimize difficulties with the customs and security checks.

6. Operations

The SE01 CubeSat was launched, together with other 27 QB50 satellites, on 18 April 2017, on an
Atlas-V rocket as part of a resupply mission to the International Space Station (ISS). The remaining
eight QB50 satellites were launched on 26 June of the same year to a polar orbit on an Indian Polar
Satellite Launch Vehicle (PSLV). The SE01 CubeSat was deployed into orbit from the ISS on 17 May.
From that moment the development team was granted a period of seven weeks to complete the launch
and early operations (LEOP) phase for commissioning all subsystems and payloads.

The LEOP phase starts with the early discrimination phase that usually should not last more than
one week to check whether the satellite survived the launch, and identify the satellite among all other
satellites that may have been deployed simultaneously. Additional checks can be performed to find out
whether all appendages have been deployed, and the solar panels supply enough power to operate the
CubeSat. The North American Aerospace Defense Command (NORAD) is the organization responsible
for tracking and cataloging all celestial bodies in orbit. The NORAD organization publishes a list of
all civil satellites and their two-line element (TLE) sets, which can be accessed from Reference [53].
During the discrimination phase, NORAD publishes the TLEs of unrecognized satellites, which can be
distinguished through the NORAD catalog number, e.g., 42708 or the Committee on Space Research
(COSPAR) designator, e.g., 98067LR. The first orbital elements are published no more than 5 h after
the CubeSat flies over NORAD’s radars. Discrimination occurs when operators can unambiguously
identify their satellite as the body in the catalog with the orbital elements, in order to be able to
successfully track and communicate with the satellite.

The LEOP phase continues with a platform commissioning and detumbling phase. In this phase,
all subsystems of the CubeSat are checked for their correct function in orbit. Care should be taken
to guarantee that satellite operations are not disrupted by the tests. Particularly, ADCS is a critical
subsystem for the success of the mission, and is very sensitive to commissioning tests. The satellite may
have some rotations induced by the deployment mechanism during orbit insertion. The CubeSat has to
be detumbled to a stable attitude. Such detumbling operation is usually performed by magnetorquers.
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Once the satellite is stable, other actuators such as reaction wheels can take over for fine attitude
control required for nominal operations. The LEOP finalizes with the commissioning of the payloads.
Operators calibrate the instruments, and perform tests to check for the payload function, power
consumption and transmission of science data for safe nominal operations.

The communications window for common CubeSats in the LEO is about 12 min per pass in the
best-case scenario. In practice, however, the quality of a pass is very sensitive to the environmental
factors as well as maximum elevation of the satellite as seen from the ground station. In the case of
SE01’s operations, any pass with maximum elevation below 15◦ would not be considered due to the
short time, less than 5 min, and the high amount of communication errors. Such a criterion made
three passes as the average of daily observations. However, SE01’s orbit drifted daily in a way that
high-quality passes occurred during the same time in a cycle of two months. This implies that for one
month operations occurred late at night. Such a change in schedule should be planned in advance for
organizing observation shifts.

Given the limitations in the amount of information that can be sent through an amateur radio
channel, it is recommended to use multiple ground stations, in order to maximize the data exchange
between the satellite and its operators. Many CubeSat developers have established their own ground
station, and would be willing to enhance communication opportunities with their satellites through
networking with other ground stations. This would naturally lead the community toward a network
of ground stations. There have been some attempts to create such a network, such as the Global
Educational Network for Satellite Operations (GENSO), which is a worldwide consortium of amateur
ground stations established in 2007 [54]. However, all attempts to communicate with the organization
indicate that the consortium is no longer active.

Although formation of global networks such as GENSO may be the ultimate long-term approach,
teams of CubeSat developers can join together on an ad hoc basis, and sign bilateral agreements
for sharing their ground stations during the operations, as was the case for SE01. A Virtual Private
Network (VPN) tunnel was established between the remote machines, in order to have a secure remote
access to the ground stations without taking much of operator’s time from the host station.

During the satellite operation, it is crucial to prepare a plan for daily observations, due to their
short window. First, simulations should be performed to predict the exact time when the CubeSat
appears over the horizon for every observation event. The orbital elements extracted from the TLEs
should be updated on a regular basis, since such TLEs deviate over time. The prediction of the
acquisition of signal time using a one-week-old TLE set may deviate up to 5 min. Further, to anticipate
and store the results of every pass it is recommended that a template be made for the operations report.
Such a report can be used in the future for keeping track of the work performed, as well as analyzing
the data in case some operations fail. The operations report may include for each event the date, time,
used ground stations, operators, a plan with the list of commands to be sent, status of the satellite, reply
of the satellite to each command, any deviation of the plan, and other comments or communications to
team members. Such communications may include observations from the remote ground stations.
Further, voice communications may also be used to speed up the interaction between team members
during an observation event. The status of the satellite is summarized in the housekeeping telemetry
data, which include parameters such as the satellite operational mode, battery voltage, bus current,
temperature of critical subsystems (transceiver, batteries, onboard computer,) and possible rotational
speed for each axis.

The SE01 operation continued for nearly one year, and the satellite finally reentered the Earth’s
atmosphere on 26 February 2019.

7. Conclusions

The experience of full-cycle design, development and operation of a CubeSat at the Luleå
University of Technology was briefly described in this paper. The following remarks summarize the
experience and highlight the direction toward the evolution of CubeSat technology and its community.
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First, the development of a CubeSat project requires solving problems concurrently in several
domains. Therefore, any educational team that intends to conduct a CubeSat project should
possess multidisciplinary expertise including systems engineering, controls and navigation, space
communications, propulsion, etc. The experience provided during the project will require that students
and researchers from different areas of expertise collaborate, enhancing their specific domain as well
as a better understanding of interactions between subsystems and their impact on the behavior of
the entire system. A laboratory with equipment for developing the satellite is required, and strong
collaborations with other research institutes and companies that provide in-kind funding or support
can significantly enhance the chance of success in the project. Although CubeSat projects in the
academia can involve students for their training and mostly take benefit from their task force, the need
for technical staff who can guarantee the sustainability of the project should not be underestimated,
which in turn requires proper planning in terms of personnel budgeting and time allocation.

Second, although independency is desirable for having autonomy and simple team coordination
in any CubeSat project, the trend is to collaborate more with other institutions. Consortiums have the
potential to collect more funds, gather higher labor power and enrich the project with wider points of
view than independent projects. Consequently, more ambitious missions can become feasible.

Third, CubeSat developing teams often organize their work mostly through improvised procedures.
More work should be done on improving design methodologies for CubeSat systems to come up with
better planning, management, development and testing tools.

Fourth, the pool of products available for CubeSat developers should evolve to more accessible
solutions, which can be handled with less highly specialized skills and expertise. In general, those
components that require special attention or set of skills for handling are prone to failure, thus potential
sources of delay in the project. Generic and accessible COTS products would make CubeSat projects
feasible to a wider group of researchers in the space community, and thus create more ideas for the
future small space missions.

Fifth, a fully autonomous international network of ground stations is necessary to facilitate the
work of small CubeSat developers such as universities or other research centers. Such a network may
require solving several technical challenges. Particularly, some progress should be made with respect
to the automation of telemetry data storage, distributed scheduling, and unification of control software.
To address such a need, the SDR technology shows promise in rapid development of (multiple) ground
stations, rather than the current state of hardware-based systems.

Finally, there is currently a lack of reusability of knowledge and systems in CubeSat projects.
For instance, the software needs to be programmed almost from scratch for every mission. Reusability
has been demonstrated to be effective for both sharing knowledge as well as increasing product
quality [55,56]. Additionally, standardization tends to reduce the variance on product quality between
competitors [57]. Using modular subsystems is a promising approach along this direction. However,
more efforts should be put toward the standardization of different aspects of CubeSat mission design,
development and operation.
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Summary
Communication systems are adopting all-software architectures, because of their scalability,
extensibility, flexibility, and cost-effectiveness. This paper introduces a concurrent approach to
the development and verification of baseband systems for satellite ground operations based
on the behaviour-driven development methodology. The open-source GNU Radio development
kit is used for developing the software-defined radio baseband signal processing, as well as
simulating the satellite and realistic channel impairments. The system performance at the end
shows deviations of less than 1 dB with respect to the ideal performance and the Green Book
standards specified by the Consultative Committee for Space Data Systems.
KEYWORDS
baseband, behaviour-driven development, CCSDS, GNU radio, satellite TT&C, software-defined
radio

1 INTRODUCTION
Satellite telemetry and telecommand (TM/TC) involves the collection and processing of onboard data as well as analysis and response coordination
on the ground. Onboard data include, but not limited to, resource status, satellite attitude, modes of operation, and health of each subsystem and
the payload.1 The TM/TC links are typically low-rate communication links with data rates of a few kilobits per second (Kbps) for the TC channel
and a higher rate for the TM channel. For scientific telemetry, the data rate on the TM channel is in the order of a few megabits per second
(Mbps). The critical nature of TM/TC operations mandates a dedicated communication link with a host of standards and protocols, such as the
Consultative Committee for Space Data Systems (CCSDS) standards suite. To ensure reliability, which is a fundamental feature of TM/TC links,
a suitably replicated transponder(s) associated with one or more antennas with quasi-omnidirectional radiation pattern is employed. However,
TM/TC links can be rerouted through payload transponders in certain cases if available, such as those in broadcast satellites.2 Ground operations,
on the other hand, typically use a multimission, general-purpose baseband system for TM/TC operations.1 The baseband system we present in
this paper is based on software-defined radio (SDR) technology3 and commercial-off-the-shelf (CoTS) frontends. The SDR-based baseband (SBB)
system assumes CCSDS category A missions (less than 2 million kilometres from Earth) that operate under the S-band (2 GHz band) within the
Space Operation Services (SOS).4 The S-band uplink frequency band for the SOS is between 2025 and 2120 MHz, while the downlink is allocated
to the 2200 to 2300 MHz frequency band.2 Because of limited bandwidth, which is typically less than 6 MHz, the typical data rate at these bands
is tens of Mbps.

The state-of-the-art baseband systems, albeit employing some degree of software elements, depend on dedicated hardware, such as field
programmable gate arrays (FPGAs), digital signal processors (DSPs), and application-specific integrated circuits (ASICs). Hence, their hardware
dependency deprives them of taking the full advantage of the SDR-based system architectures, including scalability, extensibility, flexibility,
and cost-effectiveness. Nevertheless, such commonly used baseband systems have an established verification and validation cycles from the
experience accumulated over the decades, in full compliance with the CCSDS standards. The CCSDS standards dictate stringent requirements
on TM/TC communication systems to ensure link quality, interagency operability, and conformity to national and international radiofrequency
policies. Such requirements include hardware conditions, such as phase noise, nonlinearities, and instabilities. They also define conditions for
operational parameters that account for certain challenges in space communication systems, including link budget, satellite dynamics, multipath
Int J Satell Commun Network. 2019;1–19. wileyonlinelibrary.com/journal/sat © 2019 John Wiley & Sons, Ltd. 1
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FIGURE 1 The behaviour-driven development (BDD) simulation model for the telemetry (TM) link

propagation, occupied bandwidth, etc. In order to fully utilize SBB systems for real-life missions, it is imperative to ensure that such newly
developed systems meet all the CCSDS requirements.

The SBB system we present in this paper was developed with the GNU radio development kit.5 The GNU radio kit has been deployed in
a number of signal processing research projects, including acoustics,6 first responder basestation,7 cognitive radio,8,9 and low-capacity ground
stations for CubeSat missions.10,11 The GNU Radio kit has also been used for prototyping high-performance SBB systems by researchers at Zodiac
Aerospace12 and NASA Jet Propulsion Laboratory.13 In both research projects, several performance bottlenecks associated with the open-source
GNU radio and commercial off-the-shelf SDR frontends were encountered when the systems were deployed. Therefore, traditional software
engineering methodologies, such as code-and-fix and test-last (TL) programming, may be inappropriate when system development is based on
immature open-source kits such as GNU radio and CoTS SDR frontends. In this paper, we present a concurrent approach to the development
and verification of SBB systems by using the behaviour-driven development (BDD) methodology.

The test-driven development (TDD) methodology, as a precursor of BDD (see Section 3 for the difference), has been adopted in a number of
aerospace applications, such as the NASA's Johnson's Space Center TRICK simulation tookit14 and the attitude and orbit control system (AOCS)
of the OHB-led Small GEO satellite consortium.15 However, the BDD methodology has not been widely adopted in the aerospace industry.16
The BDD methodology is a software development process that conjoins the development process with automated acceptance tests for all the
functionalities that make up the system.17 The key feature of BDD is that the acceptance tests for each functionality are written before the
functional code. The SBB system is comprised of functionality for the support of TM and TC links. The functionalities involved in the TM link
are bit synchronization and forward error correction (FEC) decoding, whereas the functionalities involved in the TC link are FEC coding and bit
modulation. The acceptance tests for the SBB system are based on performance evaluation, including bit error rate (BER), word error rate (WER),
and frame error rate (FER), rather than the traditional BDD assertions.18 The SBB system TM link BER characterization involves the verification
of bit synchronization functionality against established theoretical models for each modulation scheme, whereas the FER characterization checks
the performance of forward error correction (FEC) codes against the performance specified by CCSDS19 for our case. On the other hand, the
SBB system TC link performance is evaluated by output power characterization, transmitter error vector magnitude (EVM), transmitter frequency
stability as well as transmitter power spectrum.20

Ideally, spacecraft-ground station compatibility tests involve a satellite ‘‘suitcase,’’21 which is an engineering model of the spacecraft
communication subsystem and on-board data handling unit. In this paper, however, the BDD process for the SBB system is conducted purely on
GNU radio simulations without involving any external hardware. In addition to simulating a satellite, the GNU radio BDD cycles capture major
channel impairments expected in realistic satellite links, as shown in Figure 1 for the TM link. The impairments on the TM link include transponder
amplifier nonlinearities, output multiplexer (OMUX) delay spread, symbol timing offsets, orbital dynamics for category A missions (eg, Doppler
shift), TT&C station impairments including phase noise, phase and frequency offset. The impairments also include SDR frontend distortions, such
as phase noise, I/Q-imbalance and DC offset. The evaluation tests for the SBB sytem TC link are highly dependent on the hardware, which cannot
be captured by simulations alone. Therefore, the tests for TC link are not included in the verification process.

Section 2 of the paper presents an overview of the SBB system architecture and the TM channel model. Section 3 discusses the utilization of
BDD methodology for the SBB systems. Section 4 presents the BDD-based development and verification of the SBB system. Section 5 concludes
the paper.

2 SYSTEM ARCHITECTURE AND CHANNEL MODELLING
The SBB system is designed to support multiple missions with different modulation schemes and forward error correction (FEC) codes.
Consequently, a number of modulation schemes common in satellite TM/TC are supported, including binary phase-shift keying (BPSK), quartenary
phase-shift keying (QPSK), offset QPSK (oQPSK), pulse code modulation/frequency and phase modulations (PCM/PM, PCM/FM), and Gaussian
minimum shift keying (GMSK).22 The SBB system will support a number of pulse-shaping filters including square-root-raised cosine (SRRC),
raised cosine (RC), and integral filters. Two variations of line codes commonly used in satellite TM/TC23; non-return-to-zero-level/mark/space
(NRZ-L/M/S) and biphase-L/M/S are supported. Both TM and TC links are fully compliant with the CCSDS (blue book) framing and forward
error correction codes (convolutional, Reed-Solomon, Turbo, and LDPC codes) for the TM link24 and a modified BCH code for the TC link.25 The
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FIGURE 2 Top level functional flow block diagram (FFBD) for the telemetry (TM) link.26 The implemented functions follow the solid line
system breakdown we present in this section builds on the functional analysis of the TM and TC links for the SBB system presented by the
authors in a previous work.26 We present the channel models we have used in this work after the functional analysis.

2.1 Telemetry link architecture
The TM link is responsible for receiving data from the satellite. It involves bit synchronization (function 1.0), CCSDS FEC decoding (function 2.0),
and data transfer to the operator's MCC (function 5.0), as summarized by the functional flow block diagram (FFBD) of Figure 2.26 Similar to the
TC link, virtual channel extraction (function 3.0) and non-CCSDS mission processing (function 4.0) are not presented in this work. Data transfer
to the MCC's is supported by native APIs. The ‘‘OR’’ function represents multiple options for functional flows.
2.1.1 Bit synchronization
Bit synchronization is at the centre of the TM link. It is responsible for recovering information bits from a typically weak and noisy satellite signal
received through an imperfect channel. Channel impairments are modelled in the next section. The signal is received by the I/Q signal acquisition
functionality (function 1.1), which is a wrapper that interfaces the system with the hardware. Signal reception is proceeded by a DC offset and I/Q
imbalance correction functionality (function 1.2). Similar to the bit modulator, the bit synchronizer also includes an optional Doppler compensation
functionality (function 1.3). There is also an optional diversity combiner (function 1.4) that can combine signals received from multiple sources.
An automatic gain controller (AGC) (function 1.5) is included to maintain a constant signal level required by synchronization blocks (frequency,
timing, and phase).27 The bit synchronizer includes various types of FFT-based acquisition for course frequency recovery (function 1.6). These
are based on absolute-law, square-law, fourth-law, and signal centroid.28 I/Q demodulation (function 1.8), which is dependent on the modulation
type is performed after matched filtering (function 1.7). The bit synchronizer has three different symbol synchronizers (function 1.9). These are
the generalized MSK29 symbol synchronizer for GFSK, polyphase symbol synchronizer30 for RRC-based signals, and a maximum likelihood symbol
synchronizer.27 An equalizer (function 1.10) is used to eliminate linear distortions. No pilot signal is assumed and therefore, a blind equalizer, based
on the constant modulus algorithm (CMA)31 with variable step-size is used.32 The phase synchronization functionality (function 1.11) performs
fine frequency and phase recovery for coherent demodulation (BPSK, QPSK, OQPSK, PCM/PM). The decision functionality (function 1.12) is a
quantizer that can output hard (1 bit quantization), soft (multiple bits quantization), and unquantized (infinity quantization) decisions. Quantization
is performed by either a mid-riser or mid-tread quantizer with threshold levels recommended by CCSDS.19 Line decoding (function 1.13) recovers
binary information from the decisions. Line decoding can also be performed after Viterbi decoding if convolutional coding is employed.
2.1.2 The CCSDS frame synchronization and error control decoding
The CCSDS standard recommends eight FEC codes24 that can be selected according to mission requirements. As shown in the FFBD of
Figure 3, the recommended coding options are uncoded, convolutional coding only, punctured convoluational code only, Reed-Solomon only, a
concatenation of Reed-Solomon and convolutional code, a concatenation of Reed-Solomon and punctured convolutional code, LDPC code only

FIGURE 3 The functional flow block diagram (FFBD) for the telemetry frame synchronization and channel decoding26
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FIGURE 4 The channel model. The model is loosely based on the direct-to-home (DTH) scenario presented in DVB-S2X implementation
guidelines33

and Turbo code only. Frame synchronization is a paramount feature of the TM link. There are two families of frame synchronizers implemented
by the SBB. These are state-machine and argmax synchronizers. Argmax synchronizers are typically used at low SNR environment, which some
families of FEC codes, notably Turbo and LDPC codes, are expected to operate. The matching functions implemented are soft correlator, hard
correlator, and the modified Massey algorithm.19

2.2 Telemetry link channel model
The channel model for the SBB TM link used in the BDD process is shown in Figure 4. The model is loosely based on the direct-to-home
(DTH) scenario presented in DVB-S2X implementation guidelines.33,34 It has been modified to represent realistic challenges encountered in a
TM communication link. This includes transponder (modulator, oscillator, high power amplifier [HPA], filtering) distortions, spacecraft orbital
dynamics, TM/TC ground station frequency and phase errors, as well as SDR frontend impairments. It is imperative for the SBB to be able to
cope with the maximum level of distortions, as recommended by the CCSDS standards. It should be noted that the figures presented correspond
to the CCSDS category A missions operating in the S-band region (2 GHz).4

Telemetry transponder: a typical TM transponder consists of a TM encoder and modulator, filters, a frequency upconverter, and a high-power
amplifier (HPA). Each of these components introduce distortions to the TM link. The modulator clock introduces symbol rate offset, which is
recommended to be within ±100 ppm. The modulator is also subject to phase and amplitude imbalance, which is recommended to be less
than 5◦∕0.5 dB. The oscillator used by the frequency upconverter is subject to frequency instability, which is recommended to be within
±20 ppm. In this work, we consider the nonlinear distortions (manifested as warping and clustering of the signal constellation35) of a typical
TM satellite HPA, such as the ESA's 10-Watt solid-state power amplifier (SSPA) operating in linear region without any signal predistortion.
The amplitude-to-amplitude modulation (AM/AM) and amplitude-to-phase modulation (AM/PM) characteristics of this amplifier can be found
in the CCSDS standards.22

Since the nonlinear distortions introduce spectral regrowth, the OMUX filters out the out-of-band spectra from the SSPA. The OMUX is
subject to group delay variations, which is recommended to be within 10% of the signal duration. We have modelled the OMUX filter as a
fifth-order elliptic filter with passband ripple 0.1 dB and stop-band attenuation of 40 dB. The filter amplitude and group delay responses are
shown in Figure 5 for a symbol rate of 2.5 Ms∕s and sample rate 10 Ms∕s. The symbol duration is thus 0.4 μs. The group delay variation at the
band-edges is between 0.23 and 0.33 μs, corresponding to 33% and 83% of the signal duration, much higher than the CCSDS specified figures.
Spacecraft orbital dynamics: the spacecraft in category A missions can typically reach a maximum velocity of 10 km/s and a maximum
acceleration of about 380 m/s2. For S-band missions, these figures correspond to a maximum Doppler shift of ±125 kHz and maximum
Doppler rate of ±3 kHz/s. The hypothetical Doppler profile is shown in Figure 6. Orbital dynamics, in combination with spacecraft geometry,

FIGURE 5 Frequency and group
delay response of the OMUX
filter. The filter is modelled as a
5th-order elliptic filter with
0.1 dB pass-band ripple
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FIGURE 6 The hypothetical
worst-case Doppler profile for
category A missions in S-band
(2 GHz). The SBB will have to
cope with a Doppler shift equal to
magnitude of the curve, ±125kHz
and Doppler rate equal to the
slope of the curve, ±3kHz∕s

FIGURE 7 The CCSDS phase
noise mask for symbol rates from
1 to 100 Ms/s

TABLE 1 Channel impairment specifications
Impairments Satellite transponder Orbital dynamics TT&C station SDR frontend Values
Modulator I/Q imbalance X 5◦/0.5 dB
Frequency instability X ±20 ppm
Symbol rate offset X ±100 ppm
SSPA nonlinear distortion X CCSDS22
OMUX group delay variation X 10%
Doppler shift X ±125 KHz
Doppler rate X ±3 KHz/s
TM/TC station phase noise X Figure 7
Received AWGN X X Variable
SDR phase noise X 1◦ rms
SDR clock stability GPS/No GPS X ±20 ppb/±2.5 ppm
SDR I/Q imbalance X

may also introduce signal fading. Fading can be observed, for example, when there are two hemispherical antennas located at opposite sides
of the spacecraft with the nominal one pointing to Earth. In this case, spinning, such as when the satellite is in safe mode, will introduce signal
fading. However, even in this case, the coherence time would be much higher than the symbol rate for fast fading to occur. Therefore, fast
fading is not included in the channel model.
TM/TC station RF chain imperfections: the RF chain is responsible for signal reception at the antennas, downconversion to intermediate
frequency (typically around 70 MHz) and transmission to the baseband systems. Of great concern to our application are additive white
Gaussian noise (AWGN) and phase noise. We use the CCSDS phase noise mask specified for symbol rates between 1 and 100 Ms/s. The
mask is shown in Figure 7.
SDR DC offset and I/Q imbalance: the DC offset and I/Q imbalance artifacts arise from the nature of homodyne receivers, which form the
integral part of an SDR frontend. The DC offset artifact arises due to local oscillator (LO) self-mixing, which may be caused by LO leakage, LO
reradiation, or strong in-band interferer.36 On the other hand, I/Q imbalance is a result of phase imbalance between the LO I/Q components.
I/Q imbalance result in cross-talk in the I/Q channels.37

The specified values for the distortions above are summarized in Table 1.
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2.3 Telecommand link architecture
The TC link operations involve the reception and processing of user telecommands into communication link transfer units (CLTU) and transmission
to space, as summarized in the FFBD26 of Figure 8. Telecommands are received by the mission control centre (MCC) data transfer block (function
1.0) through native APIs or CCSDS space link extension (SLE) services.38 Virtual channel aggregation (function 2.0) and operations for non-CCSDS
protocols (function 4.0) are not presented in this work, and hence they are connected by dotted lines. The received telecommands undergo
scrambling and BCH encoding (function 3.0) before transmission (function 5.0).

2.3.1 The CCSDS FEC and frame generation
The CCSDS FEC and frame generation functionality is summarized by the FFBD26 in Figure 9. There is an optional scrambler (function 3.1), which
is based on an additive scrambler with an all-ones initial register value and a scrambling polynomial

h(x) = x8 + x7 + x5 + x3 + 1. (1)

Following scrambling is a modified (63,56) BCH code. For octet compatibility, the (63,56) BCH code is modified into a (64,56)-BCH code by an
addition of a filler bit, which is always set to zero. A pattern of alternating ones and zeros is appended to CLTUs with a size that in not an integral
number of BCH codeblocks. The generator polynomial for the (63,56) BCH code is given by:

g(x) = x7 + x6 + x2 + 1. (2)

The CLTU enables data delimitation and synchronization. The first part of the CLTU is a 16-bit start sequence, 0xEB90, that delimits the start of
the CLTU. This is followed by data field, which are BCH codeblocks. The last part of the CLTU is a 64-bit tail sequence, 0xC5C5C5C5C5C5C579,
that delimits the end of the CLTU.25 The full structure of the CLTU is illustrated in Figure 10.

FIGURE 8 Top level functional flow block diagram (FFBD) for the telecommand (TC) link.26 The implemented functions follow the solid line

FIGURE 9 The functional flow block diagram (FFBD) for the telecommand link framing and FEC.26 Implemented functions follow the solid line

FIGURE 10 Communication link transfer units (CLTU) format26
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FIGURE 11 Functional flow block diagram (FFBD) for bit modulation

2.3.2 Bit modulation
The modulator operations are summarized by the FFBD26 in Figure 11. From the six line codes (function 5.1), NRZ-L, NRZ-M, and NRZ-S
are implemented as two-state finite state machines (FSM) while BP-L, BP-M, and BP-S are implemented as four-state FSM.39 For the 4-ary
modulations, ie, QPSK and OQPSK, the standard CCSDS constellation or its inverted version are used.4 The basic 2-ary constellation is used for
the remaining modulation schemes: BPSK, GMSK, PCM/PM, and PCM/FM. The SBB system is designed to operate at four samples per symbol
for 2-ary and eight samples per symbol for 4-ary modulation schemes. The I/Q modulation functionality (function 5.4) maps the oversampled
filter output into the inphase and quadrature components as per modulation scheme. There is an optional Doppler precompensation functionality
(function 5.5) that use Doppler data derived from predictive ephemeris models. The SBB system does not support either version of the physical
layer transmission procedure (PLOP-1 and PLOP-2). The I/Q transmission functionality is a wrapper for the driver that interfaces the SBB system
with the physical SDR frontend.

3 BEHAVIOUR-DRIVEN DEVELOPMENT METHODOLOGY
Software-defined radios are embedded systems capable of replicating an entire radio device with a clear division between a generic resource
platform and the software application that performs all the radio functions. A major inconvenience with traditional hardware-based radio
equipment is that they are hard to modify and made usable for various applications, and any error in the implementation is quite difficult and
costly to fix after the device is manufactured. The versatility of SDR opens up the feasibility of developing radio equipment through a computer
science approach. In particular, agile methodologies, which have created a significant impact on the current practices in software development,
can be applied to the SDR development. Two of such methodologies are TDD17 and BDD,40 both of which are examples of test-first approaches,
where tests are first introduced before the production code is written.41

The TDD methodology begins with identifying the expected outputs for each element in the system. These outputs are the technical
specifications that will define the executable unit tests. The methodology then continues with considering a unit test and checking for its proper
operation. The test must fail at this stage, since the functionality that the test is supposed to verify has not been implemented yet. Hence, if the
test passes, it needs to be modified accordingly, in order to reflect the lack of the intended specific functionality. The process continues with
the incremental development of the production code by including individual functions that fulfil each test requirements. In other words, after
each function is developed, all the tests created thus far are checked, and the developer should remain in the developing stage as long as any
of them fails. Once all tests have passed, the code that has been developed thus far can be refactored with the condition that it must pass the
tests again before moving on. Code refactoring means enhancing the code to improve internal consistency, clarity, and maintainability without
changing its behaviour.42 The TDD methodology does not specify any constraint on refactoring, and it is up to the developer's standards.42 The
development cycle is repeated considering a new test and its corresponding function. No function that is not targeted by any of the implemented
tests must be included in the code. At the end of the process, all functions have been successfully tested together, and any failure that might
have appeared had to be immediately corrected before adding more functions to the code. Additional tests (and functions) can be introduced to
the development process at any time, which makes it possible to modify the system rapidly and effectively.

The BDD methodology is an evolution of its TDD counterpart. The methodology works with the same principles; however, there is a difference
with respect to the specification of the tests. The TDD methodology specifies tests as unit tests, ie, each test is designed for checking whether
its corresponding function performs correctly, whereas the BDD methodology specifies tests as acceptance tests, ie, the tests are designed for
checking whether the overall behaviour of the code is correct and according to system specifications. In other words, TDD focuses on the
execution of each specific function at a time, while BDD considers the effect of the function on the entire system's operation. Moreover, BDD
may still include TDD methodology within its development stage.

Despite some difficulties with implementing TDD and BDD methodologies, mainly because of the lack of proper infrastructure or coordination
in the development team, they offer clear advantages compared to the test-last approaches, including the capability of early and systematic
detection and correction of defects, compatibility assurance between different functions, and facilitating system modularity and reusability.40
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FIGURE 12 Methodology activity diagram
The BDD methodology has been adopted in this paper for the development of the SBB system. Particularly, this methodology changes the

focus from individual functional tests to performance evaluation through simulation of the system. Although SDRs are embedded systems and
both hardware and software should be equally considered, the paper focuses on the software development, and does not address the hardware
specifications. Hence, the proposed approach to the SBB system development can be implemented using any generic SDR hardware platform.
The current methodology assumes that basic functions, such as down conversion and RF sampling, are already implemented in the hardware and
the drivers, leaving the remaining development to the application software.

Figure 12 presents the activity diagram of the BDD methodology that has been implemented for the development of the SBB. The
implementation begins with gathering the requirements, eg, the need for coherent communications, as well as specifying the system in smaller
functional elements, eg, carrier phase recovery. For this application, instead of utilizing assertions for testing purposes, the methodology defines
tests as the impairments found in the SBB's communication channel, eg, carrier offset, and measures how that specific channel impairment
affects any feature of system performance, eg, BER variation. In other words, the tests are all documented sources of deviation from the proper
functioning of the system.

After all requirements are gathered, various tests are defined in the first stage. At each time, one channel impairment from the corpus shown
in Figure 1 is considered, and simulation of the channel impairment and its executable test is created. Then, the test is challenged twice: for the
first time, the acceptance test must fail in the absence of the corresponding function that is yet to be developed. For the second time, the channel
impairment is varied while the test is being executed to check whether system output varies according to the theoretical model. For example, a
test is defined to introduce phase offset to the simulation; First, such an offset must cause BER degradation without having a carrier recovery
circuit in the simulation, such as Costa's loop. Second, by varying the phase offset the BER should also vary accordingly. These two actions would
not only confirm that the defined test is effective, but also verify certain aspects of the simulation.

The second stage of the methodology is code development. The corresponding function is developed in the SBB production code to correct for
the specific channel impairment. In this stage, the simulation is run and the function is corrected until the performance obtained in the simulation
corresponds to the desired output performance. At this point, all the previous tests must be re-examined to make sure that the SBB production
code passes all of them.
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FIGURE 13 The functional flow block diagram (FFBD) for bit synchronization26

FIGURE 14 GNU Radio behaviour-driven development (BDD) simulation flowgraph

A third stage can be performed for code refactoring, given that the code still passes the specific test as well as all the previous ones. The
above-mentioned activities are repeated considering a new test in every iteration until all channel impairments are corrected.

The proposed approach to the SBB development is customized to the channel models derived from CCSDS standards, as presented in
Section 2.2, since they already define a baseline for the acceptance tests of baseband equipment. In such standards, every channel impairment
has an individual model, and therefore every function can be developed and verified separately. However, the result of the test does not
reflect the actual operation of every function but its individual effect on the output performance of the entire system. The accumulation of
channel impairments throughout the SBB development using the proposed approach would gradually make the simulations more complex and
time-consuming. Nevertheless, adding one channel impairment at the time and repeating the BDD steps are imperative in achieving an error-free
code at the end, which may eventually save time for code diagnosis and debugging.

4 SYSTEM DEVELOPMENT AND VERIFICATION
The functionalities of the SBB system have been outlined in the system architecture presented in Section 2. In this section, the proposed
BDD-based approach is applied to the concurrent development and verification of TM bit synchronization and FEC decoding.

4.1 Development and verification of telemetry bit synchronization
The blocks involved in bit synchronization are presented in Figure 13. All the modulation schemes : BPSK, QPSK, OQPSK, PCM/PM, PCM/FM,
and GMSK, were developed using the BDD-based approach and by utilizing the impairments listed in Table 1 as acceptance tests. For brevity,
only the development of BPSK is presented in this section. The GNU Radio flowgraph used for the BDD cycle of BPSK is illustrated in Figure 14.
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FIGURE 15 The effects of
additive white Gaussian noise
(AWGN) on the basic binary
phase-shift keying (BPSK)
receiver

The transmitter pulse shape is based on a square-root raised-cosine (SRRC)27 filter with a roll-off factor of 𝛼 = 0.35, and the line code used
is NRZ-L. The flowgraph includes all the channel impairments in Table 1. It should be noted that only one impairment or a few interrelated
impairments were tested at a time to uncouple the errors that might have arised during the development phase so they can be corrected as soon
as they appear. The combined effect of all impairments in Table 1 is presented later in the section. All impairments were simulated under AWGN
channel with bit energy-to-noise-ratio (Eb∕No) from 0 to 10 dBs.

4.1.1 The effects of AWGN
The AWGN was used as the channel impairment (BDD acceptance test) during the development of blocks for a basic BPSK receiver, ie, matched
filter, I/Q demodulation, constellation demapping, and line decoding. In particular, this acceptance test is focused on the performance of the
matched filter. The failing test involves a BPSK receiver with a second-order, low-pass filter (LPF). This filter is not matched to the pulse shaping
filter at the transmitter, which is a square-root-raised-cosine (SRRC) filter. Therefore, the low-pass filter is expected to be unable to compensate
for intersymbol interference (ISI). The effect of ISI is confirmed by observing BER degradation with respect to the (desired) theoretical values.
Then, a proper SRRC matched filter was designed for receiver, the system performance was simulated again under AWGN, and the BER variation
became very close to its theoretical values. The results of both stages 1 and 2 of the BDD cycle are shown in Figure 15.

4.1.2 The effects of phase step error and phase noise
Phase step error and phase noise channel impairments were used during the development and verification of a phase recovery circuit, which is
based on the Costa's loop algorithm. As per stage 1 of the BDD cycle, the failing test involves the basic BPSK receiver presented in 4.1.1 in the
presence of phase step error and phase noise without any means of mitigation. The increase in phase error, with values of 𝜃 = 5◦ and 𝜃 = 10◦,
showed an increase in BER degradation. In stage 2 of the BDD cycle, a Costa's loop was put in place and the simulation was rerun; the BER
became closer to the theoretical values. The results of both stage 1 and stage 2 of the BDD cycle are shown in Figure 16.

4.1.3 The effects of carrier frequency offset
Carrier frequency offset was used during the development and verification of a course carrier acquisition circuit. Carrier frequency offset is a
combination of satellite, TT&C station, and SDR frontend oscillator offsets, as well as orbital dynamics effects (Doppler shift and rate). Since
carrier recovery involves both course and fine frequency recovery, stage 1 of the BDD cycle involves the simulation of the BPSK receiver
presented in Section 4.1.2 in the presence of frequency offsets above the acquisition range of the Costa's loop. As expected, the Costa's loop
was not able to lock, and BER characterization was not possible. Stage 2 of the BDD cycle involves the placement of the square-law FFT unit
for course frequency recovery. As shown in Figure 17, the square-law FFT course frequency acquisition unit is able to extract the carrier from
a noisy signal and use the derived carrier to centre the received signal around baseband. The BER characterization for three common cases of
frequency offset: less than 10% of, approximately equal to, and larger than symbol rate are shown in Figure 18.

4.1.4 The effects of timing offsets
Timing offsets were used during the development and verification of the symbol time recovery block. Timing offsets accounts for the clock
instabilities of the satellite TM modulator and the SDR frontend. Timing offset manifests itself as the spreading of the signal constellation.
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FIGURE 16 The effects of phase
step and phase noise

FIGURE 17 A GNU Radio plot
showing course carrier frequency
recovery by the square-law FFT
unit at carrier power to noise
spectral density of
C∕No = 68.01 dB-Hz

FIGURE 18 The effects of carrier
frequency offset
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FIGURE 19 The effects of timing
offsets

FIGURE 20 GNU Radio plot
showing spectral regrowth at
different values of IBO
Stage 1 of the BDD cycle involves the simulation of the basic receiver presented in 4.1.1 in the presence of time offset without the symbol time
recovery block. As expected, the increase in symbol time offset, eg, 10 and 100 ppm, resulted into an increase in BER degradation. During stage
2 of the BDD cycle, the polyphase filter bank time recovery block30 was put in place and the simulation was rerun. The results of both stages of
the BDD cycle are shown in Figure 19.
4.1.5 The effects of SSPA nonlinear distortions
The effects of SSPA distortions were considered to check whether a functional block is required for compensating the impairment. The SSPA
nonlinearity causes spectral regrowth in both linear and compression regions as shown in Figure 20. Stage 1 of the BDD cycle involved the
simulation of the basic BPSK receiver when the SSPA was operating in the compression region, eg, at input back-off (IBO) = −3 dB. As expected,
there was BER degradation, with maximum loss of 1 dB. This effect can be mitigated by either a pre-distorter at the satellite or a nonlinear
equalizer at the ground station. However, since the SSPA is expected to operate in the linear region, neither of these blocks needed to be
implemented. Therefore, Stage 2 of the BDD cycle merely involved the verification of BER performance when the SSPA operates in the linear
region, eg, IBO = −10 dB. In this region, the maximum BER loss was less than 0.5 dB. The performance results for both stage 1 and 2 of the BDD
cycle are reported in Figure 21.
4.1.6 The effects of OMUX group delay distortion
The group delay distortion of the OMUX was used during the development and verification of the linear equalizer. Stage 1 of the BDD cycle
involves the simulation of the basic BPSK receiver of Section 4.1.1 when an OMUX is introduced to filter out-of-band emissions caused by the
SSPA spectral regrowth, as shown in Figure 22. As expected, the SSPA introduced linear distortions that a matched filter alone is unable to cope
with. During stage 2 of the BDD cycle, a PFB symbol time synchronizer and a CMA equalizer were put in place, and the simulation was rerun
under different SSPA operating regions. As shown in Figure 23, the combination of the PFB and CMA blocks was able to mitigate the effects of
the OMUX group delay distortion with performance loss of 0.8 and 1.4 dB for linear and nonlinear SSPA regions, respectively.
4.1.7 The effects of I/Q-imbalance
The I/Q imbalance is introduced into the channel by the modulator at the satellite and the SDR frontend in order to examine the need for a
functional block to mitigate the I/Q branches interference. Stage 1 of the BDD cycle involved the simulation of basic BPSK receiver under I/Q
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imbalance and without any mitigation measures. As expected for the case of BPSK, I/Q imbalance causes minimal BER degradation as shown in
Figure 24, hence no mitigation technique was included.

4.1.8 The effect of all channel impairments
After the simulation of each impairment, the simulator was used to evaluate the combined effect of all impairments summarized in Table 1. The
combined effect is observed by looking at the BER performance at typical SNR values required by the CCSDS FEC codes19 discussed in the next
section. The dominating impairment is the combination of OMUX group-delay distortion and the HPA nonlinearity. As shown in Figure 25, the
performance degradation at SSPA compression region, IBO = −3 dB, is less than 1.5 dB, while the performance degradation in the linear region,
IBO = −10 dB, is less than 0.5 dB.

4.2 Development and verification of telemetry frame synchronization and FEC decoding
Frame synchronization and FEC decoding involves the extraction of channel access data units (CADU) and their subsequent error correction by
any of the FEC codes in the FFBD of Figure 3, namely, convolutional, Reed-Solomon, concatenated Reed-Solomon, and convolutional, Turbo,
and LDPC codes. The BDD failing tests in stage 1 involve monitoring performance degradation introduced by certain artifacts that a particular
FEC code is sensitive to. Some examples of such artifacts include truncation length for Viterbi decoding, interleave depth for concatenated
Reed-Solomon convolutional codes, and a number of iterations in the iterative decoding of Turbo and LDPC codes. For brevity, the results of
Turbo and LDPC codes are not presented in this paper. The BDD acceptance tests in stage 2 involve performance improvement when these
artifacts are mitigated. Both failing and acceptance tests are confirmed by comparing the BER and FER with the performance reported by the
CCSDS green book,19 which considers an AWGN channel without any other channel impairments. For a fair comparison, all but AWGN channel
impairment is taken into account by the simulation of FEC decoding. The effects of frame synchronization are not considered either.

4.2.1 Convolutional code
The CCSDS convolutional code is a rate-1/2 code with a constraint length of K = 7 bits. The standard also specifies punctured versions of
the CC(7,1/2) code, which include CC(7,2/3), CC(7,3/4), CC(7,5/6), and CC(7,7/8). The convolutional decoder in the simulation uses the default
GNU Radio Viterbi decoder for the basic CC(7,1/2) code. The BDD tests, therefore, aim at verifying the effects of decision quantization, Viterbi
truncation length (D), and puncturing on the decoder.

For optimum performance, the Viterbi decoder requires unquantized soft decisions. Hence, Stage 1 of the BDD cycle involves decoder
simulation with decision values quantized at 1, 3, and 6 bits. As expected, there is performance improvement with increasing quantization
bits, as shown in Figure 26. During stage 2 of the BDD cycle, the simulation is rerun under unquantized soft decisions, which shows a further
improvement in BER performance. The BER performance for both stage 1 and 2 is also checked with the performance reported by the CCSDS
green book, as shown in Figure 26.

The CCSDS green book simulations have shown that a Viterbi truncation length of D = 60 achieves near optimum performance.19 The GNU
Radio Viterbi decoder, on the other hand, has a fixed truncation length of 32 bits. Stage 1 of the BDD cycle involves the simulation and verification
of FER performance for different frame lengths. As shown in Figure 26, the GNU Radio Viterbi experiences minimal performance degradation.
Since the truncation length is fixed, no mitigation measures should be taken in stage 2 of the BDD cycle.

FIGURE 21 Bit error rate (BER)
degradation caused by solid state
power amplifier (SSPA)
nonlinearity at different input
back off (IBO) values
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FIGURE 22 GNU Radio plot
showing OMUX filter with the
SSPA at IBO = −3 dB

FIGURE 23 Bit error rate (BER)
degradation due to the combined
effect of the output multiplexer
(OMUX) and the solid state power
amplifier (SSPA) at different input
back off (IBO) values

FIGURE 24 The effects of
I/Q-Imbalance

The CCSDS puncture matrices for the basic CC(7,1/2)24 code are shown in Table 2.26 The GNU Radio puncture and depuncture blocks expect
an equivalent puncture pattern and size, which are also shown in the table. Stage 1 of the BDD cycle involves BER and FER simulations for the
punctured codes. Figure 27 shows the performance of the GNU Radio punctured codes compared with the performance specified by the CCSDS
green book,19 where the BER performance degradation of 2.4 dB between the CC(7,1/2) and CC(7,7/8) is confirmed. Since puncturing is an FEC
feature rather than an impairment, no mitigation measures are required by stage 2 of the BDD cycle.
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FIGURE 25 The combined effect
of all channel impairments on bit
error rate

FIGURE 26 The bit error rate
(BER) and fram error rate (FER)
performance of the GNU Radio
CC(7,1/2) decoder compared
with results obtained from the
Committee for Space Data
Systems (CCSDS) green book19

4.2.2 Reed-Solomon code
The BDD tests for Reed-Solomon codes involve comparing the BER and FER performance with the CCSDS green book.19 As for the case of the
CCSDS green book,19 the simulation was run with an interleave depth of I = 1. In this case, WER is the same as FER. The performance of the
developed Reed-Solomon decoder is reported in Figure 28.

4.2.3 Concatenated Reed-Solomon and convolutional code
The first BDD failing test for concatenated Reed-Solomon and convolutional code was comparing BER with the CCSDS green book.19 The BER
test was simulated for full RS(255,223) and shortened RS(255,239) with an interleave depth of I = 16. The BER performance of the decoder is
close to the CCSDS performance as reported by the curves in Figure 29.

Unlike Reed-Solomon codes, the WER of concatenated Reed-Solomon codes is sensitive to finite interleaving. The second BDD failing test,
therefore, involved performance verification under finite interleaving. The performance criteria used is WER under interleave depth of I = 5. The
performance curves for full RS(255,223) and RS(255,239) compared with the CCSDS green book19 are shown in Figure 30.

Puncture Matrix Code Rate GNU Radio Puncture Pattern GNU Radio Puncture Size
M =

[ 10
11

]
r = 23 1101 = 0xD 4

M =

[ 10 1
11 0

]
r = 34 110110 = 0x36 6

M =

[ 10 10 1
11 01 0

]
r = 56 1101100110 = 0x366 10

M =

[ 10 00 10 1
11 11 01 0

]
r = 78 11010101100110 = 0x3566 14

TABLE 2 Puncturing matrices
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FIGURE 27 The bit error rate
(BER) and frame error rate (FER)
performance of the GNU Radio
CC(7,1/2) punctured decoder
compared with results obtained
from the Committee for Space
Data Systems (CCSDS) green
book19

FIGURE 28 The frame error rate
(FER) and bit error rate (BER)
performance of our
Reed-Solomon decoder
compared with results obtained
from the Committee for Space
Data Systems (CCSDS) green
book19

FIGURE 29 The bit error
rate(BER) performance for
concatenated RS(255,223) and
RS(225,239) Reed-Solomon
codes compared with results
obtained from the Committee for
Space Data Systems (CCSDS)
green book19

FIGURE 30 The word error rate
(WER) performance for
concatenated RS(255,223) and
RS(225,239) I = 5 Reed-Solomon
codes compared with results
obtained from the Committee for
Space Data Systems (CCSDS)
green book19
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FIGURE 31 The end-to-end bit
error rate (BER) and frame error
rate (FER) performance for
CC(7,1/2) code compared with
results obtained from the
Committee for Space Data
Systems (CCSDS) green book.19
The frame length used is
L = 8920 bits, corresponding to
RS(255,223) with interleave
depth I = 5

FIGURE 32 The end-to-end bit
error rate (BER) and frame error
rate (FER) performance for
RS(255,223) and RS(225,239)
Reed-Solomon codes compared
with results obtained from the
Committee for Space Data
Systems (CCSDS) green book19

4.3 Verification of end-to-end telemetry link
The performance of the TM FEC codes under ideal AWGN channel was presented in the previous section. The evaluation was not complete,
since realistic TM links are intrinsically imperfect. In this section, a complete performance evaluation of the SBB end-to-end TM link is presented
under realistic TM channel model given in Table 1.

The first scenario considers an end-to-end BPSK TM link with the standard CCSDS CC(7,1/2) convolutional code with performance curves
depicted in Figure 31. The Viterbi algorithm is sensitive to imperfect carrier synchronization, ie, tracking phase jitter, which for our case, is
introduced by the Costa's loop.43 The loop phase error process is Tikhonov-distributed and its variance is inverse proportional to Eb/No; a fact
that could explain the poor performance at Eb/No below 2 dB. It can be seen from Figure 31 that the SBB's BER and FER performance curves
under all impairments are within 0.5 dB of the corresponding CCSDS Green Book curves under AWGN alone.

In the second scenario, we consider an end-to-end BPSK TM link with the standard RS(255,223) and RS(255,239) CCSDS Reed-Solomon codes
with performance curves depicted in Figure 32. The performance of the Reed-Solomon codes are directly dependent on the performance of
the underlying modulation scheme, which is BPSK link in this case. From Figure 25, the performance degradation of the BPSK link in the region
of interest for Reed-Solomon codes is around 0.5 dB for an IBO of −10 dB. This performance loss translates into an end-to-end performance
degradation of less than 0.5 dB.

In the third scenario, we consider an end-to-end BPSK TM link with concatenated CCSDS RS(255,223) and RS(255,239) Reed-Solomon codes
as well as the unpunctured CCSDS CC(7,1/2) convolutional code. The Eb/No region of interest for the CCSDS Reed-Solomon families is larger
than 5 dB, while that of the CCSDS CC(7,1/2) is larger than 4 dB. From the BER and WER curves in Figures 29 and 30, the region of interest
for the concatenated and unpunctured CCSDS CC(7,1/2) is around 1.5 to 2.5 dB, a region severely affected by tracking phase jitter. The SBB's
performance has been compared with specified CCSDS performance with Reed-Solomon code interleave depth set to I = 1. In this configuration,
Reed-Solomon WER is equivalent to FER. The RS(255,223) concatenated code suffers a maximum BER and FER degradation of 1 dB, and the
RS(255,239) concatenated code suffers a maximum BER and FER degradation of 0.6 dB, as shown in Figure 33

4.4 Development and verification of telecommand link
The TC link for the bit modulation block, Figure 11, including line coding, constellation mapping, pulse shaping, and I/Q modulation, was
simultaneously developed and verified as part of the TM link BDD process in Sections 4.1 and 4.2.
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FIGURE 33 The end-to-end bit
error rate (BER) and frame error
rate (FER) performance for
concatenated RS(255,223) and
RS(255,239) + CC(7,1/2) code
compared with results obtained
from the Committee for Space
Data Systems (CCSDS) green
book19

The verification of figures of merit for TC, including output power, transmitter EVM, and frequency stability, are highly dependent on the SDR
frontend hardware. Therefore, the verification of TC link should be done on a hardware basis.

5 CONCLUSION
A new approach, based on the BDD methodology, was introduced to the concurrent development and verification of SDR-based baseband (SBB)
systems for satellite ground operations. An open-source GNU Radio development kit was used for the SBB system synthesis and analysis. The BDD
tests were performed by introducing channel impairments to the TM and TC blocks, and proper codes were then created to pass the acceptance
tests. The SBB system performance at the end shows degradations within 1 dB of the performance recommended by the CCSDS Green Book
standards. The developed system has a potential to transform the business model for the ground operations, due to its scalability, extensibility,
flexibility, and cost-effectiveness. Therefore, it would be possible to replace the costly state-of-the-art baseband systems with a private cloud
and affordable SDR frontends. But, before the verified design is used in real-life TT&C operations, extensive hardware-in-the-loop simulations
must be conducted. The next step in our work is, therefore, running simulations that include a satellite ‘‘suitcase’’ as well as orbiting spacecraft.
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ABSTRACT 

Embedded systems for space applications should be 
tested with methods that may not necessarily match the 
traditional computer approaches, due to some especial 
requirements for such systems. This paper presents an 
Integrated Design and Simulation Environment (IDSE) 
for the verification and validation of onboard 
computers, using a hardware-in-the-loop platform.  
 
1. INTRODUCTION 

The especial requirements of embedded systems 
demand careful attention to the verification and 
validation process. For example, the whole system must 
be tested concurrently to have meaningful results [1]. 
This might become an unbearable workload when 
exhaustive testing is needed as in the case of space-
qualified components. This paper addresses the problem 
of embedded system development by presenting a 
framework that does not treat the design process 
independently from the validation and verification 
process. Validation is typically performed by artificially 
inducing failures, and confirming that the system 
responds properly. In contrast, the verification process 
consists of conducting individual tests for each 
particular task, and recording the evidence showing the 
task is accomplished in the way it was described [2]. In 
particular, simulations can be used for the verification 
of embedded systems as in [3]. Such simulations can 
additionally integrate hardware as part of their 
simulation blocks in what is known as a Hardware-in-
the-Loop Simulation (HILS). 
 
Hardware-in-the-loop simulations for space systems 
have been traditionally limited to certain applications, 
due to the difficulties of integrating a complete system 
in a single test bench. Particularly, embedded systems 
for space applications have been mostly tested with a 
focus on Guidance, Navigation, and Control (GN&C) 
purposes [4][5][6][7]. The Integrated Design and 
Simulation Environment (IDSE) proposed in this paper 
is not limited to GN&C. Instead, IDSE aims at the 
simulation of the complete spacecraft. All subsystems 
can concurrently participate in the simulation in the 
form of virtual or actual hardware parts.  
 
This paper will first provide the design and test 
methodology using the proposed IDSE. The paper 
continues with the architecture and implementation of 
IDSE, followed by the description of the simulation. 
The paper finalizes with a discussion of the work done, 

and the expected improvements of the project.  
 
2. METHODOLOGY 

The proposed design and testing approach for embedded 
systems is based on the Behavior-Driven Development 
(BDD) methodology. The BDD methodology is an 
iterative process where the whole implementation is 
tested before adding new functionality to the design [8].  
 
The behavior of such embedded systems can be 
captured systematically from their requirements, which 
are collected in human language following the given-
when-then format, as in [8]. With such requirements, we 
are able to make all test cases in a two-step automatic 
process. First, requirements are systematically turned 
into UML/SysML functional models. Next, test cases 
are synthesised from different representations of the 
model, such as use case diagram, state machine 
diagram, activity diagram, and sequence diagram 
[9][10][11]. Requirement diagrams are not necessary 
since BDD already imposes a format for such 
requirements.  
 
The development process leads to a model simulation as 
a first step. Such a simulation represents the 
parametrization and structure of the whole system. In 
this framework, the simulation is developed following 
the BDD methodology. For every iteration, the whole 
simulation is tested against the functional models. As 
the design is getting more mature, new parts can be 
gradually implemented and integrated in the simulation, 
now in the form of a hardware-in-the-loop simulation. 
Eventually, the whole system has been integrated and 
tested in its qualification configuration. In this case, all 
subsystems have been developed and tested 
concurrently.  
 
The workflow of the proposed methodology is 
presented in Figure 1. Note that tests are first conducted 
before developing any new functionality to see if they 
fail. Otherwise, it would not be possible to know 
whether or not the test of a new functionality will pass. 
Moreover, hardware is implemented only when the 
software simulation is complete. It is very expensive to 
modify hardware compared to the cost of modifying a 
virtual design.  
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Figure 1. Flowchart of the design and test process 

3. ARCHITECTURE AND IMPLEMENTATION 

The primary use of IDSE is for the concurrent 
engineering of small satellites, although the focus is 
currently on the verification and validation of a space 
qualified onboard computer (OBC). The OBC interacts 
with signals coming from the remaining spacecraft 
components, as it would operate in orbit. Such 
spacecraft components can be either hardware 
components interfaced through the platform or other 
subsystems emulated by the simulation computer.  
 
The IDSE architecture is shown in Figure 2. Starting 
from the right-end of the figure, there is the 
programming computer, which is connected to the OBC 
through dedicated Ground Support Equipment (GSE). 
The simulation server is connected to the OBC in three 
different ways to cover all the possibilities of interacting 
with the test unit, i.e., CAN bus port, SpaceWire port, 
and power inlet.  
 
In parallel, the simulation includes the models of 
various subsystems, such as sun sensors and reaction 
wheels. The simulation computer can interface with a 
camera that is utilized during the simulation as a 
Navigation Camera (NavCam). Additionally, the 
simulation computer interfaces wirelessly with a 
demonstration satellite.  
 
Such a demonstration satellite was originally conceived 
as a classroom satellite. The demonstration satellite is a 
simplified version of a real satellite. In a package of 
19×19×22 cm, such a satellite includes a functioning set 
of the most common subsystems present in actual 
orbiting spacecraft, such as an attitude determination 
and control system [12]. These attributes make such a 
nanosatellite a good candidate for simulating missing 
components for demonstration purposes.  
 
Further, the orbital dynamics of the demonstration 
satellite can be simulated, since it is mounted on a 
floating-base, five-degree-of-freedom air-bearing stand. 
This kind of simulation is desirable because even if in 
our case we want to test an OBC, the dynamics of the 
spacecraft are still part of the behavior of the whole 
system. The demo satellite can then use the reaction 
wheel on board to execute pointing, tracking, and 
stabilization scenarios. In this particular case, we can 
evaluate the performance of the OBC by measuring its 
time response in any of these control scenarios.  
 
In conclusion, the reaction wheel, or any other 
subsystem present in the demonstration satellite, can be 
controlled by the OBC through the simulation computer. 
The simulation can become more sophisticated by 
including additional instruments, such as the emulated 
sun sensors and reaction wheels or the simulated 
navigation camera.  
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4. SIMULATION 

The simulation computer executes all the software from 
a Matlab/Simulink™ environment. The simulation 
front-end is divided into two main sections, as shown in 
Figure 3.  
 
On the left-side of the model, data are taken from the 
demonstration satellite, and sent to the OBC. 
Particularly, the demonstration satellite sends wireless 
telemetry to a transceiver connected to the simulation 
computer via USB. Communications with such 
transceiver are performed through serial port (COM4). 
If the simulation detects any message coming from the 
serial port, the whole string is dumped into a processing 
block. The final display is used to check in real time the 
speed of the reaction wheel inside the demonstration 
satellite.  
 

On the right side, commands are received from the OBC 
via the CAN bus, and sent to the demonstration satellite. 
Alternatively, the demonstration satellite can be 
controlled through a slider without the need for the 
OBC to send commands. The CAN bus interface is 
implemented with an Arduino module and a CAN 
shield. The Arduino board is connected to the 
simulation computer through USB. Communications 
with the CAN interface are performed through serial 
port (COM3). For this version of the software, the 
simulation computer and the OBC are connected only 
via CAN bus. In order to have SpaceWire connectivity, 
the simulation must include an Ethernet port rather than 
a serial COM port. At this point, the message is 
formatted in a matrix of 4×24 cells, each cell containing 
a telemetry measurement from different subsystems.  
 

Figure 2. Architecture of the current simulation 

 
Figure 3. Matlab/Simulink™ model: user interface 
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5. DISCUSSION 

To evaluate the functions and performance of the OBC, 
and possibly modify the design to enhance the 
performance, an IDSE, including a hardware-in-the-
loop platform, was developed based on 
Matlab/Simulink™. The developed IDSE allows for the 
implementation of formal verification and validation 
methods, and the outcome software can also be exported 
to a C++ code for deployment on the OBC.  
 
The OBC needs to run some minimal application 
software to make use of all its potential functionality 
during the tests. Such application software interacts with 
the operating system and the drivers that simultaneously 
control the hardware. We first implemented a simplistic 
application software to check the basic functionality, 
such as the communication protocols. An upgrade to the 
application software was then planned with a real-time 
controller algorithm for the reaction wheel of the 
demonstration satellite. This would show the full 
capability of IDSE and the performance of the 
application software working in a real-time scenario. 
 
Further, the only set of data that the demonstration 
satellite is programmed to send by default is 
housekeeping telemetry. Additionally, telemetry can 
only be configured to send messages in time intervals as 
short as 2 seconds. This is not the straightest way to 
communicate to the demonstration satellite, and by no 
means enough to conduct real-time experiments with 
the included subsystems. Since the design of the 
demonstration satellite is proprietary, we will need a 
parallel wireless system with direct access to the 
communications bus.  
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Luleå University of Technology

Bengt Hultqvistsväg 1
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Abstract—This article provides a proposal case for studying sim-
ulations of spacecraft formation maneuvers in a Hardware-in-
the-Loop Simulation Testbed specifically devoted to nanosatel-
lites. The design specifications of the setup to perform such
simulations are given, as well as the methods and results of the
preliminary characterization of the floating platform to be used.
The intent is to create a corpus of tests to find the dynamic
behavior in a frictionless simulation as part of a concurrent
decentralized simulation between the NanoSat Lab in Luleå
University of Technology and the Guidance and Navigation Lab
at La Sapienza.
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1. INTRODUCTION
The number of small satellites launched into orbit for the last
ten years experienced an outstanding increase with respect to
the previous decade according to the market study discussed
in [1]. The year 2017 corresponds to the last point in the
time series and had the maximum value of annual cases, with
500 satellites being launched that year. According to the
statistics, more than half of the satellites launched in 2017
were nanosatellites.

Under such circumstances is the interest of the space industry,
and more specifically of Luleå University of Technology
(LTU) to contribute with research and technological improve-
ments to the nanosatellite community. For that reason, LTU
created a new laboratory, named as NanoSat Lab, for such
kind of research in the Space campus of Kiruna, located in
the north of Sweden, back in 2015. Since then, researchers in
LTU have been expanding the laboratory to cover the research
of every stage in the lifecycle of nanosatellites.

The attitude and orbital control functions of spacecraft are

978-1-7281-7436-5/21/$31.00 ©2021 IEEE

critical in most missions. This is especially true when dealing
with difficult scenarios as the one of proximity maneuvers
(inspection, rendezvous, docking, berthing) as well as in
cooperative maneuvers required in formation flying missions
(close encounters and collision avoidance, relative attitude
and position coordination), which require high precision and
autonomy [2]. The complexity of control subsystems as well
as the lack of work in their verification and validation leads to
a low reliability of such subsystems in many of the mentioned
scenarios, particularly for nanosatellites. The major problem
is the impossibility of replicating the operational scenarios
with same dynamic conditions. Many attempts have been
tried in the past with more or less success.

For example, some researchers have tried neutral buoyancy
tanks for simulation of microgravity [3]. However, despite
being the best attempt of replicating weightlessness in all
six degrees of freedom on Earth, this expensive solution
introduces plenty of challenges such as extreme friction with
the medium and other practical issues that impede the normal
use of some subsystems such as propulsion due to unsuitable
interactions with the environment.

Other researchers have been also trying to replicate orbital
dynamics by use of robot manipulators [4]. In this case,
despite the possible replica of the six degrees of freedom
movements, the biggest challenges fall on sensing accurately
the dynamic interactions and dealing with the real-time com-
putational demand.

One last example among many others is the use of floating
platforms to reduce the friction by avoiding any direct contact
with a supporting surface [5] [6] [7]. These devices are
known to be effective tools to simulate frictionless orbital
dynamics although at the expense of scaling down and re-
ducing the complexity of the problem. Therefore, the results
do not correspond to real scenarios, but analogies. However,
these platforms offer quite significant representations in many
cases and they are intuitive to use.

The Hardware-in-the-Loop Simulation Testbed developed by
LTU is our attempt to simulate space conditions combining
several of the technologies already mentioned, i.e., floating
platforms and robot manipulators, to increase the number of
possible simulation scenarios. Despite the defects associated
to those technologies, the testbed can still be used to validate
control algorithms and guidance strategies; and validate hard-
ware such as sensors, actuators, processing units, telecommu-
nication devices, etc.

1
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The article carefully depicts the Hardware-in-the-Loop Sim-
ulation Testbed, including the recently built frictionless ve-
hicle named KNATTE (Kinesthetic Node and Autonomous
Table-Top Emulator). Such a vehicle accommodates a 1-
liter tank of compressed air at 310 bar, allowing for about
10 minutes test sessions in floating conditions. Furthermore,
KNATTE is equipped with eight nozzles enabling 3-degrees-
of-freedom motion (planar translation plus yaw rotation),
and a full suite of inertial sensors to navigate all along a
carefully polished surface. Two additional identical platforms
will be used for simulating formation maneuvers, while a
couple of robotic manipulators can already assist in docking
experiments. Likewise, a similar platform developed by the
University of Rome La Sapienza will be used in a joint
simulation from two different laboratories.

The article discusses the details of such a testbed for a useful
comparison with similar arrangements at different labs of the
world (section 2) and provides the description of the method
and analysis of the results for the preliminary characterization
tests of KNATTE (section 3). In addition, the paper discusses
the issues related to the design and implementation of a
set of possible maneuvers useful in simulating formation-
flying operations (section 4). The set includes both relative
positioning and attitude maneuvers, as well as a combina-
tion of both. Actual implementation of the maneuvering
capabilities will introduce a number of challenges, some
being related to the characteristics of KNATTE, most of them
present in all similar testbeds. It is the authors’ position that
early acknowledgement of these challenges helps in a correct
evaluation of the confidence that experiments performed with
KNATTE should offer, as well as in a suitable design of the
test themselves. The goal of the paper is indeed to provide the
details of the KNATTE architecture, and to share reasoning
behind experiments with such a device, both for some tests
already executed as well as for the upcoming ones.

2. HARDWARE-IN-THE-LOOP SIMULATION
TESTBED

The Hardware-in-the-Loop Simulation Testbed that is cur-
rently situated in the NanoSat Lab of LTU, shown in Figure
1, includes a frictionless bench and vehicle for performing
experiments that simulate orbital dynamics and two robot ma-
nipulators originally intended for replicating the kinematics
of various scenarios. Particularly, there is a fixed-base robot
manipulator located on one side of the bench with limited
range, and a moving-base robot manipulator that can reach
any spot over the frictionless bench.

Frictionless Bench

The frictionless bench is the elevated structure that is meant
to support a number of frictionless vehicles moving on its top
surface. The overall dimensions of the working area are 3
515 mm× 3 780 mm, but the maximum effective dimensions
are 3 020 mm × 3 015 mm. Since the flatness of such top
surface is critical for the reduction of disturbing forces during
the simulations, the frictionless bench has been designed to
minimize the deformations on the working area. For that
reason, the structure of the bench is a framework of standard
80 mm × 160 mm and 80 mm × 200 mm T-slot aluminum
profiles. Additionally, 8 mm thick steel sheets cover the top
of the framework to form a continuous tabletop. Lastly, a
layer of epoxy resin finishes the table-top surface, making
it smooth and leveled. However, small distortions may still
appear over time due to temperature changes and the effect of
its own weight on the ground. To correct for such distortions,

Figure 1. Distribution of all instruments forming the
Hardware-in-the-Loop Simulation Testbed in LTU’s
NanoSat Lab. (a) Frictionless bench, (b) frictionless

vehicle, (c) fixed-base robot manipulator and (d)
moving-base robot manipulator.

the bench is mounted on 20 adjustable feet.

Similar projects all around the world have selected polished
granite tables as opposed to epoxy surfaces. For example, the
Guidance and Navigation laboratory of University of Rome
uses a granite table of 2.50 m × 1.50 m × 0.03 m and the
Naval Postgraduate School has another table of 4.0 m × 4.0
m × 0.3 m [6]. Such granite tables are generally flatter,
more stable and more wear resistant than the epoxy ones.
Indeed, granite tables are used by the industry as a metrology
standard for flatness. Having said that, the selection of a
granite table carries a strong trade-off between cost and size.
The cost of acquiring one of such tables is not only bound to
the complexity of manufacturing a large monolithic slab with
tight tolerances, but also to the transportation and installation
of such a table in one piece. Therefore, this arrangement
poses a serious constraint for the accommodation of the
testbed, especially if the requested size is not too limited,
so to enable meaningful maneuvers simulations. Even if the
tolerances are not as tight, epoxy tables present a reasonable
alternative in cost and size to that of granite tables since
they can be transported in pieces. In the experience of other
projects, the granite surface still needs careful adjustments
from time to time, and the overall accuracy of the testbed is
lost over time. It will happen obviously also with the epoxy
solution, with the advantage for the latter to be re-casted in
an easier and less expensive way.

An important step is the characterization of the achieved
flatness of the surface. Such a verification can be done in
different ways, and will lead to a map as the one depicted
in Figure 2, showing magnitude and direction of the residual
gravity all along the surface. Notice that such residual gravity
is not homogeneous throughout the frictionless bench and this
phenomenon will appear as undesired external forces acting
on KNATTE during the maneuver simulations. The residual
gravity data in Figure 2 has been found by utilizing a graded
level bubble along a grid of 12×12 equally spaced points on
the surface of the bench. Similar results for a different testbed
were reported in [8]. Additionally, the authors will evaluate
the residual gravity by means of an inertial measurement unit
in a future research to improve the accuracy of the data.

Frictionless Vehicle

The frictionless vehicle is a device that simulates the be-
havior of a spacecraft hardware with its attitude and orbital
dynamics. In particular, the vehicle implemented by LTU,
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Figure 2. A typical map of the horizontal components of
the gravity all over the test surface.

also known as KNATTE, replicates the functionality of a
spacecraft, which can be controlled to move in three degrees
of freedom over the frictionless bench, i.e., two horizontal
translations and the yaw rotation. Such a frictionless vehicle
has been designed to be self-contained, modular and expand-
able. In other words, the vehicle can perform simulations
without any external aid, its internal components can be
immediately replaced for other compatible ones and supple-
mentary subsystems can be added to increase its functionality
or amount of usage scenarios. The frictionless vehicle is
composed by three distinct subsystems, i.e., the mechanical,
the electronic and the pneumatic subsystems (see Figure 3).
The mass of the mechanical subsystem is 4 341 g while that
of the electric subsystem is 2 910 g and the mass of the bare
components in the pneumatic subsystem adds to 2 422 g,
leading to a grand total of 9 763 g for KNATTE in a dry
condition.

Overall, the inertial characteristics of KNATTE are summa-
rized in Table 1. Note that the mass difference between
the dry and the wet configuration is appreciable, i.e., 313
g. However, the theoretical mass of the compressed air
by taking into account the capacity of the tank in Normal
conditions is 416 g. Such discrepancy between the calculated
and the measured masses is caused mainly because air heats
up during the compression process and due to the uncertainty
in the measurement of pressure. Consequently, simulations
with a medium use of the thrusters can last for ten minutes.

Mechanical Subsystem

First, the mechanical subsystem supports all components
rigidly together. The structure is a cubic framework of 300
mm edge formed by 20 mm square T-slot aluminum profiles
as shown in Figure 4. Some components may extend up to
25 mm from each vertical face, but there are no constraints
to extend components above or below the framework. The
top surface is free to allocate any additional payloads for
dedicated scenarios, but in case of necessity, the structure
can expand vertically to allow for the required space. Ad-
ditionally, some appendages such as docking interfaces or

Figure 3. Close-up photograph of the frictionless vehicle
depicting (a) Wi-Fi antenna, (b) electrical interface, (c)
cut-off valve and manometer, (d) filling port, (e) nozzle,

(f) air-bearing pad, (g) electonic subsystem and (h)
pneumatic subsystem.

Table 1. Inertial characteristics of KNATTE.

Dry configu-
ration

Wet configu-
ration

Total mass 9 673g 9 986g

Horizontal deviation
of the center of mass
wrt. the geometri-
cal center of the main
body

(+3,−5)mm (+4,−3)mm

Moment of inertia in
the vertical axis

0.155 kg ·m2 0.160 kg ·m2

solar panels can be attached to the structure by means of
appropriate T-slot hardware. Further, polymer panels cover
the sides of the framework to protect the interior and serve
as support for surface mounted components. Internally, the
structure has two volumes divided by three aluminum plates.
The bottom volume holds all pneumatic components while
the upper one allocates the electronic components.

Electronic Subsystem

The purpose of the electronic subsystem is to provide the
functions of electric power supply, control, data handling and
wireless communications. A LiFePo4 12.8 V battery and a
DC voltage regulator provide the power supply function. The
battery has a capacity of 7.5 Ah and a continuous current
supply of 15 A while the regulator can deliver 4.7 A of
current through its 19 V output. The frictionless vehicle
includes a small personal computer as the onboard processing
device. Such a computer not only can execute remotely
processed commands, but also has enough processing power
to execute control algorithms onboard. The currently used
programming environment is MATLAB / Simulink because
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Figure 4. Model of the structure of the frictionless
vehicle holding the electronic and the pneumatic

subsystems.

there are readily available libraries for integrating all the
subsystems. Further, the onboard computer communicates
to other devices involved in the simulation through a com-
mon Wireless Local Area Network (WLAN) created for this
purpose in the laboratory.

Additionally, in its most basic form, the frictionless vehicle
includes an inertial measurement unit (IMU) as the only
sensor providing triaxial data of acceleration, magnetic field
and angular rate, from a single integrated circuit, i.e., the
Bosch BNO055. The sensor, which can supply real-time data
at a rate of 100 Hz, also includes an embedded temperature
transducer to correct for deviations in the measurements.
Additional specifications can be found in Table 2.

Table 2. Specifications of the transducers in the IMU
sensor.

Accelero-
meter Gyroscope Magneto-

meter

Range ±2 to±16g ±125 to
±2000 ◦/s

±1300 µT
for x, y,
±2500 µT
for z

Sensitivity 0.001
g/LSB

0.0625
◦/s/LSB

0.076
µT/LSB

Offset ±0.08 g ±1 ◦/s ±2 µT

Filter
bandwidth

7.81 to
1000Hz

12 to
523Hz

Unfiltered

Output
noise (rms)

150
µg/
√
Hz

0.014
◦/s/
√
Hz 0.3 µT

Moreover, the onboard computer interfaces a data acquisition
unit to handle the low-level signals that the driver circuits will

later use to control the solenoid valves.

Pneumatic Subsystem

Finally, the pneumatic subsystem accomplishes two func-
tions, i.e., it creates the frictionless air cushion and it powers
the thrusters for attitude and position control. The tank of 1.1
L can store compressed air at a maximum pressure of 310 bar.
The pressure is lowered in two steps from storage pressure
to 4 bar which is the operational pressure of the thrusters.
Then, a manifold distributes the air to seven solenoid valves.
A pressure switch controls the power supply of such valves to
prevent activating them outside the operational limits. One of
the seven output lines is intended to feed the floating system.
For that, the manifold pressure is first lowered by another
regulator to 3 bar and later routed to three different flat round
air bearings. Such air bearings are mounted at the bottom
of KNATTE in an equilateral distribution, which barycenter
coincides to the horizontal geometrical center of the vehicle.
The other six solenoid valves feed eight nozzles; two of the
valves feed simultaneously two nozzles each, separated by a
given arm to implement clockwise and counterclockwise yaw
rotation command. Every nozzle produces a thrust of 0.7 N
at 4 bar of pressure with an air consumption of 3.1 m3/h in
Normal conditions.

Additionally, the structure of the vehicle can allocate nozzles
all around the perimeter. However, the chosen thruster
configuration consists in one nozzle centered at each side for
controlling the positive and negative translation in both axis
and two pairs of nozzles in opposite corners. In this manner,
the actuation of every axis can be virtually decoupled from
the rest although, in reality, small deviations while mounting
nozzles affect other axes.

Robot Manipulators

In addition to the frictionless setup, the Hardware-in-the-
Loop Simulation Testbed also integrates two robot manipula-
tors. The purpose of the robot manipulators is the simulation
of third body kinematics, particularly those of uncontrolled
objects such as space debris, asteroid landmarks or passive
docking targets. The manipulators can be used also in
simulations of space robotics and to replicate the motion
of collaborative objects such is the case of the concurrent
decentralized laboratory.

Firstly, the fixed-base robot manipulator is a six-degrees-of-
freedom robotic arm. Particularly, such a robot is an IRB
2600-20/1.65 supplied by ABB. The fixed-base manipulator
can carry a maximum payload of 20 kg and reach up to
1 184 mm over the frictionless bench. Additionally, the
hip, shoulder and elbow joints can rotate with a maximum
speed of 175 °/s and has an overall pose repeatability of
±0.04 mm, making the manipulator suitable for simula-
tions with a small spacecraft or a passive docking interface
among other examples. The IRB 2600 integrates ABB’s pro-
prietary programming environment and physical interfaces
and implements several communication protocols including
PROFINET, which works through an Industrial Ethernet port.

Secondly, the moving-base robot manipulator is actually
a small six-degrees-of-freedom robotic arm mounted on a
two-degrees-of-freedom gantry system, which is assembled
around the frictionless bench. The small robotic arm is a UR5
manipulator supplied by Universal Robots, which can carry
a payload of 5 kg and the end effector can reach 850 mm
around the base with a repeatability of ±0.1 mm. Such UR5
manipulator, as for the IRB 2600, includes its proprietary
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programming environment and physical interfaces, but the
communications protocol this time is Modbus, which also
works through an Ethernet port. Furthermore, the gantry
system consists of an aluminum structure that can move
the base of the UR5 manipulator through two perpendicular
pinion belt arrangements that are driven by their respective
servomotors. The effective range of the base is 3 660 mm
in the north axis and 3 815 mm in the east axis. In practice,
the gantry system can position the base of the robotic arm
anywhere over the frictionless bench. The servomotors are
two MAC140 capable of turning at a maximum rate of 4 000
rpm with 0.90 Nm of peak torque and can also be interfaced
with a PROFINET protocol through an Industrial Ethernet
socket.

Overall, the entire robotic arrangement requires a simula-
tion computer to unify the programming environment and
coordinate the commands to all the robotic elements. The
simulation computer is a regular desktop computer running
MATLAB / Simulink for convenience. A router acts as a shift
in the same WLAN in which KNATTE is connected.

3. PRELIMINARY CHARACTERIZATION TESTS
The preliminary characterization of the frictionless vehi-
cle consists on the measurement of actuation forces that
KNATTE can deliver through the thrusters. Additionally,
the time response of the actuators and the overall dynamic
behavior of the system are also studied. Since the vehicle
has the action for each axis decoupled, we can verify the
individual force generated in every nozzle directly from the
readings.

Actuator Static Characterization

In order to measure the force of every actuator the frictionless
vehicle was kept floating on the bench at all times during the
tests. For measuring the force of the translation thrusters,
we let the corresponding nozzle push against the load cell as
shown in Figure 5 a. In the case of torque measurements, one
of the rubber bumpers pushed the load cell while KNATTE
was only allowed to pivot around a reference point across the
structure as in Figure 5 b.

Moreover, despite the fact that the load cell has a resolution of
0.0001 N, we could only measure the forces with a resolution
of 0.01 N due to instabilities that appear while thrusters are
firing. In order to obtain meaningful results, we took ten
readings per thruster, starting each set from a full tank. Addi-
tionally, we took all measurements waiting three seconds to
see the transient effects disappear before recording the value.

The results of the static characterization have been collected
in Table 3. Such results show an 8% reduction in performance
with respect to the given specifications of the actuators. This
reduction of thrust may be justified by the pressure losses
in the system, the pressure band of the regulator and the
failure of properly setting the operational pressure due to the
uncertainties in the manometer readings.

That being said, the average value differs significantly from
actuator to actuator, and the standard deviation for some
thrusters is three times larger than the resolution of the mea-
surements implying possible repeatability problems. These
effects are also shown in Figure 6. Additionally, each set
of points shows a decreasing trend as the test is carried
on indicating a possible cumulative or time-dependent ef-
fect. However, the reference axes of such a figure have

Figure 5. Test setup for measuring the performance of
the translational thrusters (a), and for the rotational

thrusters (b).

Table 3. Results of measuring the control thrust and
torque of KNATTE for each direction of actuation.

Direction of
actuation

Average thrust
or torque

Standard
deviation

+X 0.63N 0.01N

-X 0.65N 0.03N

+Y 0.64N 0.03N

-Y 0.66N 0.01N

+Yaw 0.102Nm 0.004Nm

-Yaw 0.104Nm 0.006Nm

been cropped to appreciate the variability of the data points.
Hence, any trend that we may find appear exaggerated.

In order to understand better the decreasing trend we took
additional readings as plotted in Figure 7. Such a figure shows
two series of measurements; one set started just after filling
the tank and the other one started when the tank has been used
uninterruptedly and is close to run out of air. It is apparent
from the graph that in the case of starting the test from a
full tank the measurements behave quasi-constant with small
fluctuations. However, in case of the second run, the graph
shows a 17% drop of the first value and a decreasing trend
for every subsequent measurement. Two effects may explain
the observed loss of performance. First, the compressed air
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Figure 6. Measurements of the actuation forces for each
direction of actuation.

cools down as it expands through the regulators. Such effect
accumulates over time reducing the effective pressure in the
line. Second, the regulator may also lose effectivity due to
large fluctuations of the inlet pressure.

Figure 7. Measurements of thrust of the –Y actuator for
a full tank and for an emptying tank.

Temporal Characterization

Another important aspect regarding the characterization of
the actuators is the temporal behavior of the thrusters, which
relates to the final precision of the attitude and position
control function.

First, the reaction time of the system is studied. The latency
of the electrical response of the solenoid valves is 1.3 ms as
reported in the specifications. That is the time it takes to the
valve to be completely open from the moment an electrical
current is applied to the solenoid. In contrast, the time it
takes to the valve to be completely closed is 0.5 ms from
the moment the electrical current is interrupted. A ±15%
tolerance applies to both specifications.

Additionally, the time that the onboard computer requires to
execute a command has been measured by using real-time
clocks in the code. For a series of 10 samples we found that
the average latency is 0.40 ms with a standard deviation of
0.06 ms. This processing time must be added to the valve
latency.

Moreover, the latency of the entire control loop has also
been measured inserting timers in the onboard software.
Particularly, the time between the computer starts processing
a command and the computer measures an appreciable varia-
tion in the acceleration. The average measured time is 51 ms
with a standard deviation of 10 ms.

System Dynamic Response

Finally, it is critical to understand how the entire control loop
behaves to make a baseline model of KNATTE. For that, we
performed a series of dynamic tests for every direction of
actuation. Particularly, the frictionless vehicle has been com-
manded a straight trajectory to test every translation thruster.
Additionally, KNATTE has also been commanded to purely
turn around the yaw axis for testing the rotational thrusters.
In order to remove the effect of possible disturbances of the
frictionless bench every test was repeated pointing towards
the opposite direction.

The sequence of actions during every test was (1) remain
stationary for one second, (2) activate the air bearings and
coast for one second, (3) run the corresponding actuator
for three seconds and (4) let KNATTE coast for three more
seconds before ending the test. It is worth mentioning that
the program used a processing-time clock rather than a real-
time one, and the duration of each action may present small
variations for different tests.

The results for all translation tests look quite similar. For
illustrative purposes, let us consider the test case in which
KNATTE is propelled towards the +X direction as plotted in
Figure 8. The first observation that one can realize is the fact
that despite the IMU provides processed data of the linear
acceleration the outcome data still deviates in a systematic
way from the expected measurement. Fortunately, such data
can be easily corrected using the average reading during the
stationary period. Secondly, all readings appear reasonably
flat around zero after correcting the deviations, with two
notable exceptions: a spike in the acceleration readings after
one second of elapsed time and a three-seconds-long plateau
or depression in the direction of actuation of the specific
test after two seconds of elapsed time. The spike may be
a consequence of activating the air bearings whereas the
plateau or depression indicates a constant acceleration due to
the actuators.

Figure 8. Example of accelerometer readings for one test
in the +X direction of actuation.

Analogously, the results for the rotational tests are also sim-
ilar among them. We may consider one of the test cases in
which KNATTE is turned in the +Yaw direction for reference
as plotted in Figure 9. One can immediately realize that there
is less dispersion in the gyroscope readings. In addition, the
roll and pitch velocities are virtually null during the entire
test. The yaw velocity is also zero during the stationary, and
the coasting period immediately after. However, such yaw
velocity increases linearly during three seconds as torque is
applied. After that period, during the last coasting phase, the
graph also shows that the rotational velocity decreases over
time, indicating a dynamic effect that did not exist during the
first coasting phase.
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Figure 9. Example of gyroscope readings for one test in
the +Yaw direction of actuation. The set of points for the

roll and pitch readings overlap.

Furthermore, the net force applied to the frictionless vehicle
during the experiment can be estimated by multiplying the
mass of KNATTE by the average acceleration measured when
thrusters are activated. In the case of rotational tests, the net
torque can be estimated by multiplying the moment of inertia
of KNATTE by the average angular acceleration in radians,
see Table 4. Such angular acceleration corresponds to the
slope of the linear section of the graph, and can be estimated
by a linear regression. Further, one may notice a reduction
of the force compared to the results with the scale. This
may indicate the presence of external forces besides the ones
inflicted by the actuators such as the effect of aerodynamic
drag. Assuming an effect from the aerodynamic drag, we can
estimate such an effect by subtracting the measured thrust in
each direction from the corresponding estimated net force.

The values of the estimated drag reported in Table 4 are quite
substantial compared to the measured thrusts, in the order of
15% to 30%, which are not credible results considering pre-
vious observations. Indeed, the values of standard deviation
derived from the accelerometer readings are in the order of
0.1 N. Comparing the estimated drag to the corresponding
standard deviation, we realize that they are in the same order
of magnitude. Therefore, such estimation of drag cannot be
trusted. Nevertheless, the aerodynamic effect estimated for
the rotational cases is still quite significant, but one order of
magnitude smaller than the actuator torques. Additionally,
the standard deviation derived from the gyroscope readings
are in the order of 0.0001 Nm. In this case, the estimations
of the aerodynamic effect are more plausible, specially taking
into account the observable effect at the end of the rotational
tests.

Table 4. Results of the average accelerations, estimated
net forces and estimated drag for each direction of

actuation.

Direction of
actuation

Average
acceleration

Estimated
net force

Estimated
drag

+X 0.06m/s2 0.5N 0.1N

-X 0.06m/s2 0.6N 0.1N

+Y 0.05m/s2 0.5N 0.1N

-Y 0.05m/s2 0.5N 0.2N

+Yaw 31.54 ◦/s2 0.0867Nm 0.0151Nm

-Yaw 31.24 ◦/s2 0.0859Nm 0.0180Nm

4. SIMULATION OF ORBITAL MANEUVERS
The usefulness of a ground testbed like KNATTE for simulat-
ing spacecraft maneuvers is obviously related to its capability
to correctly reproduce actual in-orbit behavior, at least in the
bidimensional context. By using the already built equipment
(KNATTE platform and the two robotic arms) and then com-
pleting it by a couple of additional free-floating platforms,
it becomes possible to investigate several interesting mission
concepts, ranging from rendezvous and docking to close
approach, from grasping by means of a robotic arm to a
swarm coordinated navigation. Notice that due to the risk and
the cost of in-orbit operations, extensive analyses - not only
with numerical simulation but also with real hardware in a lab
setup - are almost mandatory before any attempt to implement
these concepts. Testbeds like KNATTE are indeed required
to investigate in depth the maneuvering strategy and to early
identify critical issues or shortcomings. Floating platforms
are certainly one of the most appreciated solutions for these
tests [5].

Specifically referring to maneuvers, there is the need to
reproduce as close as possible, yet in a limited bidimensional
scenario, the sequence of operations and the thrust levels of
the real spacecraft. The problem holds for a single platform
as well as more complex formation maneuvering scenarios
involving more than one vehicle.

We will especially focus herewith the issues related with
the pneumatic actuation selected for both supporting and
maneuvering KNATTE. Assuming that the cushion generated
by the supporting pads, that are fed with compressed air, is
actually capable to make any friction with the table disappear,
the actuators allowing for translation and attitude motion
represent a quite serious issue. As previously discussed,
these actuators are implemented in KNATTE by a number of
nozzles, also fed with compressed air. This implementation,
selected as a natural simple option, is however different in
nature and performance from a typical real spacecraft. Even
for the closest actual option, the largely adopted cold gas
thrusters, some important issues arise.

A first aspect deals with a scaling effect, generated from the
inequality between the thrust levels provided by the actual
actuators onboard a spacecraft and the air nozzles equipping
KNATTE. As typical thrusters for satellite offer well defined
levels of thrust, available hardware selection means that the
thrust level of such frictionless vehicle will also be defined
and likely miss the capability to resemble the spacecraft’s
ones. At best, KNATTE levels can grossly represent a specific
category, probably cold gas thrusters, among the different
possibilities. This happens because the full set of hardware
components (electrovalves, pressure reduction valves, nozzle
holes) come from commercial procurement to keep costs
and lead time reasonably limited. This constraint can be
overcome by scaling also the duration of the maneuvers.
Of course, the level of thrust itself, and possible slight dif-
ferences among the thrusters, should be carefully measured
to fully validate the relation between the computed control
commands and their effects.

A second issue is introduced by the binary nature of the
nozzle thrust, obviously different from the continuous be-
havior offered by some real world actuators. Notice that the
original command signal will be generally continuous as a
result of some control evaluation algorithm, so that it is up to
the avionics of the vehicle to handle this issue. A classical
solution is to make use of a pulse width modulation (PWM),
also known as pulse duration modulation, where a number
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of constant amplitude rectangular pulses substitute for the
continuous signal while producing the same overall effect.
The PWM technique replaces a continuous limited signal s(t)
with its average in a given suitable time interval as

s̄ =

∫ T

0

s(t)dt

then implements such an average as a sequence of maximum
and minimum values (sMax and smin) defining a duty cycle
(D) such that

s̄ = sMaxD − smin(1−D)

A typical driving algorithm to implement the PWM is given
by the sawtooth profile technique, where the desired thrust
is compared to a sequence of equal ramps going from zero
to the fixed thrust level provided by the propulsion system
of KNATTE. When the desired command level is smaller
than the sawtooth profile, no thrust is commanded (thrusters
OFF), while when it is larger the thrusters are switched to
ON, resulting in a number of variable duration rectangular
pulses (see Figure 10, where the command in both positive
and negative direction, to be exploited by opposite thrusters
during an experiment in a testbed similar to KNATTE has
been represented). Obviously, the capability to reproduce
some intrinsically continuous actuator is limited, as well as
the accuracy in the attained action level. Specifically, other at-
titude control devices like reaction wheels or magnetorquers
cannot be represented. However, they could be later added to
the avionics of KNATTE for relevant test campaigns.

Figure 10. Command signal resulting from a PWM
algorithm applied to a continuous reference command

signal (adapted from [9]).

A third issue appears due to the delays in the operations that
are intrinsic to any actuator choice. The problem here is not
caused by the obvious inequality between the delays charac-
teristic to KNATTE and the ones found in real hardware. Yet
the problem is given by the fact that the guidance of KNATTE
is intended to be implemented in closed loop mode such that
a correspondence to the desired behavior can be achieved
notwithstanding hardware limitations. On one side, it is a nice

feature since real spacecraft are often operated in closed loop,
so that KNATTE setup allows gaining insight into such an
important issue. On the other side, delays proper to avionics
affect the loop and, if long enough, they can even generate in-
stabilities [10]. The problem becomes quite significant once
the floating platform should be equipped with some flexible
appendage, e.g., booms, solar panels or large antennas, as the
resulting lower natural frequencies could more easily mess
up with the implementation of the control system [11]. In
such a case, the overlap between vibrations excited by the
motion and the control actions would drastically reduce the
meaning of the tests. This coupling problem is true and
well known also for real spacecraft, but it is magnified in lab
simulations by the fact that the testbed controller can only
reproduce the real system up to a certain level of accuracy.
Well-known contributions [12] address the solution by means
of a prediction of the behavior, including indeed an effort
in modeling the system, and this approach has been suc-
cessfully implemented in testbeds similar to KNATTE [13].
Specifically the control action can be modulated to attain the
expected output via the so-called input shaping technique
[14]. However, the discontinuous action only allowed by
thrusters could limit the effectiveness of the input shaping.
Other approaches investigated in robotics like the rest-to-rest
command technique [15] have been indeed applied to the case
of air bearing simulators [16].

All these considerations apply even more when the coupling
between translation and attitude dynamics becomes relevant,
as it happens as the system should include some flexibility
effects. In the specific case, KNATTE bus, which is consid-
ered as quite rigid, is still not seriously affected. However,
the challenge will eventually emerge since some appendages
will be added to better simulate a realistic configuration or
to replicate mission with interacting elements such as robotic
arms. Furthermore, translation and attitude maneuvers should
not be strictly seen as fully separated even in the ideal rigid
case. In fact some rotations of the spacecraft will be usually
requested such that the body fixed nozzles could be aligned
along the specific thrust direction required by control. Indeed,
a “loose” coupling between linear and attitude dynamics,
ending in a need for coordination between the two, will
always arise due to operational constraints.

5. CONCLUSIONS
The authors have provided the design of the Hardware-in-
the-Loop Simulation Testbed situated in the NanoSat Lab at
Luleå University of Technology, including a detailed descrip-
tion of KNATTE. After the characterization of such friction-
less vehicle and proposing a simulation of orbital maneuvers,
several conclusions came out.

First, an even more detailed characterization of the KNATTE
is necessary to make an accurate model for its attitude and
position control. For that reason, the repeatability of the
tests should be improved. Following this line, it seems worth
including a sensor for measuring the temperature of the air in
the pneumatic system to confirm or reject the effect of such
temperature on the propulsion performance. Additionally,
the results of estimating the aerodynamic drag by means
of the acceleration are not fully satisfactory and a different
method that utilizes more accurate instruments should be
used instead.

Second, a systematic approach towards characterization is
critical not only for KNATTE, but also for equivalent de-
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vices utilized in other universities. A reference model for
frictionless vehicles would be of great help to compare the
capabilities of different such devices.

Lastly, time-constraint issues are quite relevant during fric-
tionless simulations due to the scaling of the problem in space
and time to allocate the simulation in a laboratory. Such
issues become even more critical when the latency of the
communications between different devices as would be the
case of a decentralized simulation.
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Abstract: This paper describes an approach for doing coordinated experiments between floating
platforms at two remote laboratories. Two indepentently designed platforms, one at Luleå University
of Technology and the other at La Sapienza University of Rome, have been established for this
purpose. A synchronization method based on the Simple Network Time Protocol has been created,
allowing the offset and delay between the agents to be measured. Both platforms exchange data about
their measured time and pose through UDP/IP protocol over the internet. A first demonstrative
experiment has been performed showing the possibility to realize leader/follower coordinated
operations.
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1. Introduction

The technology of air-bearing platforms for emulating spacecraft orbital maneuvers
has been evolving over the years. Some platforms specialize in attitude dynamics by
allowing three-axis rotation through a spherical air bearing [1]. Many other platforms,
however, specialize operations that can combine translation and orientation. Most of the
platforms for combined operations include an arrangement of three planar air-bearings that
allow for motion exclusively on the horizontal plane and integrate some sort of compressed
air or cold gas propulsion system for steering the vehicle. A recent example of such
kind of platform can be found in [2]. However, some designs are capable of performing
experiments in five degrees of freedom [3] or even six degrees of freedom [4]. Despite the
fact that many of such platforms have in common the use of inertial measurement units
and external metrology systems for tracking purposes, the most notable differences are still
found in the additional sensors used for position and attitude determination. Examples of
such diversity of sensors include lidars [3], ultrasound beacons [5], fiber-optic gyroscopes
[6], camera-based vision systems [7], star trackers [8], Microsoft Kinect motion systems [9]
and indoor GPS receivers [10].

These platforms are commonly used to study coordinated operations and proximity
maneuvers. To perform such experiments teams rely on several specimens of the same
platform, or very similar in function. However, research groups may not have the resources
to build several platforms, the space to perform coordinated operations may be too small or
the teams may even be interested in experimenting with the platforms of other laboratories.
The concept of federated remote laboratories can give an answer to these scenarios since the
cost of building the platforms is and the space required to execute an experiment is shared
among the participants. Federated remote laboratory architectures have been already used
successfully for testing in other industrial areas [11,12], but also for training and education
[13–15].

However, the main problem of connecting remote laboratories for performing experi-
ments of coordinated maneuvers is the effect of delays on the dynamics of the platforms. In
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real orbital scenarios, control delays may also be influenced by the latency of the communi-
cations between spacecraft performing coordinated maneuvers. For instance, long-distance
communications are frequently necessary in constellation missions, where satellites may
need to coordinate from opposing points of an orbit during such missions. If the delays
are large enough, they may induce instabilities in the tight loop control of all types of
spacecraft. Some studies already approach the problem of delays in coordinated operation
from theoretical point of view [16–19], but more effort on the practical implementation
of such algorithms is still needed. This article provides an approach for performing co-
ordinated experiments at two remote laboratories, which has been proven effective to
keep communication delays insignificant for this application. The problem of defining
an accurate common time reference that all parties can use reliably has also to be tackled.
Not only the delay but also the estimation of the clock offset is crucial for performing
time synchronization between two agents. This can be achieved in a real scenario, among
other approaches, by signal processing methods [20,21] or assuming a common global
time reference such as the Global Navigation Satellite System (GNSS) [22]. Unlike these
examples, the proposed approach does not depend on third-party systems, and the protocol
is implemented on the application layer, making it robust and easy to adapt to different
communication methods.

The article starts by introducing the experiment setup in Section 2. The descriptions of
the platform in Kiruna, KNATTE, and the platform in Rome, PINOCCHIO, are provided
in this section. Additionally, the description on how all devices are connected within
each laboratory and between them over the internet is also provided. Then, the paper
presents the proposed coordination protocol in Section 3. The description of the protocol
includes the theoretical perspective on how the synchronization algorithm works and the
practical implementation, with the specific applications implemented in Simulink and the
configuration that we have used later on. Furthermore, the paper discusses the results of
performing a first series of validation simulations in Section 4. Section 5, on the other hand,
discusses the results of experiments involving physical coordination maneuvers performed
with both platforms. The paper ends in Section 6 with a discussion of the most significant
findings and possible future developments for this research.

2. Experiment Setup

Two similar laboratory setups have been prepared at two remote locations. On one
side, the KNATTE vehicle [23] operates in the Nanosatellite lab at Luleå University of
Technology in Kiruna, Sweden. On the other side, an improved version of PINOCCHIO
[24–26] operates in the GNC lab at University of Rome La Sapienza in Italy. Both vehicles
need to coordinate their activities to perform concurrent experiments.

2.1. KNATTE

The Kinesthetic Node and Autonomous Table-Top Emulator (KNATTE) is the floating
platform developed at Luleå University of Technology. It is a three degrees of freedom
frictionless vehicle that can move and rotate freely in the horizontal plane within the limits
of the frictionless table provided for that purpose, see Figure 1. The aim of the platform is
to simulate orbital conditions for guidance, navigation and control experiments, but also to
serve as a standalone tool for testing software and hardware.

The construction of KNATTE consists of a cubic frame of 300 mm sides. It has 10 kg of
mass and a moment of inertia of 0.160 kg · m2. The KNATTE vehicle includes a pneumatic
system that powers the three air-bearing pads that create the frictionless effect as well as
the eight thrusters distributed around the perimeter of the vehicle. The propulsion system
of KNATTE can exert a maximum thrust of 0.64 N and a torque of 0.102 Nm although it
is currently set to operate at 0.20 N and 0.032 Nm respectively. Additionally, a miniature
personal computer running MATLAB and Simulink is the centerpiece of the avionics. The
computer digitizes the control signals for each thruster via an input/output device that
controls each solenoid valve through its corresponding driver. Position and orientation

154 Paper E



3 of 13

Figure 1. Photo of KNATTE on the frictionless table. Notice the restricted area of operation marked
by red lines.

data is extracted from an inertial measurement unit at 100 samples per second. Additionally,
the platform relies on the tracking data provided by an external computer vision system at
20 samples per second for reliability.

The table is a metallic construction that supports a flat and smooth surface of epoxy in
which KNATTE can move with virtually no friction. Despite the rigidity of the structure,
the surface develops anomalies over time, which induce external forces to the platform
during the experiments. The effective area in which KNATTE can move without collisions
is 3.1 m × 3.4 m. However, the current setup of the computer vision system only covers an
area of 3.0 m × 1.7 m over the table, and the operations should be restricted to that area for
maximum reliability.

2.2. PINOCCHIO

The Platform Integrating Navigation and Orbital Cooperative Control Housing Intelli-
gence Onboard Testbed (PINOCCHIO) at the Sapienza University of Rome is a custom-built
floating platform to replicate the dynamic behavior of a satellite for studying and testing
autonomous operations in space. It can be used for the simulation and testing of attitude
and position control laws on very flexible satellite too. Figure 2 shows a photo of the
PINOCCHIO platform bus on a granite table.

The free-floating platform is realized with a pneumatic suspension system which
enables a two-dimensional test of complex space operations, such as rendezvous and
docking. The platform is equipped with IMU and actuated via cold gas thrusters. The
platform produces a reduced-friction environment by expelling air from three planar air
bearings to generate an air layer between the flat floor and the test platform. This allows
the platform to move in three DOF, two lateral and one rotational, with minimal friction on
a flat floor. The chassis of the platform is designed in order to fulfill to main requirements:

(a) to be so rigid that the effect of its elasticity is negligible, and
(b) allowing a reconfiguration of the appendages on the platform.

The structure of the floating platform is made of Aluminum alloy. The overall di-
mensions of the structure are 300 mm × 350 mm × 480 mm. The principle that guided
the design is the idea of modularity: the structure consists of three compartments, each
of them may be used for a specific purpose. The lower compartment (300 mm × 350 mm
× 280 mm) houses the pneumatic system, while the second floor (300 mm × 350 mm ×
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Figure 2. Photo of the PINOCCHIO platform bus on the frictionless table surrounded by the cameras
of the metrology system.

100 mm) hosts the electronics: sensors, Arduino boards and wiring. The third floor will
host the electronics needed to drive additional payloads. The total weight of the platform
is currently 16.55 kg and the estimated moment of inertia is 0.4002 kg · m2 (around the
vertical axis, perpendicular to the table passing through center of mass.

The inertia properties of the platform are reported in Table 1 while the navigation and
control performance, as measured in the commissioning campaign, are reported in Table 2
and Table 3 respectively.

Table 1: Mass and inertia characteristics of PINOCCHIO.

Parameter Nominal value Uncertainty
Inertia (Jsc) around Z 0.4 kg · m2 ±3.5 %
Mass 16.55 kg 0.05 kg

Table 2: Navigation performance of PINOCCHIO.

Quantity Measured error (3-sigma)
Angular rate 0.028 ◦/s
Attitude 0.0025 ◦

Acquisition tested frequency 100 Hz

Table 3: Control performance of PINOCCHIO.

Quantity Measured performance (3-sigma)
Maximum torque 3.4 mNm (0.5 bar) to 40 mNm (4 bar)
Torque Minimum Impulse Bit 3.4 · 10−4 Nms (0.5 bar) to 4 · 10−3 Nms (4 bar)
Minimum ON time 0.1 s
Rise Time 12 ms
Fall Time 12 ms
Delay 0.04 to 0.055 s
Stability 2 %
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Figure 3. Network Setup between the labs in Kiruna and in Rome.

2.3. Network setup

Both platforms, KNATTE and PINOCCHIO, are connected through the internet via
the infrastructure that each university provides as shown in Figure 3. As is the case of
this configuration, institutional network infrastructures are often protected with stateful
firewalls. A stateful firewall blocks all incoming packets for all ports that are not explicitly
allowed by default, but allows packets that are sent in a response to a request. Hence,
incoming packets can reach its destination port without changing the security policy of the
firewall if the host keeps the connection established by sending packets within the flow
timeout period.

The protocol implemented in Section 3 has an active and a passive process. The
behaviour of the stateful firewall has been problematic in our case because the passive
process expects a request packet before processing and sending any data out. Changing
the firewall configuration has not been a viable way to keep the ports open during the
experiment in our case. A simple way to keep the ports open is by sending one packet at
the beginning of the experiment without worrying if the packet will reach its destination
or not. After the first packet is sent the firewall will keep the port open and passive process
can remain expecting incoming requests as long as they come within the timeout period.

All experiment devices in the Nanosatellite lab are connected to the same wireless
local area network (WLAN) through a router that also provides internet access. The devices
in the GNC lab in Rome are interconnected in an analogous manner. All devices connected
to one router share the same public IP address. Therefore, in order to refer to specific ports
at specific devices within a WLAN the router has been configured by port forwarding to
redirect specific ports of the public IP address to ports of the various local IP addresses. In
this configuration, only KNATTE and PINOCCHIO are connected through internet. All
other components in the corresponding WLANs such as the simulation computer in Kiruna
or the operator computer and the metrology system server in Rome do not need to have
their ports forwarded.

3. Coordination protocol

Coordination between both agents can happen only if both agree on a reference for
space and time. For the space reference we pretend that both agents are in the same vicinity
and the frame of reference of one metrology system can be transformed to the other by
just applying a transformation matrix. In the case of time, we cannot guarantee that all
computer clocks involved in the experiment are synchronized to the same UTC reference
nor to a suitable degree with the available tools. For that reason, a specific synchronization
protocol has been implemented for the scope of such experiments.
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Figure 4. Sequence of events for the coordination protocol.

3.1. Time synchronization

The synchronization algorithm implemented in the experiments is an adaptation
of the Simple Network Time Protocol [27]. The original application was proposed to
synchronize a distrustful clock to a reliable clock keeping a universal time reference. The
implementation of such protocol is asymmetrical, meaning that the agents do not share
the same amount of information. The client needs four timestamps to estimate the time
differences between client and server, but only the first three are known by the server.
The synchronization protocol follows the sequence of events as depicted in Figure 4. The
protocol begins when the client agent sends a request to the server. The server records the
time when the request is received. After some waiting time, the server sends the reply back
to the client. And finally, the client can process all data.

The timestamps T1 through T4 happen in chronological order as in the list and are
used by the client agent to calculate the synchronization parameters.

• T1 Time according to the client’s clock at which the client sends the request.
• T2 Time according to the server’s clock at which the server receives the request.
• T3 Time according to the server’s clock at which the server sends back the reply.
• T4 Time according to the client’s clock at which the client receives the reply.

However, the proposed protocol focuses on the administration of the relative clock
differences rather than trying to follow a universal reference to allow information symmetry
between the agents. Hence, all devices can start their clocks at arbitrary moments, but their
frequencies must be stable in order to have meaningful results over extended periods of
time.

In the implementation of such a protocol, not only every agent acts as a client request-
ing coordination data at the configured rate, but also responds as a server for the requests
of the other agent. Additionally, provided the time that the server requires to dispatch the
client’s request (<1 ms) is much smaller than the information travel time ( 10 ms), we can
consider that T2 and T3 happen at the same moment. Therefore, the proposed protocol only
uses T1, T3 and T4 for simplicity.

The one-way delay (δ) is the average time for a message to travel from one agent to
the other, and can be estimated with Equation 1.

δ ≈ 1
2
(T4 − T1) (1)

The clock offset (θ) is the time difference between the client and the server clocks with
respect to the client’s clock, and can be estimated by Equation 2.

θ ≈ T3 −
1
2
(T1 + T4) (2)
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For the experiments, we arbitrarily picked a leader agent to use its clock as reference.
That means that the reference simulation time (Tsim) is considered equal to the leader’s
execution time (Tlead). The symmetrical protocol still allows the leader to know the delay
between agents.

Tsim = Tlead (3)

Then, the follower agent can calculate the simulation time by adding the clock offset
to its execution time. Clocks are not completely stable, and other spurious effects can also
happen in the network. Therefore, the estimation of the clock offset is subject to fluctuations.
The experiment is configured to start operations after 10 seconds of the reference simulation
time. Until that moment, the follower agent has the opportunity to measure the clock offset
in several occasions and average its value to use it as a constant parameter during the
operations as in Equation 4.

Tsim ≈ Tf ollow + θ (4)

3.2. Data transfer

The experiment uses the User Datagram Protocol (UDP) through the Internet Protocol
(IP) to send data packets between the agents. Such protocols allow for simple configuration
of the communication channel with asynchronous messages. The UDP protocol commu-
nicates faster and requires less computer resources than other internet protocols such as
the Transmission Control Protocol (TCP). That makes it a better option, particularly for
the synchronization problem. However, the UDP protocol does not guarantee the order
or the arrival of the packets. These are minor inconveniences that have been mitigated by
sending data packets regularly and by the content of such packets.

Two channels have been opened between the two platforms. On one channel the
follower sends request messages to the leader, and the leader replies back with time and
tracking data. On the other channel the roles are reversed. Hence, the coordination protocol
can allocate more agents by adding UDP ports to the software.

In order to solve the coordination problem, the data packets contain not only in-
formation about time synchronization but also information about the localization of the
agents. Figure 5 shows how data is packed and sent by any of the agents when acting as a
server. Additional information for the identification of the agents is not required because
the header of UDP packets already includes the source and destination of those packets.
Particularly, the request packet of either agent consist of one double float variable, T1,
sizing 8 bytes. The reply packet consists of eight double float variables, i.e., the time T1
from the request packet, time T2, position x, position y, heading φ, speed ẋ, speed ẏ and
angular rate φ̇. The reply packet has 64 bytes of data in total.

The purpose of the server is limited to forwarding the data to the client as soon as
possible with no processing at all. The entire effort of estimating the time variables and of
synchronizing its internal clock to the agreed simulation time is carried out by the client as
shown in Figure 6.

4. Validation of the coordination protocol

A series of simulations involving the virtual operation of KNATTE and PINOCCHIO
have been executed to validate the synchronization protocol and evaluate the stability of
the network. During a session of experiments the operators of both laboratories have kept
a videoconferencing channel open to coordinate the execution of the simulations, report
observations and troubleshoot any possible problems that may have occurred during the
simulations. In such simulations none of the platforms operated in frictionless mode.
Instead, they remained stationary and shared a fictitious trajectory to their counterpart to
make the appearance that they are actually moving.

During the execution of one experiment, both agents send requests messages to the
reciprocal agent at regular intervals of 100 ms. This is the request time of the client (TCO).
In parallel, each agent checks both input UDP ports for packets every 1 ms and replies as
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fast as possible to the other agent while performing its primary mission tasks. In other
words, the input period of the server (TSI) and the input period of the client (TCI) are equal
to 1 ms. The server replies back as a reaction to an incoming request. Hence, the output
period of the server (TSO) has not been explicitly configured but depends on TSI . This is to
avoid any chance of sending unnecessary empty packets. Otherwise, if TSO is configured
so that an agent sends unrequested packets at a regular interval the computational load
of the required operations increase significantly. In that case, if TSO is less than 3 ms we
have observed that there appear conflicts with the received packets. If the request time
(TCO) is too small it also creates conflicts because the computer should dedicate most of its
processing power to do diverse tasks. The other sampling times (TSO, TSI and TCI) cannot
be too large and comparable to the one-way delay either, or that would cause significant
errors in the estimation of such delay. In general, the values of the sampling times may
vary, but they must follow the rule in Equation 5 to avoid problems.

Figure 5. Simulink block diagram of the server-specific functions. Notice that the packet output
condition is activated when the execution time is less than 1 ms and afterwards the condition is
driven by the received requests.

Figure 6. Simulink block diagram of the client-specific functions. Notice that the client does not
process incoming packets unless the server’s receiving/sending time (T2) is larger than zero, as a
proxy for not dealing with empty packets.

160 Paper E



9 of 13

Figure 7. Clock offset and one-way time delay of the synchronization protocol measured through
KNATTE.

Figure 8. Clock offset and one-way time delay of the synchronization protocol measured through
PINOCCHIO.

TCO � δ � TSO ≥ TSI ≥ TCI (5)

The results of performing a virtual coordination simulation during 600 s are given in
Figures 7 and 8. Figure 7 shows the clock offset and one-way time delay for KNATTE, while
Figure 8 shows the same variables for PINOCCHIO. The most immediate observation is the
fact that there is a consistent displacement of the plots for KNATTE with respect to the plots
for PINOCCHIO. The reason being that KNATTE started the execution of its simulation
earlier than PINOCCHIO, hence no values could be estimated until PINOCCHIO started
the simulation. This is also easy to detect by observing the different offset estimated by
each agent. The average magnitude of the offset is identical in both cases and equal to
26.420 s with a standard deviation of 0.009 s. However, the offset measured by KNATTE is
negative for the same reason.

Estimating the clock offset by measuring the time at which the second agent sends the
first request may appear simpler, but still requires some coordination, is less reliable, is not

161



10 of 13

symmetrical, is not scalable, and depends on more uncontrollable factors at the moment of
effectuating the measurement than following the proposed protocol.

Furthermore, the estimation of the delay is again identical for both platforms in
statistical terms, and equal to 0.04 s with a standard deviation of 0.01 s. Fluctuations
happen simultaneously in the estimation of the delay and the offset. That is expected
because both variables are calculated from the same set of measured time tags (T1, T3 and
T4). The uncertainty of the estimations may be related to differences in clock frequencies,
the routes that each data packet follows through the network, the processing time at every
network node, etc. Variations of the offset may deviate on both sides of the mean because it
is a measure of the round trip of the information and the conditions may change on both the
outbound trip and the inbound. However, there is a physical limit on how fast data travels
through the internet, hence, the lower limit of the one-way delay. Assuming a distance of
3900 km between our laboratories only the time travel at the speed of light would be 0.013
s. On top of that, the time to process and reroute the data packets between the servers on
the way has to be added. That said, the plots also show some disruptive events of several
seconds that seem to happen at regular intervals of approximately 3 minutes. We have
not found an explanation for these events other than changes in the state of the network.
However, further investigation may be worth doing.

5. Concurrent experiment of coordinated operations

The complete coordination protocol has been tested again, but this time with both
platforms performing physical maneuvers collectively. The logistics of such experiments
are identical to those of Section 4 with the additional hassle of preparing the initial setup
and keeping the tank and battery operational.

The experiments we performed assume that one platform would act as a leader
performing a trajectory and the other as a follower replicating such a trajectory. For
that, we have arbitrarily chosen KNATTE to perform the role of the leader agent and
PINOCCHIO the role of the follower agent.

One experiment starts with 10 seconds of inactivity to allow both platforms to perform
the initial synchronization. After the first 10 seconds, KNATTE is commanded to make
a reorientation maneuver consisting in a gradual rotation of 45◦ and come back to the
original position in a span of 60 seconds. Meanwhile, the PINOCCHIO platform replicates
the actual trajectory that KNATTE takes based on the tracking data that has been shared
through the coordination protocol. For simplicity, the position of the platforms has not
been controlled, so the only goal is attitude synchronization.

Figure 9 shows the results for one run of coordinated operations. Other runs had
similar results and the discussion would be analogous. The KNATTE platform has been
instructed to follow the reference maneuver. However, such a platform fails to do so after
20 seconds from the beginning of the experiment due to distortions on the working surface
and sub-optimal configuration of the controller gains.

That said, deviations from the reference are useful in this case to corroborate that
PINOCCHIO has indeed been following the command from KNATTE. Additionally, we
can also compare the performance of both platforms. For that, the time reference in the
plot has been corrected to compensate the offset between the execution times of both
platforms. In this specific case, the mean measured clock offset has been 30.880 s with
a standard deviation of 0.003 s. The performance of the PINOCCHIO platform can be
measured by comparing the maneuver of PINOCCHIO with the maneuver of KNATTE as
it is received by PINOCCHIO. To keep the experiment unbiased, PINOCCHIO is unaware
of the maneuver that KNATTE should follow, relying solely on real-time data. It can be seen
that the controller gain settings of PINOCCHIO, a simple proportional-integral-derivative
algorithm in this case, does not allow for a fast reaction to the variations in the attitude
of KNATTE. This leads to a constant delay in the attitude of PINOCCHIO of about 4 to 5
seconds with respect to that of KNATTE. This delay is not caused by the synchronization
or time offset issues, but rather a control performance issue. It must be noted that the main
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Figure 9. Plot of the reference maneuver and the actual maneuvers of KNATTE and PINOCCHIO as
seen from both platforms.

Figure 10. Estimation of the one-way delay for KNATTE and PINOCCHIO.

goal here is not to demonstrate a perfect tracking algorithm, but the possibility to perform
experiments involving two platforms by connecting test facilities at different locations of
the globe.

Figure 10 shows the variation of the measured delay for both platforms during the
experiment. The results indicate that the protocol and the network behaved similarly to the
simulations performed for protocol validation. In this case, KNATTE has measured a delay
of 0.041 s with a standard deviation of 0.002 s, and PINOCCHIO has measured a delay of
0.034 with a standard deviation of 0.015 s. The difference in accuracy is due to a slower
sampling rate for PINOCCHIO. As a conclusion, the implementation of the synchronization
protocol with three time tags seems to be robust to the increase in computational power for
the hardware experiments.

Even after correcting the offset from the execution time, the received heading curves
appear consistently delayed compared to the sent ones. The approximate separation
of the curves for the maneuver followed by KNATTE is 0.10 s while the separation for
the PINOCCHIO maneuver curves is 0.06 s. Such differences are justified partly by the
oscillations of network delays. However, other effects are confounded in such margins
since the maximum deviation for the one-way delay is 0.047 s. These additional effects
may be justified by the different sampling rates and variations in the processing load. All
in all, the effect of the communication delay is minimal considering the sent and received
curves for both trajectories after clock correction.
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6. Conclusions

One approach for conducting guidance navigation and control experiments of coor-
dinated operations has been presented in this paper. We found a method in which the
long distance that separates both platforms (∼3900 km) does not affect the experiment
results. For that, a synchronization protocol has been developed as an adaptation and
simplification of the well established Simple Network Time Protocol (SNTP). The proposed
protocol, which uses three time tags instead of the four time tags used in the SNTP, has
demonstrated to be fast and accurate to estimate the clock offset and the communication
delays between the platforms for the experiments that have been carried on. That said,
the use of a synchronization protocol with four time tags may be useful if the processing
load required by any of the platforms increases to a value comparable to the delay, and the
assumption of instantaneous reply is no longer applicable.

The approach presented in this paper has been validated with virtual simulations
of coordinated operations. Additionally, hardware-in-the-loop simulations with both
frictionless platforms operating at remote facilities confirmed the result. The focus of the
experiments has always been on the performance of the coordination protocol focusing on
the effects of the communications and processing of the telemetry data. The performance
of the control algorithms has not been evaluated in any of the experiments. We can obtain
a more or less responsive behavior by selecting a different set of control gains for any of
the platforms.

That said, the current arrangement allows for measuring and comparing the per-
formance between the platforms by creating a common reference scenario. In fact, an
additional feature of the approach is the promotion of concurrent engineering. With this
approach, two or more teams can work with independent facilities and test the performance
with a joint experiment. Those facilities can be very different in nature, e.g., virtual simu-
lations, frictionless platforms, robot manipulators, etc. The approach effectively liberates
both groups of developers from being present at the same place in order to conduct their
activities, but they can still test their progress in a common setup.

In the future, the current set of scenarios may be improved by introducing more
degrees of freedom to the facilities. However, the three degrees of freedom of the current
platforms still allow for plenty research opportunities. For instance, more platforms could
be added to the experiments in order to observe how the proposed protocol scales up.
Another proposal is changing the experiment scenario to one in which the agents need
to make decisions based on the shared information rather than follow a predetermined
command. Following this line, future developments may include adaptive control algo-
rithms in which the platforms change the trajectory based on additional parameters. For
example, the chaser platform could autonomously estimate the dynamic range of the leader
trajectory, and change the control gains accordingly. Finally, we also consider modifications
in the current synchronization algorithm. The fluctuations that are currently observed in
the estimated offset might be compensated by adjusting the ticking frequency of the clocks.
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Abstract
One of the challenges that satellites face is the interaction between control movement and vibration of

flexible appendages such as solar arrays and antennas that can negatively affect the performance of the
spacecraft. The aim of this work is to develop a numerical model of a solar panel structure for KNATTE
(Kinesthetic Node and Autonomous Table-Top Emulator), a frictionless platform developed by the Space
Systems group at Lule̊a University of Technology, and develop a control law that reduces the flexible vibration
of the solar arrays when attitude control manoeuvres are performed. A set of solar panel structures have
been designed and tested, the mathematical model of the multibody system, which consists of KNATTE and
two flexible solar panels, has been developed in MATLAB by applying the finite element method. A finite
element analysis has been performed in MATLAB to extract the natural frequencies of the system. The
model has been numerically verified using a commercial software, and experimentally verified by performing
testing on the frictionless vehicle, KNATTE, equipped with the solar panel structures and a number of
piezoelectric sensors. Once the model has been verified, a Linear Quadratic Gaussian (LQG) controller has
been developed using the results from the finite element model in order to reduce the amplitude of the
vibrations of the flexible solar panel structure. The behaviour of the system has been simulated when the
spacecraft performs an attitude manoeuvre. The finite element model provides the modal behaviour of the
multibody system, obtaining its natural frequencies with low relative error. The LQG controller reduces the
amplitude of the vibrations of the flexible solar panel structure.
Keywords: rictionless platform, linear quadratic Gaussian controller, flexible appendages, finite element
method

Nomenclature

[A] System matrix
[B] Input matrix
[C] Output matrix
[D] Damping matrix
f Natural frequency
[J ] Inertia matrix
Jh Hub inertia
[K] Stiffness matrix
KLQRLQR gain
Kf Kalman filter gain
N Number of degrees of freedom
q Vector of coordinates
Q States weighting matrix
Qk Process noise covariance matrix
R Control effort weighting matrix

Rk Measurement noise covariance matrix
u Control input
x State vector
xref Reference vector

1. Introduction

The number of small satellites launched in recent
years takes up to half of the total satellite launches,
this number is expected to increase in the following
years. With this new market in mind, KNATTE has
been developed by the Lule̊a University of Technol-
ogy in cooperation with La Sapienza University of
Rome. KNATTE is a frictionless platform that repli-
cates the spacecraft behaviour in orbit, the aim of the
platform is to validate control algorithms, guidance
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strategies and different types of hardware that can
be found in spacecraft. One of the challenges that
both small satellites and regular satellites face is the
interaction between control movement and vibration
of flexible appendages such as solar arrays and anten-
nas that can negatively affect the performance of the
spacecraft.

Spacecraft often have appendages that have low
natural frequencies due to their high flexibility and
low mass, such as solar panels and antennas. The
interaction between the vibration of flexible ap-
pendages and attitude control system can lead to a
reduction in performance of the latter. The study of
this issue can be approached by deriving a mathemat-
ical model of the system, designing a control law and
performing a set of simulations, and finally verifying
the results via testing.

The multibody system, which consists of a hub
plus two solar panels, can be modelled as a rigid hub
with two flexible appendages, with the latter often be-
ing modelled as Euler- Bernoulli beams. The dynam-
ics of the system can be obtained by applying the La-
grange method, and the resulting system of nonlinear
differential equations can be spatially discretized by
using, amongst others, the Assumed Modes Method
(AMM) or the Finite Element Method (FEM) as
shown by Kim et al. [1].

The AMM uses a set of global admissible func-
tions, or assumed modes, that must satisfy the geo-
metric boundary conditions and be differentiable at
least half as many times as the system order. This
method is useful for simple geometries where the user
has some a priori idea of the mode shapes [2] [3].

The finite element method is a more general strat-
egy that discretizes a complex geometry into more
geometrically simple elements that each have local
interpolation functions, the stiffness and inertia ma-
trices of each element are defined, and by assembling
the element matrices the globally valid finite element
model is obtained [4]. Mooij and Gransden [5] mod-
elled solar panels as three-dimensional beams. In this
work the finite element method is used to model the
system with the solar panels being modelled as Euler-
Bernoulli beams.

Solar arrays often include piezoelectric layers that
are employed as sensors and actuators, their be-
haviour can also be included in the mathematical
model [6]. It is important to note that the modal
behaviour of the multibody system, bus plus ap-
pendages, will be different than that of the ap-
pendages on their own [7].

Systems with complicated geometries can be mod-

elled in a FEM software such as Ansys or Nastran and
the stiffness and inertia matrices can be extracted [8].
Different algorithms can be used to control the space-
craft, some examples are LQR [9], PID [10], or hybrid
controllers [6]. Sabatini et al. [11] propose a syner-
getic control based on the SMC. In this approach, the
control law simultaneously takes the attitude and the
elastic control into account. Azadi et al. [6] divide
the system dynamics into fast and slow subsystems,
applying a different controller to each one. The LQR
works by performing a minimisation of a quadratic
performance index. This minimisation is a compro-
mise between performance and control effort, with
weight matrices that are tuned by the user. To im-
plement this control strategy the full state must be
known [12] [5]. In most practical situations direct
measurements from all the states are not available.
The LQG method combines the LQR with an esti-
mator to estimate the full state, usually the Kalman
filter [13]. Time delays in the control can lead to in-
stability because the control is evaluated at a time
and applied at a later time due to delays [9] [8]. Pos-
sible sources of delay are data acquisition, processing,
and command execution. Sabatini et al. [9] imple-
ment a model-based state predictor using a Kalman
filter to compensate the time delays and return to a
stable system. Testing can be performed in a free
floating platform where the control actions can be
simulated. With piezoelectric sensors and acquisition
equipment, the modal behaviour of the solar panels
can be obtained. Piezoelectric sensors and actuators
are very useful for control of flexible spacecrafts. The
sensors can be used to measure vibration, the work-
ing principle is that the sensors generate an electrical
charge in response to a mechanical deformation. Ac-
tuators can be used to dampen vibration since an
electrical charge applied to the actuator can be con-
verted to mechanical movement [11] [10]. The com-
bined use of cameras and image processing software
with piezoelectric sensors is another alternative for
modal behaviour acquisition explored by Ribet et al.
[7], here the camera is used as an in-orbit calibration
of the sensors. The reasoning for also using a camera
is that sensor properties are affected by the space en-
vironment and may change during the mission, Saba-
tini et al. [8] also support the idea of combining the
sensors with cameras for a more accurate estimation
of the flexible deformation of the appendages.

This paper is organized as follows: On Section 2
the frictionless vehicle KNATTE is presented. On
Section 3 a solar panel structure for the study of
spacecraft with flexible appendages is designed. Sec-
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tion 4 is dedicated to testing the solar panel struc-
tures on different conditions and experimentally es-
timating its natural frequencies and damping ratios.
On Section 5 a finite element model for the system
tested in Section 4 is developed. This model is used
in Section 6 where a controller is designed and an
attitude manoeuvre is simulated. Finally, Section 7
contains a brief conclusion about the work and the
results.

2. KNATTE

The KNATTE device is a frictionless vehicle de-
veloped at LTU in collaboration with University of
Rome La Sapienza. It is a multipurpose tool that can
perform standalone simulations as well as be used as a
platform to carry different test payloads as is the case
of the panels developed for this article. The structure
of KNATTE consists of a 300 mm side cubic frame,
which supports 9.986 kg of mass in its standalone wet
configuration and 9.673 kg with empty tanks. The
moment of inertia in the vertical axis is 0.160 kg·m2

and 0.155 kg·m2 for wet and dry configuration respec-
tively. The additional equipment for the experiment,
i.e, the panels and the associated electronics, adds
0.494 kg and a moment of inertia of 0.012 kg·m2.

The pneumatic system performs two functions.
First, a high-pressure tank feeds a set of three air-
bearing pads to create the frictionless effect. Sec-
ondly, the compressed air powers eight thrusters, i.e.,
two for each translation direction and two pairs for
controlling yaw rotation. Such thrusters are com-
parable in behavior to a cold gas propulsion system
in an actual spacecraft. The propulsion system of
KNATTE can exert a maximum thrust of 0.64 N
and a torque of 0.102 Nm, but it is currently set to
0.20N and 0.032 Nm respectively. In order to control
KNATTE, the onboard computer runs MATLAB and
Simulink code. The position and orientation data
is extracted from an internal BNO055 inertial mea-
surement unit and an external computer vision sys-
tem. The inertial measurement unit provides real-
time measurements of acceleration, angular velocity
and magnetic field at a rate of 100 samples per sec-
ond, while the computer vision system outputs hori-
zontal position and heading measurements at a rate
of 50 samples per second.

3. Panel Design

In this section a set of solar panel structures, or
mock solar panels, that emulate real solar panels used
in spacecraft are designed. The design of the set of

two solar panel structures is constrained by the di-
mensions of the frictionless table where it will be
tested, its distance from the objects surrounding it
and the boundary conditions for the union with the
hub.

Since the aim of the system is to study the cou-
pling problems between control movement and flex-
ible vibration that arise when the solar arrays have
low frequencies, the designed panels should have low
natural frequencies, with the first frequency being in
the 1Hz − 3Hz range [14] [5].

The material used for the solar panel structure
should be easy to acquire commercially, low budget,
and easy to work with in the laboratory. It also must
be light and flexible in order to recreate the behaviour
of the flexible solar panels. Some materials used to
make mock panels in laboratories are aluminium and
fibre glass composites [15] [7]. Composites present the
disadvantage of being more difficult to handle, man-
ufacture, and more expensive and difficult to procure
off the shelf. They also need to be cured, requiring
special equipment. For these reasons, the option of
using composite materials has been discarded. Some
proposed materials for the solar panel structure are
aluminium, ABS, PMMA, and PTFE.

The behaviour of the proposed materials has been
analysed via an Ansys simulation, the modal be-
haviour of a hub with KNATTE’s properties and two
panels has been analysed for all the candidate mate-
rials. This study has been performed with aluminium
alloy, PMMA, PTFE and ABS.

When made of aluminium, the panels are very stiff
and have natural frequencies significantly higher than
those of interest for this study. The most effective
way of reducing the frequencies is to increase the
length of the plate, however, with the length con-
straint this is not possible. PTFE has the lowest
Young’s modulus of all the candidates, resulting in
very low natural frequencies, this is not desirable as
they might be difficult to measure with the sensors.

The main design drivers for the interface between
the solar panel structure and KNATTE are that it
should be easy to manufacture and that the plates
should be in a cantilever condition. This condition is
ideal and not possible to achieve perfectly in practice,
but it should be as close as possible. To recreate it
two aluminium L-profiles are used, these profiles have
a 3mm thickness, can be procured off the shelf and
are easy to cut and drill in the laboratory. Consid-
ering the design constraints for the solar panel struc-
ture, the material selection, and the selected inter-
face, the final design consists of an ABS plate of di-
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mensions 500 mm × 164 mm × 1.5 mm and is shown
in Fig. 1. With the thickness of the panels being
similar to commercial panels used in nanosatellites.

This design meets the design drivers, it has low
natural frequencies while still having dimensions
within the established constraints, and the materi-
als for the plates and the interface are inexpensive
and easy to work with.

The panels have five holes along one of the edges,
each panel is placed between two L-profiles and fixed
with M3 bolts and nuts. The profiles are fixed to
KNATTE’s structure with four M4 bolts and strut
profile T-slot nuts

Fig. 1: KNATTE with solar panel structures
mounded on the frame

4. Testing

In this section testing is performed on the solar
panel structures-KNATTE assembly to obtain the
modal characteristics of the system.

The testing setup consists of KNATTE, a charge
amplifier circuit, the solar panel structures, eight
piezoelectric sensors, and a data acquisition device.
The sensors are connected to a charge amplifier cir-
cuit that is used for signal conditioning, and the out-
put of the circuit is connected to the data acquisition
device that is placed inside KNATTE.

4.1 Sensor distribution

Piezoelectric strain sensors work by generating a
charge as a result of the direct piezoelectric effect,
which is the ability of certain anisotropic crystalline
materials, such as some ceramics or polymers, to gen-
erate an electrical charge in proportion to an exter-
nally applied force [16] [17]. The sensors used for
testing are the LDT0/M piezoelectric patches from
TE Connectivity. The sensors are made of a piezo-
electric Polyvinylidene fluoride (PVDF) polymer film
with screen-printed Ag-ink electrodes, laminated to a

polyester substrate, and fitted with two crimped con-
tacts.

Flexible wires have been soldered to the crimped
contacts of the sensors and the cable ends have been
crimped to ensure a correct connection to the condi-
tioning circuit.

Four piezoelectric sensors have been placed on the
surface of each solar panel. The sensors have been
bonded to the surface of the panels by applying a thin
layer of instant glue. Double tape can also be used
to place the sensors, however, this method decreases
the sensitivity of the sensors significantly.

The sensors have been placed in the middle of the
panels at 12 cm, 24 cm, 35 cm, and 43 cm measuring
from the root. These correspond to locations where
there is significant strain that can be measured by the
sensors and away from the nodes where the vibration
level is very low.

4.2 Signal conditioning circuit

The purpose of the signal conditioning circuit is
ensuring that the output provided by the sensors
stays within the acceptable voltage range of the Data
Acquisition (DAQ) device used to record the signals.
The signal conditional circuit has four main elements,
a linear voltage regulator, a charge amplifier, a non-
inverting amplifier, and a voltage follower (Fig. 2).
The values of the capacitors and resistors used in the
circuit can be found in Table 1.

Fig. 2: Signal conditioning circuit diagram

The charge amplifier circuit has several functions,
the main one is to condition the signal that is pro-
vided by the piezoelectric sensors and make it ap-
propriate for the data acquisition device. The data
acquisition device has a maximum analogue input of
10V , whereas the sensors can provide up to 100V .
The circuit also eliminates the lead wire capacitance
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Component Value

C1, C3, C4 100 nF
C2 1µ F
C5 6.8 pF
C6 200 nF
R1 220 Ω
R2 1.5 kΩ

R3, R4, R7 50 kΩ
R5 100 Ω
R6 44 MΩ
R8 56 kΩ
R9 10 kΩ

Table 1: Signal conditioning circuit components

of the cables that connect the sensors. By choos-
ing the appropriate values of the time constant, τ =
C5R6, it can be ensured that the lower cutoff fre-
quency of the circuit is well below the dynamic re-
sponse of the panels [16] [18].

Vout 1 = − q

C5
+ Vbias (1)

As can be seen on the previous equation the output
voltage of the charge amplifier circuit depends only
on the charge provided by the sensor q, the feedback
capacitor C5, and the bias voltage Vbias. The values
of the feedback resistance R6 and of the capacitor C5

have been selected so that the cutoff frequency of the
circuit is below the expected first natural frequency
of the system, at around 1.5 Hz. The cutoff frequency
is given by

fc =
1

2πR6C5
(2)

The value of R6 has been set to 44MΩ and C5 to
6.8nF , this results in a cutoff frequency of 0.53Hz,
which is lower than the frequency of interest. The se-
lection of these values is a compromise between hav-
ing a low cutoff frequency and amplifying the signal
from the sensor. Lowering the capacitance provides a
higher amplification of the sensor output at the cost
of increasing the cutoff frequency. The value of R6

can be increased to reduce the cutoff frequency, but
not indefinitely.

The noninverting amplifier takes the output from
the charge amplifier and amplifies it to the desired
voltage range (0 V - 10 V) [19]. The output is given
by

Vout 2 = Vout 1

(
1 +

R8

R9

)
+ Vbias (3)

The supply voltage for the circuit is provided by
the linear voltage regulator. The input is connected
to KNATTE’s batteries, which provide 13.37V , and
it is set up so that the output lies at around 9.7V .
The linear regulator provides the supply for the op-
amps and the input voltage to the voltage follower.

The voltage follower provides the bias voltage for
the charge amplifier and the noninverting amplifier.
This bias has been set to half of the supply voltage,
that is, 4.85V . The voltage follower has been imple-
mented instead of a simpler voltage divider to keep
the noise in the circuit as low as possible. With this
signal conditioning circuit, the sensor output ranges
from 0V to 10V , which is the limit of the DAQ, and
is biased at 4.85V .

The design has been implemented on a stripboard
(Fig. 3) where each sensor has a dedicated charge
amplifier and noninverting amplifier, and the linear
regulator and voltage follower are common to all the
sensors. The sensors are connected through cables to
the board, and the output of the circuit is fed to the
DAQ to be converted to a digital signal.

Fig. 3: Signal conditioning circuit implemented on a
stripboard

4.3 Testing on frictionless table

A series of tests have been performed on a friction-
less table. The tests have been carried out with the
air tanks full and with the air bearings on to create
a frictionless air cushion. Two different type of tests
have been performed, on the first, the system has
been excited by applying an impulse with a hammer
on the tip of one of the panels, the thrusters are not
used for this set of tests. On the second type of tests,

IAC–21–C2.3.1 Page 5 of 13

173



72nd International Astronautical Congress (IAC), Dubai, United Arab Emirates, 25-29 October 2021.
Copyright © 2021 by the authors. Published by the International Astronautical Federation with permission.

the panels have been exited by firing the thrusters
and changing the attitude of KNATTE.

On the first set of tests, starting with the hub in a
static condition and with no oscillation on the panels,
panel 1 was hit on its tip with a hammer while the air
bearings were on. By hitting panel 1 a rotation was
induced on the hub and panel 2 started oscillating.
For these tests the output of the eight sensors was
recorded for 60 s at a sample rate of 1250 Hz.

Fig. 4: KNATTE with panels on the frictionless ta-
ble, the signal conditioning circuit is placed on top
of the hub

Fig. 5 shows the output of the sensors placed on
panel 1 and the location of each sensor on the panel.
It can be seen that thanks to the signal conditioning
circuit, the output stays within the acceptable range
of the DAQ device. The output voltage is higher
for the sensors that experiment more strain, with the
one being closest to the panel root having the highest
strain.

The time response of panel 2 to the impact applied
on panel 1 can be seen on Fig. 6. There is a beat in
the output, this happens because the first two natural
frequencies are very close, and the impact is exciting
both.

On the second set of tests KNATTE was placed on
the frictionless table and the air bearings were on. To
excite the panels the thrusters were fired, providing a
rotation of the hub. These tests were more difficult to
perform because the thrusters provided a high rota-
tional velocity and since the frictionless table is not
perfectly flat, the hub tended to move towards the
corners of the table, bumping against the sides. For
this reason, the output data was acquired for 25 s in-
stead of 60 like in the previous tests. It can be seen

Fig. 5: Output of panel 1 sensors when a percussion
is applied on panel 1 and the air bearings are on
and the thrusters are off

Fig. 6: Output of panel 2 sensors when a percussion
is applied on panel 1 and the air bearings are on
and the thrusters are off

Fig. 7: Output of panels 1 and 2 sensors due to firing
of the thrusters, the signal has been smoothed for
clarity

in Fig. 7 that the excitation of the panels with this
method is significantly lower than when a hammer is
used.

The output voltage recorded with the DAQ can be
converted to strain as
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ε =
Vout

KpKbS∗q
(4)

where Vout is the voltage generated by the sensor, Kb

is the correction factor related to the shear lag effect,
Kp is the correction factor due to Poisson’s effect,
and S∗q is the circuit sensitivity defined as

S∗q =
d31Yclcbc

C5
(5)

where d31 is the piezoelectric strain coefficient, C5 is
the feedback capacitance, Yc is the Young’s modulus
of the piezoelectric material, lc is the length of the
sensor, and bc is the width of the sensor [16].

The shear lag effect is almost negligible for PVDF
sensors and it can be assumed that Kb = 1. The cor-
rection factor for Poisson’s effect, which accounts for
the fact that the sensors are exposed to both longi-
tudinal and transverse strains is given by

Kp =

(
1− ν d32

d31

)
(6)

4.4 Operational modal analysis

Operational Modal Analysis (OMA), or output-
only modal analysis, is a technique used to identify
the modal parameters where the excitation force does
not need to be measured [20]. On this section, the
natural frequencies and damping of the system are es-
timated. A hanning window has been applied to the
digital signal to avoid leakage due to discontinuities
in the sample. The FFT of the recorded time series is
calculated, and in order to reduce noise on the FFT it
has been averaged. Four measurements under nomi-
nally identical conditions have been taken during the
tests, and the FFTs of these measurements have the
been linearly averaged.

To find the natural frequencies and damping ratios
of the system the peak picking method has been em-
ployed, this method has been chosen due to its sim-
plicity. The peak picking method assumes that the
structure is lightly damped and that the input can
be characterized as zero-mean Gaussian white noise,
this type of excitation can be achieved with impulse
loading [21] [22].

The frequencies where the peaks are found on the
FFT correspond to the natural frequencies. The
damping ratio has been estimated using the half
power method.

The peak picking method is a single degree of free-
dom method, that is, it assumes that a resonance
the behaviour is dominated by a single mode [23].

Mode Natural frequency Damping ratio

1 1.42 Hz 0.775 %
2 1.57 Hz 0.867 %

Table 2: Natural frequencies of the system when
testing in a frictionless condition

To apply this method, the natural frequencies should
be well separated, although the first two modes have
quite close frequencies, it was still possible to identify
them with this method.

The natural frequencies of the system in friction-
less conditions are presented here. The time series
analysed to obtain these results are the ones cor-
responding to the tests performed with the impact
hammer. The data from the tests using the thrusters
has not been used as it had less quality. The resolu-
tion of the frequencies is 0.0167 Hz.

Fig. 8: Frequency response of the system when test-
ing in a frictionless condition

5. Finite Element Model

The mathematical model that describes the sys-
tem dynamics is a finite element model of a rigid hub
and two Euler-Bernoulli beams. It is based on the
rigid hub plus one Euler-Bernoulli beam model pre-
sented by Kim et al. [1]. This model is a closer
approximation of a satellite consisting of a hub and
two solar panels. For the system damping, a viscous
model with a proportional damping matrix has been
used. The damping matrix can be written as a linear
combination of the mass and stiffness matrices such
that

[D] = α[J ] + β[K] (7)

IAC–21–C2.3.1 Page 7 of 13

175



72nd International Astronautical Congress (IAC), Dubai, United Arab Emirates, 25-29 October 2021.
Copyright © 2021 by the authors. Published by the International Astronautical Federation with permission.

The system of second order differential equations
can be written as

[J ]




θ̈
ν̈1
ν̈2



+ [D]




θ̇
ν̇1
ν̇2



+ [K]




θ
ν1
ν2



 = [F ]




u1
u2
u3



 (8)

where θ is the rotation of the hub, ν is the trans-
verse deflection and rotation of the beam at each
node. The inertia and stiffness matrices are given
by

[J ] =



Jh + 2Jθθ Jθν Jθν

Jνθ Jνν 0
Jνθ 0 Jνν


 (9)

[K] =




0 0 0
0 Kνν 0
0 0 Kνν


 (10)

[F ] =




1 1 1
0 f 0
0 0 f


 (11)

where Jh is the hub’s inertia; Jθθ, Jνθ and Jθν are
the inertia submatrices, and Kνν is the stiffness sub-
matrix [12].

5.1 Model reduction

The beam element has vertical displacements and
rotation degrees of freedom, since only the transversal
displacements are of interest, the rotation degrees of
freedom can be eliminated to speed up the modal
analysis and reduce computation time. A Guyan or
static reduction is used to reduce the model since it
is the simplest reduction method, and it works well
for this specific application since the elements in the
inertia matrix that are being eliminated are null, so
there are no errors derived from the inertia terms that
are neglected.

By applying the reduction the model goes from
N degrees of freedom to (N + 1)/2 dof, which are
related to the rotation of the hub and the vertical
displacement of the beams.

5.2 Model verification and number of elements

To verify the model and chose the number of ele-
ments for the mesh, the natural frequencies obtained
with the MATLAB model are compared to those ob-
tained in an Ansys model. The relative error between
the MATLAB model results and the Ansys simulation
has been calculated for the first four natural frequen-
cies. It was observed that the error does not decrease
when the number of elements is increased.

Frequency Ansys FEM model Error (%)

fo1 (Hz) 1.40 1.34 4.45
fo2 (Hz) 1.56 1.51 2.98

Table 3: Natural frequencies obtained with Ansys
and MATLAB, model with a hub and two panels

The selection of the number of elements for the
model is usually a compromise between model accu-
racy and computational time.

The criterion used to select the adequate number
of elements in the model is to choose the point where
the variation in the relative error of the frequencies
is small and the results have reached an asymptotic
value. With a lower number of elements there is still a
significant variation in the frequencies obtained, and
if the number of elements is increased the change in
the results will be infinitesimal and will increase com-
putational time significantly.

With the results obtained it has been decided that
20 elements per panel is an appropriate number of
elements for the model, in total there are 41 nodes
and 41 degrees of freedom after reducing the model.
Fig. 9 shows the mesh, where the blue dots represent
the nodes.

Fig. 9: Hub and panels with nodes marked in blue

5.3 Results

The first two natural frequencies of the undamped
system have been calculated and are compared to the
results obtained in Ansys in Table 3.

The values of the damping coefficients α and β
have been chosen again via a multiobjective opti-
misation using MATLAB’s function gamultiobj. It
has been set up so that there are two objective func-
tions, which are the relative error of the first and
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Frequency Test FEM model Error (%)

f1 (Hz) 1.42 1.34 5.63
f2 (Hz) 1.57 1.51 3.82

Table 4: Damped natural frequencies obtained via
testing and MATLAB model, model with a hub
and two panels

Damping ratio Test FEM model Error (%)

γ1 0.775 0.795 2.58
γ2 0.867 0.837 3.46

Table 5: Damping ratios obtained via testing and
MATLAB model, model with a hub and two pan-
els

second damping ratio. The selected values from the
Pareto front provided by MATLAB’s function are
α = 0.0423 and β = 1.293e− 3.

The first two damped natural frequencies and
damping ratios have been calculated and are com-
pared to the results obtained in the tests on 4. The
results can be observed on the tables below. The
relative error of the frequencies is not too high and
the model gives close estimates of the frequencies. It
can be seen that by optimising the values of the co-
efficients α and β the damping ratios obtained with
the model are quite close to the ones estimated via
testing.

The natural frequencies measured via testing are
higher than those obtained with the model, this
could be attributed to the fact that the piezoelectric
patches and the wires that connect them to the signal
conditioning circuit add stiffness to the system, and
their effect is not included in the model. Adding the
sensors to the finite element model or updating the
model parameters are two options that can make the
results more accurate.

As a result of the modal analysis the flexural sym-
metric and antisymmetric modes are obtained for the
model. The mode shapes can be seen in Fig. 10.

6. Control

6.1 State space form

The motion of the system, KNATTE and two pan-
els, is given by a set of second order differential equa-
tions

Fig. 10: First two modal shapes, model with a hub
and two panels

[J ]{q̈}+ [D]{q̇}+ [K]{q} = [F ]{u} (12)

where the inertia, damping and stiffness matrices
are those obtained in 5, and [F ] = {1, 0, 0, ..., 0}T . If
the state vector is written as

{x} =

{
q
q̇

}
(13)

then Eq. 12 can be rewritten as

{ẋ} =

{
q̇

−[J ]−1Dq̇ − [J ]−1Kq + [J ]−1Fu

}

=

[
0 I

−[J ]−1K −[J ]−1D

]{
q
q̇

}
+

[
0

[J ]−1F

]
u

≡ [A]{x}+ [B]{u}

(14)

The output vector is given by

{y} = [C]x (15)

where [C] corresponds to the information available
from the sensors. This information is provided by
the four piezoelectric patches on each panel and the
computer vision system which measures the attitude.

The first step before designing the controller is
checking the controllability of the system. One com-
mon method for checking the controllability of a sys-
tem of size N is to verify that the controllability ma-
trix has rank N. Since the A matrix has dimensions
of 82x82 it is necessary to calculate A81, resulting in
numerical overflow [24]. An alternative is to com-
pute the controllability staircase form with MAT-
LAB’s function ctrbf .

The control law that will be used in the next sec-
tion is a full state feedback law, and since there is
limited system information provided by the sensors
the rest of the states need to be estimated. It is
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then required to check the observability of the sys-
tem. The observability can be checked in a similar
way as the controllability by calculating the rank of
the observability matrix. The numerical overflow is-
sue is also present when calculating the observabil-
ity matrix due to the high dimensions, this is solved
by computing the observability staircase form with
MATLAB’s function obsvf .

6.2 LQG design

In this section a controller is designed to minimise
the vibration of the panels during attitude manoeu-
vres. To show why this is necessary, the impulse re-
sponse of the state space system presented in the pre-
vious section has been plotted. As can be seen on the
figure below the panels oscillate significantly until the
vibration is damped around a minute later.

Fig. 11: Impulse response of the panels

The LQG combines the LQR controller with a
Kalman filter to estimate the full state vector [24].
The LQR requires knowledge of the full state, since
the system only has knowledge of the rotation and
the information provided by the eight piezoelectric
sensors, the Kalman filter is used to estimate the full
state.

The control law is given by

{u} = −KLQR({x} − {xref}) (16)

where KLQR is the LQR gain, and {xref} is the ref-
erence state.

To calculate the LQR gain, the weighing matrices
Q and R, which penalise the state and the control
effort respectively, have been defined as design pa-
rameters via trial and error. Q has been selected as

Fig. 12: Block diagram of the LQG controller on
Simulink

an identity matrix of size 122 where the first diagonal
element, which relates to the hub’s rotation has been
set to 10e4, the diagonal elements corresponding to
the displacement of the panels have been set to 10e4,
and the rest of the diagonal elements have a value
of 1. This means that the displacement of the pan-
els and the spacecraft attitude are equally penalised.
The R matrix has dimensions of 1x1 and has been set
to 10e5. The gain matrix has been calculated using
MATLAB’s function lqr as KLQR = lqr(A,B,Q,R).

The Kalman filter gain is also calculated with
MATLAB as Kf = lqr(A′, C ′, Qk, Rk)′ [25]. Where
Qk and Rk are the process and measurement noise
covariance matrices. The sensor noise has been esti-
mated analysing the noise on the tests performed in
4. The standard deviation of the sensors has been
calculated and their variance is given by σ2. The
measurement noise covariance matrix is an identity
matrix where the diagonal elements are the variances
of the sensors. The process noise has been set as
a tuning parameter for the Kalman filter and is as-
sumed to have a 1 % standard deviation.

6.3 Simulations

In this section an orientation manoeuvre using the
controller designed in the previous section is simu-
lated with Simulink. In the simulation the systems
starts from a 0◦ orientation and no displacement of
the panels and moves toward a 20◦ orientation of
KNATTE. The simulation has been performed on
Simulink for 30 s.

The change in attitude of KNATTE can be seen
in Fig. 13. Starting at 0◦ the controller acts quickly
and the spacecraft reaches the desired orientation in
about 5 s.
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Fig. 14 shows the displacement of the panels dur-
ing the simulation. The panels start oscillating when
the torque is applied but they return shortly to their
equilibrium position with minimal displacement. The
displacement is shown for both panels at the nodes
where the piezoelectric sensors are placed. Compared
to the impulse response of the system in Fig. 11, the
vibration amplitude of the panels is two orders of
magnitude lower and it is damped in a significantly
lower time.

Fig. 13: Simulation of KNATTE’s attitude change

Fig. 14: Simulation of the displacement of the panels
during the manoeuvre

For the simulations that have been performed on
this chapter the state vector contained the attitude
of KNATTE and displacements of the panels. In re-
ality what the piezoelectric sensors measure is the
strain, not the displacement. To simplify the simula-
tions it has been assumed that the information given
by the sensors is the displacement. In real applica-
tions it would be necessary to transform the strain
to displacement or use other methods that measure
displacement such as a camera [7] [26].

7. Conclusion

This paper attempts to create a base upon which
problems relating to flexible spacecraft control can
be studied. To this aim, a set of solar panel struc-
tures that replicate real solar panels has been de-
signed and manufactured. These solar panels have
been mounted on the frictionless vehicle KNATTE
and the system has been tested on different condi-
tions. Eight piezoelectric sensors have been bonded
to the panels and have been used to experimentally
determine the modal properties of the KNATTE-
panels system. A signal conditioning circuit has been
successfully developed to adequate the output signal
of the sensors and made it appropriate for the data
acquisition device. A mathematical model of the sys-
tem has been derived by applying the FEM model
provided by Kim et al. [1] for a hub with one flexible
appendage to a system consisting of a hub and two
flexible appendages, and implemented in MATLAB.
The results obtained with the model have been com-
pared to the ones obtained through testing. It has
been shown that the natural frequencies and damp-
ing factors of the model match very closely those ob-
tained via testing. This FEM model has been used
to design a LQG controller, simulations have been
performed, showing that the controller is capable of
estimating the full state of the system from the in-
formation provided by the piezoelectric sensors and
the camera, and it reduces the vibration of the panels
during attitude manoeuvres.

Future work may entail improving the experi-
mental estimation of modal parameters, refining the
mathematical model, and trying different control
strategies. The finite element model can be improved
by can be improved by performing a model update
and the effect of the sensors can be added. This
is tied to the quality of the measured data and the
modal analysis technique used, to successfully update
the model it is important that the experimental re-
sults are accurate. Other OMA techniques can be
tried to improve the estimation of the modal param-
eters, such as the Frequency Domain Decomposition
(FDD) and Extended Frequency Domain Decompo-
sition (EFDD). For the controller, the next step is
to perform experiments where the controller can be
tested on the frictionless table. This will allow its
verification and refinement.
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