POLITECNICO DI MILANO

SCHOOL OF INDUSTRIAL AND INFORMATION ENGINEERING
DEPARTMENT OF AEROSPACE SCIENCE AND TECHNOLOGY

Master of Science in
SPACE ENGINEERING

Enhancing smallsats lifecycle management
by Model-Based Systems Engineering and
Decision-Making techniques merging

Supervisor:

Prof. Michele Lavagna
Author:

Paolo Minacapilli
914961

ACADEMIC YEAR 2020-2021






Abstract

Traditional Systems Engineering approaches highlight some bottlenecks whenever dealing
with information exchange among stakeholders, typically producing a large number of
documents, difficult to trace and to keep harmonized. This is particularly true for space
projects, which entail very complex systems conceivement, design, integration and oper-
ation by a number of different players who grow with mission complexity. Model-Based
System Engineering (MBSE) is intended to facilitate these activities, providing a common
source of truth to the system engineering ecosystem, improving its efficiency and quality

by developing a model that evolves along the entire product lifecycle.

This thesis applies an MBSE methodology to the Phase A of the European Space
Agency e.Inspector CubeSat mission for all Systems Engineering practices: from the
high-level mission objectives definition, through an articulated internal system functional
analysis, down to physical architecture and interface engineering, up to mission phases
and system modes modeling and concept of operations. Every step is harmonized with re-
quirements definition within the model and their traceability. The approach also proposes
the ATV/AIT plan modeling, to be exploited during the operative system development
activities. The study is conducted according to the ARCADIA method and adopting the
Capella tool, being very effective in mastering different engineering levels with coherence

and with an iterative information refinement.

MBSE lacks intelligent support that could strongly help in addressing the most suit-
able system architecture in line with the high-level mission requirements, speeding up the
alternatives selection process. This would be particularly useful during the preliminary
design phases, in which the almost infinite design choices are skimmed by the only sys-
tems engineers knowledge, who may miss some solutions. A newly approach conceived to
make up for this lack is also presented in this thesis, in the form of a decision-making tool
prototype, which implements a tailored algorithm that correlates a set of functionalities
with a set of available technologies, proposing one or more architectures that are coher-
ent with what the engineers expect from the system behaviour. Such tool is interfaced
with the previous MBSE environment, providing as output the modeled elements of the

proposed architecture too and a first grid requirements.

Keywords: MBSE, Model-Based Systems Engineering, Small Satellites, Systems En-
gineering, Decision-Making Methods, CubeSats.
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Sommario

Gli approcci tradizionali di ingegneria dei sistemi evidenziano delle difficolta nello scam-
bio di informazioni tra le parti interessate, con una tipica produzione di una grande quan-
tita di documenti difficili da tracciare e tenere armonizzati. Cio si verifica in particolare
nei progetti spaziali, in cui sistemi molto complessi vengono concepiti, progettati, inte-
grati ed operati da un numero di figure coinvolte che aumentano con la complessita della
missione. Per facilitare queste attivita si puo fare riferimento agli approcci Model-Based
Systems Engineering (MBSE), che aumentano 'efficienza e la qualita dello scambio di
informazioni, all’interno dell’ecosistema di ingegneria dei sistemi, sviluppando un modello

che si evolve lungo l'intero corso di vita del sistema da realizzare.

Questa tesi applica una metodologia MBSE alla Fase A della missione CubeSat e.Inspector
dell’Agenzia Spaziale Europea, per tutte le pratiche di ingegneria dei sistemi: dalla
definizione degli obiettivi principali di missione, passando attraverso una articolata analisi
funzionale interna di sistema, fino alla architettura fisica ed alla ingegneria delle interfacce,
concludendo con la modellazione delle fasi di missione, i modi di sistema e la sequenza di
operazioni del satellite. Ogni passo e armonizzato tramite la definizione, all’interno del
modello, dei requisiti e dalla loro tracciabilita. L’approccio propone anche la modellazione
del piano di AIV/AIT, da utilizzare durante le attivita operative di sviluppo del sistema.
Lo studio ¢ condotto utilizzando il metodo ARCADIA ed il software Capella, che risulta
essere molto efficace nel padroneggiare i diversi livelli di ingegneria in modo coerente e

con un raffinamento iterativo delle informazioni.

MBSE manca di un supporto decisionale intelligente che potrebbe aiutare fortemente
nell’identificare I’architettura di sistema che pit si addice ai requisiti principali di missione,
con una conseguente accelerazione nel processo di selezione delle alternative. Cio sarebbe
particolarmente utile durante le fasi preliminari di progettazione, in cui le scelte pro-
gettuali pressoché infinite vengono scremate dalle sole conoscenze dei sistemisti, ai quali
possono sfuggire alcune soluzioni. In questa tesi viene anche presentato un nuovo approc-
cio concepito per sopperire a questa mancanza, proponendo un prototipo di strumento
decisionale che implementa un algoritmo su misura per la correlazione di un insieme di
funzionalita con un insieme di tecnologie disponibili, proponendo una o piu architetture
coerenti con cio che gli ingegneri si aspettano dal sistema. Tale strumento si interfac-
cia con il precedente ambiente MBSE, fornendo in output anche gli elementi modellati
dell’architettura proposta ed una prima griglia di requisiti.

Keywords: MBSE, Model-Based Systems Engineering, Piccoli Satelliti, Ingegneria dei
Sistemi, Metodi Decisionali, CubeSats.
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Chapter 1

Introduction

The whole is more than the sum of its parts.

Avristotle

The purpose of this chapter is to introduce the reader to the vast discipline of Systems
Engineering, with emphasis on space systems. The aim is not to provide a thoroughly
description of all systems engineering practices, as it would not be possible to do in a
few pages, but to highlight some key features of this broad eld of knowledge, in order
to better catch the context of applicability of the thesis. A discussion on Model-Based
Systems Engineering follows, in order to de ne the open points found in literature to
which the thesis aims to provide an answer. Lastly, the work outline is introduced.

1.1 Space Systems Engineering Background

Space Industry is a very dynamic and challenging environment in which the most (appar-
ently) inhomogeneous companies concur and collaborate toward a shared objective, that
is to furnish a certain kind of product/service. The word inhomogeneous refers to the
great variety of disciplines that a space item asks for its realization, be it a satellite, a
launcher or whatever complex system intended as a combination of elements that provide
a capability not attainable by single parts alone. Dealing with such complexity has forced
organizations to formalize the concepts related to the design, testing and operation of
systems, leading to the de nition of the Systems Engineering discipline.

The modern origins of Systems Engineering can be traced to the 1930's [30] and the
roots of its formalization date back to 1962, when Arthur David Hall de ned it in A
Methodology for Systems Engineerinf29] as a process with ve phases [33]:

1. Perform system studies (program planning);

2. De ne the problem de nition, select the objectives, perform systems analysis, select
the best system;



Chapter 1. Introduction

3. Repeat phase 2 in more detail (development planning);
4. Develop parts of the system, integrate and test them;

5. Operate the system (current engineering).

Such list is quite in line with current SE practices, which refer to the international
standard ISO/IEC 15288 introduced in 2002, when the systems engineering discipline
was o cially recognized as thepreferred mechanismto establish a collaborative environ-
ment between acquirers and suppliers in the realization of a product/service [30]. Many
de nitions of SE followed that date, some of which are here provided with a focus on
those coming from space agencies:

" \Systems engineering is an interdisciplinary approach and means to enable the re-
alization of successful systems" International Council on Systems Engineering
(INCOSE) [30].

A~

\Systems engineering is a methodical, multi-disciplinary approach for the design,
realization, technical management, operations, and retirement of a systemNASA
Systems Engineering Handbool36].

\System engineering is an interdisciplinary approach governing the total technical
e ort to transform requirements into a system solution" - ESA ECSS-E-ST-10C
Rev.1 [65].

In other words, systems engineering is the process which ensures that the customer's
needs are satis ed throughout the entire product life cycle; to accomplish this task, sys-
tems engineers require an holistic knowledge of all the involved technical disciplines used
to de ne requirements, evaluate design tradeo s, analyse technical risks and many oth-
ers, at the same time being able to manage the project, de ned as a temporary endeavors
undertaken to create a unique product or service [35], providing programmatic, cost and
schedule inputs. The way SE supports the development and realization of end products
is summarized in Figure 1.1.

Concerning space projects, their life cycle is typically divided into 7 phases, here pre-
sented according to the ESA standards ECSS-E-ST-10C Rev.1 [65]:

" Phase 0 - Mission analysis/needs identi cation: understand customer needs, propose
possible mission/system concepts, draft system-level requirements.

A~

Phase A - Feasibility: nalize the expression of the needs, propose system solutions
to meet the customer expectations.

" Phase B - Preliminary De nition: preliminary de ne the system solution, demon-
strate that the solution meets the technical requirements according to the schedule,
the target cost and the customer requirements.

2



1.1. Space Systems Engineering Background

Figure 1.1: The systems engineering engine [36]

Phase C - Detailed De nition: establish the system detailed de nition.

Phase D - Quali cation and Production: nalizes the development of the system by
guali cation and acceptance, nalize the preparation for operations and utilization.

Phase E {Utilization: supports the launch campaign, supports the entity in charge
of the operations, provide documents in support to anomaly investigations and
resolutions.

Phase F { Disposal: supports the entity in charge of the disposal to safely dispose
all products launched into space as well as ground segment.

Each phase includes end milestones in the form of project reviews, the outcome of which
determines readiness of the project to move forward to the successive phase, as shown in
Figure 1.2.

The need of an e ective approach to manage SE practices across life cycle stages led to
the creation of di erent models in the last decades, mostly inherited from software devel-
opment procedures, which are applied depending on the kind of product to be realized.
A brief description of the most popular ones is here reported:

" Waterfall (1970) [56]: sequential process owing downwards through all the required
stages. For projects in which requirements are well understood from the beginning
and not likely to change during the execution of a project.

3
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(a) ESA Project Phases and Reviews (b) ESA V-Model

Figure 1.2: ESA Project Lifecycle [66]

A

Spiral (1986) [9]: it is actually a class of incremental and iterative methods, useful
when requirements are unclear or uncertain at the start of a project. If the design
Is acceptable, additional level of detail is developed; if not, the process iterates up
to the obtainment of a design that better matches stakeholder needs.

V-model (1991) [26]: the design evolves over time from stakeholder requirements,
to the system concept and nally, the elements of design (left branch of the V, top-
down). The integration and testing activities follow in the right branch of the V
(bottom-up). This method is sequential, however it allows iteration and recursion
since the two branches of the V are linked by means of veri cation and validation
bridges (Figure 1.3).

Figure 1.3: V-Model [25]

The most widely accepted approach is the V-Model, as it embeds the transformation
of broad mission objectives into quanti able design parameters constantly assessing the

4
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user expectations. To this aimrequirementsrepresent a key concept and pillars of SE,

as they allow to de ne formally, correctly and in a quanti able way the expected needs of
the nal users. A better characterization of requirements, with particular focus on space-
related ones, is reported in Section 3.2.1. Requirements must be continuously critically
assessed as they play the role of driving the engineering process and they are used to
verify and validate whether the designed system will meet the customer's actual needs.
Veri cation is the determination that each element of the system meets the requirements
of a documented speci cation; it ensures you are building the system right/alidation is

the determination that the entire system meets the high level objectives; it ensures you
are building the right system.

As products are steadily growing in complexity, physical and functional connections
between components are becoming increasingly important, implying an overall increased
probability of committing errors. A direct consequence is the centrality ofisk manage-
ment within projects in order to reduce the probability of late design changes. As the
project proceeds, costs to make corrective actions increase, therefore one of the primary
goals of systems engineers is to avoid late modi cations which may drastically impact the
project in terms of costs, and consequently time. This concept is presented in Figure 1.4,
where the actual life cycle costs (green rectangles) are reported together with foreseen
costs (committed costs curve). The blue arrow indicates that errors are less expensive to
remove early in the life cycle [30].

Figure 1.4: Life cycle costs against time [60]

It is then fundamental to verify, even in early design phases, the adequacy of the so-
lution in relation to the needs and constraints, reducing the risk of re-evaluating the
architecture in advanced development phases. To do that, information should be ex-
changed in the easiest way among engineers and shared with stakeholders. This is often
not so trivial in large projects, as all the SE practices currently rely on a complex ex-
change of written documents, which are prone to inconsistencies and inherently su er of
problems related to the timeliness of information [44]. In particular, space systems ex-
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hibit a wide number of subsystems interactions, involving a lot of expertise coming from
di erent domains, therefore the enormous quantity of exchanged information and data
requires a method and a \place" where to orchestrate the systems engineering practices
and guarantee the traceability between the problem statement, the solution de nition and
the system veri cation/validation. To cope with such aspects, Model-Based Systems En-
gineering approaches provide a better quality interactions among engineers and with the
involved stakeholders, facilitating the early recognition of errors and supporting complex
systems management, as discussed in the next section.

1.2 Towards MBSE for Small Satellites Design

1.2.1 Small Satellites Design Context

Over the last decades the space sector is experiencing a fast growing thanks to the ad-
vancements in miniaturization of electronics, that allow the development of smaller plat-
forms if compared to traditional ones. This ts into the space economy context, in which
small platforms such as CubeSats are acquiring a signi cant importance due to their re-
duced mass, volume and consequently cost, the latter being one of the largest barriers to
satellites development. Such revolutionary design philosophy is making small satellites a
success story, con rmed by the diagram in Figure 1.5 which shows the total number of
small satellites launched in the last two decades.

Figure 1.5: CubeSats launches trend in the last two decades [43]

Originally, the CubeSat standard was created by Stanford and California Polytechnic
State Universities in 1999, specifying that a standard 1U unit is a 10 cm cube [52] with
a mass of up to 2 kg [62]. Such standard is maintained whenever di erent form factors
are needed, with con gurations that can be made of several units. The original intention
of CubeSats was to provide an educational experience to university students, allowing
them to develop a real space project with a ordable costs. However, the low cost, low
development time, and the di usion of commercial-o -the-shelf (COTS) components con-
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tributed to a recent awareness spread among the space community, that is recognizing
the value of such miniaturized platforms for a wide variety of mission scenarios: Earth
remote sensing, telecommunications, astronomy, technology-demonstrator [13]. Nowdays,
most of CubeSats missions are directed toward low Earth orbits (LEO), however in the
last years a remarkable interest toward their exploitment for deep space exploration is
being born, as in the case of the NASA's Mars Cube One (MarCO) mission launched on 5
May 2018 and headed for Mars [61]. Brand new missions are under development at ESA
too (Hera, LUCE, M-ARGO and others), which are all going to write a new chapter in
the solar system exploration using small platforms [77].

It is clear that the reduced costs and the miniaturization do not imply a reduced
complexity, therefore it is important to not underestimate the engineering e ort required
in the design of small spacecrafts, particularly challenging due to their limited resources
which have to cope at the same time with the inherent complexity of a space system.
From the systems engineering methodology point of view, small satellites still rely on
document-based approaches inherited from the traditional space industry. Without an
alignment between emergent technologies and SE approaches, the risk is to postpone the
further advancement of small satellites. In this framework, the steadily increasing use of
Model-Based Systems Engineering in the space community perfectly matches the need
of having a more clear and consistent way of doing systems engineering, improving the
overall e ciency within organizations in order to better ride the wave of the incoming
space exploration challenges, which ask for shorter design cycles and above all the need
of an excellent understanding of customers' aspirations and goals [75].

1.2.2 Literature Review of MBSE Applied to Space Missions

Several developments in the last decades have signi cantly pushed forward the adop-
tion and deployment of MBSE solutions in space programs [22], in order to streamline
their systems engineering process, which ask for an increased e ciency in the design,
development, deployment and veri cation. An example is the Model Based For System
Engineering (MB4SE) initiative [48], a platform promoted by ESA where technical discus-
sions about the deployment of MBSE in space projects take place. A literature research
has been conducted for this work to assess the level of advancement of MBSE practices
for space missions, not only CubeSat ones, with the aim of understanding lessons learned
and open works.

The benets of MBSE is being demonstrated across programs, such as the NASA
Europa Clipper currently in Phase C, which demonstrated higher level thinking among
engineers, improved access to information for new team members, saved time, prevented
errors and minimized drudge work [8]. In ESA, an MBSE approach to the e.Deorbit
mission for its Phase A to Phase Bl [57] was tested to assess the bene ts and the impli-
cations with respect to the work of three contractors (Airbus Defence and Space, OHB
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and Thales Alenia Space), who adopted their own methodology and tools [24]. The work
was e ective in maintaining the system complexity providing a holistic and collaborative
view of the project; the application of MBSE represented a signi cant increase in the
usage of SE practices with respect to previous ESA missions [23]. However the activity
showed a limited success in performing reviews using models due to the lack of knowledge
of non-practitioners who were not comfortable with the articulated diagrams [44]; the key
lesson learned was then to provide tailored views of the models for people who want to
judge the engineering work in speci ¢ domains.

The Euclid mission is the rst ESA's attempt to apply a complete MBSE concept for
a major project [4], as the sophisticated spacecraft to be launched in 2022 will study the
geometry of the Universe by measuring the dark matter and dark energy distribution.
Among the lessons learned there is a net benet in terms of completeness of veri cation
by full coverage check of requirements and a successful exploitation of model for mission
reviews purposes, with a simpler identi cation of all interfaces and a coherent view of
functions and allocation [44]. However the group also highlighted a delayed return-on-
investment due to absence of a modeling background among engineers and managers,
who still often rejected the concept. This was actually something expected since the
Euclid mission started the adoption of MBSE during Phase B1, while it is important to
smoothly introduce the community to MBSE starting from early phases and at the same
time identifying the correct level of modeling details to avoid overload. The ESA PLANn-
etary Transit and Oscillations (PLATO) mission is also adopting a similar approach to
Euclid, using as guidelines the numerous lessons learned. The work done by Chhaniyara
et al. applied MBSE to space robotics systems [15], highlighting the need of MBSE for
such complex project but also the necessity of having some modeling guidelines for large
projects, not provided by the System Modeling Language (SysML).

Concerning CubeSats, the literature research performed for this thesis ran into a con-
siderable work conducted by the Space Systems Working Group (SSWG) lead by David
Kaslow and established by the INCOSE, with the purpose of promoting systems engi-
neering principles and techniques, in particular model-based ones [34]. One of the main
outputs obtained between 2012 and 2018 is the CubeSat Reference Model [38], a set of
more than fteen papers with the scope of proving the applicability of MBSE practices
for designing CubeSats. The rst phase of the project consisted in the application of
an MBSE approach to a 3U CubeSat mission called RAX (Radio Aurora Explorer) [67,
68], demonstrating the applicability of MBSE for space missions. An integrated modeling
approach was also proved in the second phase of the project bridging the MBSE model
with ModelCenter, allowing to perform engineering analysis and simulations [39]. In the
third and last phase the working group developed a CubeSat Enterprise model to capture
cost and product life cycle aspects [5, 37].

Another MBSE study in support of nano-satellites development can be consulted in
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[28], where the DelFFi mission of the Delft University of Technology has been used as
case study. The study focused on requirements development in an MBSE environment,
which revealed to be very e ective for their traceability, and in the development of a
collaborative workspace with proper construction of Simulink models to verify the design
and to link MBSE with the onboard software, increasing the quality of the product.

Lastly, it is worth mentioning the application of MBSE for the AeroCube-10 mission
developed by the Aerospace Corporation of EI Segundo, composed by two 1.5U CubeSats
to demonstrate satellite-to-satellite pointing operations and other technologies [17]. The
whole life cycle has been explored using MBSE in order to cope with the mission com-
plexity: requirements, concept of operations, veri cation activities, physical architecture
and system-level analyses were modeled to provide the team a single source of truth. The
team assessed that modeling forces conversations among engineers helping to early de-
tect design errors; re-usability of model elements allowed to save time in future projects;
the interfaces description was at a di erent level with respect to static document-centric
approach; sudden changes of mission requirements were quickly captured [16].

1.3 Thesis Motivation and Objectives

Downstream the presented literature research it is possible to state that almost all projects
bene t from model-based approaches. However, there is still a sort of repulsion by engi-
neers who feel comfortable with text-based procedures, successful over the years. Also, the
apparent complexity of models and languages discourages the community. As it is recog-
nized the need of collecting more demonstrative applications of MBSE to small satellites
design, given their fast growing in the space sector, this thesis work provides a complete
modeling of a complex CubeSat mission in order to investigate which are the bene ts in
implementing MBSE for the whole life cycle of space systems and to address key engineer-
ing issues related to the approach. In order to demonstrate MBSE potential and gaps, the
study passes through all the design phases, from high-level mission objectives de nition
and requirements modeling to functional analysis, physical architecture and interface en-
gineering, concept of operations and modes de nition, ending up with a newly approach
for embedding AIV/AIT plan into the model. A real CubeSat development scenario is
engaged to build the approach, namely the ESA e.Inspector mission, for which the study
will serve as basis in future mission phases.

It is recalled that MBSE does not automate the design of a system, but represents a
support to systems engineering practices which still have to be practiced by engineers.
When a space mission is conceived, a large number of variables have to be faced by
systems engineers who have to perform accurate subsystems sizing and consequent device
selection in order to accomplish the mission objectives. In Phase 0/A, an elevated number
of feasible architectures has to be reduced to no more than two consistent solutions. To
do that, ESA performs such assessment studies in the Concurrent Design Facility (Figure
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1.6), a place where a group of experts from several disciplines work together using a
variety of sophisticated tools to assess new missions feasibility ensuring consistent and
high-quality results in a much shorter time with respect to a sequential or centralised

approach (before CDF a pre-phase A lasted 6-9 months and up to few weeks nowdays

[7D.

Figure 1.6: Layout of the ESA/ESTEC Concurrent Design Facility [7]

Concurrent engineering therefore deals with an important branch of SE, that is Decision
Analysis, comprehensively described in [36] and de ned as the \framework within which
analyses of diverse types are applied to the formulation and characterization of decision
alternatives that best implement the decision-maker's priorities”. It is not so straight-
forward to skim the almost in nite design choices and decisions just relying on systems
engineers knowledge, since such human brain-based method can miss innovative and still
feasible solutions. Therefore, this thesis work also presents a newly approach conceived
to extend the space engineers capabilities by developing a tailored decision-making tool
that correlates a set of functionalities with a set of available technologies, proposing one
or more architectures that are coherent with what the engineers expect from the system
behaviour. The purpose is to assess the feasibility and the functioning of the developed
algorithm in its preliminary prototype version, de ning a virtual limited warehouse of
small satellites technologies/components, which need less customization with respect to
bigger spacecrafts, that can be automatically selected by the tool in order to obtain an ar-
chitecture compliant with users needs. If used as support for an MBSE methodology, such
as ARCADIA, the tool can overcome one of MBSE limits, that is the lack of intelligent
capabilities which can accompany the modeler, enhancing the overall solution.

10
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1.4 Thesis Outline

The thesis is organized into 5 chaptersChapter 1 introduces the systems engineering
discipline and small satellites design context, presents a literature review of MBSE applied
to space missions and de nes the scope of the study. Ghapter 2 an overview of MBSE
languages, tools and methodologies is assessed, followed by a description of those adopted
for this work. In Chapter 3 an application of MBSE to a real CubeSat mission is
presented in details, responding to the rst thesis objectiveChapter 4 illustrates the
method and the algorithms behind the decision-making tool, followed by some simulations
to validate it, responding to the second objective of the thesis. The conclusions to the
research work are presented ihapter 5 , together with limitations of the study and
future developments. Additionally, Appendix A adds some other diagrams related to
the MBSE case study and\ppendix B reports the algorithms and some tables developed
for the decision-making tool.

11



Chapter 1.

Introduction

12



Chapter 2

Model-Based Systems Engineering
Concepts

All models are wrong, but some are useful

George E. P. Box

In Section 1.2, some key principles of model-based systems engineering have been in-
troduced. The purpose of this chapter is to de ne what MBSE is, its bene ts and limits,
and to present a state of the art review of the ingredients needed to formally apply it,
selecting some of them to conduct the case study of Chapter 3.

2.1 What is MBSE?

Model-based engineering has been a topic of discussion for over twenty years, when the
document-based SE approach disclosed its limits in terms of waste of time in writing
and in consulting them. The need of a more direct source of information was already
highlighted by the engineering community in late 1990s, however rst MBSE approaches
started to become popular in 2007, when the INCOSE published tl&ystems Engineer-
ing Vision 2020 de ning MBSE as \the formalized application of modeling to support
system requirements, design, analysis, veri cation and validation activities beginning in
the conceptual design phase and continuing throughout development and later life cycle
phases" [71], with the main goal of increasing the productivity by minimizing the unneces-
sary manual transcription of concepts and having a single \source of truth" in large teams.

As discussed in Section 1.1, systems engineering is matter of iterative process between
stakeholders and engineers until the design speci cation is matured. Figure 2.1 illustrates
the continuous looping between systems engineering activities, call& process When
all such activities are spread across written documents in a paper-based approach, the
following issues arise:

" Information Management in a document-based approach the information is mostly
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textual and an immediate drawback is the waste of time related to documents writ-

ing. As documents are written by a number of people that increase with the project
complexity, it often happens to have a repeated information in multiple documents

which are loosely coupled. Such an approach is prone to misinterpretation as it
depends on the \writer's pen”, causing a further non-optimal use of time and team

e ort. The organization of reviews with stakeholders involvement also relies on

lengthy procedures based of multiple documents exchange with an inherent di -

culty of information traceability.

Requirements Traceability the main cause of failure in projects stays on require-
ments unclearness. Textual requirements are often di cult to interpret since they
may appear as stand-alone sentences without a clear link to the system design
guantities and qualities, with the consequent risk of generating ambiguities both
internally to an organization and with respect to stakeholders.

Design Changes current practices foresee a consistent manual work to process a
change of the design, even during early design phases. It is indeed required to
span across multiple documents to ensure end-to-end traceability and consistency,
slowing down the project being such activities time-consuming.

Figure 2.1: The Input-Output iterative SE process [81]

All the listed di culties, merged with the current wave of digitalization which asks
for an improved representation of systems development in order to optimize the overall
product life cycle, provide an interesting research thread that can be identi ed with the
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di usion of Model-Based Systems Engineering. The very rst advantage of MBSE is that
the information is both visual and textual since it is contained in anode| de ned in [27]

as \a representation of one or more concepts that may be realized in the physical world"
or \an abstraction of a system, aimed at understanding, communicating, explaining, or
designing aspects of interest of that system™ in [18]. MBSE is then about elevating mod-
els in the engineering process to a central role, to ensure speci cation completeness and
consistency, traceability of requirements and design choices, reuse of design patterns and
speci cations which positively impact successive projects, and a shared understanding of
the designs among users and designers [4].

Actually, all systems engineering has always been model-based; what changes with
MBSE is the shift of the models repository from the lead engineers minds, who try to
communicate it in order to align the team and ensure a shared understanding, to a
digital representation accessible by any member of the working group. As the model
becomes the single source of truth across multiple domains of an organization and with
stakeholders, the information becomes unambiguous, accessible and intuitive, with a direct
improved design team communication throughout the whole life cycle and a consequent
improved product quality. A change in the design can be managed more easily with
respect to a classical approach, due to the relationships across model elements such as
requirements, functionalities, components etc. which de ne traceability paths and also
allow early detection of errors. Figure 2.2 shows a comparison of system life cycle costs
between traditional SE and MBSE approaches, highlighting that the main investment
in MBSE is related to the infrastructure building and training of the personnel about
the modeling language, the method and the adopted tool. These are actually the main
cultural roadblocks that still prevent from a widespread awareness of how MBSE can
enhance the SE practices.

Figure 2.2: MBSE factors related to investments and gains [45]
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2.2 MBSE Ingredients

Traditional systems engineering focuses on creating and managing documentation about
a system among the engineering teams and the stakeholders. In MBSE a central system
model is used to develop, manage and control relevant systems engineering information
(Figure 2.3).

Figure 2.3: Document-based VS Model-Based information exchange. Credit: ESA

MBSE is not just a matter of doing diagrams to represent results, but it represents a
support to systems engineering activities through modeling. Therefore, it requires a clear
methodology which is a collection of related processes, methods, and tools [47], de ne as
follows:

" A Processis a logical sequence of tasks performed to achieve a particular objective.
A process de nes \what" is to be done, without specifyinghow each task is per-
formed. The structure of a process provides several levels of aggregation to allow
analysis and de nition to be done at various levels of detail to support di erent
decision-making needs [25].

A Method consists of techniques for performing a task, in other words, it de nes the
\how" of each task. At any level, process tasks are performed using methods. Each
method is also a process itself, with a sequence of tasks to be performed for it. The
\how" at one level of abstraction becomes the \what" at the next lower level [25].

A Tool is an instrument that, when applied to a particular method, facilitate the
accomplishment of the tasks, provided it is applied properly and by somebody with
proper skills and training. Most tools used to support systems engineering are
computer- or software-based, which also known as Computer Aided Engineering
(CAE) tools [25].

Those listed are the key ingredients of any MBSE approach, surrounded by tik-
vironment, which consists in the external objects, conditions, or factors that in uence
the actions of an object, individual person or group [47]. Figure 2.4 shows the presented
concepts and their relations.
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Figure 2.4: The PMTE elements and interactions with technology and people [25]

The main purpose of an MBSE approach is then to be able to integrate all these
aspects, using a common terminology to clearly communicate what the model wants to
capture. Therefore, amodeling languagenust also be introduced, each one characterized
by its own syntax and semantics Syntax refers to the structure of the language and can be
abstract or concrete; the rst one is related to constructs and rules for building the model,
the second one is the set of symbols used to express the constru@emantics provide
meaning for the constructs, therefore are the meanings associated to the constructs of a
language.

2.3 MBSE State of the Art

Currently, one of the most common languages adopted in MBSE is the OMG Systems
Modelling Language (SysML), initially developed to close the communication gap between
systems engineers and software engineers [27]; its roots come from the Uni ed Modeling
Language (UML), adding some concepts and removing others. Since it is just a language
and not a methodology, it helps communicating amongst those trained with its notation
without imposing a speci ed method on the MBSE approach.

SysML o ers nine diagrams types to model a system, reported in Figure 2.5. Four of
them are focused orbehavior.

A

The Activity Diagram is used to represent system behavior through a controlled
sequence of actions that transform inputs to outputs;

The Sequence Diagranprovides representations of message based behavior. For
example, interactions between parts and the ow of control, including the time
variable;

The State Machine Diagramis used to represent the life cycle of a block in response
to event occurrences;

The Use Case Diagrams adopted to describe basic system functionalities and the
actors that invoke them.
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Other four SysML diagrams are devoted to thestructure:

A

The Block De nition Diagram displays the system hierarchy and relationships be-
tween blocks to outline the system architecture;

The Internal Block Diagram speci es the internal structure of a single block;

The Parametric Diagram supports engineering analysis as it expresses constraints
or equations that relate value properties;

The Package Diagramdisplays how the model is organized.

Lastly, the Requirement Diagramis used to build text-based requirements trees and
their relationships with other system elements. Each of the nine representations actually
shows something di erent, therefore a critical task of systems engineer is to guarantee
connectivity and coherence between the views.

Figure 2.5: SysML Diagram Types [1]

SysML is just a language and in order to be adopted it needs a tool (some examples are
IBM Rhapsody [32], No Magic's Cameo Systems Modeler [69], Enterprise Architect [70]
etc.) and, most important, a methodology behind. The most widespread MBSE method-
ologies which use SysML are the INCOSE Object-Oriented Systems Engineering Method
(OOSEM), the IBM Telelogic Harmony-SE and the IBM Rational Uni ed Process [25].

Among other most used modeling languages there is the Object Process Language
(OPL), particularly attractive since it also embeds a methodology, called Object Process
Methodology (OPM), and a dedicated tool, OPCAT [19]. The work in [14] adopts it for a
small satellite application. Other languages are Architecture Analysis & Design Language
(AADL) [74], Modelica [6] and others.

18



2.3. MBSE State of the Art

One of the lack of the above cited languages and methodologies resides in their object-
oriented nature, proved to be di cult to understand by non-software background engi-
neers, who require appropriate training with highly quali ed personnel. Focusing just on
SysML, the work done in [3] furnishes some considerations about its applicability using
the OOSEM methodology. The author highlighted SysML inability to provide constructs
that support a tight integration of a system's structural and behavioral aspects, moreover
functions have to be modeled using activities or blocks which result semantically confus-
ing and ine ective.

A newly emerging MBSE solution is the ARCADIA (ARChitecture Analysis & De-
sign Integrated Approach) methodology&language developed by Thales [72], a Domain
Speci ¢ Modeling Language (DSML) inspired by UML/SysML and NATO Architectural
Framework (NAF) standards [54]. One of the great power of ARCADIA is the tailored
open source tool, called Capella, which perfectly catches the method and the language.

With respect to SysML, ARCADIA and Capella focuses on the method, therefore sys-
tems engineers are not required to be modeling experts. Moreover, they support functional
analysis and functional ows in multiple diagrams; this is a great bene t in particular in
the context of a space mission design, where one of the pillar systems engineering practice
is the understanding of the system and subsystems from a functional viewpoint, which
then drive requirements de nition. Dedicated model elements distinguish functions from
components in Capella, while SysML uses the same blocks leading to the loss of the con-
ceptual di erence between structural element and functions [76].

A summary of the Capella bene ts, in addition to those previously mentioned, is here
reported:

it uni es the three basic ingredients of an MBSE approach: tool, language and
method;

it has been successfully deployed in a wide variety of industrial contexts [54] and
developed by a big space company;

it is open-source and equipped with a number of free add-ons, also customizable;

it is intuitive and the website is plenty of material to become acquainted with the
method and the tool.

According to the mentioned advntages, ARCADIA and Capella are selected as MBSE
solution for this work; a better presentation of their key principles is furnished in the next
section.
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2.4 The ARCADIA Method in a Nutshell

ARCADIA consists of iterative processes based on three mandatory interrelated activities
to be performed within a system design: need analysis and modeling, architecture building
and validation, requirements engineering [54]. Four di erent working levels are de ned
for the architecture process, reported in Figure 2.6 and detailed in the following sections.
Each level is modeled in Capella using as starting point the outputs coming from the level
that precedes it, thanks to the automatic transition of elements. This way, coherence is
maintained since lower level elements are realizations of upper level ones.

Figure 2.6: ARCADIA method phases [54]

2.4.1 Users Needs Understanding
Operational Analysis

The OA de nes the needs and objectives of future users of the system, far beyond sys-
tem requirements and independently of the future system to be realized. The concept
of system, indeed, does not appear in this level which instead focuses on the working
environment in which it will be designed, therefore on actors and their responsibilities.
This level can be treated as a model of the jobs of future users: what are their activities,
which roles must they ful Il and under which operational scenarios. The main concepts
encountered in this level are here listed; the de nitions are took from [55]:

" Operational Capability. capability of an organization to provide a high level service
leading to an operational objective being reached;

" Operational Entity: entity belonging to the real world (organization, existing sys-
tem, etc.) whose role is to interact with the system being studied or with its users;
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Operational Actor: particular case of a (human) non-decomposable Operational
Entity;

Operational Activity (orange colored): process step carried out in order to reach
a precise objective by an Operational Entity, which might need to use the future
system in order to do so;

Operational Interaction: exchange of information or of unidirectional matter be-
tween Operational Activities;

Operational Process series of activities and of interactions that contribute toward
an Operational Capability;

Operational Scenario scenario that describes the behavior of Entities and and/or
Operational Activities in the context of an Operational Capability. It is commonly
represented as a sequence diagram, with the vertical axis representing time.

The most adopted operational diagrams within this work are the Operational Capabil-
ities Blank, Operational Activity Scenario and Operational Architecture Blank diagrams.
Figure 2.7 shows how OA concepts are interconnected.

Figure 2.7: Concepts and relations concerning the Operational Analysis [75]

System Analysis

Also called Functional & Non Functional Need analysis, this level introduces the concept
of system and de nes how it can satisfy the former operational needs. This process helps
to determine the functions that are needed by the system, in terms of what it has to do and
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not how, being compliant with non-functional properties asked for. A capability trade-
0 analysis takes place here and system requirements are consolidated. First functional
interfaces with the Entities introduced in the OA are also modeled. The main concepts
encountered in this level are here listed [55]:

A

System organized group of elements that function as a unit (black box) and respond
to the needs of the users. The System owns Component Ports that allow it to interact
with the external Actors;

Actor (light blue colored): any element that is external to the System (human or
nonhuman) that interacts with it;

System Capability capability of the System to provide a high-level service allowing
it to carry out an operational objective;

Mission: high-level need/service which exploits System Capabilities.

Function: behavior or service provided by the System or by an Actor. A Function
owns Function Ports that allow it to communicate with the other Functions. A
Function can be split into sub-functions and are green colored;

Functional Exchange unidirectional (green colored) exchange of information or of
matter between two Functions, linking two Function Ports (green for output ports,
red for input ports);

Component Exchange connection between the System and one of its external Ac-
tors, allowing circulation of Functional Exchanges allocated to it;

Component Port Component Exchanges link the System to Actors, via Component
Ports (white squares), which can be uni- or bidirectional;

Functional Chain: element of the model that enables a speci ¢ path to be designated
among all possible paths (using certain Functions and Functional Exchanges).

ARCADIA also proposes a set of \path conditions", modeled as predetermined func-
tions, which result to be very powerful in expressing data ows. They are present at any
level from SA on and here listed (Figure 2.8 shows their graphical representation):

A

Duplicate Function transmits the same exchange to all recipients;

to specify the combination of items of several exchanges issued from di erent sources,
a Gather Function to constitute a single Exchange fusing those received from dif-
ferent sources is used;

to specify the selection of one among several potential recipientsRaute Function
IS used;

a Select Functionis de ned to specify the selection of one source among several,
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" Split Function is used to specify the broadcasting of some exchanges to each recipient
selectively.

Figure 2.8: ARCADIA Flow Control Functions

Among SA diagrams, the following ones are the mostly used: Mission Capabilities
Blank, System Data Flow Blank, System Architecture Blank, System Functional Break-
down. Figure 2.9 illustrates the connections between SA concepts.

Figure 2.9: Concepts and relations concerning the System Analysis [75]

2.4.2 Solution Architectural Design
Logical Architecture

The basic functional analysis of the SA is here articulated through an internal functional
analysis in order to understand how the system will have to work to achieve the required
performance. First architectural solutions and engineering decisions are here introduced,

23



Chapter 2. Model-Based Systems Engineering Concepts

which are unlikely to be challenged later in the development process. Several decomposi-
tions of the system into logical components is performed and each function is allocated to
one component. The output of this level is a logical solution, that is the best compromise
architecture functionally described, that responds to the needs de ned in the OA and SA.
ARCADIA proposes the following concepts [55]:

A

Logical Component(blue colored): structural element within the System, with struc-
tural Ports to interact with the other Logical Components and the external Actors.
A Logical Component can have one or more Logical Functions. It can also be
subdivided into Logical subcomponents;

Logical Actor: any element that is external to the System (human or non-human)
and that interacts with it;

Logical Function: behavior or service provided by a Logical Component or by a
Logical Actor. A Logical Function has Function Ports that allow it to communicate
with the other Logical Functions. A Logical Function can be subdivided into Logical
subfunctions;

Functional Exchange a unidirectional exchange of information or matter between
two Logical Functions, linking two Function Ports;

Component Exchangeconnection between the Logical Components and/or the Log-
ical Actors, allowing circulation of the Functional Exchanges;

Some LA diagrams used in this thesis are: Logical Architecture Blank, Logical Ex-
change Scenario, Logical Functional Chain Diagram, Logical Functional Breakdown.

Physical Architecture

Real components that will constitute the system are formalized in the PA, each one
carrying its own sub-components and functions. This level de nes the components to
be produced introducing, with respect to the LA, design decisions, rationalization and
architectural patterns. Physical interfaces are also de ned. In this level, it is important
to distinguish between two types of components [55]:

" Behavior Physical Component(blue colored): Physical Component tasked with
Physical Functions and carrying out part of the behavior of the System;

A

Node (or Implementation) Physical Component(yellow colored): Physical Com-
ponent that provides the material resources needed for one or several Behavior
Components. It represents a real component that will be integrated in the system.

All the concepts presented in the LA are also present here, therefore just the new ones
introduced in the PA are here reported:
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A

Physical Port (yellow squares): non-oriented port that belongs to an Implementation
Component (or Node). The Component Port, on the other hand, has to belong to
a Behavior Component;

Physical Link (red colored by default): non-oriented material connection between
Implementation Components (or Nodes). The Component Exchange remains a
connection between Behavior Components. A Physical Link allows one or several
Component Exchanges to take place;

Physical Path organized succession of Physical Links enabling a Component Ex-
change to go through several Implementation Components (or Nodes).

An interesting feature of Capella, applicable at any level but mostly exploited in the
PA, consists in the creation of reusable model elements, such as complete physical compo-
nents with ports, functions, etc. AReplicable Elements Collection (REC)s a de nition
of an element which can be reused in multiple contexts/models. Replica (RPL) is an
instantiation of a REC. RECs can also be packaged in external libraries, which can be
shared among several projects [54].

The most adopted PA diagrams are the Physical Architecture Blank and Physical
Exchange Scenarios.

EPBS (End Product Breakdown Structure)

This level responds to the question \What is expected from the provider of each compo-
nent?", deducing from the PA the conditions that each component must ful Il to satisfy
the architecture design constraints and limitations. As this level will not be treated for
this thesis, it is not further described here. Readers can refer to [54] for more details.

2.4.3 ARCADIA Diagrams

An overview of the main types of diagrams, also mentioned in the previous sections, with
focus on those adopted in this work, is here provided. All the de nitions are took from
[55]:
" Data Flow diagrams represent the information dependency network between Func-
tions. The Functional Chains can be represented as highlighted paths;

~ Architecture Blank diagrams their main goal is to show the allocation of Functions
to Components, as well as Functional Exchanges, Component Exchanges etc.;

~ Scenario diagrams they show the vertical sequence of the messages passed between
elements (lifelines), inspired by the UML/SysML sequence diagrams. A lifeline
(Instance Role, in Capella) is the representation of the existence of a model element
that participates in the scenario involved (i.e. Functions, Components, Actors,
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System). It has a name that re ects the name of the model element referenced and
Is represented graphically by a dotted vertical line. A Message is a unidirectional
communication item between lifelines that triggers a behavior in the receiver;

Mode and State diagrams they are graphical representations of state machines
inspired by UML/SysML. A state machine is a set of Mode/States linked together
by Transitions. A Transition describes the reaction of a structural item when an
event takes place. More details about this kind of diagrams are provided in Section
3.2.6;

Breakdown diagrams represent hierarchies of either Functions or Components at
all levels of engineering;

Capability diagrams particularly useful in Operational Analysis and System Anal-
ysis, they can highlight the relations between Missions, Capabilities and Actors in
order the catch the high level objectives of the mission/system.

Other diagrams are available in Capella, such as Class diagrams used to model data
structures and Exchange Items. As these concepts are not exploited for this thesis, the
reader can refer to [54] for more details about them.

2.4.4 The Capella Tool

Capella is an Eclipse application implementing the ARCADIA method and its method-
ological guidance through a browser which proposes all the previously mentioned diagrams
and model elements. As graphical representations of elements play a key role in commu-
nication, Capella relies on a consistent color scheme. In particular, all function-related
elements are green, and all component related elements are blue [54] (except Node Com-
ponents which are yellow colored). Customization is also admitted.

Among the most powerful and helpful capabilities of Capella, it is worth mentioning the
automatic computation of diagrams according to model elements de ned in some other
diagrams, so that the integrity, traceability and coherence are maintained; this way, model
elements are uniquely de ned and can have multiple graphical representations depending
of the diagram they appear. Furthemore, the presence dfers simpli es views in case
the user desires to visualize just a subset of elements. Many add-ons can be installed
and customized to extend the tool capabilities. These and many other properties make
Capella an ideal tool for team communication and single source of truth, reducing the
possibility of late changes by early detection of errors and anticipating problem solving.
For this work, the version 5.0 of Capella is adopted.
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Chapter 3

Case Study: e.Inspector

| paint from the top down. From the sky, then the mountains, then
the hills, then the houses, then the cattle, and then the people.

Grandma Moses

This chapter presents the extended MBSE approach developed using the ARCADIA
method and the Capella tool for the Phase-A of the e.Inspector CubeSat. A summary of
the mission is provided at rst, followed by the implementation of all systems engineering
practices in an MBSE environment. The way requirements are managed is presented
and the four ARCADIA levels are explored: Operational Analysis, System Analysis,
Logical Architecture and Physical Architecture. Then, the focus is shifted toward Modes
management, mission Phases de nition and Concept of Operations. Lastly, an approach
for AIV/AIT plan development within the tool is proposed.

3.1 The e.lnspector Mission

An overview of the e.Inspector mission is given in this section to frame the context in
which the MBSE approach is developed and tested. A detailed description of the mission
can be found in the Mission Description Document [21]; just some important aspects,
functional to the work presented in the following, are here presented. The e.Inspector
high level mission goal is to carry out a close-up visual inspection of a European space
debris, with the scope of improving the understanding of its status at the time of ight,
validating GNC sensors to be used for a next capture of the debris and to reduce risks of
future Active Debris Removal (ADR) missions. e.lnspector is &uropean Space Agency
(ESA) mission led by Politecnico di Milano for the systems engineering part, mission
analysis and relative dynamics. Two main partners contributeieonardo furnishes the
payloads andLeaf Spaceprovides the ground segment and so downlink/uplink support.
One of the rst analysis conducted for the mission has been the target selection, which
had to face two main programmatic constraints: the requirements on the image acquisi-
tion phase to be completed by 2025 and on the re-enter in Earth atmosphere within 25
years from the mission start. According to them and other criteria, several targets were
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identi ed; the VESPA upper part, proposed as baseline by ESA, is one of them. Cur-
rently, the project is at the end of the Phase A studies, having concluded the Preliminary
Requirements Review and moving into the Phase B.

In order to better catch the following analysis about systems engineering aspects man-
aged in a MBSE environment, it is important to provide a focus on the mission timeline,
which is constrained by the maximum duration of 2 years because of the incoming ADR
mission, the ClearSpace-1. The scheme in Figure 3.1 provides a high level description
of mission phases and the main requirements driving the design. During th@unch
and Early Orbit Phase (LEOP) the 12U CubeSat is activated to detumble and deploy
appendages, after which the beacon telecommunication is established and the platform
commissioning performed. As the CubeSat will exploit a piggyback launch, it will not be
released in the exact orbit of the selected target. Therefore, Taansfer Phaseis foreseen,
in which a natural drift is rstly exploited, followed by a low thrust propulsion unit to
nalize the arrival to the target orbit. Due to the high exibility and robustness required
with respect to the range of targets, a study has been performed to prove the transfer
feasibility according to the available budget (of about 300 m/s) and the di erent identi ed
launches. The core of the mission is thinspect Phase in which the relative dynamics
with respect to the target is done to acquire scienti ¢ data and match the aforementioned
mission objectives. The inspection strategy, which begins at a distance of 20 km from
the target up to 100 m, alternates some so-called Holding Orbits, in which commissioning
is performed and data are downloaded, to ballistic Inspection Orbits, where data of the
target are acquired and nominal science is performed. After some trade-o s analysis, the
selected payloads on board are two cameras, one working in the visible band and the
other one in the infrared, in order to ensure science data acquisition even in eclipse con-
ditions. Lastly, in the Dispose Phase disposal maneuver is performed and the CubeSat
is passivated after having moved in total safety away from the target. Figure 3.2 shows
the CubeSat con guration and some highlighted components, all presented within the
following MBSE approach developed for this mission.

Figure 3.1: e.Inspector mission scheme
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Figure 3.2: e.Inspector 12U CubeSat deployed con guration [21]

3.2 Model Implementation

3.2.1 Requirements Management

Current systems engineering practices, especially space related ones, reckon on require-
ments as communication means among engineers and as the main vector to ensure correct
design of the system, providing at the same time a description of the product architecture.
A requirement can be de ned as a statement that captures system functional and perfor-
mance aspects or sets constraints. Any space system is typically described by hundreds
of requirements, therefore a method to organize and easily check them shall be identi ed.

The most widespread requirement-based engineering approach adopts textual require-
ments, which are traced within system functionalities. It is often di cult to conduct such
traceability study using a document-centric approach, since jumping from a document to
another increases the possibility of generating misinterpretation events, particularly true
as the number of requirements increase due to the system complexity; it is well known that
the main cause of risk in projects is due to unclear requirements writing. The work done
in the paper by Bonnet et al. [10] proposes the concept ofodel requirementswhich are
basically model elements such as Functions, Functional Exchanges, Components, Compo-
nent Exchanges, etc. encountered in all MBSE approaches. They are conceived as \smart"
requirements which provide a well de ned information with a strict syntax and precise
semantics. However, the authors of the cited paper also recognize that textual require-
ments are still needed within a project since they better catch some aspects, sometimes in
a easier and more complete way. Therefore, the work presented in the following will also
include textual requirements, which can be linked to the mentionethodel requirements
to ease their traceability, completing each other. This section presents the way require-
ments are organized and modeled to ease the establishment of links with other model
elements. TheRequirements Viewpointadd-on is adopted since it allows to deal with
requirements in a very e ective way using Capella, as here presented. It is pointed out
that for this work a set of requirements was already available from an in-house MBSE tool
developed by the e.Inspector working group at Politecnico di Milano, the ASTRA team,
therefore they were manually imported in Capella. However, the add-on not only allows
to create new requirements in the model, but also to automatically import them from a
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Requirement Interchange Format (ReqlF), Object Management Group (OMG) Standard,
whenever available.

Each requirement is de ned by an unique identi cation code, reporting the category, the
subsystem acronym and a four-digit number, and a text which explicitly states its content.
Then, a number of properties further characterize it as a model element. Figure 3.3 reports
the list of properties, de ned for this project, as they appear in theCapella Types Folder
They include someEnumeration Data Typessuch as Importance (Mandatory/Nice to
have) and Progress Status (Rework Necessary, To Be Reviewed, etc.) andReguirement
Types (Functional, Mission, Interface etc.); the categories description is not here reported
and can be consulted in ECSS-E-ST-10-06C [64], followed as guideline for the requirements
classi cation. Another critical aspect related to requirements is their veri cation, to check
that the system is compliant with what they state. Therefore the Data TypeVeri cation
Method is introduced, having as items the veri cation methods de ned in ECSS-E-ST-10-
02 [63]: Test, Analysis, Review of Design and Inspection. Lastly, the list also reports two
Relation Types the satis es one is an incoming link used to assert that a speci ¢ model
element related to the system architecture covers an aspect of the requirement, thenes
one is an outgoing link used to establish internal relationships between requirements,
basically decomposing parents into children, such that the trees can be generated. Any
Requirement Type has a number of Enumeration Data Types, callgsttribute De nitions ,
which items can be selected using the Capeldass Editing View (Figure 3.4). To enrich
the requirements description, additional notes can be added to their property sheets.

Figure 3.3: Requirements - Capella Types Folder

Requirements are grouped into folders according to the subsystem they belong. Figure
3.5 shows this way of organizing them and Figure 3.6 presents an example of requirement.
The presented organization of requirements is a rst important plus provided by the MBSE
approach, since they are not simple sentences as in a document-based organization but
actually represent concrete model elements.

Capella does not provide a dedicated requirements diagram to build trees; however,
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Figure 3.4: Requirements - Mass Editing View

Figure 3.5: Requirements - Capella Module

Figure 3.6: Requirement Example

since they can be reported in any diagram thanks to the Capella transverse modeling, for
this work some initially empty Operational Architecture Blank diagrams are exploited to
overcome this lack. Once thee nes relations are de ned, requirements can be added to
these empty diagrams and Capella automatically generates the trees, which results to be
very intuitive to trace backwards each low level requirement, ensuring their consistency
and completeness.

Concerning the e.Inspector mission, a sort of Level O of requirements is rstly de ned,
calledGlobal Mission in which mostly high level ones are introduced. Figure 3.7 shows the
related tree, with one main parent re ned by some daughters. Once the top-level require-
ments are de ned, system and subsystems requirements are derived in order to accomplish
what the mission has to carry out, providing engineering speci cations. Therefore, each
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