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Abstract

The paper deals with the design of a space tug involved in on-orbit satellite servicing missions through a Model
Based approach. The space tug reference mission is defined in STRONG (Systems Technology and Research
National Global Operations) program, inserted in space exploration and access to space frame supported by Italian
Ministry of Research and University (MIUR). The space tug is a spacecraft able to transfer payloads from Low Earth
Orbit (LEO) to higher operational orbits, thus allowing the reduction of subsystems complexity of the target
spacecraft and a considerable optimization of its payload/platform ratio. Recently, space agencies are showing an
increasing interest in space tug systems concept for the large range of future applications. After defining the mission
architecture and Concept of Operation (ConOps), the work focuses on the application of a tool based on the
integration of Model Based System Engineering (MBSE) elements in order to achieve an effective classification,
traceability and verifiability of requirements among the various phases of the design process, combining the main
features of specific tools and software, such as portability and flexibility, and the advantages of Model Based
approach. In fact, the tool is aimed at guaranteeing an optimized data exchange among environments conceived for
requirements management, design and simulation, allowing a coherent re-use of the information collected through
specific analysis for others focused on different topics. The overall approach is based on the capabilities of the
software, such as DOORS, Rhapsody, Capella, Matlab/Simulink, to maintain traceability of requirements during the
handoff of the models, supporting requirements verification and allowing the realization of the multi-V approach.
Indeed, it is demonstrated how this accurate management simplifies the planning and execution of the verification
activities, because the requirements verification can be performed through in the loop simulation and test in any
phase of the product life cycle. The paper shows the capabilities of integrated tools chain applied to the case study.
The detail of the requirements of the space tug is provided highlighting how they derive from the mission scenario,
the mission architecture, the ConOps and the functional analysis. Moreover, the recursive process of requirements
definition and refining is properly managed, demonstrating how the proposed sequence of tools can help the
verifications phases, saving time and money.
Keywords: Space Tug, Preliminary Design, Requirement Verification.

Acronyms/Abbreviations MCC Mission Control Center
AD Activity Diagram MIUR Italian Ministry of Research and
AOCS Attitude and Orbit Control Sub- University
system MSC Mission Support Center
BDD Block Definition Diagram OBDH On-Board Data Handling
ConOps Concept of Operations P/L Payload
DRM Design Reference Mission PRIDE Programme for Reusable In-orbit
EPS Electrical Power Sub-system Demonstrator for Europe
FFBD Functional Flow Block Diagram RD Requirements Diagram
FMI Functional Mock-up Interface SAPERE Space Advanced Project Excellence
GEO Geostationary Earth Orbit in Research and Enterprise
IBD Internal Block Diagram SD Sequence Diagram
IXV Intermediate eXperimental Vehicle SMD State Machine Diagram
LEO Low Earth Orbit STRONG  Systems Technology and Research
LLO Low Lunar Orbit National Global Operations
MBSE Model Based System Engineering SysML System Modelling Language
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TCS Thermal Control Sub-system

TT&C Telemetry Tracking and Control
Sub-systems

uUcCD Use Case Diagram

UML Unified Modelling Language

VEGA Vettore Europeo di Generazione
Avanzata

1. Introduction

In past years, technological development and
political environment have played a crucial role in
space exploration history. However, while historically
access to space was mainly a government prerogative,
today the situation sees different figures. Indeed,
there are many private companies in the world
engaged in various space related fields: for example,
there are companies that offer commercial launch
services through private vectors (such as SpaceX) or
companies which offer space tourism opportunities
(such as Space Adventures). In addition, there are
also many companies involved in the design of new
aerospace devices and systems, as happens, for
example, in the huge part of the market related to
telecommunications and navigation services. A
demonstration of this increasing interest can be seen
in the amount of total financial resources applied to
the space sector in recent years: the overall amount of
financial resources related to the global space sector
in 2014 is of about 330 billion dollars [1] (see Fig. 1).
In addition, this value has seen also a significant
growing trend from the previous year (2013): the
overall expenditure in the space sector in the year
2014 is higher than the previous one of about 9% [1].

37% 13% M United States of America
(42.6 bilion of dollars)

11% ® Other governments
(36.21 billion of dollars)

uCommercial infrastructures and

companies (127.65 billion of dollars)

H Space commercial equipments and
services (123.18 hillion of dollars)

39% TOTAL: 330 billion of dollars

Fig. 1. Space sector global available financial
resources distribution in 2014 [1].

Due to this increasing interest, the space is
becoming even more crowded and the necessity to
find new technological solutions able to reduce the
number of orbital systems is even more concerning.
For this reason, in recent years, international
roadmaps draw the attention to a new space system
concept: the space tug.

The Space Tug is a particular type of space
vehicle designed as a reusable on-orbit spacecraft

IAC-16-D2.1P.11 (34331)

applied for satellite servicing, developed to be
adaptable to specific critical situations. An important
application of this kind of system is the transfer of an
on-orbit space system from LEO to higher operational
orbits. The use of this kind of system in orbital
transfer manoeuvres allows significant simplifications
in satellite design, especially considering the
propulsion system, with a consequent mass and
volume reduction of the satellite. In addition, small
launchers can be optimized to reach LEO, increasing
the mass available for the payload that is no more
supposed to reach the operative orbit through the help
of dedicated on-board systems or through launcher
stages. The only complication is in the need on the
satellite to deliver of a dedicated docking system but
solutions can be defined: for example, a standard and
modular docking platform can be foreseen for the
satellite to simplify its design. Therefore, this is not
the only application of a Space Tug able to reduce the
use of dedicated systems deployed on-orbit for a
single servicing activity (see Fig. 2). For example, a
Space Tug is an important building block in missions
related to space exploration: issues regarding the
assembly of large spacecraft can be solved using this
system [2, 3]. Also Small Satellites can benefit from
this kind of system: indeed, it is possible to consider
the use of small launcher combined to a Space Tug to
deliver out of the Earth sphere of influence Small
Satellites applied, for example, in interplanetary
missions, so designed to operate in orbit not easily
reachable by small launchers [4]. There are even
studies that suggest the use of tugs for the removal of
asteroids if there is a risk of impact with Earth [5] as
well as the debris removal on commercial orbit.

Satellite
Orbital refuelling Satellite
debries manutentive

removal actions

Space
systems on-
orbit
assembly

Satellite
control and
support

SPACE
TUG

Applications

Earth
protection
from
asteroids

Payload
orbital
transfer

Fig. 2. Generic Space Tug applications examples.

One of the very first studies related to a Space
Tug system design has been performed by NASA in
the 70s. However, its production was not followed,
mainly because the technologies available in those
years were not mature to reach the performances
required and because the design of the Space Shuttle
was a priority [6].
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Another example of study related to the design of
a Space Tug is the SHERPA system. This Space Tug
is a Spaceflight Inc. proposal for an orbital tug to be
combined with SpaceX's Falcon 9 launcher and it
could transfer small and secondary payloads to their
operative orbits [7]. This Space Tug consists of a ring
structure hosting the payloads and of a VASIMR
(Variable Specific Impulse Magnetoplasma Rocket),
theoretically capable of carrying several tons of
payloads from LEO to Low Lunar Orbit (LLO) in few
months. Particularly, it will host 5 payloads of 300 kg
each, in the current version, providing a AV of 400
m/s or 3 payloads of 300 kg each, in the version under
development, providing a AV equal to 2200 m/s [7].
SHERPA tug fly is scheduled for 2017.

Another example of study is the one output of
SAPERE project and specifically of its STRONG
sub-project that is the frame in which this activity is
performed. This project has the objectives both to
improve the national space operability in terms of
access to space and to increase the Italian industrial
capability to manufacture a Space Tug. The first
objective is reached by analysing new operational
mission concepts able to optimize the interfaces with
the most important global space assets (e.g. VEGA
launcher), through the Italian national know-how. The
second objective is reached through the identification
and development of those functions, peculiar of the
Space Tug, complementing those already investigated
in Europe and focusing for example on the validation
of the Mars enabling technologies or on Active
Debris Removal solutions. In particular, the
STRONG Space Tug is an unmanned system
deploying electric propulsion designed with the
additional possibility to retrieve on Earth significant
payload samples by means of an operative reusable
vehicle, such as for example an evolution of IXV
(Intermediate eXperimental Vehicle), Space Rider
(previously PRIDE, Programme for Reusable In-orbit
Demonstrator for Europe). In order to better describe
the design activity performed on this kind of system,
a methodology for the conceptual design has been
studied and optimized for this kind of system, before
applying it to the STRONG case study [8]. Through
this study the mission architecture and ConOps of the
STRONG tug have been analysed and characterized.
Unfortunately, the results obtained through this
previous analysis are not supported by software
related tool and, for this reason, they are not able to
achieve an effective classification, traceability and
verifiability of requirements among the various
phases of the design process even if a process was
proposed. The presented work focuses on the
application of this methodology in a tool based on the
integration of MBSE elements on the STRONG case
study, solving the previous work shortcoming. In this
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paper the advantages of Model Based approach will
be combined with the main features of specific
System Engineering tools and software (e.g.
portability and flexibility) in a proposed tool.
Examples of application of software in a Model-
Based approach can be seen in literature [9].
Particularly, in Section 2 the design of the STRONG
tug will be presented focusing on the proposed
conceptual design methodology. After this, the
proposed tool will be described (Section 3), before
applying it to the STRONG space tug design (Section
4). The main outputs of this section are to show how
the application of system engineering tool and
software in a structured methodology can drive the
design of an existing case study simplifying the
verification process. Eventually, main conclusions are
drawn (Section 5).

2. STRONG Space Tug design

2.1 Methodology and tools

The main purpose of the presented work is the
application of a conceptual design methodology in a
tool based on the integration of MBSE elements. This
application is addressed at the resolution of an
important limit in the methodology proposed in [8]:
the results obtained through this previous analysis are
not supported by software related tool, as explained in
Section 1.In this paper a tool chain designed in order
to show the main advantages of both classical System
Engineering processes and a Model Based approach
will be proposed. In particular, the proposed tool
chain shall be designed to support the typical
conceptual design process (Fig. 3) [10, 11]. In this
process the main output to be obtained is the
definition of the requirements through the
identification of the activities that such a system has
to perform to be compliant with stakeholders’ needs,
regulations and other imposed constraints as, for
example, the operative environment. The
requirements definition process is important,
considering that requirements represent the basis of
the whole system design. For this reason, their
derivation has to be part of a rational and logical
process, in order not to forget drivers or constraints in
the design that could eventually lead to unsuccessful
choices. Also for this reason, a requirements
categorization is necessary: as a matter of facts,
having all the requirements divided into categories
can reduce possible repetitions and helping their
verification. For example, the main category of top-
level requirements, i.e. mission requirements, directly
stem out from the mission statement and mission
objectives and constraints, which can provide a
description of the crucial issue of this paper study and
of the major limitations in the systems design. In
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addition, other top-level requirements, for example
programmatic requirements or constraints, are
imposed from the analysis of all the actors involved
in this project (defined as Stakeholder [12]).

Functional
analysis

Project
Management

Product sizing
and assessment

Requirements
Definition

Fig. 3. Generic scheme of the proposed process.

The first activity to be performed, before writing
down the requirements, concerns the definition of the
main objectives of the project, that, as suggested in
[12], come directly from the Mission Statement and
stakeholders’ analysis. In particular, primary Mission
Objectives and Constraints are directly derived from
the Mission Statement. On the other hand,
Stakeholders’ Analysis generates Secondary Mission
Objectives and Constraints, through the definition of
stakeholders’ needs and expectations. Certainly, the
stakeholders have first to be identified and
categorized. As proposed in [13], the stakeholders can
be classified as sponsors (i.e. people who establish
mission statement and fix constraints on schedule and
resources), operators (i.e. people in charge of
controlling and maintaining the products), end-users
(i.e. people that receive and use products and
capabilities) and customers (i.e. users who pay fees to
utilize a specific space mission’s product).

At this point, the very next step is the
identification of the main activities that the products
have to perform in order to reach the objectives and
guarantee the constraints. For this purpose, the typical
Functional Analysis tools can be employed [10]. The
main tool employed in the Functional Analysis is the
Functional Tree, a tool able to define the basic
functions (i.e. activities) that the system shall be able
to perform. Secondly, the functions have to be
mapped onto the elements able to perform them. This
process can be also performed with tools, such as the
Functions/Products Matrix: checked cells of the
matrix are used to identify connections between
functions and products, drawing the Product Tree.
Then, an important aspect to be addressed is how they
are organized and interfaced among each other: an
example of approach to this feature is the
Functional/Physical Block Diagram that is a graphical
representation of the connections among all the
products at each level of detail. In addition, this tool
shows also the direction and the type of required
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interfaces between products (e.g. data exchange or
mechanical connection). In addition, also Functional
Flow Block Diagrams (FFDB), which is a particular
kind of tool that gives further information about
timing and functional logical sequences, are adopted
very often [10]. Being related to functions and not to
products, this kind of tool shows what has to happen
in the system without referring to physical solutions.
On the contrary, a way to show the physical solutions
that can be applied to solve the Mission Statement is
the ConOps analysis. In particular, the definition of
the ConOps should consider all the aspects of the
mission to be performed, including integration, test,
launch and disposal. Typical ConOps information are
[10]: mission phases, modes of operation, mission
timeline, Design Reference Mission (DRM) and/or
operational scenarios, end-to-end communication
strategy and/or command and data architecture,
operational facilities, integrated logistic support and
critical events.

Usually, in preliminary phases of the design
process, it is common to have one or more operational
scenarios and architectures, but only one is the
optimal solution of the design. Trade-off analyses
have to be performed in order to demonstrate which is
the optimal solution, answering at the same time to
the mission statement, the stakeholders’ needs and the
requirements.

It is important to remember that this process is
iterative and recursive and has to be repeated from the
highest level to lower levels until the desired level of
detail, i.e. segment level, system level, sub-system
level or device level. In each stage of the design
process it is possible to define different types of
requirements with different influences over the
design. In addition, the previously exposed tools are
examples that have to be readapted in a logical and
rational process exploiting System Engineering
software and a Model Based approach. It is true that
the information achieved through these tools have
still to be guaranteed in the new procedure and in the
new comprehensive tool chain proposed.

2.2 STRONG Space Tug

The approach presented in the previous section
has been applied to the STRONG space tug. Starting
from the mission statement definition and the
stakeholders’ analysis, the main functions, products
and operations related to the STRONG System of
Systems has been studied with a particular focus on
the Space Tug [8]. The main aim of this section is to
summarize the main features of the STRONG Space
Tug and of the STRONG scenario, while a complete
analysis has been provided in [8] and [14].

The STRONG Space Tug is not the only element
in the scenario. The elements of the overall STRONG
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scenario include the VEGA launcher, every launch
facility connected with the use of VEGA launcher, a
payload (P/L) platform to be transferred, the Space
Tug system, an orbital tank for on-orbit refuelling, the
Space Rider vehicle, a Mission Control Center
(MCC) and a Mission Support Center (MSC). These
are the main elements of the mission architecture that,
while interacting, will populate the mission scenario
able to answer to stakeholders’ needs and the mission
statement. The ConOps includes the following
phases: Space Tug deployment, Satellite platform
deployment, Space Tug refuelling (Fig. 4). As a result
of a trade-off analysis among different architectures,
the refuelling configuration is constituted of an
Orbital Tank to which the Space Tug has to dock for
refuelling [15].

Operational Orbit

Launch orbit ‘0 f

ﬁo v (’ 7 'Q' """"""""""""""

»
4

Earth

Fig. 4. Nominal electric space tug mission concept,
the refuelling phase is not reported for simplicity.

In detail, considering this particular scenario as
reference and the listed systems to be used, the first
missions starts with the launch, through VEGA, of the
space tug at a launch orbit (350 km of altitude and 5°
of inclination). After being released in orbit, the tug is
supposed to move autonomously in its waiting orbit
(500 km of altitude and 5° of inclination) and remain
there till the launch of a satellite platform. On the
contrary, the tank is launched directly to the waiting
orbit with a Soyuz launch. Consequently, VEGA
launcher will bring P/Ls to be transferred, in the same
launch orbit, while the tug has to reach the P/L. The
maximum mass for a single P/L to be transferred is
1000 kg (from stakeholders’ analysis). Once in the
same orbit, the P/L is then docked to a Space Tug for
the manoeuvres, thus allowing minimizing the
propulsion on the platform and maximizing the P/L
mass. Launch orbit and waiting orbit are supposed to
be different. Once the tug has docked with the
satellite platform at the launch orbit, the transfer
towards the P/L final operational orbit begins. From
stakeholders’ analysis the maximum operative orbit to
be reached is a Geostationary Earth Orbit (GEO) of
36000 km of altitude and 0° of inclination. After
having released the P/L, the tug moves to the waiting
orbit to perform the first refuelling. After that
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refuelling operations have been completed, a second
mission can start. In particular, 4 P/L transfers are
supposed before a new Orbital Tank has to be
provided.

In addition, considering this system architecture,
the STRONG system will also give the opportunity to
return on Earth significant P/L samples (Fig. 5). In
this case, the Space Rider pre-operative reusable
vehicle can be exploited in order to return the P/L (or
some sensitive samples of it) from the waiting orbit to
Earth after having transferred it on-board through a
robotic arm. At the end of both cases, a refuelling
phase is then required to extend the Space Tug
reusability considering also that stakeholders’
constraints impose to have a complete P/L transfer (or
retrieval) in not more than a year.

Operational Orbit "
L 4

Waiting orbit '
"""""" () ,%,’

[

Eart] P ———— e

Fig. 5. Nominal electric space tug mission concept.

In both the presented cases, one of the main
constraints in the Space Tug configuration is related
to the compatibility with VEGA capabilities in terms
of mass and volume (maximum diameter 2.6 m and
maximum length 7.8 m [16]): this constraint has a
significant influence on the choice and the design of
the Space Tug sub-systems.

In particular, the Space Tug will be equipped with
a certain number of sub-systems, including
Propulsion Sub-system, Electrical Power Sub-system
(EPS), Thermal Control Sub-system (TCS), Attitude
and Orbit Control Sub-system (AOCS), On-Board
Data Handling (OBDH) Sub-system, Telemetry
Tracking and Control Sub-systems (TT&C),
Structures Sub-system, Harness Sub-system [8]. The
Propulsion sub-system includes the thrusters, the
reaction control system, propellants tanks, all the
interface and feeding devices needed to provide
propellant to the thrusters and the active refuelling
system to interface with the Orbital Tank. In
particular, electric thrusters with a power of 9.6 kW
will provide a constant thrust equal to 480 mN and an
Isp of 2500 s. In addition, thrusters’ power ratio is
assumed to be of about 50 mN/KW. A very impacting
sub-system is the EPS, since the tug is equipped with
electric thrusters and, this system is in charge of
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providing, storing and distributing power to the other
sub-systems. EPS mainly includes solar arrays (with
an area of 62 m®) and batteries (with a capacity of 9
kWh and a specific energy of 175 Wh/kg). Another
enabling sub-system is the AOCS, aimed at
stabilizing the system and orienting it in desired
directions during the mission despite of external
disturbance torques. The attitude control is also
particularly critical for the rendezvous and docking
manoeuvres required. Finally, another compelling
sub-system is the structure one, that supports all the
other sub-systems and includes the attachment
interfaces with the launcher and the ground support
equipment interfaces. Moreover, it includes the
rendezvous and docking mechanism to dock with the
P/L platform and with the tank. The final tug dry
mass is of about 1361 kg (Table 1) while the other
part of available mass on the VEGA fairing is
considered to be filled with enough propellant to
perform a complete P/L transfer.

Table 1. Space Tug mass breakdown.

Sub-system Mass fraction Margin Mass
Propulsion 25% 10% 285 kg
EPS 27,34% 15%-20% 310 kg
TCS 4,50% 20% 51 kg
AOCS 8,38% 5% 95 kg
OBDH 2,38% 20% 27 kg
TT&C 2,20% 15% 25 kg
Structures 25,84% 20% 293 kg
Harness 4,23% 20% 48 kg
TOTAL - 20% 1361 kg

Further data about the mission and the required
performances have being obtained through an
iterative sizing and trade-off analysis, please refer to
[8] for an explanation of these results.

3. Overview of the selected tools

In order to develop a Model-Based design
process, starting from the methodology described in
Section 2, a toolchain shall be selected to support the
implementation of the different aspects and phases.
Several tools and software for MBSE have been
considered and their selection is described briefly in
this section, with particular focus on their features
and on their role within the overall process.

Requirements definition and management during
the design process is fundamental. The development
of the system of interest is, in fact, driven by the
specification because its functional and physical
characteristics are specified by requirements
statements, and, on the other hand, the evolution of
system architecture may produce new requirements,
contributing to the update of the specification itself.
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For these reasons, an easy accessible requirements
database, shared among different platforms and tools,
is necessary within the toolchain. The IBM Dynamic
Object Oriented Requirements System (DOORS®)
[17] was selected as main hub for the requirements,
due to its wide application in MBSE and the
capabilities of supporting connection with multiple
design tools and software. DOORS® is a robust
database organized in a predefined way, with
projects, folders and modules, that are used to collect,
classify and link requirements. Modules are the most
important objects of the hierarchy since they contain
data related to the items stored within the database.
These objects represent the requirements themselves
and some other elements of the specification, being
the atomic parts of the structure of the tool, and can
be classified as formal and link modules. Formal
modules contain the list of requirements, eventually
organized following the design phases, whilst link
modules are used to map the links that are present
among the requirements inside the specification, in
order to specify the derivation structure of low level
objects from high level ones. With this hierarchy,
each requirement can be easily identified and traced
during the whole design process, as it will be
presented in Section 4, where the implementation of
the traceability is shown. Particularly, the traceability
which is internal to the specification is already
guaranteed by the link modules, whilst the traceability
with the system architecture (external) can be
implemented through the deployment of the MBSE
tool used for the design, which shall be interfaced
with DOORS®. The choice of the software where the
functional and operational design shall take place is
mainly driven by the possibility of integration with
the requirements database and with other software
aimed at numerical analyses and simulation, as well
as by the capability of supporting the methodology
described in Section 2 in terms of tools used for the
derivation of system characteristics. Taking that in
mind, it has to be noted that different software are
available on the market, so, a sort of trade-off shall be
made to evaluate the best solution, following the
aspects just mentioned. A quite interesting and open
source tool is the Eclipse-based Capella® platform by
PolarSys,  which  implements the  Arcadia
methodology [18]. The most important aspect that
makes this tool interesting for the application of
MBSE is that the design process is already provided
out of the box. The Arcadia methodology is
formalized within the tool and the user is responsible
only to apply it to the case study, following the
different steps. Another important point is that the
typical tools used for the design are supported,
making the implementation of the methodology
described in Section 2 quite easy. However, some
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important drawbacks are also present from the point
of view of interoperability with other software. The
connection with a requirements database is poor as
well as the communication with numerical analyses.
Moreover, the presence of the Arcadia process pushes
the user to apply a specific method, making the strong
point of the tool a weakness in case of general
purpose use. Other Eclipse-based software are
available for this kind of use, like Papyrus® [19],
which is another open source platform supporting
different modelling languages, as UML and SysML
[20, 21], conceived to provide a wide range of
opportunities. Unfortunately, the problems related to
interoperability are still present and the considerable
number of possibilities offered to the user makes the
tool more complex than can be imagined at a first
glance. The same applies to similar open source
software, as Modelio® [22]. The idea that a general
purpose environment with high interoperability
capabilities is the best solution for the case study
brought the attention on two commercial tools:
Integrity Modeler®, by PTC, and Rhapsody® from
IBM [23, 24]. The platform from PTC derives
directly from the former Atego Artisan Studio. The
Modeler® is a solution for MBSE with SysML and
UML, fully integrated with the PTC Integrity®
family, supporting interoperability with DOORS®
and simulation tools like Mathworks Simulink®.
Similar characteristics can be listed for the IBM
Rational Rhapsody® product, which is a modelling
environment for UML and SysML, supporting some
architectural frameworks, that is part of the 1BM
Collaborative Lifecycle Management® platform. The
main difference with its competitor consists in the
possibility of choosing a proprietary IBM
methodology, called Harmony® [25], for the design
of the system of interest. On the other hand, it can be
used as general purpose environment for modeling,
not forcing the user to adopt vendor’s methodology.
Moreover, the advantage of being a solution
developed by the same company allows a better
integration with DOORS®, enabling some interesting
features, as the coverage and impact analysis of
requirements. Integration with simulation tools like
Simulink® is again guaranteed even if a higher
knowledge of the tool is required by the user if
compared to the export facility of the Integrity
Modeler®, which results easier to understand.
However, considering the advantage of an ad-hoc
built integration with requirements database and the
wide range of possibilities offered for system
modelling, Rhapsody® was chosen as MBSE
environment for system design. As explained in
Section 4, it will be used to characterize functional
and operational aspects of the system in different
phases, from stakeholders and mission analysis to the
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lower levels of system definition (subsystems,
components, devices etc.) using SysML. Moreover, it
will be adopted to create the fundamental views and
diagrams presented in Section 2, to trace and allocate
requirements to functional and physical architecture,
to establish the interfaces within the subsystems and
components of the system in order to prepare the
numerical simulation in terms of block diagrams and
system breakdown. The two-ways link with the
requirements database allows synchronizing and
updating the specification either from DOORS® or
from Rhapsody® itself, allowing and effective
integration of requirements and system elements.
Moreover, the possibility of preparing the data for
further types of analyses, as simulation, allows
creating a seamless oriented toolchain, reducing the
time related to models set-up in separate
environments. Particularly, the connection with
Simulink® is available with a dedicated
import/export facility even if the tool is also able to
support the interoperability standard Functional
Mock-up Interface (FMI) for model exchange [26,
27].

Some final remarks shall be expressed also for the
simulation tools. Simulink® was chosen as main
platform for this kind of application due to the wide
range of possibilities in terms of uses and
integrations, even if some open source tools, like
OpenModelica® [28], and other commercial
software, as AMESIm® [29], were evaluated. The
final choice was also driven by the availability of
some in-house tools aimed at Model-Based
verification that are currently supporting integration
with Matlab/Simulink® [30] and which will be used
in future works for the verification campaigns.
Finally, the opportunity of integrate Simulink with
both DOORS® and Rhapsody® allows to complete
the design loop, from requirements up to the
implementation of the simulation for the system
design, through the definition of functional and
operational  aspects, back to  requirements
specification again.

4. Implementation of the Model-Based design

process

As it was introduced in Section 2, the overall
design process is deeply characterized by iteration
and recursion, thus requiring for the implementation
approach to be well structured in terms of phases and
organized for what concerns toolchain integration.
This approach is based on SysML modelling in
Rhapsody® for what is related to Stakeholders and
Mission analyses, Functional analysis and ConOps
analysis, where the main diagrams are created to
describe system functional, operational and physical
architecture. Requirements analysis, which continues
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during the whole process, is performed jointly in
Rhapsody®, where requirements are defined, and in
DOORS®, where they are stored, classified and
ordered. Functional and ConOps analyses are also
divided in sub-phases in order to maintain
consistency with the depth of system characterization,
notably STRONG level (top level), segment level,
system level (where the Tug is defined), subsystem
level and device level.

The Stakeholder and Mission analysis has been
performed through a use case analysis, where the
relations among stakeholders and mission objectives,
both primary and secondary, have been represented in
a Use Case Diagram (UCD) that stands as graphical
representation of the mission statement. As it can be
seen from Fig. 6, the use cases indicate the objectives
that the stakeholders want to reach by using the
system, whose borders are sketched by the boundary
box in the center of the figure, whilst the stakeholder
themselves are clearly shown outside of it.

SpaceTransportationSystem

Explore_n
once;

ItalianSpeceAssets

Altec

MIUR TASI ELv

orbi

Customer  {Using italian
space
assets}

Fig. 6. Use Case Diagram for Stakeholders Analysis

SysML dependencies are used to state the
relations between primary and secondary objectives,
whilst generalization is used to specify the different
Italian space assets. From these preliminary
objectives, the first set of mission requirements can
be derived through the Requirements Diagram (RD),
where use cases are traced onto them. Requirements
are then synchronized to DOORS® thanks to the
proprietary Rhapsody® Gateway and listed in a
dedicated formal module. This first set of elements
and relations, which can appear quite simple, is
fundamental for the following Functional and
ConOps analyses since it provides the basis for the
traceability links that will be populated and extended
during the process.

Functional analysis is organized in different
phases, as previously explained, and split in two main
packages in order to look both at system
functionalities and at the products onto which these
functionalities will be allocated. The first step
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concerns the creation of the functional tree, which is
implemented through a Block Definition Diagram
(BDD). This diagram represents the functional
breakdown for the specific level of analysis, showing
the hierarchy levels among the blocks. Fig. 7
represents the BDD for the breakdown at segment
level.

<Block Funtions
To_improve_the_national_space_operability_in_terms_of_access_to_space_for_satellite_platforms

<BlockFunctons
1 To_perform_sateliites_transfer_from_LEO_to_operational_orbit

<Block Funtions
1 To_retrieve_satellites_from_operational_orbit_to_LEO
To_reenter_on_Earth_payloads_loaded_on_board_satellites_once_completed_their_operative_cycle

«Block Functions
1 To_perform_refuelling_on_orbit

Fig. 7. Block Definition Diagram for segment
functional breakdown of STRONG system

As it can be seen, blocks are derived from the top
level function in order to cover the required system
functionalities also coherently with the previously
defined mission objectives. Each block (which is
actually a function) is described by an Activity
Diagram (AD) where the relations among the
functions are highlighted and the sequence of their
execution is presented as happens for FFBD. These
diagrams help a lot the derivation of low level
functions and propose an important sketch for the
further definition of ConOps architecture. Object
nodes have been used to guarantee a coherent link
between the functions and the element of the AD for
traceability purposes.

Moreover, thanks to the defined functions, new
functional requirements can be derived, transferred to
DOORS® and linked to functional block to keep the
traceability path unambiguous. Functional segment
requirements are also linked to higher level
requirements in Rhapsody® to highlight the
derivation process, whilst it is possible to replicate
this kind of relations in DOORS® thanks to a
dedicated link module. The link module is a powerful
tool to trace the relations among requirements directly
within the database, exploiting the so-called internal
traceability (Section 2). Different link modules have
been defined by establishing proper link sets between
the formal modules related to the several phases. This
will allow browsing the derivation structure directly
within the requirements database, from mission
requirements to device requirements. Fig. 8 shows an

Page 8 of 12



67™ International Astronautical Congress (IAC), Guadalajara, Mexico, 26-30 September 2016.
Copyright ©2016 by the International Astronautical Federation (IAF). All rights reserved.

example of link module, established between mission
and segment requirements.

/STRONG/Segmentl evelRequirements
104 105
The Space Segment shal re-ent The Space Seqment chal perfor
1.0-3 1.06
The Space Seament shal retrie The Ground Segment shal ensur
102 107
“The Space Segmentshall perfor “The STRONG system shallincud
101 108
The Launch Segment shal reach ‘The STRONG system shal indud
109

‘egment Level Requiremer The STRONG system shall indud

S LTI
e — system shall perfor D . . . . . .

‘The STRONG system shall use It

2
15

The STRONG system shal explor D
The STRONG systam shal vaiida

The STRONG system shal enhianc D

The STRONG system shal erhianc

The STRONG system shall interf D

JSTRONG/MissionRequirements
=
&

‘The STRONG system shall erhanc

Fig. 8. Link module used to establish relations
between Mission and Segment Requirements.

Similar views can be created also in Rhapsody®
where dedicated matrix layouts can be configured in
order to obtain a visual summary of requirements
derivation and functions-requirements coverage. This
process has been replicated for each phase building a
considerably high number of relations among model
elements and requirements, and constituting a solid
multi-tools platform for traceability.

A similar approach has been adopted for the
products architecture. Product tree was again
represented as BDD and organized following the
phases of the analysis. Fig. 9 shows the BDD
concerning the segment product breakdown.

bdd [Package] SegmentLevelProducts [SegmentProductBreakdown]
«Block, StructuredSimuiinkBlock»
STRONG_system
Allocated To

(I To_improve_the_national_space_operability_in_terms_of_access_to_space_for_satelite_platforms

(X}

«Block, StructuredSimulinkBlock»
Ground_segment
Alocated To

“——>| (JTo_support_mission_execution

«Block, StructuredSimulinkBlock»
Launch_segment
Allocated To

1| OFTo_reach LEO

«Block, StructuredSimulinkBlock>
Space_segment

Allocated To
(I To_perform_satelites_transfer_from_LEO_to_operational_orbit
1| [JTo_retrieve_satelites_from_operational_orbit_to_LEO
“| (3To_reenter_on_Earth_payloads_loaded_on_board_satelites_once_completed_their_operative_cyde
(S To_perform_refueling_on_orbit

Fig. 9. Block Definition Diagram for segment product
breakdown of STRONG system
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As it can be seen, the blocks are organized
following the same method used for functions. In Fig.
9 the product blocks contain the information about the
functions that they are responsible to accomplish
since functions have been allocated to them through
proper dependency links. The specular information is
present inside the functional blocks as shown in Fig.
7. Functions/products matrices can be created to
summarize these mutual relations. Requirements are
then connected to products through a stronger type of
relation, the so-called satisfaction, meaning that the
specific aspect stated by the requirement will be
formally accomplished by the related product, even if
a real verification is not yet present. This type of
dependency concludes the path of the requirement,
which started from the derivation, passed through the
trace link onto the function and ends now onto a
product. Another important aspect to be considered
within product architecture definition is related to the
formalization of the internal interfaces among the
product themselves, that can be useful not only to
sketch the topology of a specific layer of the system,
but also to introduce other types of analysis, like
simulation and verification campaigns early in the
design process, and to raise the automation level
related to data sharing among tools. For these reasons,
Internal Block Diagrams (IBD) have been created to
specify the internal structure of the blocks and to
define the proper interfaces among them. Fig. 10
shows the IBD for the space segment block.

bd [<StructuredSimulinkBlocks Block] Space_segment [IBD_Space_Segment]

Payload_Satellite_interface_in:double 1 ilsPaonad_phﬁorm

Payload_Commands._in:double
S5_Launcher_interface_out:double

TUG_Satelite_interface_out:double
1 itsSpace_TUG

TUG_Launcher_interface_out:double

TUG_Commands_out1:double

TUG_Commands_out2:double

TUG_Housekeeping_data_out:double TUG_Reentry_vehicle_interface_out:double

TUG_Fuel_in:double TUG_OPT_interface_out:double

55_Housekeeping_data_out:double
PRIDE_Reentry_vehicle_interface_in:double. PRIDE_Commands_in:double

1 itsPRIDE _vehicle

OPT_Fuel_out:double OPT_OPT_Interface_out:double
1 itsFuel_Tank

Fig. 10. Internal Block Diagram for the space
segment

As it can be seen, the diagram includes a simple
representation of the elements inside the space
segment, with a preliminary definition of the internal
interfaces. This structure can be eventually replicated
in Simulink®, since the ports, the signals and the
variables can be exported after a dedicated set up
procedure. In general, IBD can be used as Model-
Based version of Physical Block Diagram and they
can be customized at user discretion for multiple
purposes. As it was described for functions, the
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analysis of products breakdown and architecture is
replicated onto the different phases up to device level.

Together with Functional analysis, the ConOps
analysis is realized following the same structure of
design phases. However, it starts from a different
assumption, taken as initial model element, which is
constituted by a dedicated UCD used to define
mission scenario at different level of depth. For this
application, use cases represent the phases, sub-
phases or particular operational situation where the
system shall be able to work, whilst the external
actors stand for the external instances that will have
to interface with the STRONG system or will simply
affect system behavior. Fig. 11 shows the UCD for
segment level ConOps, where the links between
STRONG mission and the other use cases are
highlighted, together with the associations with the
products at segment levels (which are inside the
boundary box because they are part of STRONG
system). An example of how external actors are
involved is even provided.

oc [Fackage) SegmentevelCan0ps (SegmentteveMssonCon0ps
STRONG_System

Ground_segment
Tntegration_and_ =280

Tests

«include»
Launch_segment
Launch_operations

External_actor STRONG_m «include»
Ission

«include»

Science_operations
«include» Space_segment

Disposal_operations

Fig. 11. Example of Use Case Diagram for segment
level ConOps

Each use case can be then characterized through
Sequence Diagrams (SD) and/or State Machine
Diagrams (SMD) to specify sequences and modes of
operations of the system, defining the so-called use
case realization. The connection between ConOps and
Functional analysis is based both on dedicated
traceability links established between the use cases
(mission phases) and functions, since those are
literally used during the different phases, and by the
presence of the products previously defined. ConOps
analysis represents the most interesting field of the
modelling activity, since the use of different behavior
diagram of the SysML allows representing several
aspects and views of the system in operations.

A good way to summarize the overall process is
looking at the web of traceability links that is
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recorded thanks to the coverage analysis features of
the Rhapsody Gateway®. Fig. 12 shows, as example,
a view of the project where the relations of the
function related to the capabilities of on orbit
refueling with some mission objectives and segment
requirements are expressed.

MIRE " ]

phical View | T Requirement Details | £/ Link Details |

e

88 18M Rational Rhapsody Gateway - STRONG
File Edt View Tools Reports Help
o ol e R e 1 B G e Y N A
5 Management View 4, Coverage Analysis View |“ Impact Analysis View I 3% 6n
Upstream Coverage information

=~ @HUML Model Rhapsody SysML 100%
~ i) STRONG
= @) Frompe:
=[] Serotersinyms
e Cases
() Evence mocima_in mece_seapmess
Rorance_mosuay s stetace_seoments
= () Move sl e
() MissionRequirements  Doors Basic 100%
={ ) Segment LevelRequiremerts Doors Basic 100%
- _] * Sagmex Lovw Qeguremexy
- jsen
~Jsense
() SystemlLevelRequirements Doors Basic 100%

Fig. 12. Coverage analysis with Rhapsody Gateway

However, Rhapsody® allows navigating the
whole set of relations of an element even without the
dedicated analyzer embedded in the Gateway. Fig. 13
shows the properties tab of the same function
considered in Fig. 12. As it can be seen, many data
are present and notably: the diagrams where the
function block appears (AD, IBD, BDD and RD), the
dependency links respectively to mission objectives,
to object nodes in FFBD, to requirements, to mission
phases and the allocation to products.

Page 10 of 12



67™ International Astronautical Congress (IAC), Guadalajara, Mexico, 26-30 September 2016.
Copyright ©2016 by the International Astronautical Federation (IAF). All rights reserved.

Block : To_perform_refuelling_on_orbit in SegmentLevelFunctions
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Part From
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Science_operations
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Fig. 13. Overview of the properties of a functional block

This huge amount of information is available for each
model element, and it is updated live during the
design process, enhancing considerably the quality of
traceability and solving those problems related to data
classification for Document-Based procedures.

5. Conclusions

This paper proposes a tool designed in order to
merge and share the main advantages of both classical
System Engineering processes and a Model Based
approach, with the future purpose of simplify
verification processes in late design phases. This tool
is addresses at the resolution of an important limit in
classical System Engineering processes: the results
obtained through these processes are, indeed, not
supported by software related tool and so are not able
to achieve an effective classification, traceability and
verifiability of requirements among the various
phases of the design process. In particular, the
proposed tool is based on the typical design process,
in which the main outputs to be obtained are the
requirements, defined through the identification of the
activities that such a system has to perform to be
compliant with stakeholders’ needs, regulations and
other imposed constraints. Considering all the tools
and software for MBSE available on the market, the
final toolchain has been implemented exploiting
IBM’s DOORS® and Rhapsody®.

The application of the proposed toolchain to a
known case study (i.e. STRONG space tug) has
preliminary demonstrated the possibility to simplify
the application of classical System Engineering
processes, increasing the classification and
traceability of requirements among the design
activity. In addition the use of this kind of toolchain
will also increase the verifiability of requirements
during and at the end of the design loop, allowing a
reciprocal simplification of both the system design
and the product realization processes through a
continuous verification of the requirements.
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Indeed, future developments of this work will
focus on the definition of a methodology to exploit
the proposed toolchain to simplify verification and
validation processes among the various phases of the
design process. Particularly, the demonstrated
effective classification, traceability and verifiability of
requirements will be exploited to complete the design
loop, creating continuously during the design process
inputs for verification and validation activities.
Important for this phase is the high integration of the
chosen tools with simulation environments such as
Matlab® and Simulink® or ad hoc developed tool,
which are easily configurable to be a dynamic link
between the design and the verification phases.
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