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Abstract

The System Engineering approach, commonly used to design space missions, presents down-
sides when a large number of stakeholders exchange a high volume of information as it hap-
pens in such complex projects. It is di cult to keep track of the high number of documents
produced and to assure their consistency and traceability. Model-Based System Engineering
(MBSE) methodology aims at replacing the document-centric approach by creating intuitive
models readily available and easily modi able. To show the strengths of this method, the
ARCADIA MBSE method, developed by Thales, will be applied to the Pre-Phase A design of
CUBE Mission through the open-source tool Capella. Following the four engineering levels
established by the methodology, the feasibility study is performed and models that describe
with increasing detail the mission in all its aspects are obtained. Starting from the stakehold-
ers' needs, the functioning of every single subsystem and component will be explored and
modeled.

CUBE Mission is a rst of its kind as it aims at studying Earth's magnetosphere by exploiting
CubeSats technology. Space agencies from all over the world have been studying this phe-
nomenon for decades to understand how it acts and evolves by employing big-size spacecratft.
With the advancement of CubeSat technology, a cheaper way of exploring Earth's natural
shield is now available. Being this technology relatively young, the feasibility of the mission
has to be proven by performing a Pre-Phase A analysis, which requires the analysis of the
mission from di erent points of view. Starting from the orbital mechanics and environmental
analysis, passing through the sizing of the di erent subsystems, it results in a mass and power
budget, a preliminary con guration and requirements for the CubeSats.
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Sommario

L'ingegneria di sistema, I'approccio piu utilizzato per sviluppare missioni spaziali, presenta dei
difetti quando il grande numero di soggetti interessati ad un progetto complesso come questo,
si scambia un volume di informazioni notevole. Tenere sotto controllo il grande numero di
documenti che vengono prodotti e assicurarsi della loro tracciabilita e coerenza puo risultare
alquanto complicato. La metodologia Model-Based System Engineering (MBSE) punta a sosti-
tuire la visione documento-centrica creando modelli intuitivi, prontamente disponibile e facil-
mente modi cabili. Per mostrare i punti di forza di questa metodologia, il metodo MBSE
ARCADIA, sviluppato da Thales, e applicato al Pre-Phase A design della missione CUBE at-
traverso lo strumento open-source Capella. Seguendo i quattro livelli ingegneristici previsti
dalla metodologia, & possibile svolgere lo studio di fattibilita e ottenere modelli che descrivono
con crescente dettaglio la missione in tutti i suoi aspetti. Iniziando dai bisogni dei soggetti
coinvolti, il funzionamento di ogni singolo sottosistema sara esplorato e modellato.

La missione CUBE e unica nel suo genere in quanto punta a studiare la magnetosfera terrestre
sfruttando la tecnologia dei CubeSats. Le agenzie spaziali di tutto il mondo studiano questo
fenomeno da decenni per capirne il comportamento e I'evoluzione. Finora, satelliti di grandi
dimensioni sono stati utilizzati, ma con lo sviluppo della tecnologia dei CubeSats, un nuovo
e meno costoso modo di esplorare lo scudo naturale della Terra € ora disponibile. Essendo
guesta tecnologia relativamente recente, uno studio di fattibilita, quello che viene chiamato
Pre-Phase A analysis, deve essere condotto. Per farlo, diversi aspetti della missione vengono
analizzati. Iniziando con la meccanica orbitale, passando per il dimensionamento dei diversi
sottosistemi si ottiene un budget di massa e potenza, una con gurazione preliminare e requi-
siti per i CubeSats.

Parole chiave: Magnetosfera, System engineering, CubeSat, MBSE, ARCADIA, Capella
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Introduction

Model-based system engineering (MBSE) is a methodology developed in the last decade, used
to support the requirements, design, analysis, veri cation, and validation phases of a complex
system. It provides an alternative to the exchange and storage of information through docu-
mentation, putting in the center models [52].

Written documents present multiple di culties. They can be unnecessarily complex and
lengthy making it hard for the team or the stakeholders to understand the process or the
requirements. Being the design process extremely uid, every change would result in a mul-
titude of documents for which consistency needs to be assured.

MBSE allows having all the relevant information in the same place in an organized and in-
tuitive way, making it easier to spot mistakes or consistency issues. In addition, anyone can
access the models anytime and anywhere to consult or modify them.

The downside of this method is the initial time required to train the personnel in using the
tool which prevents MBSE from being more widely used.

In this thesis, the MBSE approach is applied to the CUBE Mission Pre-Phase A design, to show
its strengths in such complex projects. Designing the di erent aspects of the mission, including
the sizing of the di erent subsystems will come naturally following the methodology. The end
result is a list of requirements along with a mass and power budget, as one would expect from
the classic feasibility analysis, but also di erent models that can help and guide the future
design.

The work is divided into six chapters. In Chapter 1, the MBSE approach is described focusing
on the ARCADIA methodology and the Capella tool. In Chapter 2, an overview of the mission

is provided together with the mission analysis description. In Chapter 3 the space segments
are designed following the MBSE approach; a preliminary con guration, the system budgets,
and the criticalities are also presented in this section. In Chapter 4 the mission phases are
discussed. In Chapter 5 a risk assessment analysis is performed, and in Chapter 6 conclusions
are drawn.






1 ‘ Model-Based System Engineering

The rstusage of the term MBSE dates back to the late nineties, but the methodology didn't be-
come popular until September of 2007 when the International council on system engineering
introduced its "MBSE 2020 Vision". According to it, MBSE was set to replace the document-
centric approach in the near future. Initially, MBSE was restricted to the Systems Modeling
Language (SysML), but with its increasing popularity other modeling language standards were
supported as well. Nowadays, the leading MBSE methodologies that use SysML are IBM Tele-
logic Harmony-SE, INCOSE Object-Oriented Systems Engineering Method (OOSEM), and the
IBM Rational Uni ed Process for Systems Engineering (RUP SE) for ModelDriven Systems De-
velopment (MDSD) [20].

A relatively newer MBSE solution is the ARChitecture Analysis and Design Integrated Ap-
proach (ARCADIA) methodology which is implemented in the open-source tool Capella, used
in this work.

1.1. ARCADIA method

ARCADIA is a Model-Based engineering method developed by Thales between 2005 and 2010.
It is based on 3 mandatory intercorrelated activities that have the same importance: need
analysis and modeling, architecture building, and validation [11].

The methodology is based on 4 engineering levels [Fig. 1.1]: Operational analysis, System
analysis, Logical Architecture, and Physical Architecture, each responding to a di erent ques-
tion. The Operational Analysis investigates "what the users of the system need to accomplish”.
The System Analysis details "what the system has to accomplish for the users". The Logical
Architecture analyzes "how the system will work to ful Il expectations". The physical archi-
tecture describes "how the system will be developed and built" [50].

There's an additional level, the EPBS (End Product Breakdown structure), which reports what
is expected from the provider of each component. This is not considered a core level, as it has
more of an industrial orientation and at this stage of the mission is not explored.
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Figure 1.1: ARCADIA method [11]

1.2. Capellatool

Developed by Eclipse, Capellais a tool that implements the ARCADIA method.

Init, each one of the four engineering levels can be easily developed one by one. The process is
guided by theActivity explorerin which the di erent diagrams and activities that are available

at each level are shown. In gure 1.2 the one for the System analysis is reported for reference.
The strength of this method is the traceability, which is assured with fentextually Create
feature, that allows transitioning everything done in the previous level to the next one. This
way, nothing is lost and everything can be traced through all the levels.
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Figure 1.2: Activity Explorer

1.2.1. Engineering levels

To understand the models presented in this work, the various elements that characterize each
engineering level are hereafter presented. Please note that this is not an exhaustive explanation
of all the Capella functionalities; if interested in that, please consult [50], from which the
de nitions and concepts introduced here are taken.

Operational analysis

The main goal at this level is to understand the needs of the stakeholders so that during the
design, it can be assured that the system, a concept not yet introduced at this level, satis es
them.

The principal elements present at this level are

" Operational Capabilitiescapability 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 system,
etc.) whose role is to interact with the system being studied or with its users.

" Operational Actarparticular case of a (human) nondecomposable operational entity.

" Operational Activitiesprocess step carried out in order to reach a precise objective by



6 1| Model-Based System Engineering

an operational entity, which might need to use the future system in order to do so.

The di erent activities must be allocated to the variodsctors/Entitiegnd are linked together
by Interactionsrepresented as arrows, which are de ned as an exchange of information or of
unidirectional matter betwee®perational Activities

System Analysis

At this level, the concept of system is introduced, but only as a black bo and what it has to do
for the users is analyzed.

The principal elements present at this level are:

~

Systemorganized 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
external Actors;

System actorany element external to the system that interacts with it.

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

Functionsbehavior or service provided by the System or by an Actor
Mission high-level need/service which exploits System Capabilities.

Functional chain element of the model that enables a speci ¢ path to be designated
among all possible paths. Valid also in the next two levels.

With the contextually create tool, all thé&unctiongealized at the previous level are transi-
tioned to this one. They can be entirely, partially, or not realized by the system. In the rst
case, they are allocated to the System. In the second case, they are broken down into several
functions some of which will be allocated to the System and others to the actors. Once broken
down in fact, they cannot be allocated, as according to one of the ARCADIA rules, "Only leaf
Functions (Functions that are not broken down) can be allocated" [50]. In the third case, they
are allocated to the actors directly.

The di erent functions are linked by what is here calldéunctional exchang# is represented

as a green line connecting two ports of a function. If it exits from a function the port is green,

if it enters, the port is red. Please note that already existignctional exchanges parent
functions have to be delegated to leaf functions.

The concept ofComponents exchang®nnection (blue line) between the System and one of
its external Actors, allowing circulation of Functional Exchanges is introduced at this level.
Another ARCADIA rule states that "At every level of Arcadia, a Functional Exchange between
two Functions allocated to two Behavioral Components must be allocated to a single Compo-
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nent Exchange between these two Components” [50]. ThereforeRusetional exchanggist

like Functionsneed to be allocated and they are allocatedtomponents exchangenother
ARCADIA rule states that "Arcadia demands that Functional Exchanges be unidirectional. A
Function Port is either an input or an output, and this property cannot be modi ed in Capella.
On the other hand, a Component Exchange can be uni- or bi-directional”[50]. In the rst case,
the white port shows the direction, in the second case, the white port is blank.

Logical Architecture

At this level, the di erent subsystems, here callédgical componentsf the system, are iden-
ti ed, without making any technological consideration.

The principal elements present at this level are:

A~

A

A~

Logical componenstructural element within the System, with structural Ports to inter-
act with the other Logical Components and the external actors.

Logical actorsany element that is external to the System (human or non-human) and
that interacts with it.

Logical functionsbehavior or service provided by a Logical Component or by a Logical
Actor.

To better describe the path conditions between source and recipieows control Functions
are introduced. Di erent types ofow control Functiongxist [50]:

A

Duplicate function: transmits the same information coming from the source to all recip-
ients.

Split function: transmits some of the source information to each recipient selectively.

Route function: transmits the information received from one source to one among sev-
eral potential recipients.

Gather function: collects information from di erent sources and transmits it to one re-
cipient.

Select function: channels the information from one source among several, to one recip-
ient.

Their icons are shown in order as presented in gure 1.3 and can be found at all levels of
engineering.
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Figure 1.3: Flow control Functions

Physical Architecture

At this level, the nal architecture of the system is de ned, making all the necessary techno-
logical considerations.

Two di erent types of Physical componentan be observed. Behavior Physical Component

is a component of the system, responsible for performing some of the Functions assigned to
the system, by interacting with other Behavior Components and with that of the external Ac-
tors. A Node Physical Componaata component that hosts a certain number of Behavior
Components, by providing them with the resources required for them to operate and interact
with their environment” [50]. TheNode Physical Componeats reported in yellow, while the
Behavior Componerdse reported in blue.

A third type of link is here introduced, thePhysical link which is de ned as "a means of
communication, transport or channeling between two Node Physical Components, used as
a support for the Component Exchanges" [50]. Heriteysical linkgepresent real, physical
connections between the di erent components, and to each on€amponent exchange
allocated.

Diagrams
The same kinds of diagrams can be found across all levels.

" Architecture diagrams: show the allocation of functions to components.
" Breakdown diagrams: represent hierarchies of either Functions or Components

" Scenario Diagrams: show the vertical sequence of the messages passed between ele-
ments (lifelines) and are largely inspired by the UML/SysML sequence diagram.

Scenario diagrams are particular diagrams as they are the only ones in which the temporal
aspect is present. Di erent scenario diagrams are available but they all present vertical lines,
Instance Rolésalled lifelines in UML/SysML), on which functions (here calt&tte Fragmenjts

are allocated and exchanges (here calldessagésre used to pass from one model element

to the other. In particular, the diagrams available are "Functional Scenarios (the lifelines are
Functions), Exchange Scenarios (the lifelines are Components/Actors while the sequence Mes-
sages are Functional or Component Exchanges), Interface Scenarios (the lifelines are Compo-
nents/Actors while the sequence Messages are Exchange Items)" [50].

Di erent time relations can be highlighted. The time constraint between two messages can be
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expressed with th®urationcommand. To describe repetitive actions, the concefombined
Fragmentwhich comes directly from UML/SysML, is introduced. Each fragment contains an
operator and can be split into di erent operands. Some of those require a condition to "acti-
vate" calledGuard The main operands are [50]:

A

LOOP: the fragment can be executed several times, and the guard condition states the
iteration frequency (e.g. every day);

OPT: the fragment is only executed if the condition provided is true (very similar to a
"while" cycle);

ALT: the fragment contains some alternative operands, only executing the one that con-
tains the true condition (very similar to an "if" cycle);

PAR: the fragment contains a number of operands that are executed in parallel, no Guard
condition is present here

STRICT: this interaction operator requires a strict sequencing (order) of the operands
within the combined fragment.

Not all types of diagrams must be realized at each level, it is up to the Capella user to select
the ones that best describe the situation he/she wants to present.

1.2.2. Requirements

In the vast majority of engineering projects requirements are the main vehicle of information
between the di erent stakeholders. They evolve throughout the design and keeping track of
them can be challenging. The idea proposed by Bonnet, Voirin and Navas [5] suggests that the
classic written requirements can be complemented by the di erent model elements presentin
all MBSE approaches. Throughout the design of this mission, di erent requirements are iden-
ti ed.

Capella o ers the possibility of including textual requirements in the models with the "Re-
guirements Viewpoint" add-on to show how the di erent elements satisfy them. In this work,
this aspect is not explored, nonetheless, by looking at the di erent diagrams, the correspon-
dence between the Capella elements and the requirements is evident.

Requirements often include information other than the functioning of the system on which
the ARCADIA methodology focuses. Information like size and mass can only be reported in
a descriptive way in Capella, not allowing the mission designers to obtain power and mass
budgets yet. The Eclipse community is in fact working, with the help of third parties, towards
add-ons that allow the interface of Capella with software like Matlab or the phyton language
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to close this gap.

The requirements will have the following identi cation.

WWW-YYYY-Z

"~ WWW: Either SSO,MAG, or S&M to indicate the space segment the requirement is in-
tended for.

" YYYY: three or four letters to indicate the subsystem the requirements are intended for.
The only exception is the environmental requirements for which ENV is used and the
mission requirements deriving from the orbital mechanics for which MIS is used.

"~ Z: one digit to indicate the requirement number.
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2 ‘ CUBE Mission

2.1. Mission Overview

The main goal of CUBE Mission is to provide further insight into speci ¢ areas of Earth's
magnetosphere using CubeSats technology.

It sees the involvement of the CUBE collaboration, in charge of realizing the mission payloads
and analyzing the data, and Politecnico di Milano responsible for the development of the space
segment.

To achieve the mission goal, three di erent payloads are envisioned, hosted on CubeSats plat-
forms. The CubeSats will then be arranged in a constellation of satellites positioned in the two
orbits of interest, a Sun Synchronous orbit and a highly inclined magnetospheric orbit at an
altitude of 60000 km which will collect data for at least 2 years.

Regarding the payloads, being this a new mission, not all the decisions have yet been nal-
ized. Only one of the three payloads, the Plasma Analyzer, has been sized and requirements
are available. It oversees the collection of ions from the magnetosphere. To avoid contamina-
tion from the electrons present in space, it isimmersed in a shielded cavity. A complex system
of grids with di erent polarization is in charge of ion acceptance and electron repulsion. The
presence of a segmented collector allows obtaining the velocity components of the ions.

The second and third payloads will most likely be a high-accuracy magnetometer and a minia-
ture radiometer.

In this thesis, the constellation aspect is not explored. The budgets and requirements presented
are valid for a single CubeSat platform. In particular, two di erent space segments are modeled
based on the di erent characteristics of their nal orbits. They are referred to as the SSO
segment and the Magnetospheric segment.

According to this, the high-level requirements can be derived.
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ID Requirements
S&M-HLR-1| The space segment shall collect data from Earth's magnetosphere
S&M-HLR-2 The payloads shall be hosted on CubeSats platforms

SSO-HLR-3| The space segment shall operate in a Sun-synchronous orhit

The space segment shall operate in a highly inclined
magnetospheric orbit

S&M-HLR-4 The mission shall have a lifetime of at least 2 years

MAG-HLR-3

Table 2.1: High level requirements

To comply with S&M-HLR-2, where dimensions and mass values are necessary, those of a
12U Cubesat are used. After a rst iteration, where also a 6U CubeSat was considered, this is
deemed the most appropriate size as will be clear at the end of this work.

2.2. Mission Analysis

2.2.1. Orbital Mechanics

In order to comply with SSO-HLR-3 and MAG-HLR-3 [Tab.2.1], the two di erent orbits are
analyzed.

Sun-synchronous orbit

Sun-synchronous orbits are nearly polar orbits such that the satellite passes over any given
point of the planet's surface at the same local mean solar time. Therefore, the spacecraft sees
each portion of the surface under nearly the same condition of daylight or darkness.

Figure 2.1: Sun Synchronous orbit [9]
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Mathematically this is possible if the precession rate of the orbit is equal to the mean motion
of the Earth around the Sun.
The precession rate of the orbit can be expressed as [9]:

§—IO J 2Ré7 cosi (2.1)

2(1 e?)2ar

Where J2 is the coe cient for the second zonal term related to the oblateness of the Earth,

is the standard gravitational parameter, RE is the mean radius of the Earth, roughly 6378 km,
e is the eccentricity, a is the semi latus rectum and i is the inclination of the orbit.

The mean motion of the Earth around the sun is 3@@r sidereal year, therefore the ascending
node of the orbit must advance at a rate

— 2 —1- 7
= 25E56 54 a6 L1991 10 Tradls (2.2)

Equating the two rates itis possible to calculate the inclination to make the orbit sun-synchronous.
For this mission, altitudes between 500 and 800 km are considered, for the particular case of
noon/midnight orbits [Fig. 2.2a], for which the local mean solar time of passage for equatorial
latitudes is around noon or midnight. This choice stems from the scienti ¢ team's need for
particular magnetospheric data. The inclination for the limit orbits are S4Ad 98.6

Figure 2.2: Types of SSO orbits [57]

Due to the gravitational forces of the Moon and the Sun, the inclination and altitude of sun-
synchronous orbits might change, therefore orbital maintenance maneuvers are necessary.
The delta-V necessary for station keeping in a year for a 12U CubeSat is computed assuming a
drag coe cient equal to 2. The case of solar mean is considered as the next solar maximum is
expected to be reached in July 2025 [48] and given the stage of the mission, it is assumed that
it won't be ready for launch before 2028. Considering the mission lifetime of at least 2 years
and a 100% margin [17], the nal value amounts to 15.6 m/s for the 500 km orbit and 0.312 m/s
for the 800 km orbit [33].

Magnetospheric orbit
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The magnetospheric orbit required for this mission has an altitude of about 60000 km and a
high inclination. The orbit is such that the CubeSat cannot be launched directly into it, there-
fore the satellite has to perform a transfer maneuver from an initial orbit to reach the nominal
one.

Given the structure of the magnetosphere and the high-level requirements the Plasma Ana-
lyzer has to comply with, the Polimi team has come up with a series of possible solutions.

The rst option is for the CubeSat to be initially launched into a geostationary (GEO) orbit.
After that, the CubeSat would make its way toward the magnetospheric orbit where it would
perform a change of plane maneuver to position itself into its nal orbit.

There are a few drawbacks associated with this idea. Not many CubeSats have been launched
into GEO so their behavior in this orbit is not well known. The ight onto the nal orbit
would then take about 6 months and, once there, the change of plane maneuver would require
a very high delta-V which might be hard to achieve with the propulsion systems available for
CubeSats. Therefore, this option is no further discussed.

The second option is to take advantage of the orbit used by Global Navigation Satellite System
(GNSS) like Galileo. Those are circular orbits at di erent altitudes in MEO and could be used
as a starting point for the CubeSat. From here two ways are possible.

The CubeSat could reach a circular orbit of a radius equal to about 60000 km. This would be a
very stable orbit that allows the payload to spend enough time in the region of interest of the
magnetosphere.

The CubeSat could instead achieve an elliptical orbit by raising its apogee to 60000 km and
keeping the perigee at the GNSS orbit. This would facilitate telecommunications with Earth
but the maneuver to raise the apogee is considered very tricky. Nonetheless, both options will
be considered.

The Polimiteam has computed the delta-V necessary for the transfer maneuver from the initial
to the nal orbit to be 1.1 km/s. The number is not stochastic, nonetheless, a 50% margin is
applied to it.

A peculiar characteristic of satellites orbiting at such high altitudes is that they will pass
through Earth's shadow only twice a year, around the spring and autumn equinoxes. The
exact time the satellite will spend in eclipse and its period is determined for the EPS sizing in
section 3.3.5.

According to this, the following orbital mechanic's requirements are obtained.
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ID Requirement Parent requirement
SSO-MIS-1 The space segment shall operate between SSO-HLR-3
500 and 800 km

SSO-MIS-2 The §pac§ segment shall perform SSO-MIS-1
orbit maintenance maneuvers

SSO-PROP-1 The propulsion system shall provide SSO-HLR-3
a delta-V of at least 15.6 m/s

Th hall perf
MAG-MIS-1 e space segment sha p_er orm | MAG-HLR-3
a maneuver to reach the nominal orbit

MAG-PROP-1 The propulsion system shall provide MAG-MIS-1

a delta-V of at least 1.85 km/s

Table 2.2: Orbital mechanics requirements

2.2.2. Environmental analysis

The orbit choice is highly in uenced by the environment in which the CubeSat will work. In
space, the spacecraft are subjected to di erent radiation sources; mainly the sun in the form
of Solar wind, Solar ares, and Coronal Mass Ejections but also Galactic Cosmic Rays and
radiation belts. Radiations can disturb or even damage the electronics of a satellite. High-
energy particles can damage components with single impact events (Single Event Upset) or
cumulative e ects (Total Dose).

Atomic oxygen erosion and surface charging are also critical aspects to consider.

To get an idea of the radiation environment in the orbits of interest, the software SPENVIS
[18] has been employed and the results are reported below for the two segments. For all of
them, 20 orbits have been modeled and the mission is considered to start on Jan 1 of 2028.

Sun-synchronous orbit

The only signi cant danger for satellites in sun-synchronous orbits is the well-known South
Atlantic Anomaly in which due to the depression of the magnetic eld, highly energetic pro-
tons and electrons are very abundant.

In the pictures below a world map of the trapped proton ux is shown for the 500 km sun-
synchronous orbit (Fig. 2.3) and for the 800 km sun-synchronous orbit (Fig. 2.4).
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Figure 2.3: Proton ux 500 km orbit Figure 2.4: Proton ux 800 km orbit

It can be observed that the higher altitude orbit, presents larger regions in which harmful
radiations are present and is interested by higher energetic protons. At 800 km the protons
reach values of about £0/ev while at 500 km they have an energy of°1idev.

A mode shall be assured in which the electronics are put on standby so that they do not get

damaged.

Also in this case, the total ionization dose (TID) at those altitudes is shown in the graphs below

for a period of 2 years.

Figure 2.5: TID 500 km orbit Figure 2.6: TID 800 km orbit

Given these results, both orbits are considered acceptable. The spacecraft electronics shall be
designed to withstand at least 10 krad, considering an average aluminum thickness of 3 mm.
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Magnetospheric orbit

The main risk for satellites in magnetospheric orbits is surface charging due to the free electric
charges in the plasma which may resultin sudden electrostatic discharge (ESD). Therefore any
exposed material shall be thoroughly checked and controlled.

The total ionizing dose of the two di erent possible orbits is reported for a period of two years,
considering an inclination of 70

Figure 2.7: TID Circular orbit Figure 2.8: TID Elliptical orbit

The circular orbit o ers safer conditions, as the total ionizing dose is lower with respect to the
elliptical orbit selecting the same aluminum thickness. Being this a Pre-Phase A design, both
orbits will be considered acceptable. The components are sized for the worst-case scenario,
represented by the elliptical orbit. In particular, considering an average aluminum thickness
of 4 mm, the spacecraft components shall be quali ed to withstand at least 15 krad.

According to this, the following environmental requirements can be de ned.
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2| CU
1D Requirements
SSO-ENV-1 The sensitive co.mponen.ts shall be put on
stand-by while crossing the SAA
SSO-ENV-2 The space segment exterr_1a| Iayer§ shall be madge of
at least 3 mm thick aluminum
SSO-ENV-3 The components shall be designed to
withstand at least 10krad
MAG-ENV-1| The space segment exterr_1al Iayer§ shall be made of
at least 4 mm thick aluminum
Th hall i
MAG-ENV-1 e components shall be designed to

withstand at least 15krad

Table 2.3: Environmental requirements
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3 ‘ Space segments design

3.1. Operational Analysis

The rst step in Capella requires the mission designers to pose the question "what the users
of the system need to accomplish”.

To do that, the di erent stakeholders need to be identi ed. For CUBE mission, as stated in
section 2.1, the main organizations involved in the project are ESA, the CUBE Collaboration
and Politecnico di Milano. In addition to those ones that are speci c to this mission, some other
players presentin all space missions can be recognized. Those are the Launcher, responsible for
bringing the space segments in orbit, the MOC in charge of managing the in-orbit operations,
the ground segment provider with which the space segments exchange information and the
environment, which despite not being an actual organization or person, greatly in uence the
mission.

The variousEntitiesdescribed and the indispensable services they provide,Qiperational
Capabilitiescan be organized in an Operation Capabilities Blank diagram [Fig. 3.1].

Figure 3.1: [OCB] CUBE Mission
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The Operational Capabilitieare broken down intoOperational Activitiesvhich practically
explain what is expected by eadintity. They can be observed in an Operational Architecture
Blank diagram [Fig. 3.1].

Figure 3.2: [OAB] CUBE Mission

The advantages of the MBSE method are already noticeable at this level. It forces the mission
designers to reason on the di erent contributors to the project and assign to each one tasks.
Furthermore, the diagram obtained is easily understandable and allows everyone to know
everyone's role in the mission. It can be easily modi able to add or remove elements as the
mission progresses.

3.2. System Analysis

At the System Analysis level, the concept of system is introduced for the rst time but it is
considered as a black box. The mission designers are asked to reason on "what the system has
to accomplish for the users".

For the CUBE mission, the system is nothing other than the space segment and the answer is
explained by HLR-1 "The space segment shall collect data from Earth's magnetosphere” which
Is represented in Capella asMission

To satisfy theMissionthe system exploits certai®ystem CapabilitiesThis is highlighted in
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the diagram by theCapability Exploitation relatigrthe black arrows connecting the two.

The di erent capabilities can also require the involvement of external actors, which is shown
by means ofCapability Involvementdhat connect the two.

Everything just discussed can be represented with a Mission Capabilities Blank Diagram [Fig.
3.3].

Figure 3.3: [MCB] System Capabilities

Only in this diagram, the textual requirement is also reported, to show what described in
section 1.2.2. Even without it, the correlation between the high-level requirement and the
Capella element would've been clear.

TheSystem Capabilitiggesented in the diagram can be seen as mission requirements typically
assigned to each subsystem. The system here is in fact required to provide a constant power
supply, communication capabilities, onboard data handling, and so on. This concept though
Is not yet introduced at this level of the ARCADIA methodology.

Each capability, as done at the Operational Analysis level, is further declin€®ystem func-
tions to better explain how the system will work to satisfy th@apability.

This can be shown cumulatively for all the capabilities with a System function breakdown
diagram [Fig. 3.4]. The parent functions color is changed to red to distinguish them from the
leaf functions in green.
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Figure 3.4: [SFBD] System Capabilities breakdown

Not all the functions are broken down at this level, but this is purely a design choice.

Both the functions transferred from the Operational analysis and the newly de ned ones must
be assigned to th&ystem actorsr the system; this can be done with a System Architecture
Diagram [Fig. 3.5]. As can be seen, the system, here called "Space segment" is now shown in
the diagram.

The functions are naturally green-colored, but a di erent color is used for those speci c to
only one segment. In particular, the functions in pink are exclusive to the Magnetospheric
segment, while the orange ones are exclusive to the SSO segment.

Both the Functional exchange green, and theComponent exchangea blue, can be noticed

in the diagram.

This level provides a complete view of the system, its high-level functionalities, and its inter-
actions with external actors. From this, the mission designers or the stakeholders can easily
verify if something is missing or if something needs to be removed. Both actions can be easily
performed in Capella without the need of modifying tens of documents.
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3.3. Logical & Physical Architecture

At the Logical Architecture level, the concept of subsystem is introduced. The MBSE method-
ology requires the mission designer to reason on how the system can achieve what it has to do,
excluding "all technological considerations or implementation choices" which are delegated to
the Physical Architecture level.

The two engineering levels are subsequent but are here reported together for each subsystem,
called respectively.ogical componerand Physical componenb better understand the dif-
ference between them. In the logical level diagrams, the functional interaction between the
di erent subsystems is highlighted, while at the physical level, this is not repeated, and more
emphasis is put on showing the physical connections between the di erent components.

To do this, the di erent subsystems need to be sized. For each, the sizing process is rst de-
scribed and then the subsystem is implemented in Capella.

As before di erent functions are de ned and shown for each subsystem with a Physical Func-
tion Breakdown diagram that includes the functions de ned at the Logical level as well. At
the end of each subsystem sizing di erent design requirements are shown, but not the mission
ones, as these functions at the Logical level, can be seen as mission requirements.

3.3.1. Propulsion system

Propulsion system sizing

Di erent propulsion systems (PSs) are available for satellites and can be divided into two big
categories, chemical and electric propulsion systems. The main di erence is that chemical
propulsion systems can provide a high thrust at the expense of the speci ¢ impulse while

electric propulsion systems can generate a high speci ¢ impulse at the expense of the thrust
consuming a lot of power.

Figure 3.6: Spacecraft propulsion systems [46]
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SSO segment propulsion system

To comply with SSO-PROP-1 [Tab. 2.2] a chemical propulsion system is selected. Di erent
technologies exist that fall under this category; the most common are cold gas PS, monopro-
pellant PS, and bipropellant PS.

Due to the CubeSat constraints in terms of size, the bipropellant solution is excluded as it is
usually bigger given the need for two tanks, while the monopropellant solution is excluded
as it demands additional power to heat the catalyst bed. Therefore a cold gas system will be
sized.

Two di erent kinds of cold gas systems exist, the pressurized gas system and the liqui ed gas
system. In both cases, the thrust is generated by the acceleration of vapor but in the rst case,
the propellant is stored in gas form, while in the latter the propellant is stored in liquid form
and needs to be vaporized.

The two systems will be sized considering Nitrogen in the rst case and the non-toxic liquid
propellant R236fa for the second case.

The propellant mass can be computed through the Tsiolkovsky equation considering 60s of
speci ¢ impulse, according to commercially available cold gas thrusters [43], the required
delta-V, a 2% margin [17] for the unusable propellant, and the nominal dry mass at launch.
Knowing the density of the two di erent propellants, the volume of the propellant tanks can
be computed. The value is obtained considering a 10% margin [17] and Aluminum as the tank's
material.

The values are reported in the table below for the two possible orbits for the two di erent
propellants.

500 km SSO | 800 km SSO
N, | R236fa| N, | R236fa
Propellant mass [g] | 293 293 6 6
Tank volume [cm 3] | 1200 265 | 23 | 5.23
Tank mass [g] 3300 745 |64.5 147

Table 3.1: Propulsion system - SSO segment

The liquid propellant has a higher density which translates into a lower size and mass of the
tanks. According to this, the liqui ed gas system is chosen.

The propulsion system shall also deorbit the satellite, therefore additional propellant shall be
considered for this operation.

Magnetospheric segment propulsion system
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To comply with MAG-PROP-1 [Tab. 2.2] the need for an electric propulsion system arises as
this kind of thrust cannot be obtained with a chemical propulsion system. Given that this kind
of PS is selected, a 10% margin [17] is to be added to the delta-V bringing the value to 2 km/s.

Di erenttypes of electric propulsion systems exist, namely gridded ion thrusters, FEEP thrusters,
and hall e ect thrusters.

Selecting an average speci cimpulse of 2000 s, and considering the nominal dry mass at launch
and a 2% margin for the unused propellant [17], the propellant mass amounts to 1.3 kg using
the Tsiolkovsky equation.

Other than the propellant mass, an important driver in the selection of an electric PS is the
power required.

A research was conducted to see the power required by the electric propulsors available on the
market that can provide the required propellant mass. According to this, the FEEP technology
requires a power over 100 W [16], the Gridden ion thruster a power up to 80 W [6] and the
hall thrusters a minimum power of 100 W [7] .

Therefore, the gridded ion thruster is selected.

Requirements
According to the design just performed, di erent design requirements can be obtained.

ID Requirement Parent requirement
Th hall ' ith

SSO-PROP-2 | N€ space segment shall be equipped wit
a cold gas thruster

Th I h hall [
SSO-PROP-3 e cold gas thruster shall provide SSO-PROP-1
at least 293¢ of propellant

The col h k shall
SSO-PROP-4 ecoldgast ruster_tan shall be ]
made of aluminum

MAG-PROP-2 The space se.gment. shall be equipped with ]
a gridded ion thruster

SSO-PROP-3 The gridded ion thruster shall provide MAG-PROP-1
at least 1.3 kg of propellant

—

Table 3.2: PS requirements

Reference components

As reference for the mass and power budgets, the Standard Micro Propulsion System (MiPS)
by VACCO [59] and the BUSEK Bit-lon 3 [6] are used for the SSO segment and Magnetospheric
segment respectively. Their properties are reported in the table below.
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Load [W]

Cold Gas Gridded ion
propulsion system | propulsion system
Propellant R236fa -
Thrust [mN] 25x4 thrusters 11
Propellant mass [g] 557 15
Dry mass [kg] 799 1.4
Total impulse [Ns] 219 >30000
Speci c impulse [s] 61.2 2150
Dimensions[mm] 100x100x70 180x88x102
Power [W] 12 56-75
Operating -15t0 55 .15 t0 45
Temperature [ °C]
Data interface RS422 RS485
Thermal Dissipation ) 35

Table 3.3: Propulsion systems

Propulsion system in Capella

The functions relative to the propulsion system are reported in the gure below.

Figure 3.7: [PFBD] Propulsion system functions

27

At the logical level, the propulsion system is composed of timagical Componentsat repre-

sent the two solutions selected for the SSO and Magnetospheric segment, namely the chem-
ical and electric propulsion system to which functions with no technological solutions are

allocated [Fig. 3.8].
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Figure 3.8: [LAB] Propulsion system

At the physical level, to comply with the design requirements, tWode Physical Components
are created that represent the speci ¢ propulsion systems selected, the Cold gas and Gridded
ion thrusters. These are further detailed into di eref@ehavioral Physical Componewtsich

represent the di erent components of the propulsion systems and to which the functions are
assigned.

Figure 3.9: [PAB] Propulsion system
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3.3.2. Telecommunications system

Telecommunications system sizing

The two platforms are expected to communicate with Earth, and vice versa, during the whole
duration of the mission. The platform sends the scienti ¢ data acquired together with the
telemetry needed by the MOC to understand the status of the platform and receives data in
case new software or other information needs to be communicated from ground. Those are
referred to as telecommands.

Respectively those two operations are referred to as downlink and uplink.

Link budget design

To size the di erent components, the link must be designed between transmitter and receiver.
This is possible through the link budget equation, which allows evaluating the energy per bit
versus noise density ratio according to the following formula.

Ev_ Py
N 0 kTsyS R

(3.1)

Where Ry is the power of the receiver, k is the Boltzmann constant, R is the data rate gpd T
is the system equivalent noise temperature.
All the di erent parameters are discussed in the next sections.

Frequencies

The rst step is selecting the frequencies in which the downlink and uplink will occur. In com-
pliance with the ITU regulation [13] for both segments, the S-band is selected. In particular,
the 2200-2290 MHz frequency band dedicated to space research is considered for the downlink
and the 2025-2110 MHz band is considered for uplink.

For the calculations, the lower limit will be considered as it provides the worst-case scenario
for the Eb/NO.

Figure 3.10: Telecommunications frequency band [45]
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Donwlink data rate

To select the data rate, the visibility windows and the data budget have to be derived. For
the latter, it is important to understand the periodicity with which a communication event
veri es.

According to the Plasma Analyzer requirements, the data budget is expected to 1
Mb/day. Considering the same amount for the other two payloads and a 30% margin according
to [17] the total amounts to 390 Mb/day for both segments.

The visibility window for the SSO segment depends on the altitude. For a 500 km orbit, it
amounts to about 8 minutes, while for an 800 km orbit to about 11.5 minutes. To obtain the
available time for uplink and downlink, a 20% margin is considered that accounts for when
the satellite enters and exits the window or if there are troubles connecting; it amounts to 6.4
minutes for the 500 km orbit and 9.2 minutes for the 800 km one. Considering repeated ground
tracks, the satellite will pass over a given ground station every day, therefore the data shall be
stored on board for one day and then downloaded to Earth.

For the Magnetospheric segment, the value of the visibility window is very high given the
altitude of the orbit. In particular, for the circular orbit, it amounts to about 20.65 hours while
for the elliptical one at perigee is 18.2 hours, and at apogee 9.35 hours. Of course, only the
necessary fraction of time of the communication window will be utilized for the uplink and
downlink of the data. For the circular orbit, considering repeated ground tracks, the satellite
will pass over the same ground station after 2 days, the value increases to 4 for the elliptical
one. In the rst case, one ground station shall be utilized, and therefore data shall be stored
on board for two days and then downloaded to Earth. For the elliptical case, 2 ground stations
shall be considered, with which the satellite exchanges data every 2 days. This is done because
otherwise, the data rate would be too high after 4 days, resulting in a very low Eb/NO. The
time required to download the data is considered to be 3 hours for the circular orbit and 2 for
the elliptical. These values are selected as they provide the best Eb/NO results.

The data rate values for the di erent orbits are reported below considering convolution en-
coding and a BPSK modulation which are most commonly utilized.

SSO segment | Magnetospheric segment
500 km: 1 Mbps Circular: 36.1 kbps
800 km: 0.7 Mbps Elliptical: 54.2 kbps

Downlink data rate

Table 3.4: Data rate

Having selected a modulation, the minimum Eb/NO can be inferred from graphs [Fig. 3.11]
considering a BER of 10for the science data and of ¥Gor telemetry information. The min-
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imum Eb/NO for the BPSK/QPSK modulation for the science is 13 dB, while for the telemetry
is 14.5 dB, considering an additional 3dB margin [17].

Figure 3.11: Modulations [36]

Antennas and Transceivers

Another important aspect is the antenna and the transceiver that will be present onboard the
spacecraft.

An initial estimate of the transmitted power can be obtained by considering the portion of
power assigned to the subsystem and the e ciency of the ampli er. Its value amounts to 3 W
considering a solid state ampli er.

Knowing the frequency and therefore the wavelength, and considering a diameter compatible
with the CubeSat size, an initial estimate of the gain of the antenna can be computed as

_ D 2 ant
Gant - 10|09(—2) (3-2)

Considering a diameter of 70 mm, and an e ciency of 0.7, the gain amounts to 2.6 dB for the
downlink and 1.88 dB for the uplink.

Comparing the values obtained with antennas and transceivers available on the market, the
obtained RF power is setto 1 W for the SSO segment and 2 W for the Magnetospheric one; the
antenna gain obtained is used in the calculations, but it is important to notice that the value
is lower with respect to the one of commercially available antennas.

An omnidirectional antenna is also expected to be present on board to assure communications
in all situations. In particular, it shall be utilized in the early in-orbit time or if the attitude is
lost.

Ground station
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Another important aspect is the selection of the ground station with which the satellite will
communicate. Di erent options are available.

The rstoptionisthe ESA ESTRACK system, which is composed of the CORE ESA NETWORK,
which includes antennas for near-Earth orbit communication as well as deep space antennas,
the augmented network, and the cooperative network [19].

This option is quite expensive, and the antennas might be saturated, given the high number
of missions already in orbit. It is though the most reliable one.

Figure 3.12: Estrack ground stations [19]

As reference, the KIRUNA antenna has been considered which provides downlink and uplink
in the S-band [8]. The relevant information about the antenna is reported in table 3.5.

Downlink Uplink
Diameter [m] 15 15
Frequency range [MHZz] 2200-2300, 2025-2120
Antenna Gain @45 °[dBi] 48.6 46
System noise temperature [K] 93 -
G/T @ Zenith [dB/K] 28.9 -
Antenna beamwidth (-3dB) [deg] 0.65 0.7
Transmit power [W] - 300
EIRP [dBW] - 71
Data rate - Typical 2Kbps
Pointing accuracy [ 9 0.05 0.05

Table 3.5: Estrack ground stations data
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Another option is to consider commercial ground stations, a service o ered by di erent com-
panies.

" The Swedish Space Corporation (SSC) "operates 10 ground stations strategically located
around the world for optimum coverage, plus 8 supplementary partner stations. The
SSC CONNECT network capabilities t all mission types, sizes and orbits from LEO to
Lunar and beyond" [56].

" Leaf space currently operates 14 ground stations around the world, which provide cov-
erage for over 55 satellites. [38]

" Kongsberg Satellite Service (KSAT) owns some of the best-located ground stations in the
world, the Svalbard and Antarctica ground stations, and is part of the ESA augmented
network [34].

To guarantee the minimum Eb/NO, a diameter of at least 13 meters has to be guaranteed.
Assuming that the same ground station provider will supply for both segments, Leaf space
antennas have a too-small diameter, up to 3 meters, for the Magnetospheric segment, therefore
are excluded. The ESTRACK system is the best candidate for this mission. For the SSO segment
antennas like Kiruna and Kourou are good candidates; but also the South point one owned
by SSC and the Svalbard one owned by KSAT which are part of the ESTRACK augmented
network. For the Magnetospheric segment, the poker at station is a valid option for both
orbits and as previously mentioned, for the elliptical orbit, an additional station is required;

the antenna in Masuda in Japan is a possible option.

Regarding the uplink data rate the typical value reported in table 3.5 is used.

Losses
The signal is a ected by di erent losses due to both the components and the mean it crosses:

~ Transmission line losses: due to the passage of the signal through the transmission line.
They are set to be 1 dB as a reference value for both missions.

Atmospheric losses: due to the interaction with the gases in the atmosphere or the rain.
They are set to be 0.7 dB as a reference value for both missions

Misalignment losses: due to the misalignment between transmitter and receiver, their
value depends on the beamwidth and the pointing accuracy of the di erent antennas.
This is set as Sfor the onboard antenna and 0.0tor the ground station according to
table 3.5. The beamwidth instead is computed knowing the wavelength and the diameter
of the antennas. The values vary only slightly between uplink and downlink and are in
the order of 0.02 dB for the segments antenna and in the order of 0.06 dB for the ground
station antenna.
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" Space losses: due to the spreading of the signal in space, they depend on the frequency
and the orbit. The values vary only slightly between uplink and downlink, therefore,
for reference, only the losses at downlink are reported [Tab.3.6]. The values are shown
for the two segments at the maximum and minimum distance from the ground station.
These distances have been computed considering an elevation angldbf]5

SSO segment | Magnetospheric segment
500 km | 800 km | Circular Elliptical
Minimum distance | 352.9 dB 362.3 dB 449.1 dB 435.3dB
Maximum distance | 381.4 dB 387.3dB 450.9 dB 438.6 dB

Table 3.6: Space losses

Equivalent system temperature

The last parameter to select is the Equivalent system temperatugg, This is the sum of three
components, the noise temperature of the antenna, the noise temperature of the transmission
line, and the noise temperature of the receiver.

For the uplink, the system equivalent temperature is set to 250 K. For the downlink, the system
equivalent temperature of the ESTRACK antennas reported in table 3.5 is utilized.

EDb/NO results

Now that all the parameters have been set, the Eb/NO can be computed. The results are re-
ported below for the di erent orbits of both segments at the maximum and minimum distance
from the ground station.

Minimum distance | Maximum distance
Eb/NO [dB] Eb/NO [dB]

SSO segment 500 km 43.5 31.1
downlink 800 km 41 30

SSO segment 500 km 90.5 78.2

uplink 800 km 86.5 75.6

Magnetospheric segment | Circular 16.4 15.6

downlink Elliptical 20.6 19.1

Magnetospheric segment | Circular 49 48.2

uplink Elliptical 55 53.5

Table 3.7: Eb/NO results
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As expected, the values for the elliptical orbit are higher with respect to the ones for the
circular orbit, but in all cases, the energy bit over noise density values respect the minimum
ones imposed by the modulation.

Please note that the subsystem is implemented in Capella after the OBDH sizing, performed
in the next section, as their functioning is strictly correlated.

Requirements
According to the design just performed, di erent design requirements can be obtained.

Parent

ID Requirement .
requirement

SEM-TTCS-1 The downlink a.nd uplink shall be ]
performed in the S-band

SEM-TTCS-2 The space segment shall be equpped with SEM-TTCS-1
an S-band antenna & transceiver

The S-band antenna shall provide a gain of at le
2.66 dB for downlink and 1.88 dB for uplink

SEM-TTCS-4 The minimum Eb/NO shall be 13 dB for science ]

and 14.5 dB for telemetry
SEM-TTCS-5 The S-band transceiver shall provide SEM-TTCS.5
a RF power of at least 2W
SSO-TTCS-6 The downlink shall be performed every day | S&M-TTCS-5
MAG-TTCS-6| The downlink shall be performed every 2 days| S&M-TTCS-5
The space segment shall be equipped with

S&M-TTCS-7 , -
an UHF-band antenna & transceiver

S&M-TTCS-3 ElsFE&M-TTCS-l

Table 3.8: Telecommunications system requirements

Reference components

The pair of antennas and transceivers from IQ spacecom [26] [27] and ISISPACE [28] [29] are
selected as reference for the mass and power budget for the S-band and UHF-band respectively.
Their relevant information is presented in tables 3.9 and 3.10.
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S-band antenna | UHF antenna
F
requency 1980-2500 | UHF and VHF
range [MHZz]
Gain [dBI] 6-11 0
. Vertical: 40
Beamwidth [ 7 eriea .
Horizontal: 40
Dimensions [mm] 70x70x3.4 98x98x6.6
Mass [g] 49 90-115
Operatin
perating 40 to +85 -20 to +80
Temperature [ °C]
TRL 9 (LEO) Space quali ed

Table 3.9: Antennas

S-band transceiver

UHF transceiver

Frequency Tx: 2200-2290 Tx: 435 438 or 400.15 402
range [MHz] Rx: 2025-2110 Rx: 145.8-146 or 148-150.05
Output power [W] up to 2 up to 0.5
Supported Tx: BPSK, QPSK, OQP$K BPSK
modulations Rx: BPSK
Tx: 2 kbps - 200 Mbps Tx: 1.2,2.4,4.8,9.6 kbps
Data rate
Rx: 3.5 kbps - 896 kbps Rx: 9.6 kbps
Power Tx+Rx: < 15 Tx: 4
Consumption [W] Rx: <4 Rx: 0.48
Dimensions [mm] 90x65x25.3 90x96x15
Mass [g] 200 75
Operating -30 to +60 -20 to +60
Temperature [ °C]
 bata SPI (LVDS, RS422) 12C
interface
TRL 9 (LEO) Flight heritage

Table 3.10: Transceivers
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3.3.3. OBDH

OBDH sizing

The On-Board Data handling subsystem oversees the data exchange between the di erent
subsystems as well as the storing of payloads data and general housekeeping information. It
receives and decodes the telecommands from ground transforming them into a sequence of
operations that the spacecraft must perform. Furthermore, it prepares the ow of information
that has to be transmitted to ground.

The OBDH is comprised of di erent components all sized according to di erent parameters.
The Central Processing Unit (CPU), in charge of processing, is sized mainly according to the
Millions of Instructions Per Second (MIPS) but also with respect to the 1/0 channels and Giga
Floating point Operation Per Second (GFLOPS).

The storage capacity, the size of the Random Access Memory (RAM) and of the Solid State
Drive (SSD) is sized according to the size of data and code of the di erent subsystems' com-
ponents and the payload data budget respectively.

Lastly, the bus, in charge of connecting the di erent units, is sized considering the data rate.

The typical values of Kwords, Thousands of Instructions Per Second (KIPS), and Execution
frequencies for the di erent functions relative to each subsystem, useful to size the mentioned
components, are reported in gure 3.13.

Figure 3.13: OBDH reference values [41]
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For each subsystem, the functions relevant to the components described for each space seg-
ment are taken into consideration. All the functions for the communications, autonomy, fault
detection, and other functions categories are also included. The results are presented includ-
ing a 75% margin [17], as the values in the table are not speci c to the mission. They are valid
for both segments unless speci ed di erently.

To compute the MIPS, necessary to size the CPU, the KIPS of the di erent functions are
summed. The total amounts to 0.37 MIPS.

The size of the code and data of each function is summed to obtain the size of the RAM. The
code size amounts to 2 MB while the data size is 1 MB.

For the SSO segment, to comply with SSO-TTCS-6 [Tab. 3.8], the data shall be stored on board
for one day, therefore 85 MB of SSD space is required.

For the Magnetospheric segment, to comply with MAG-TTCS-6 [Tab. 3.8] the data shall be
stored on board for 2 days before being sent to the ground station, therefore 170 MB of SSD
space is necessary.

Lastly, the data rate for the bus sizing is calculated as the product between the code and the
data Kwords by the typical execution frequency. The bus must transmit 3.2 Mbps of code and
3.8 Mbps of data for the di erent functions.

Regarding the payloads, for the Plasma analyzer, it is required that a CAN bus is used for code
transmission and an RS422 for data transmission.

Requirements
According to the design just performed, di erent design requirements can be obtained.

ID Requirement
S&M-OBDH-1| The processor shall provide at least 0.37 MIPS
The RAM memory size shall be of at least

2 MB for code and 1 MB for data
SSO-OBDH-1| The SSD memory size shall be of at least 85 MB
MAG-OBDH-1| The SSD memory size shall be of at least 170 MB
The bus shall be able to handle a data rate of at

least 3.8 Mbps for data and 3.2 Mbps for cod

S&M-OBDH-1

S&M-OBDH-1

D

Table 3.11: OBDH requirements

Reference component
As reference, Cubesat On-Board Computer by IMT [25] is considered for the mass and power
budget and it presents the following characteristics.
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PIC32MZ M14K, 32-bit MIPS-core

Processor
(Up to 200 MHz, 330 DMIPS)
8 GB Payload Data
On board .
. 128 MB Housekeeping Data
memories

16 MB RAM
2x CAN 2.0B bus interface up to 1Mbps
2x UART interfaces

On-board communication

interface .
2x 12C interfaces
Power consumption [W] 1
Dimensions [mm] 95x91x11
Mass [g] 55
Operating temperature [ °C] -20to +70

Table 3.12: On board computer

OBDH in Capella

The following functions are de ned for the OBDH.

Figure 3.14: [PFBD] OBDH functions

At the logical level, the On-board data handling is composed of tHtegical Componentthe

CPU in which, among other things, the AOCS calculation are performed, and the memories.
A dedicated architecture blank diagram is not reported as its functioning will be shown in the
TMTC and AOCS Architecture blank diagrams.

At the physical level, oné&ode Physical Componestcreated, the On-board computer, while
di erent Behaviour Physical Componentswhich the functions are assigned, are created for
the processor and attitude determination and control algorithms, the SSD and RAM memories.
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Telecommunications system in Capella

The functions relative to the telecommunications system are reported in the gure below.

Figure 3.15: [PFBD] Telecommunication system functions

At the logical level, the telecommunications system is realized by tagical Componenthe
antenna and the transceiver. The functions involved in the processes of uplink and downlink
are highlighted withFunctional ChainsThe uplink process starts with the generation of the
telecommands (TM) by the MOC. These are then shared with the Ground station provider
that sends them to the spacecraft. The antenna receives the TM, that are processed by the
transceiver before being sent to the CPU for the decoding and the assignment of the tasks. The
downlink begins with the collection of data by the payloads and the collection of housekeeping
data by the CPU which are stored in the memories. The information is then encoded by the
CPU, it is processed by the transceiver and sent to Earth. At this point, the scienti c data is
sent to the CUBE collaboration while the telemetry is sent to MOC to check on the correct
functioning of all systems. The corresponding diagram is shown in gure 3.16.
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At the physical level, to comply with the design requirements, fddode Physical Components
representing the two di erent antennas and transceivers are realized each one hostBer a
havior Physical Componetd which the functions are allocatedPhysical linkgepresenting

the exchange of data between antenna and transceiver can here be seen for the rst time and
are reported in violet. As already stated, those represent real data cables connecting the two
components

Figure 3.17: [PAB] Telecommunications system
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A scenario diagram is also realized for the telecommunications subsystems to highlight the
duration and repetitive nature of the uplink and downlink activities.

Figure 3.18: [LES] Telecommunications system

3.3.4. AOCS

AOCS sizing

The AOCS subsystem is responsible for keeping the satellite in its operational orbit and main-
taining the desired orientation, counteracting the environmental and internal disturbances
that the satellite is subjected to.

To determine the real attitude of the CubeSat, the presence of sensors is necessary. Because a
direct measurement is not always possible, the attitude is reconstructed from what is present
in the environment, its known position, and some mathematical models.

The control is performed by actuators based on the information given by the sensors.
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AOCS modes & pointing budget
The AOCS functioning varies according to the task the spacecraft performs, therefore di erent
modes of operation need to be de ned.

A~

Detumbling mode: the aim of this mode is to detumble the satellite so that its angular
velocity is equal to zero.

Science mode: the focus of this mode is to compensate the disturbances to maintain the
correct pointing of the payloads. According to the PA requirements, it shall be located
on the ram side of the S/C and it shall have the FoV with axis on the along track direction
and aperture of 4(C at least.

Telecom mode: the satellites shall point the GS as it moves inside the visibility window
to center the beam of the antennas with the receivers.

Slew mode: this mode shall be triggered every time the satellite is required to change
its orientation. This will happen when the solar panels have to be oriented towards the
sun and when the antenna has to track the ground station.

Safe mode: when activated, the requirement on the pointing accuracy is relaxed and the
priority of the AOCS is to guarantee communications with Earth.

Maneuvering mode: during this mode, the correct pointing of the propulsion system or
thrusters shall be ensured.

For each mode, the pointing direction and accuracy are reported in table 3.13. Neither the
payload nor the antennas have stringent requirements in terms of accuracy. In particular, the
antenna pointing requirements are set t@ Svhile for the payload, no information is available,
therefore Tis used to be conservative.

Pointing Accuracy
Science mode Ram direction 1°
Telecom mode Earth <5
Safe mode Earth <5
Maneuvering mode Target 1°

Table 3.13: Pointing budget

Considering the performance requirements, the 3-axis stabilization control technique shall be
employed.
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Disturbances

The main disturbances for both missions are represented by the Magnetic eld, the Gravity
Gradient (GG), and the Solar radiation pressure which generate a torque on the satellite. The
magnetic eld torque is generated according to the law:

M=m B (3.3)

Wherem is the residual magnetic induction due to parasitic currents in the satellite selected
under the worst scenario as [0.01; 0.01; 08j? [55], andB is the Earth's magnetic eld. To
model the Earth's magnetic eld, the approximation of a dipole could not be used for the SSO
segment CubeSats, therefore, it was modeled in a more precise manner as the gradient of the
scalar potential V up to the fourth order.

The GG torque, unlike the other two, is not due to an external factor but depends on the mass
distribution of the spacecraft. In the principal axis frame, the torque can be expressed as:

(lz |y)C203
Mgc = 3;;—:190)( |Z)C1C3 g (34)
(ly |X)C2C1

With 11,1, as the inertia moments along the 3 axis angdc;,c; as the direction cosines of
the radial direction expressed in the principal axis.

The disturbance is secular (constant) if the spacecratft is planet oriented and cyclic if it is iner-
tially oriented.

The average pressure due to solar radiation can be evaluated as:

F
P=—
Cc

(3.5)

Where F is the Sun's power per unit surface and c is the speed of light.

The incoming radiation is partially absorbed, specularly re ected, and di usely re ected so
that the relation between the absorption coe cient, di use re ection coe cient, and the spec-
ular re ection coe cienti.e., ,+ g+ =1, is valid.

The SRP torque in Simulink is modeled as:

Msrp = i F (3.6)

Fi= PA(S NWI@ S+ @2 (S Nu)+2 g)Nii] (3.7)
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With F; as the force on each panéﬁb denoting the unit direction of the satellite-Sun vector,
N indicating the normalized direction of each surface, aAd indicating the area of each
surface.

The disturbance is cyclic if the spacecraft is planet oriented and secular (constant) if it is solar-
oriented.

To compute the disturbances, a preliminary con guration is necessatry.

The inertia matrix is computed for the two segments considering a situation like the one
in gure 3.19 with solar arrays of the size found in section 3.3.5. In both cases, the iner-
tia is computed considering the wet mass at launch. For the SSO segment, the inertia is
[0.189;0.437;0.107] kgrand for the Magnetospheric segment is [0.195;0.723;0.107 kgm

Figure 3.19: Preliminary con guration

At this point, the order of magnitude of the torques generated by the di erent disturbances
on the spacecraft can be computed and are reported for one orbit, for the di erent orbits.

Magnetic Torque [Nm] | SRP Torque [Nm] | GG Torque [Nm]
SSO 10 © 10 8 10 10
Circular orbit 10 ° 10 8 10 12
Elliptical orbit 10 8 10 8 10 %

Table 3.14: External disturbances

For the SSO segment, the main disturbance is represented by the magnetic eld, followed by
the SRP and the GG.
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For the Magnetospheric segment, the main disturbance is represented by the SRP followed by
the Magnetic eld and the Gravity Gradient.

Sensors
Studying the orbits, the following sensors are selected.

For the SSO segment, the attitude is evaluated by sun sensors and a 3-axis magnetometer
during the sunlit portion of the orbit. The two are chosen because, given the geocentric sun-
synchronous orbit, they provide measurements in perpendicular directions. In addition, an
IMU will provide a measure of the spacecraft's angular velocity. During the eclipse period, the
attitude will be retrieved from the IMU and the magnetometer measurements.

A Global Positioning System (GPS) antenna and receiver will also be present on board. The
rst will receive, amplify, and convert the signal coming from a Global Navigation Satellite
System (GNSS) satellite which will be processed by the receiver to compute the position of the
CubeSat.

For the Magnetospheric segment, during the sunlit periods, the attitude will be retrieved using
star trackers and sun sensors and an IMU will provide a measure of the spacecraft's angular
velocity. For the sporadic eclipse moments, to retrieve the attitude, the IMU will be used in
combination with the star trackers. Two di erent star trackers will be positioned on opposite
faces of the platform to guarantee redundancy.

Regarding the sun sensors, three di erent kinds are available on the market, which di er on
the way the sun position is calculated and the accuracy of these calculations.

In order of accuracy and cost, they are the coarse analog sensors, the ne analog sensor, and
the digital sensor.

Given the type of orbits and the loose performance requirements, the ne analogue sun sensor
is considered for both segments. The segments will be equipped with 5 of them, one on each
face, in addition to the ones that are already present on the solar arrays.

Actuators

Di erent actuators are available, namely Reaction wheels, Control Moment Gyros, Thrusters,
and Magnetotorquers.

The rst two are based on spinning wheels to create a torque. Due to their size, CMGs are
hardly utilized on Cubesats, therefore to perform the control action, Reaction Wheels (RWs)
will be employed for both segments.

The downside of RWs is their need for desaturation. Magnetotorques will be employed to
desaturate the wheels in the SSO segment, while the same function is delegated to thrusters
for the Magnetospheric segment.
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Reaction wheels

The two fundamental parameters needed to size the reaction wheels are the torque and the
momentum storage capacity which will be derived by analyzing the AOCS behavior for the
rst few orbits. After the spacecratft is released by the launcher, detumbling is performed while
the solar arrays are still stowed away. After that, the arrays are deployed and a slew maneuver
is performed to achieve the required pointing which must be kept for the whole mission. The

pointing required by the science mode is analyzed as it is the one the spacecraft will spend
most of its life in.

Regarding the detumbling, being the two segments of the same size and about the same weight,
the torque, and accumulated momentum results are similar for this task and are reported be-
low.

Figure 3.20: Detumbling - SSO segment

The torque required to reduce the angular velocity to zero reaches a maximum of 4 mNm for

which a momentum of 20 mNms is accumulated. The task is considered to be complete after
100 seconds.

For the SSO segment, to study the torque and accumulated momentum needed to achieve and
maintain the required pointing, here referred to as slew and tracking, one day, 15 orbits are
analyzed and the results are reported in gure 3.21.
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Figure 3.21: Slew and Tracking - SSO segment

49

The torque necessary for the slew maneuver is in the order of 1 mNm for which 2 mNms
are accumulated. For the rest of the mission to balance the external disturbances, the torque
required is very low, in the order of 1 while the accumulated momentum increases up to

10.5 mNms a day.

The momentum storage the RWSs shall provide depends on how often they are desaturated.
Considering the stored momentum as 30% of the maximum momentum storage a RW can
provide, di erent storage capacities are reported for di erent desaturation frequencies.

Every | Every Every | Every 15 orbits
orbit | 5 orbits | 10 orbits (one day)
M
omen_tum storage 5 135 235 35
capacity [mMNms]

Table 3.15: RWs momentum storage - SSO segment

For the Magnetospheric segment, the values of torque and accumulated momentum are shown
for the two tasks for 8 orbits, 4 days for the circular orbit, and 2 days for the elliptical one.






	Abstract
	Sommario
	Contents
	List of Acronyms
	List of Tables
	List of Figures
	Introduction
	Model-Based System Engineering
	ARCADIA method
	Capella tool
	Engineering levels
	Requirements


	CUBE Mission
	Mission Overview
	Mission Analysis
	Orbital Mechanics
	Environmental analysis


	Space segments design
	Operational Analysis
	System Analysis
	Logical & Physical Architecture
	Propulsion system
	Telecommunications system
	OBDH
	AOCS
	EPS
	TCS
	Structure
	Global mission view in Capella

	Preliminary configuration
	System Budgets
	Power budget
	Mass budget

	Criticalities and open points

	Mission phases
	Mission phases in Capella

	Risk Assessment
	Conclusions
	Bibliography
	Acknowledgements

