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Zusammenfassung

Das New Space Zeitalter bietet zahlreiche neue Maoglichkeiten im Bereich der Satel-
litentechnologie mit geringeren Hirden besonders fir den privaten Sektor. Insbeson-
dere die Technologie der Kleinsatelliten wachst tber ihren ehemaligen Zweck als reines
Technologie-Testbed hinaus und entwickelt einen eigenen Markt parallel zu den groé3eren
Pendants aus dem Old Space Zeitalter. Die neuen Standards fir die Entwicklung
von Kleinsatelliten und insbesondere der System Life Cycle (SLC) sind von den Old
Space Standards abgeleitet, welche mit der Absicht entworfen wurden, komplexe Mis-
sionen der bemannten Raumfahrt abzudecken. Jedoch haben diese unvergleichbare
Randbedingungen hinsichtlich Entwicklungszeit und Ressourcen, was die Anwend-
barkeit dieser Standards auf Kleinsatellitenmissionen mit generell beschrankten Ressourcen
in Frage stellt.

Das Ziel dieser Arbeit ist es, die Implementierung von SLCs in europaischen Kleinsatelliten-
Missionen zu analysieren und mit den bestehenden Standards abzugleichen. Dazu
wurde eine digitale Umfrage sowohl mit Teams wissenschaftlicher Universitatsprojekte,

als auch mit privaten Unternehmen, die Kleinsatelliten entwickeln, durchgefiihrt. An-
schlieBend wurden Interviews mit den Teilnehmern, zugeschnitten basierend auf ihren
jeweiligen Antworten im Rahmen der Umfrage, durchgefihrt, um weitere Einblicke in

die Thematik zu erhalten.

Die gesammelten Daten und Erkenntnisse sind in dieser Arbeit prasentiert, diskutiert
und zusammengefasst und dienten als Grundlage fur den Entwurf einer SLC Imple-
mentierung in Kleinsatellitenmissionen. Der vorgeschlagene SLC hat das Ziel durch
die Entwicklung und den Betrieb eines Kleinsatellitensystems zu fuhren und eine Ba-
sis flr weitere Diskussionen Uber die Standardisierung der Kleinsatellitentechnologie
zu schaffen. Er umfasst die zu durchlaufenden Entwicklungsphasen, die Reviews zum
Ubergang in die niachste Phase, sowie die erwarteten Ergebnisse in jedem Review
und schlagt mogliche Prozessmethodiken auf der Grundlage der in den Interviews
gewonnenen Erkenntnisse vor.

Basierend auf den Ergebnissen wird das oben genannte SLC beispielhaft fir das Klein-
satellitenstartup Orora Tech unter Berlicksichtigung deren Randbedingungen imple-
mentiert. AbschlieBend wurden die Ressourcen und die Expertise der BERNS En-
gineers GmbH genutzt, um eine Vorgehensweise flir die Standardisierung der Klein-
satellitenentwicklung, auf Basis der etablierten Standardisierung anderer Industrien,
zu gestalten.
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Abstract

The New Space era offers novel opportunities with reduced entry barriers for the pri-
vate sector with regard to satellite technology. Specifically, SmallSat technology is
stepping out of its former purpose of being merely a technology testbed and is devel-
oping its own market parallel to that of its larger Old Space counterparts. However,
the standards addressing SmallSat development and specifically the SLC thereof are
derived from Old Space standards. Those standards were designed with the intent to
cover complex missions encompassing manned space flight which have incompara-
ble boundary conditions regarding development time and resources. This raises the
question of their applicability onto resource-constrained SmallSat missions.

The purpose of this thesis is to analyse the implementation of SLCs in European Small-
Sat missions and to understand their compliance to existing standards or lack thereof.
In order to do so, a digital survey was filled out by both scientific university projects
and private companies that develop SmallSats. Additionally, a tailored interview was
conducted with the participants based on their survey answers, in order to gain further
insights into the subject matter.

The gathered data and insights were presented, discussed and summarised in this the-
sis before they served as a basis for the design of a proposal for SLC implementation
in SmallSat missions. The proposed SLC aims at guiding through the development
and operation of a SmallSat system and offering a basis for further discussions on
the standardisation of SmallSat technology. It covers the development phases to be
undergone, the reviews used to phase-shift, the expected deliverables per review and
advises on applicable process methodology based on the insights gathered during the
interviews.

Based on the results, an example of the implementation of the afore mentioned SLC at
the SmallSat Startup Orora Tech is given, based on their boundary conditions. Lastly,
due to the inapplicable Old Space standards the resources and expertise from BERNS
Engineers GmbH were used to propose a road map for the standardisation of SmallSat
development based on the established standardisation of other industries.
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Chapter 1. Introduction U ﬂ

1 Introduction

This chapter aims at introducing the subject matter to the reader in order to elaborate
on the motivation behind conducting the research and work that comprises the content
of this thesis.

In the New Space era the privatisation of the space industry has lead to lower entry
barriers for the development and operation of space systems. Specifically, the devel-
opment of satellite systems has seen an increase and acceleration of the develop-
ment process through the development of responsive systems with innovative process
methodology and novel technologies by private entities which develop smaller more
responsive satellite systems with less resources. [2, 3, 4, 5]

However, the standards governing satellite development stem from conventional satel-
lite development in which governmental agencies were the main developers of satellite
systems. This has the result that currently established standards were set by govern-
mental agencies which had different boundary conditions with respect to available re-
sources and development time. Further, existing standards describe the development
process to rigorous detail. This stands in contrast to the flexibility and innovativeness of
the methodology applied during the development process of responsive satellite sys-
tems in the New Space era. [4, 6, 7]

Thus, a discrepancy between standards governing the development process and ap-
plied methodology for the development of responsive systems can be assumed to exist.
Hence, it requires research into the subject matter in order to understand the necessity
and challenges of applying exiting standards, the novel development methodologies
and to propose a solution that negates an existing discrepancy in standardisation.

The work conducted during the course of this thesis aims at doing so for systems en-
gineering implementation of system life cycles of responsive satellite systems. This is
done through literature research, collecting insights from satellite development through
the conduction of reviews, proposing a solution based on both methods of research
and validating the applicability of it.
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2 State of the Art

This chapter aims at providing the reader with insights on the state of the art in satellite
development, SLCs of satellite missions and the standardisation thereof. Specifically,
it aims at developing an understanding of the New Space trend and its influence on
satellite development while elaborating on the current standardisation thereof.

2.1 New Space

In order to lead up to the current state of the art in satellite development an under-
standing of the New Space trend is developed in this section for the purpose of placing
the content of this thesis into both a temporal and a contextual frame.

2.1.1  Historical Background and Standardisation

The innovation in the space industry was commenced by the 'Race to space’ and
the subsequent 'Race to the moon’. During this time, the United States of America
(USA) and the Union of Soviet Socialist Republics (USSR) were politically motivated to
achieve scientific and technological progress that would enable them to be the first to
orbit the earth and land on the moon respectively. [8]

After the landings of the Apollo missions and the collapse of the USSR, space lost its
importance as a competitive domain for garnering international prestige [2]. At that time
the communication and navigation satellite businesses started getting lucrative and a
prioritisation of profit over prestige occurred. Thus, a more sustainable business model
started being implemented in the space industry [2, 9]. The start of which forced gov-
ernmental agencies to show that their programs had economic payoffs. Said payoffs
motivated large cooperations to become parts manufacturers and subsequent satellite
developers enabling the private sector to enter the space industry [2]. In the USA,
the NASA has been responsible for the development of conventional space projects.
They outsourced development services to the private sector, while providing detailed
work descriptions and holding ownership of all vendor development activities and parts
[10, 5, 11].

The rate of innovation and risk acceptance of the early space races had to a certain
degree resulted in catastrophic failures and the loss of human life. As a consequence,
standards were developed to reduce known risk factors, by describing the development
process and the results thereof in rigorous detail and further evolving into a norm for
both development by government agencies and for the cooperation between govern-
ment agencies and the private sector. Upholding those standards would assure a risk
adverse space industry which on the one hand ensures mission success but on the
other hand leads to long and expensive development processes. Expensive develop-
ment processes and the cost of launching the final product into space made the space
market an endeavour only governmental agencies or large cooperations could dare to
undertake [12, 11].
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However, as innovations in other industries lead to technologies becoming exponen-
tially better, smaller and more reliable the space industry had to be influenced. For ex-
ample, as the computing power of mobile phones in the early 2000s was becoming as
powerful as desktop computers of the 1990s, so too was the computing power achiev-
able onboard of modern satellites in comparison to their predecessors [5, 13, 14, 15].

The aforementioned lower costs to enter space activities motivated federal agencies,
academic institutes and companies to concentrate on smaller satellite projects with
increasing frequency [14]. These so called SmallSats (See subsection 2.1.4) are a
product of the shift caused by the New Space Philosophy on the financial aspect of
satellite development as well as on the developmental process itself which are both
further illustrated in the next sections.

2.1.2 Financial Parameters

“The days where commercial access to space is limited to a commercial
company’s absolute cost advantage, a sole source contract, or government
funding are over.” [3]

Since the turn of the century an exponential increase of investment in space industry
has been made by large banking entities, investment fonds, angel investors as well as
private investors funding their own space ventures [16]. The most lucrative entry point
for investments in the space industry are SmallSat missions with their relatively low
investment requirement that recently allowed for the usage of crowdfunding platforms
to secure funds [5, 3].

In 2015, the global space industry accounted for a spending of $323 billion. Commer-
cial space products, services and the support industry thereof accounted for 77% of
this global spending, while the U.S. government and its federal agencies accounted
for 14%. The remaining $32.3 billion are composed of government spending by other
countries [10].

Between 2014 and 2020, the European Union (EU) alone planned to invest over EUR
12 billion in space activities. The EU owns space systems with 33 satellites currently in
orbit and over 30 planned in the next 10—15 years. Currently, space technologies, data
and services have become indispensable in the daily lives of European citizens. [12]

"It [Space] has [...] improved our everyday life in many ways — the Euro-
pean Space Agency estimates that for every Euro spent in the sector there
has been six Euros benefit to society.” (Werner Hoyer, President of the Eu-
ropean Investment Bank) [12]

While globally an increasing number of governmental bodies are acknowledging that
the space sector has become an established component of their fiscal strategies, the
private sector has established itself as an indispensable partner in the space industry
without whom the public sector can no longer solely compete on an international mar-
ket. The best example of this is Space Exploration Technologies Corp (SpaceX) and
further private companies allowing the USA to regain transportation capabilities to the
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International Space Station (ISS) and thus loosing the dependancy on Russian Soyuz
missions that had become the norm after the end of the Space Shuttle Program [10].

Furthermore, market research shows an increasing demand for space technologies
applicable for earth and weather observation, as well as communication and space ex-
ploration [17, 18, 19]. New Space companies are focusing on said customer needs and
developing solutions independent of the public sector [5]. Today, there are established
private companies for every aspect of the satellite industry. Meaning that, the process
starting from the need for a satellite to the development and launch of the system, as
well as the financial backing and parts supplied, can be undergone without the direct
involvement of any government entity.

Specifically, the satellite bus market being the “most competitive segment of the space
enterprise”, is a product of private companies rapidly increasing their efficiency by
using commercial off-the-shelf (COTS) standardised parts and building modular and
reconfigurable satellite buses. This increases their share of profit generated in the
space industry while outcompeting the public sector. [20]

Further components influencing the development process of satellites are illustrated in
the next section.

2.1.3 Parameters of the Development Process

Research specifically addressing the satellite development process in the frame of the
New Space era is still in its infancy, but certain characteristics are observable that
distinguish the development process from conventional approaches.

First of all, in the conventional space industry the private subcontractors of NASA would
get detailed description for every development process in the form of standards to be
followed (See subsection 2.2.2). In New Space times the subcontractor bares more
responsibility during the development of a system and thus shares both risk and costs
[10]. This is called Supplier Integration in Lean Management Philosophy. Supplier
Integration is a trend in multiple global industries and is gaining influence on the space
industry [21, 22].

Further, the responsiveness of a system is becoming a significant New Space charac-
teristic. Responsiveness describes the ability of a system to rapidly respond to uncer-
tainties, whether they are of technical or environmental nature or due to demand and
launch uncertainties as well as funding stream uncertainties [4].

Brown acknowledges that "larger monolithic spacecraft of today are notoriously unre-
sponsive” [4] and hence he highlights the fractioning of satellite systems as the solution
to the unresponsiveness. Fractioning occurs when “a satellite is decomposed into a set
of similar or dissimilar component modules which interact wirelessly while in cluster or-
bits” [4]. Launching multiple smaller satellites to fulfil an objective allows for multiple
iterations in the development process where risk - due to uncertainty - can be mitigated
to multiple spacecraft instead of a sole one.
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U ﬂ Chapter 2. State of the Art

“Today’s spacecraft are designed for requirements. A more responsive So-
lution is to design spacecraft for uncertainty.” [4]

Although fractioning is a relevant solution for unresponsiveness in respect to the grand
mission goal, the fractioned satellite system components are becoming more respon-
sive themselves, because of further factors that accelerated technology advances and
enabled novel design methodology. Additive manufacturing and the use of novel ma-
terials allow for more precise production methods which have led to the development
and vast availability of miniaturised component parts, more specifically the fields of
microelectronics, telecommunication instrumentation and sensors have been greatly
impacted [5, 13, 14, 15]. Thus, these globally available and reasonably priced COTS
components were adapted to the space industry’s needs and used in small satellite
production lines [23].

Furthermore, the usage of COTS components, common bus components and the fact
that software can be updated after the launch, opens up the field of modular structures
which adds a core capability to the development process allowing it to become, in some
instances, one of reconfiguration rather than one of redesign [20].

These New Space characteristics clearly distinguish the development process from
conventional satellite development and most importantly minimise costs and time to
market [18]. They are summarised in Figure 2—1. [24]

New Space Characteristics

Capability-
Change in driven system
culture
Revenue R
instead of esponsive-

cost models Lo

Modular Functional
design instead of
technical
requirements As much
capability as
possible with
existing
technology

Innovative
manufacturing

Configurable

Fig. 2-1: New Space Characteristics [24]
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Finally, these New Space characteristics allow not only young but also established pri-
vate companies to operate with novel approaches in system development. They are
agile, innovative, economical, take on higher risks and capable of showing a compet-
itiveness not previously common in conventional satellite development as illustrated
in the previous section [25, 3]. This holds especially true for companies developing
SmallSats which are presented in the next section.

2.1.4 Definition of SmallSats and CubeSats

"Were it just the actual spacecraft mass, the changes from this trend would
be limited in scope, but the trend is encompassing of more than just a single
design parameter. Used colloquially, the term ‘Small Satellites’ or ‘Small-
Sats’ describes not just a focus on lower mass satellites, but also on a
different approach to building, operating, financing, and managing risk for
satellite systems.” [5]

SmallSats are a class of satellites resource constrained by mass, power, volume, deliv-
ery timelines and financial cost relative to their larger counterparts [26]. As advances
in different technologies make components for space missions smaller, lighter and
more power efficient, the market niche for SmallSats is not only becoming profitable
for university projects but also for industrial application. This is specially relevant for
developing nations, gaining access to space technology and promoting education and
technology utilisation [14, 24].

SmallSats started out as a "petridish” or experimental test beds for novel space tech-
nology [5]. An example of this is the Munich Orbital Verification Experiment Il (MOVE-II)
ongoing at the Technical University of Munich (TUM). Although the project had multiple
scientific and educational mission objectives, the mission objective of flying novel solar
cells and gathering their data can be taken as an example of a test bed. MOVE-II's
payload consisted of a solar cell characterisation system, a system capable of mea-
suring the |-V characteristic curve of solar cells, their temperature and the sun angle.
The payload characterised a novel four-junction solar cell and its corresponding single-
junction cells against degradation in the space environment. It is not possible to gather
information of equal quality on the ground. State of the art solar simulators fail at re-
producing an Air Mass Zero (AMO0) spectrum and there is no apparatus to reproduce
cosmic radiation [27].

Aside from the educational benefit for the universities themselves, such platforms al-
lowed for the mitigation of risk from larger satellites with lower barriers to entry for
developers [28]. Thus, allowing many non-traditional entrants, whether they’re univer-
sities or both public and private companies, to explore new ideas on how they would
satisfy their mission requirements or deliver a novel product. Enabled by lower devel-
opment and launch costs and supported by an ecosystem of vendors, technologies
are quickly attempted and refined. The resulting effect is that the small satellite market
is serving as a laboratory for rapid evolution of approaches on both the business and
technology fronts of the space industry [5].
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Rivers applies an accurate analogy of “bullets” versus “cannonballs” in the testing of
new concepts. Derived from research by Collins and Hansen on what makes compa-
nies successfully thrive in their industries during changing times and how those compa-
nies used small experiments, or bullets, versus large scale experiments or changes —
cannonballs [29]. He argues that SmallSats satisfy the criteria that Collins and Hansen
lay out for a bullet and that three key patterns of this technology give it a laboratory na-
ture: the excessive use of COTS parts, the implementation of extendable open-source
software, and both modularity and standardised interfaces [5].

Through these key patterns, a different type of space innovation than with conventional
satellites is possible. SmallSats operating in Low Earth Orbit (LEO) have a shorter orbit
lifetime and the development time is shortened to a few years. Therefore, rapid advan-
tages of new-cutting-edge technology can be utilised. [25, 30, 31]. Hence, SmallSat
projects have shorter lifecycles than conventional satellite projects. So in the sense of
the analogy, multiple SmallSat "bullets” can be fired in the time a conventional satellite
project - a canon shot - completes a cycle. For each bullet or iteration, the chance to
adjust the aim affords the SmallSat domain a pace of change that reinforces its role as
a laboratory for the space industry as a whole [5].

Also of crucial importance is the fact that SmallSats are providing acceptable reliabil-
ity for a weighted reduced mission cost and lifetime [19, 30, 31, 32, 33]. However,
SmallSats have recently grown beyond the limitations of technology test beds. Today,
established private companies are offering mission development based on SmallSat
technology which creates an own market and technological path. Rivers compares
them to machine guns with the conventional satellite domain model being the heavy
artillery [5].

That does not mean that SmallSats are replacing conventional satellites, but rather
that they are developing their own technological path. The innovative disruptive force
— successful concepts from the SmallSat petridish - has a deep and lasting impact
on the conventional satellite market, but rather than replacing the traditional satellite
industry path, the two paths started forming a symbiotic relationship. They feed off the
technology, market and culture of each other and benefit the industry as a whole. This
symbiosis is noticeable through the migration of technology and business practices
[5, 34, 25].

One analysis of SmallSats with respect to cost, power and utility, suggests the optimal
satellite size to result in roughly 42 kg [35]. The accumulation of single CubeSats to
the extend of larger CubeSat units, e.g. 27U with a mass up to 54 kg, is getting close
to this optimal size [24].

CubeSats are a form-restricted version of a SmallSat that have a standardised cubic
shape of 10 x 10 x 11 cm, with a mass of up to 1.33 kg which is considered one unit
(1U) and is defined in the CubeSat Design Specification (CDS) [36]. They are further
extended to a multiple of the cube unit ranging from 2U up to 27U. This standardisation
is a basis for further developments of efficient and modular products, e.g. the standard-
ised Poly Picosatellite Orbital Deployer (P-POD) which is an interface between a rocket
and a CubeSat. This launch integration allows for more compact satellite missions to
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be accomplished per launcher. Proving that CubeSats are an initiator and accelerator
for space industry modularisation and standardisation [5]. Additionally, adhering to the
CDS form standard and the development of interfaces based on it allows for CubeSats
to have a novel flexibility. A CubeSat can be launched with any interface that is based
on that standard which decouples the the development processes of both and ads flex-
ibility regarding the launch opportunities, as an interface won’t need to be developed
specifically for every CubeSat.

Furthermore, launch opportunities mostly existed in the form of secondary payload mis-
sions, with launches often subsidised by the government. However, SpaceX’s SSO-A
launch in December 2018 which launched MOVE-II into orbit was one of the largest sin-
gle ride share missions to date and was nicknamed the 'SmallSat Express’. The Falcon
9 rocket launched 64 spacecraft onto a Sun-Synchronous Low Earth Orbit, proving that
the demand of the new emerging market of SmallSats is sufficient to finance a launch
on its own [37]. This establishes the SmallSat market as the initial frontier of space
access for governmental bodies as well as universities independently from the con-
ventional market. Another company called Rocketlab is catering to that market with
maximal payload capacity designed to launch SmallSats into orbit [38].

Research conducted by Kochel presents Table 2—1 as an exemplarily satellite classi-
fication by mass range [24]. Her classification is derived from both a more scientific
source which is Ley [39] and an industrial view by Doncaster, et al. [40]. Historically,
satellites have been classified by mass because mass-to-orbit has been the cost driv-
ing factor in this industry [41].

Tab. 2—1: Satellite classification based on mass range
Satellite classification Mass range [39] Mass range [40]
Conventional Satellite More than 500 kg -
SmallSat - 100 — 500 kg
MiniSat 100 — 500 kg -
MicroSat 10— 100 kg 10 -100 kg
NanoSat 1—-10kg 1-10kg
PicoSat Upto 1 kg Upto 1 kg
FemtoSat - 10-100¢

During the course of this thesis, the term SmallSat is used to encompass all satellites
under 500 kg. Thus including Mini-, Micro-, Nano-, Pico- and FemtoSats in order to
make this thesis easily readable. However, CubeSats will accurately mean one or a
multiple of the 1U form restriction standard.

After presenting the novelties of New Space on multiple fronts, the state of the art on
the aspects not yet sufficiently innovated under the New Space era is presented. This
builds the framework for a suggested innovating of the aspects discussed above during
the course of this thesis.
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2.2 Standards and System Life Cycles

This section aims at providing an insight on the state of the art in SLCs. Specifically,
the traditional SLC implemented by Systems Engineering (SE) in the space domain.

After presenting the terminology used for describing a SLC and its components - ac-
cording to the most commonly used sources - the standards used for traditional Euro-
pean missions are presented, before a standardisation example from another industry
is introduced.

As mentioned, this section aims more towards defining the terminology used during the
course of this thesis rather than representing the state of the art in SLC implementation
to great detail. This is due to to the fact, that the work conducted in this thesis includes
interviews on the state of the art in SLC implementation and is elaborated upon in
chapter 5).

To define the term system the International Council on Systems Engineering (INCOSE)
definition is used and presented below. The INCOSE is the largest professional society
in the field of SE.

"A system is an integrated set of elements that accomplishes a defined ob-
jective. These elements include products (hardware, software, firmware),
processes (policies, laws, procedures), people (managers, analysts, skilled
workers), information (data, reports, media), techniques (algorithms, in-
spections, maintenance), facilities (hospitals, manufacturing plants, mail
distribution centres), services (evacuation, telecommunications, quality as-
surance), and other support elements.” [7]

2.2.1 Traditional System Life Cycles and Terminology Definition

“In a similar fashion to human physiology, it is useful to think of a system as
progressing through a succession of stages known as a life cycle.” [11]

The term system life cycle is not a standardised term in literature. Often the term
Product Life Cycle, Project Life Cycle or Project Phase Concept is used to mean the
same thing [6, 42, 43]. As this thesis deals with the development process of SmallSats,
the term system life cycle is chosen as the most suitable because the managerial
aspects of a project are touched upon during the course of this thesis but only in respect
to their direct influence on the development process and not in their proceedings as
such. Further, the term product could be understood as the physical satellite itself.
However, the development process addressed in this thesis does encompass ground
communication segments and satellite operation. Thus, the term system life cycle is
chosen to reflect the following quote:

"System life cycle is a conceptual model that is used by system engineers
[...] to describe how a system matures over time. It includes each of the
stages in the conceptualisation, design, development, production, deploy-
ment, operation, and retirement of the system.” [11]
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The main literature used as a basis for the content of this thesis are:

e The NASA System Engineering Handbook: as it is the most commonly used
and referenced literature dealing with the topic of SLCs [6]

e The INCOSE Systems Engineering Handbook: as it is the official handbook by
the INCOSE and also widely referenced and used [7]

e The European Cooperation for Space Standardisation (ECSS) standards: as
it's the official standard for SLC implementation in Europe which is the focus of
this thesis (Further elaborated upon in subsection 2.2.2).

Further, the book "Decision Making in Systems Engineering and Management” by the
The Department of Systems Engineering at the United States Military Academy is cho-
sen because it aims to be a "useful undergraduate textbook focusing on the practical
application of systems engineering techniques to solving complex problems [...] on the
highest levels of government (and) military service”. In order to do so, it offers a com-
parison of SLC implementation and presents it in an educational content for students
who do not have a formal education or practical experience in systems engineering
while also drawing on SLCs from the above mentioned sources [11].

Considering these sources, terminology can be defined that does refer to the same
component of the different, referenced SLCs.

System Life Cycle Phases

"One of the fundamental concepts used within NASA for the management
of major systems is the program/project life cycle, which categories every-
thing that should be done to accomplish a program or project into distinct
phases that are separated by KDP” [6]

All models of SLCs divide them into such phases with a distinct category for the ob-
jectives of the phase. However, the amount of distinct phases vary depending on the
source. Figure 2—-2 shows a comparison of different SLCs.
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Fig. 2-2: Comparison of SLCs showing the difference in phase devision, terminology,

superordinate periods and objectives [7]

As presented, a SLC can be divided into various different phases with defined objec-
tives, with the phases often categorised by superordinate Periods and often ending in
Reviews and KDPs (See Figure 2-3). For the contents of this thesis the SLCs from
the NASA and the ESA will be taken as the basis for traditional SLC implementation.

Figure 2—3 shows a comparison between both and their common denominators.
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Fig. 2-3: Comparison of NASA’s & ESA’s SLCs with the ESA’s selected as it presents
the context of this thesis [42]

The following terminology is chosen as a basis for traditional SLC Phases during the
work conducted for this thesis [6]:

e Pre-Phase A: Concept Studies
e Phase A: Concept & Technology Development
e Phase B: Preliminary Design & Technology Completion
e Phase C: Final Design & Fabrication
e Phase D: System Assembly, Integration & Test, Launch & Checkout
e Phase E: Operations & Sustainment
e Phase F: Closeout & Disposal
Key Decision Points

"KDPs are the events at which the decision authority determines the readli-
ness of a program/project to progress to the next phase of the life cycle” [6]

During the course of this thesis KDPs are defined as the prelusive quote intends them
to be and are synonymous with the term Decision Gate (DG) known from other indus-
tries. They are located between phases allowing management to take decisions over
the continuation, discontinuation or adaptation of the project.

Reviews & Milestones

Reviews are defined as a report with a specific purpose - in whichever form of con-
duction - that is conducted in front of a reviewing board which then gives feedback
that shall be implemented. The form of conduction and the composition of the review
board are further researched during the course of this thesis. However, Review Item
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Discrepancies (RIDs) are defined as the feedback given by the review board which is
expected to be implemented before the review is considered finalised. The positioning
of reviews is highlighted for both SLCs in Figure 2-3 in form of triangles.

The term milestone is not defined in literature but is defined during the course of this
thesis as a certain desired maturity grade of the system being developed.

The relationship between KDPs, reviews, RIDs and milestones is further researched
during the course of this thesis before a final proposal is submitted.

Requirements, Deliverables & MOEs

Requirements describe "how the system must perform during its life cycle” [7]. How
requirements are acquired, defined and traced is briefly touched upon in this thesis but
will not be the main focus as it is out of the scope of this thesis. This thesis draws on
the requirements when explaining the components and relationships of the SLC.

The term deliverables is used in order to encompasses all possible outputs of a phase
that are submitted to a second party which can be various types of technical or non-
technical documentation, a physical product at a certain maturity or a finalised review.

Further the following degrees or levels for requirements can be found in traditional SLC
implementation.

e Measures of Effectiveness (MOEs) are the measures of success that are de-
signed to correspond to the accomplishment of the system objectives as defined
by the stakeholder’s expectations [7, 6].

e Measures of Performance (MOPs) define the performance characteristics that
the system should exhibit when fielded and operated in its intended environment.
MOPs are derived from the MOEs but are stated in more technical terms from
the supplier’s point of view [6].

e Technical Performance Measures (TPMs) are physical or functional characteris-
tics of the system associated with or established from the MOPs that are deemed
critical or key to mission success [7, 6].

Stakeholders

"A stakeholder, in the context of systems engineering, is a person or or-
ganisation that has a vested interest in a system or its outputs [...]. [Flor
any systems decision problem, stakeholders will care about the decision
reached because it will in one way or another affect them, their systems, or
their success.” [11]

The different forms of vested interest in a system are referred to as the stakes of
the stakeholder. Hence, every group or individual having a stake in the system is
considered a stakeholder.

The topic of stakeholders and stakeholder management is also not entirely covered by
the scope of this thesis, but is rather elaborated upon when explaining influences on
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the SLC and specifically the development process, conduction of reviews and the role
of the stakeholders on a reviewing board.

Methods

During the course of this thesis the term method will mean process methodology that
advises on how the development process should be conducted. While the SLC di-
vides the development process into phases with KDPs, the method often describes
the process of going through the phase itself and the relationship between the design,
conceptualisation, testing and verification of a system, which in turn can describe the
relationships of multiple phase objectives to one another [44].

The main exemplary methods referred to during the course of this thesis are:
(Further elaborated upon in chapter 6 regarding content and choice)

e The V-Model [44]

e The Spiral Model [45, 11]

e Agile methods (mainly in the form of Scrum) [46]
Tailoring

“The requirements defined in the series of ECSS Standards are generally
applicable to all actors working on space projects, but are intended to be
viewed from the perspective of a specific project context, and tailored to
match the genuine requirements of the project” [47].

Thus, the term tailoring means the adaptation of a standard or guideline to meet spe-
cific project requirements. Those requirements can be in the form of the environment,
technology maturity, product class, cost and risk constraints, organisational complexity
and the procurement approach [11].

The NASA SE Handbook for example presents adjusted SLC designs depending on
the type of space mission they are intended for and recognises the need to accommo-
date the unique aspects of each project to achieve mission success in an efficient and
economical manner through tailoring. [6]

What the state of the art on that matter is in Europe, is presented in the next subsection.

2.2.2 ECSS standards

"The European Cooperation for Space Standardisation ECSS is an initiative
established to develop a coherent, single set of user-friendly standards for
use in all European space activities” [47].

The series of ECSS Standards is intended to be applied for the management, engi-
neering and product assurance in space projects and applications. The ECSS is a
cooperative effort of the European Space Agency, national space agencies in Europe
and European industry associations for the purpose of developing and maintaining
common standards. The standards define what shall be accomplished, rather than the
specific terms of how to organise and perform the necessary work.
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Analog, NASA has its collection of NASA Procedural Requirements (NPR) defining
“what” must be done to properly and successfully manage NASA programs and projects
However when it comes to SE, NASA offers a SE Handbook detailing the implementa-
tion of a SLC and guiding SE best practices [6]. The same can not be said for the ESA.
The INCOSE SE Hanbook can be used for the implementation of the ECSS standards
but it does not reference them directly and thus it does not give direct guidance on
ECSS implementation [7].

What is meant here by guidance on implementation is a description of the components
of the SLC, the positioning of reviews and the expected deliverables of each review as
well as a a description on how to show compliance with the standards.

The ECSS standard ECSS-E-ST-10C Rev.1 gives brief guidance on said implemen-
tation and does reference other standards with respect to documentation templates
[43].

As previously mentioned, space missions used to be exclusively an endeavour govern-
mental agencies could undertake. Thus, these standards were developed as a com-
pliance requirement for suppliers from the private sector. Meaning that complying with
these standards was a requirement for cooperating with these governmental agencies.
Hence, complying with standards was a prerequisite for being part of a space mission.

ECSS Standards for SmallSats and CubeSats

The ESA provides the TEC-SY/128/2013/SPD/RW document which lists tailored ECSS
standards applicable for CubeSat IOD missions [1].

The aforementioned document is comprised of a table highlighting applicable stan-
dards and underlines sections that are truly applicable and others that are to be taken
as a guideline. Table 2—2 depicts the standards deemed applicable in this document.
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Tab. 2-2: Standards deemed as applicable by TEC-SY/128/2013/SPD/RW [1]

Standard ECSS Number

Standard Title

ECSS-E-ST-10-02C [48]

Verification

ECSS-E-ST-10-03C [49]

Testing

ECSS-E-ST-10-04C [50]

Space environment

ECSS-E-ST-20C [51]

Electrical and electronic

ECSS-E-ST-20-08C [52]

Photovoltaic assemblies and components

ECSS-E-ST-31C [53]

Thermal control general requirements

ECSS-E-ST-32C Rev.1 [54]

Structural general requirements

ECSS-E-ST-32-01C Rev.1 [55]

Fracture control

ECSS-E-ST-32-02C Rev.1 [56]

Structural design and verification of pressurised hard-
ware

ECSS-E-ST-32-08C [57]

Materials

ECSS-E-ST-33-01C [58]

Mechanisms

ECSS-E-ST-35-01C [59]

Liquid and electric propulsion for spacecraft

ECSS-E-ST-50C [60]

Communications

ECSS-E-ST-50-05C Rev.2 [61]

Radio frequency and modulation

ECSS-E-ST-60-30C [62]

Satellite attitude and orbit control system (AOCS) re-
quirements

Furthermore, the referred document acknowledges that [1]:

e “For such activities, the majority of the standards contained in the ESA approved
list of standards may not be relevant and only a few may be selected as applica-

ble”

e "The verification process shall be adapted to reflect the reduced complexity of
work and the absence of one or more disciplines.”

e "[l]t is clear that the design, development and verification process cannot follow
a classical ESA project approach to management, engineering, reviews|.] [...]
Furthermore, the majority of the standards documents are not relevant/suitable

for this type of project.”

This leaves CubeSat developers with a selected few standards that were originally not
designed for their innovative technology and that they only have to comply with when
working directly with the ESA. Furthermore, the standard describing the SLC and its
components is not among the selected applicable standards. The implications of this
for SmallSat development is further researched during the course of this thesis.
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2.2.3 Automotive SPICE

As previously elaborated, the standards for space missions are mainly established by
governmental agencies. However, in the automotive industry an example exists of
private companies collaborating on developing a simplistic and implementable industry
standard from a previously existing standard in order to suit their specific needs.

Automotive SPICE was developed 2001 as a variant of ISO 15504 (SPICE) by the Au-
tomotive Special Interest Group (AUTOSIG). This group consists of the SPICE User
Group, the Procurement Forum, and german automotive manufacturers: Audi, BMW,
Daimler, Porsche, Volkswagen, and other international automotive manufacturers like
Fiat, Ford, Jaguar, Land Rover, Volvo. The listed original equipment manufacturers
(OEM)s founded the initiative to define a minimal set of processes for a process refer-
ence model [63, 64].

The process reference model (PRM) defines all Automotive SPICE processes to be
applicable in well-defined automotive software and embedded systems development.
The process reference model is a schema that guides one in a specific field of ap-
plication to perform certain activities and to produce related work products. On the
work floor level, it is a set of base practices (BP) and resulting work products (WP) as
deliverables [63, 64].

Automotive SPICE describes the life cycle of electronic products with three different
process areas [63, 64]:

e Primary Life Cycle Processes — Acquisition (ACQ), Supply (SPL), and two en-
gineering groups: System Engineering (SYS) and Software Engineering (SWE).

e Organisational Life Cycle Processes — Management (MAN), Reuse (REU):
project and risk management, measurements, process improvement and opera-
tional reuse management.

e Supporting Life Cycle Processes — Supporting (SUP): quality assurance, ver-
ification, documentation, configuration management, change request manage-
ment, and problem resolution management.

This standard has become a common framework for the assessment of suppliers in
the automotive industry and only through it do suppliers qualify to be suppliers for the
OEMs [63, 64]. This underlines its success in being a standard defined by the private
sector for its specific needs.

During the course of this thesis this will be referred to as the example of private com-
panies coming together to develop a standard to suit their needs.

Figure 2—4 shows the standardised disciplines in the form of a V-Model.
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Fig. 2-4: The ASPICE standard depicted as a V-Model of the different disciplines it
encompasses
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2.3 Conclusion of the State of the Art

The state of the art presented underlines the innovative progress attributed to Small-
Sat technology in the New Space era. Both the novel financial parameters of the
New Space era as well as the adapted parameters of the development process have
impacted said innovation. SmallSats are developing their own, highly-responsive tech-
nological path which enables them to be the most tangible entry point to the space
industry, resulting in novel approaches at a previously unobtainable speed of innova-
tion.

However, standards describing the implementation of a SLC for satellite development
were defined to standardise conventional space missions in rigorous detail, which had
different characteristics both on the technical as well as on the monetary aspect of
development.

If and how these standards can be implemented in the developmental process of a
SmallSat, what comprises the components of such a designated SLC and what the
relevance of compliance is, are questions that are tackled during the course of this
thesis, as is illustrated in the next chapter.
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3 Goal of the Thesis

The goal of this thesis is to analyse current implementations of SLCs in SmallSat mis-
sions and to develop a proposal for a SLC fitted to SmallSat development in the New
Space era. As the European basis for SLC implementation is standardised by the
ECSS, the goal includes analysing compliance with said standards.

In order to reach this goal, an analysis of SLC implementation in different SmallSat mis-
sions is to be conducted and evaluated. The different SmallSat missions are comprised
of scientific university projects and private company products. The reason behind do-
ing so is to analyse SLC implementation in teams with different characteristics in order
to be able to gain as many insights as possible about the subject matter.

Furthermore, it is to gain insights about ECSS compliance depending on the team
characteristics as well as both the ESA’s stake in the mission or lack thereof. Hence,
this analysis has the purpose of gaining an understanding of the reality of SLC imple-
mentation in such missions in order to integrate solutions to existing challenges in the
proposed SLC, thus ensuring future applicability of it.

The goal is to identify and propose a SLC with:
e Phases defined by their objectives

e Clearly positioned KDPs as phase completion which are detailed to the extent of
their deliverables

e An example of a methodical approach of going through the phases
e An argumentation regarding its ECSS compliance

After the development of a proposed SLC, the application of it onto the development
process at the SmallSat startup Orora Tech is the case study chosen to validate the
applicability of it. The aim is to describe the application of the SLC for the complete
development process as well as for the current development process of the optical
payload and launch thereof in cooperation with another private company.

Lastly, a goal of this thesis is to use the SE resources of BERNS Engineers in order
insure the applicability of it on new SmallSat missions in the form of SE consultancy.
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4 Methodology

This chapter presents the methodology used for literature research and interview con-
duction during the course of this thesis. It aims at giving the reader the fundamental
understanding of how the contents of the next chapters came to be.

4.1 Literature Research Methodology

As previously stated the following documentation is the basis for research on SLC
implementation and combined presents the state of the art in that matter:

e NASA System Engineering Handbook
e INCOSE Systems Engineering Handbook
e ECSS standards

The methodology behind it is plainly simple and summarised by the fact that any litera-
ture dealing with space SLC implementation references these documents. This is due
to the history of the space industry being solely a domain of governmental agencies
and thus they defined and standardised all proceedings for this industry. Additionally,
SE began to evolve as a branch of engineering during the late 1950’s during the race to
space as the INCOSE Handbook states [7]. Hence, the INCOSE Handbook guides on
SLC implementation that is not just applicable but originates from the space industry.

Moreover, the widely referenced book "Decision Making in Systems Engineering and
Management” is additionally taken into account because of its educational nature and
the coverage of other literature.

Lastly, the standards listed in ESA’s TEC-SY/128/2013/SPD/RW document titled “Tai-
lored ECSS Engineering Standards for In-Orbit Demonstration CubeSat Projects” are
the official guideline for SLC implementation for CubeSat missions in Europe [1]. Thus,
the research conducted in this thesis incorporates its contents and the output is com-
pared to it regarding applicability and hence the necessity of compliance or lack thereof.

4.2 Interview Methodology

As the literature on SLC implementation in space missions covers the theory, additional
practical input for a development of a SLC is required. This input is obtained through
the conduction of interviews with both university projects as well as private companies.

The methodology behind the conduction of the interviews is as follows:

1. A digital survey is sent out to the interviewee to collect a wide variety of data
covering SLC implementation

2. An interview is tailored based on the collected data of the survey
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3. The tailored interview is conducted with the interviewee to gain a deeper under-
standing of the SLC implementation and the relationship of the components to
one another

In order to insure the comprehensibility of the questions in the survey, it was sent to
members of the MOVE-Il team that were not system engineers and unfamiliar with the
detailed SE terminology. Their feedback was incorporated before the first round of
interviews was conducted with project leaders and systems engineers from the MOVE-
[l team. Finally, their feedback, regarding the survey as well as the tailored interviews,
was also incorporated before this methodology was used on external interviewees.

The disadvantage of surveys is the lack of interaction with the interviewee. When
completing a digital survey, the complete understanding of the survey questions by
the interviewee cannot be guaranteed. There is no possibility to adapt questions or to
check answers with the interviewee to verify his replies. Further, demanding for more
information on a specific question is not possible. This is why the survey is merely a tool
to paint a picture of the subject matter. The semi-standardised way for the conduction
of surveys was chosen. The sequence of the questions stays the same. But in contrast
to fully standardised questions, which provide all possible answers, most questions
require the formulation of own answers. This is done in order to cover all aspects of
SLC implementation as some aspects can be implemented in a variety of ways but
some aspects are either conducted or not.

The tailored interview was then designed in order to further analyse deviations from
the norm. The norm here being SLC implementation as found in the selected litera-
ture. The survey questions have been designed after the thorough familiarisation with
the state of the art and thus represent conventional SLC implementation. Hence, the
interviewee could select if the implementation was according to the norm or deviated
from it. The deviations are then selected for the tailored interview and additional ques-
tions are designed to further investigate the deviations during the interview.

Furthermore, the interviews were conducted, transcribed and referenced during the
collective analysis of SLC implementation in praxis and further in the development of a
SLC. The documentation of the results is presented in chapter 5 while a summarisation
and discussion of the results is presented in chapter 6.

Lastly, the discussed results were implemented in a proposed SLC in order to allow it
to be fitted to SmallSat development in the New Space era and the validation of appli-
cability is conducted in the form of a case study encompassing two distinct application
scenarios at a SmallSat startup (See chapter 7). Hence, the the summarisation and
interpretation of the results was conducted with the development of the SLC and appli-
cation at a private company in mind. Thus, the results relevant for these scenarios are
the ones highlighted in this thesis.
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5 Results of the Digital Survey and the Interviews

In this chapter the results of the interviews are presented chronological to the interview
process itself. The data of the survey is presented in the chronological order of the
survey questions and then further complimented by extracts of the interviews. The
complete transcripts of the interviews can be found in Appendix C. Afterwards, some
points are presented that have surfaced during the interviews but were not part of the
original survey questions. The next chapter is a discussion of the presented results
and a summarisation thereof.

The interviewees and the information they shared about themselves are listed in Ta-
ble 5—-1.Table 5-1 presents what role the interviewees had in their respective missions
and if that mission was part of a university science project or an industrial product
by a private company. The abbreviated roles are Attitude Determination and Control
System (ADCS), Project Management (PM), Systems Engineering (SE) and Mission
Design (MD). Additionally, the type of the project is indicated by either the given uni-
versity name or company name.

Table 5—1 further presents if the interviewees completed the digital survey which is
marked as an "X” in ”S.” and if they were available for an interview afterwards which is
marked as an "X” in "|.”.

As previously mentioned (See section 4.2), the MOVE-II team members and Partick
Lux were part of the the development of this survey and thus their feedback was in-
corporated in the final version of the survey. The data presented in this chapter only
consist of the final iteration of questions in order to ensure consistency. However,
the transcripts of their interviews hold valuable information that is incorporated in this
chapter.

On the other hand, Bertels and Papadeas have filled in the survey but it was not pos-
sible to conduct a followup interview during the temporal frame of this thesis.

Lastly, it shall be noted that the interview with Innovative Space Logistics (ISL) yielded
important insights on multiple fronts of the development process, the standardisation
thereof and the perspective of a launch provider. However, nearly all "not applicable”
(n/a) answers in the survey are from ISL and are thus not further detailed or explained
in this chapter. This is due to the discrepancy of the questions being specifically for
satellite development and ISL being a launch provider which does not directly develop
satellites.
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Tab. 5-1: The interview partners
Name Mission Role Institut or company S.l.
David Messmann |MOVE-II ADCS &|Tech. Uni. of Munich - (X
Student
Lead
Florian Schummer [MOVE-II SE Lead |Tech. Uni. of Munich - [X
Patrick Lux LuxCube SE Uni. of Luxembourg - X
Andris Slavinskis |ESTCube-1&2 |[ADCS  |Uni. of Tartu XX
Lead &
MD
Kelly Antonini Multiple SE & PM |GomSpace XX
Jasper Delfi-C3 &|SE & PM |Tech.Uni. of Delft XX
Bouwmeester -n3Xt & -PQ
Michiel van Bolhuis |Multiple Launch |Innovative Space Logistics|X|X
Mission |(ISL)
Manager
René Fléron DTUsat & DTU|PM Tech. Uni. of Denmark X|X
Space
Jaan Praks Aalto-18&2 PM Aalto University XX
Merlin Barschke Multiple PM Tech. Uni. of Berlin XX
Laurynas Maciulis |LituanicaSAT-1 |SE Vilniaus Gediminas Tech. Uni.|X X
& NanoAvionics
Inna Uvarova PW-Sat2 PM Warsaw Uni. of Technology [X|X
Marcos Compadre |Multiple Tech. Clyde Space XX
Lead
Hong Yang Oei Multiple PM Innovative Solutions in Space|X |X
(ISIS)
Eric Bertels Multiple SE Innovative Solutions in Space | X|-
(ISIS)
Pierros Papadeas |UPSat PM Libre Space Foundation X|-

5.1

Chronological Interview Results

This section chronologically presents the collective data gathered through the digital
survey and extracts from the interviews in which the same point has been further in-
vestigated. The chronological order of the survey’s sections is presented in Table 5-2.

During the answering of the digital survey the interviewees were free to fill in the survey
for one mission that they were involved in or for multiple missions. However, during
the interview they were asked to focus on one mission and use additional missions
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Tab. 5-2: Sections of the survey and their purpose

# Name Short Description of the Purpose of the Section

1 |General Questions Collecting general information about the intervie-
wee, the mission, the orbit etc.

2 |Stakeholder Understanding who the stakeholders were, how
they influenced the development and how they were
managed

3 |ECSS standards Understanding the implementation of the standards

in the project

4 |Methods for Processes|Understanding the methodology behind the devel-

Implemented opment processes
5 |Milestones, Deliverables|Understanding their conduction, relationship to one
and Reviews another and to the SLC phases
6 |System Life Cycle Understanding the phases themselves, MOEs,
MOPs and the placement of KDPs
7 |Feedback Collecting feedback about the survey and the Cube-

Sat community as a whole

when asked to further elaborate a specific point. In the case of university projects
this was useful for understanding how lessons learned from one project influenced
the next. Moreover, in the case of companies this was useful for understanding how
standardised processes were adapted depending on the mission itself.

The data is presented here collectively. A possible representation would be to illustrate
which interviewee chose which answer. However, the goal of the thesis and the agree-
ment reached with the interviewees, is to analyse the implementation of SLCs without
giving out too much information about a specific mission. This is why some specific
partners are merely referred to as "costumers” or "suppliers”. This is also the reason
why some examples of misconduct are presented without direct citation. Gathering
data in an industry ruled by Nondisclosure Agreements (NDA) is a sensitive matter,
that | tried to undertake to the best of my knowledge and with the utmost respect for
my interview partners.

In this thesis, the interview partners are called “interviewee” and “he”, which also in-
cludes female questionnaire partners. Further, the usage of the verbs "choose” or
”select” in this chapter, means that the interviewees selected a presented option as
an answer. However, the usage of the verb "write” indicates that they wrote down an
answer in the digital survey.

In this chapter the single choice answers are presented as a pie chart and multiple
choice answers are presented with horizontal bars indicating the amount of intervie-
wees that selected them. Further, a question that was answered with a rating from ”1”
to "3” is presented with vertical bars as well as questions regarding phase and review
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conduction. For phase and review conduction the answers that were selected by more
than two interviewees are highlighted in order to allow for an interpretation based on
sufficient entries.

5.1.1 General Questions

The purpose of the first section of the digital survey was to collect general information
about the interviewee, his role in the mission, the developed satellite, the orbit and
ESA’s involvement in the project. The data collected from the interviewees on their
role in the mission and the name of the mission is presented in Table 5-1.

When asked what their mission was part of, the interviewees responded with:

0 1 2 3 4 5 6 7 8 9 10

Scientific project
Company product
Other

Fig. 5-1: Mission type as selected by interviewees: The horizontal axis indicates how
often the answer was selected by the 13 interviewees who responded to the question.

As a justification for choosing "Other” the interviewees wrote "Non Profit Foundation’
and "Start-up”.

Figure 5-2 shows the categorisation of the developed satellites by the interviewees
which were all intended for LEO.
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Conventional Satel lite
(more than 500 kg)

Smallsat (100 -500kg) [ |

MicroSat (10 - 100kg) |

NanoSat (1- 10kg) |

PicoSat (up to 1kg) :l

FemtoSat (10 - 100 g)

CubeSat (Form restriction | |
1Uor multiple)

Fig. 5-2: Satellite classification based on mass and the CubeSat form restriction: The
horizontal axis indicates how often the answer was selected by the 13 interviewees who
responded to the question

Further, 10 interviewees have selected that their satellite or satellites have been launched
into space while three selected that they haven'’t yet been launched. Upon further in-
vestigation during the interviews, interviewees clarified that a current satellite that they
are working on has not yet been launched but previous satellites have been. Thus,
all interviewees have previously participated in the development of a satellite that was
launched into orbit. (Hong Yang Oei - ISIS, Jasper Bouwmeester - TU Delft, Marcos
Compadre - Clyde)

The interviewees wrote down the the following answers as their mission objectives:

[N
N
w
IS
O]
@
~
<)
©

0

Earth Observation | |

Fundamental Research | |

Communication |

Military Mission

Educational |

Technology Approval or in Orbit
Demonstration

Getting our customers Satellite \:|
into orbit

Bird Migration Studies

Radiation Measurements

1]

Deorbiting Experiment

Fig. 5-3: Mission objective as given by interviewees: The horizontal axis indicates how
often the answer was selected by the 13 interviewees who responded to the question.

Page 29



U ﬂ Chapter 5. Results of the Digital Survey and the Interviews

For the planned mission life time the interviewees wrote down:

s0days [

1year |
18 months I:l

2 years |
3years [
ayears [
o [

Fig. 5-4: Planned mission lifetime as given by interviewees. The horizontal axis indi-
cates how often the answer was selected by the 12 interviewees who responded to the
question.

This averages 1,97 years which is common for SmallSat missions with the previously
presented masses in LEO [65].

Lastly, the interviewees selected the following, as an answer to if the ESA was involved
as a stakeholder for their mission:

m Yes, an active one with direct
decision power

m Yes, passive with no direct
decision power

Yes for some of ISL's customers,
not for ISL itself

m No

Fig. 5-5: ESA’s involvement as an active or passive stakeholder for the missions: The
percentage indicates how many interviewees selected that option out of 13 responses
to the question.

In the case of the launch provider (ISL), the interviewee chose a fourth option to clarify
that ESA’s involvement was based on them being a stakeholder in the mission through
the costumer. The costumer in these cases could be the launched satellite using ISL
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hardware or a launch vehicle using ISL hardware (Michiel van Bolhuis, Launch Mission
Manager - ISL). This is further elaborated upon in subsection 5.1.3.

5.1.2 Stakeholder

When asked who the stakeholders were for their mission and what their "stake or mo-
tivation for support was” , the university projects mainly listed:

e The university itself as the main financier or as having an interest in the educa-
tional value for students and researchers

¢ A national government agency as the main financier

e The payload providers because of their interest in the scientific data collected
from the payload

e The engineering team consisting of students and researchers who are interested
in the scientific output that can be published as well as the motivation gained from
achieving progress

In the case of the ESTCube-1 the ESA was a stakeholder in the form of the Plan for
European Cooperating State (PECS) Arrangement for Estonia. They then required one
report of the test campaign before the launch and a final report after the launch from
the developing team. They did not go into detail about the development process itself
with the developing team. (Andris Slavinskis, ADCS Lead, University of Tartu)

In the case of the Aalto-1 mission the "ESA was paying the development of the tech-
nology until qualification (...) but they are not interested in the launch” (Jaan Parks,
Assistant Professor, Aalto University). Thus, the ESA financed the development of
the "camera technology” but afterwards the project was financed through a different
source.

The interviewed companies answered the afore mentioned question with:

e The suppliers of the components that make up the satellite as they have an inter-
est in knowing the performance of the satellite

e The launch providers as they have an interest in the performance of the satellite
during the launch

e The costumer as the party who initiated the development and makes use of the
satellite in space

e The ESA only when the agency was the costumer itself or part of a constellation
representing the costumer

As a response to the specific question if they considered their engineering team as a
stakeholder:
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W Yes
m No

n/a

Fig. 5-6: Consideration of the engineering team as stakeholder: The percentage indi-
cates how many interviewees selected that option out of 12 responses to the question

When asked if a stakeholder analysis was conducted, none of the interviewees se-
lected "Yes, with a concrete method”. The interviewees selected:

Yes, but without a
concrete method

No analysis was
conducted

n/a

Idon't know, as we
were not the prime

Fig. 5-7: Method for stakeholder analysis: The horizontal axis indicates how often the
answer was selected by the 12 interviewees who responded to the question.

Further, during the interviews the interviewees explained that no structured approach
is usually implemented but that it is known in the teams who the main stakeholders
are, what their stake is and what their decision power is in the sense of influence on
the development process. The most detailed description of an approach was:

"Of course, there is a difference between stakeholders and stakeholders. A
supplier is important, but the customer is more important in that sense. [...]
If you talk about the customer, it is structured. We have a formal kick-off,
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like most of our teams we have formal progress meeting reports, we have
other meetings with the customer - internally discussion their stakes. If you
talk about suppliers, its most of the time known. Our teams are small and
the suppliers that we work with are well known, so its implicit in the whole
(process). We don’t make it very explicit - like rank and characterise them,
but we do know what to discuss with them, where they are within the picture.
[...] Before you start a project, you try to ask the right questions to find out
who is behind the order and what their objectives are in their order. [...] |
discuss that for example with my systems engineers a lot, because they are
responsible for the technical system.” (Hong Yang Oei, Project Manager -
ISIS)

Additionally, an example was given that elaborated how a motivated systems engineer
starting discussing ideas in a meeting with the stakeholders which then decided that
they want the idea implemented. However, after the meeting, the engineering team
had to clarify that the idea was not feasible with the available resources and figure out
how to communicate that to the stakeholders who at that point were highly motivated
to see the idea implemented. (Jasper Bouwmeester, Project Manager - TU Delft)

However, no direct method of writing down the process and managing the stakeholders
was mentioned from any interviewee.

When asked if the stakeholders executed on their decision power in the form of influ-
ence during the development and design of the mission, the interviewees selected:

1 2 3

Fig. 5-8: Execution of decision power by the stakeholders: The bar’s vertical hight
indicates how many interviewees selected that option out of 11 responses to the ques-
tion; ”1” meant "They did not have any influence on development” and ”3” meant "They
did have a lot of influence”.

And when asked if the stakeholders executed on their decision power adequately to
their stake, interviewees selected:
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1 2 3

Fig. 5-9: Execution of decision power by the stakeholders adequate to their stake:
The bar’s vertical hight indicates how many interviewees selected that option out of 11
responses to the question; ”1” meant "They executed their decision power adequately
to tl?eir stake” and ”’3” meant “"They executed their decision power inadequately to their
stake”.

5.1.3 ECSS standards

This section of the survey aimed at understanding the implementation of the ECSS
standards in the respective projecits.

When asked to rate their knowledge of ECSS standards the interviewees selected:

1 2 3

Fig. 5-10: Interviewee’s knowledge of ECSS standards: The bar’s vertical hight indi-
cates how many interviewees selected that option out of 12 responses to the question;
”1” meant ”"poor” and ”3” meant “excellent”.

When asked if they complied with ECSS standards or the specifically tailored standards

for CubeSat 10D missions as defined in TEC-SY/128/2013/SPD/RW [1], the intervie-
wees selected:
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Yes, we complied with the
for CubeSat tailored
standards

Yes, but we tailored the
standards ourselves
specifically to suit the
mission

To various extend

No, we did not comply to
ECSS standards

Fig. 5-11: Compliance with ECSS standards: The horizontal axis indicates how often
the answer was selected by the 13 interviewees who responded to the question

None of the interviewees chose "Yes we complied with ECSS standards” or "Yes we
tailored the standards in compliance with the tailoring standard ECSS-M-00-02A”.

One of the interviewees that chose "To various extent” elaborated:

"We followed for a large part NASA standards for manufacturing. CDS Rev
13 for physical [design] and a mix of ESA and NASA for test and qualifica-
tion.” (Merlin Barschke, Project Management - TU Berlin)

When asked to give the motivation behind doing so, the interviewees wrote in the digital
survey:

e "The ECSS standards specifically tailored for CubeSat IOD missions are too com-
plex and sometimes confusing to follow by the letter. If they were followed by the
letter we would not be able to offer a competitive price.”

e "Applicability”
e "ECSS was not “first stop” when searching for "How to do” answers.”

e “Main motivation was to fly the mission with existing resources. ECSS compliance
was not possible.”

e "It was a low-cost ESA mission, so full ECSS compliance was not affordable.”
e "ECSS is in many cases too stringent for the project and mission.”
e "Academic mission, no need to implement fully ECSS”

Interviewees further elaborated during the interviews:

"I am tempted to say that the standards are developed for more mature
platforms than we actually have in the CubeSat industry.” (Kelly Antonini,
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Project Management - GomSpace)

"Sometimes, they have useful guidelines. But we are very pragmatic with it.
If it helps us, if we can do it quicker, better in our own belief then we use it
but if we think that this is just a lot of red tape or forcing us in a technically
not best direction, then we just ignore it. (Jasper Bouwmeester, Project
Management - TU Dellft)

"But defining the whole procedure and documenting it is not productive for
small missions at all because you just don’t need it. [...] If you can de-
sign the whole satellite with one white board, then making the entire ECSS
standards documentation is over head. It is just not economically feasible.”
(Jaan Praks, Project Management - Aalto University)

"Probably, they are good for these type [large with multiple teams working
for the ESA] of projects, because one can agree on such a standard. For a
start-up, for a small company, | would suspect they are probably not so fit.”
(Laurynas Maciulis, Project Management - Vilniaus Gediminas TU)

When asked how they estimate the time spent on implementing, discussing how to
implement, discussing why not to implement and documenting of ECSS standards by
their team, out of 12 responses 10 interviewees chose less than 10%, one interviewee
chose 20% and one chose 30%.

Further, when asked if the SE team or the subsystem teams conducted the documen-
tation, 23.1% (3) wrote the subsystem teams, 30.8% (4) wrote the SE team, 30.8% (4)
wrote that both shared the responsibility and 15.4% (2) wrote "not applicable”. This
was out of 13 responses.

Lastly, when asked what their opinion is on the necessity of new standards for the New
Space era, the interviewees selected:

1 2 3

Fig. 5-12: Necessity for new standards: The bar’s vertical hight indicates how many
interviewees selected that option out of 12 responses to the question; ”’1” meant "Not
necessary. Exiting standards are sufficient” for New Space and ”3” meant "Highly nec-
essary”.
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Interviewees further elaborated during the interviews:

"20-30% as an estimate was used on having to justify, having to write, hav-
ing to put down to develop a procedure and so on. What you need to un-
derstand is the CubeSats are not meant to follow ECSS standards, this
is the problem. A CubeSat is 200.000 — 400.000 Euro. The full mission.
That by definition should be a way to decouple from ECSS. If you want
to follow ECSS, this is because you spend a certain amount of money on
something that has to be fully redundant that you have a one-of shot, that
is 100.000.000 Euro mission, how can you apply the same regulation to the
CubeSats? By definition, they should be decoupled.” (Marcos Compadre,
Tech. Lead - Clyde Space)

"We have the ECSS tailored standard [company internal], so that is already
a tailored standard. In the specific case, that we are now addressing or
the project | have in mind, the customer doesn’t care too much about what
ECSS said itself. They have their own requirements. They don’t have any
Standards. They just want a system up flying there meeting a certain life-
time. They want us to produce and define that. They put a lot more effort
and link a lot more payment to this end goal that you can show that you de-
livered a system that is actually up to the specs. And they don’t care about
how you get there” (Hong Yang Oei, Project Management - ISIS)

"[T]he first satellite [at their university] was launched in 1991 and the first
CubeSat was launched in 2009, so we started to make up our mind about
standards and tailoring way before ESA started to think about CubeSat
ECSS [...] Software is also a topic where there is not too much to gain
from the ECSS.”(Merlin Barschke, Project Management - TU Berlin)

5.1.4 Methods for Processes Implemented

This section of the survey aims at understanding the methods that were used for the
processes during the development of the satellite.

When asked which methods were used for the processes during the development,
interviewees wrote in the digital survey:

o "Agile Methods”

e "Agile chaos”

e “Beautiful chaos (agile?)”
e "V-Model”

e "V-model (though not deliberately). We used the CDIO teaching approach which
resembles V-model.”

e "Design - build - test - repeat (test early and often)”
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When classifying the mentioned iterative process as an agile method and grouping
together the various descriptions of agile methods, then agile methods were the answer
of seven interviewees and V-model was the answer of four interviewees while one
chose "not applicable”. This was out of 12 responses.

“The principles were all the same, that you chop it up in smaller pieces
and leave the team more interactively working. If | speak for myself, | don’t
believe in one single standard to be perfect or complete enough. | feel most
of the time you can combine them. So, in this case the V-Model has a
nice structure on how to develop on a higher level, while the agile method
is much more focused on the steps in between” (Hong Yang Oei, Project
Management - ISIS)

When asked what the main barriers for the implementation of the method were, inter-
viewees answered with:

Communication between
teams

Communication in teams

Method did not fit speed of
work flow

Team motivation
Team dynamics

Time Management

Lack of Experience in method
implementation

We tailored the physical
surroundings, i.e. .the lab
space to meet the needs of
the developing method

Time and reporting to
stakeholders without the
same processes

Fig.5-13: Barriers for method implementation: The horizontal axis indicates how often
the answer was selected by the 11 interviewees who responded to the question.

When asked how applicable they thought the method to be in hindsight, the intervie-
wees answered with:
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1 2 3

Fig. 5-14: Applicability of method in hindsight: The bar’s vertical hight indicates how
many interviewees selected that option out of 11 responses to the question; ”1” meant
”’It was the wrong method for the desired outcome” and ”3” meant "It was completely
applicable ”.

When asked if they would have chosen another method, three interviewees selected
"Yes” while seven selected "No”. The interviewees that selected "Yes” further elabo-
rated:

e “For Delfi-PQ (the next mission) we started with an iterative approach”
e "Document requirements (...) and interfaces, test more”
e One interviewee did not offer an explanation

Interviewees further elaborated during the interviews:

"[T]he agile approach, so small iterations with less documentation. Of course,
you do some requirements and especially interfaces, budgets and things
like that, but it is more the design and prototyping which gives you the input
-“What is rather required” than a top-down derived list. [.....] So, basically
that was the idea and | still believe in it and you see good examples of
where it actually worked with Planet where they have, since a few years
ago, already 20 iterations of the satellite. Of which maybe 8 iterations have
actually flown”(Jasper Bouwmeester, Project Management - TU Delft)

"[W]e also had a pilot project in software where we implemented specifically
agile methods to see whether it would work with our size of software group
[...] We did all the stuff you usually due to have fast and efficient develop-
ment in a university environment, but also we had a [...] pilot project, where
we really tested, defined all the different roles and having these two-week
cycles [...] specifically to find out whether this would be something for the
future, which we would implement, first to the software, but also hardware
development.” (Merlin Barschke, Project Management - TU Berlin)
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Similar arguments towards agile development and prototyping were also made by
David Messman, Florian Schummer Kell Anonini, Rene Fleron and Laurynas Maciulis.

5.1.5 Milestones, Deliverables and Reviews

This section of the survey aimed at understanding how milestones, deliverables and
reviews were conducted in the respective projects. Further, it aims at understanding
their relationship to one another and to the SLC phases.

When asked how they conducted reviews for their mission, interviewees replied with:

Presentation in
front of
stakeholders

Documentation
reviewed by |
stakeholders

Multistep review | |

Internal I:I
presentations
Review and

presentation with
external expers

Fig. 5-15: How reviews were conducted: The horizontal axis indicates how often the
answer was selected by the 13 interviewees who responded to the question

When asked if they set milestones during their project or if they kept on developing until
the final product was finished, interviewees replied with:

mYes

W They were set by ESA and
customers as external
milestones

We planned for milestones,
butin practice finished the
full satellite JIT

®m We had milestones and used
reviews to shift phases

m Moving deadlines

Fig. 5-16: Setting milestones versus continuous development until final product: The
percentage indicates how many interviewees selected that option out of 13 responses
to the question

Page 40



Chapter 5. Results of the Digital Survey and the Interviews U ﬂ

Interviewees further elaborated during the interview:

| personally think it also makes sense to have some specific milestones
and to finish stuff up to some certain milestone to prevent that you repeat
questioning all the stuff you already have defined due to various reasons
along the way all the time and then it would really delay your development
process. [...JAlso, you will have to speed up working before the milestone
and there will be a stressful time if you haven't finished it. (Merlin Barschke,
Project Management - TU Berlin)

When asked if milestones and deliverables were always part of or product of reviews
during the development, interviewees replied with:

m Yes
m No
Mostly

m This was planned, but did
not work out in practice

Fig. 5-17: Milestones and deliverables as part of or product of reviews: The percent-
age indicates how many interviewees selected that option out of 13 responses to the
question

Afterwards the interviewees were presented with the following reviews to select which
ones were conducted during the mission:
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Tab. 5-3: The reviews that were provided to interviewees as options to select from

Acronym(Name Acronym(Name

MCR Mission Concept Review ORR Operational Readiness Review
SRR System Requirements Review |LRR Launch Readiness Review

SDR System Definition Review MRR Mission Readiness Review

MDR Mission Definition Review FRR Flight Readiness Review

PDR Preliminary Design Review PLAR Post-Launch Assessment Review
CDR Critical Design Review CERR |Critical Events Readiness Review
PRR Production Readiness Review |DR Decommissioning Review

SIR System Integration Review PFAR Post-Flight Assessment Review
SAR System Acceptance Review DRR Disposal Readiness Review

The reviews that were selected as "conducted” or "partially conducted” by more than
two interviewees were:

e SRR - System Requirements Review
e PDR - Preliminary Design Review
e CDR - Critical Design Review

e PRR - Production Readiness Review

SIR - System Integration Review
e FRR - Flight Readiness Review

While the reviews with the most responses (greater than 7) were the PDR, the CDR
and the FRR. Further, interviewees clarified that "Milestones can be called differently
across the industry” and that "Partially other terms are used (...) such as Manufac-
turing Readiness Review (MRR) Integration Readiness Review (IRR), In Orbit Com-
missioning Review (IOCR)”. Additionally, they wrote that sometimes smaller "progress
meetings were held with the stakeholders, or "subsystem [specific] reviews” were con-
ducted.

When asked if they had different stakeholders for different reviews and how that influ-
enced the conduction of the review, interviewees wrote:

e "Yes. It was harder to anticipate the maturity level desired.”
e some reviews were internal, some with all stakeholders”

e "The external review team did vary throughout the project, however focus was
always competences with respect to the review task.”

e “yes. not the best idea but worked.”

e "No we didn’t. Always ESA and the customer”
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e "Yes, sometimes repeating the same questions”

When asked how useful the feedback collected during the reviews was, interviewees
replied with:

1 2 3

Fig. 5-18: Usefulness of feedback collected during reviews:The bar’s vertical hight in-
dicates how many interviewees selected that option out of 13 responses to the question;
”1” being ”"not useful and ”3” being “very useful”.

When asked how well their team implemented the feedback collected during the re-
views, the interviewees replied with:

12

10

1 2 3

Fig. 5-19: How well the team implemented the feedback collected during reviews: The
bar’s vertical hight indicates how many interviewees selected that option out of 13
responses to the question; ”1” being “implemented it loosely” and ”3” being “imple-
mented it to the letter”.

When asked how they defined their KDP for the project phases, interviewees chose:
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o

Based onstakeholder's |
stakes and decisionpower

Based on cost calculations |

Based on time constraints

External milestones

Based onthe resouces
available eg. time, money,
mass, volume, link budgets

Based onreadiness of the
systems

iIEE)

Fig. 5-20: Basis for KDP definition: The horizontal axis indicates how often the answer
was selected by the 13 interviewees who responded to the question.

When asked if a reduction in documentation would have been in order or if a reduction
in time invested in documentation would have resulted in more output of their team,

interviewees replied with:

mYes

m No

Maybe

m Documentation is key however,
it is also time consuming. We
tried to work smarter, not
harder

Fig. 5-21: If a reduction in documentation would have been in order: The percentage
indicates how many interviewees selected that option out of 12 responses to the ques-

tion

Interviewees further elaborated:

"But the thing is that you end up with 400, 500 comments and it is quite a
small team to deal with them. Some of those comments are good, but you
have this process in place where you have to deal with all of them. for many
students it felt like this huge bureaucratic monster without really seeing the
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purpose of it all. While 10 % were useful, they are overshadowed by the
other 90 % which were not too useful. [...] Testing is the real proof of the
body. You will not fully find the design flaws through documentation. But if
you do a test and did not work then hopefully you know a bit more about it.”
(Jasper Bouwmeester, Project Management - TU Delft)

5.1.6 System Life Cycle (SLC)
This section of the survey aimed at understanding more holistic components of SLC.

When asked if they specifically tailored an SLC for their project, interviewees wrote:

mYes
mNo

Maybe during the "presentation phase" of the
project

m All systems were designed to supply necessary
recources/output for mission sustaining throughout
the design life tim

mn/a

Fig. 5-22: Tailoring of SLC to the mission: The percentage indicates how many inter-
viewees selected that option out of 13 responses to the question. While the presentation
phase was meant to mean the initial concept studies.

When asked if the milestones at the end of each project phase were reviews followed
up by KDPs, the interviewees replied with:

m Yes
m No

Formally yes, in practice the
outcome was already known
beforehand

Fig. 5-23: If the milestones at the end of each project phase were reviews followed up
by KDPs: The percentage indicates how many interviewees selected that option out of
10 responses to the question
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Further, interviewees were asked to select which phases were applied form the follow-
ing project phases:

e Pre-Phase A Concept Studies

Phase A: Concept & Technology Development

Phase B: Preliminary Design & Technology Completion

Phase C: Final Design & Fabrication

Phase D: System Assembly, Integration & Test, Launch & Checkout

Phase E: Operations & Sustainment

Phase F: Closeout & Disposal

Pre-Phase A Phase A Phase B Phase C Phase D Phase E Phase F

The interviewees selected:

e e
ST )

O B N W A U O N 0 ©

B Conducted by externals M Conducted and finalized with a review B Conducted with a KDP at the end of it

Partially conducted mn/a m Not conducted

Fig. 5-24: Application of SLC phases: The vertical hight of the bar indicates how often
the answer was selected by the 11 interviewees who responded to the question.

The phases that got more than two responses for the "conducted and finalised with a
review” option are B,C & D.

As a further elaboration on this some responses were that they "used standard ECSS
phases” because "It was the way ESA conducted it” or because it was ”In line with
industry standard”. But for most interviewees the "definitions were loose” or rather the
phase definitions were not as prioritised as the definition of the reviews.

When asked if their subsystems were always working on the same project phases and
how they would conduct the reviews otherwise, the interviewees responded with:

e "We didn’t follow phases strictly.”

e “No, no at all. That's why the reviews never really met the criteria to have them.”
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"We tried to keep them in same phases. When step backs occurred other system
were held back till next review.”

"Internal review”
"Some developments were concluded later than others”

"It depends, COTS products can skip phases, and long lead items can be pro-
cured in different phases of the project, sometimes driving the design”

When asked if they used a specific method for requirements management, the inter-
viewees replied:

“Interface Control Document”
“just a plain list with codes to show the derivations”

“The system engineering group defined the system requirements following the
payload selection. System design did not start until after sys.req. document had
passed review.”

“system engineering table”
"Magic Draw”
"Compliance Matrix”

"ISIS tailored requirements process”

When asked if they established a set of MOEs from their requirements 91% (11) chose
"NO” while one wrote: "Partially. System budgets are driven by requirements and have
set high and low parameters which we cannot exceed”. Further, all interviewees chose
"NO” for the tailoring of specific MOEs for specific stakeholders, dividing them down
to MOPs and TPMs and if their stakeholders used them to take decisions during the
KDPs.

However, during the interviews all interviewees confirmed that they had written down
requirements and specified them to at least a subsystem level although the verification
was then neglected over the course of the development. (Florian Schummer, Kelly
Anotnini, Jaan Parks and Jasper Bouwmeester)

5.1.7 Feedback

When asked if they think that the CubeSat community in Europe is well networked,
interviewees responded with:
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1 2 3

Fig. 5-25: CubeSat network in Europe: The bar’s vertical hight indicates how many
interviewees selected that option out of 12 responses to the question; ”1” being "no
existing network” and ”3” being ”strong community network”.

When asked if know-how transfer and developmental cooperation occur between dif-
ferent CubeSat missions in Europe, interviewees responded with:

1 2 3

Fig. 5-26: Know-how transfer and developmental cooperation between different Cube-
Sat missions in Europe: The bar’s vertical hight indicates how many interviewees se-
lected that option out of 12 responses to the question; ”’1” being "No, cooperation barley
occurs” and ’3” being ”Yes, continuous cooperation is the norm”.

Finally, when asked if they think that more platforms, events and conferences for Cube-
Sat missions are required in Europe, interviewees responded with:
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mYes
mNo

Not more events, but more
concrete cooperation

m | am not aware of all the events
happening at the moment

Fig. 5-27: Requirement for platforms, events and conferences for CubeSat missions
in Europe: The percentage indicates how many interviewees selected that option out of
12 responses to the question

"It can be interesting. We do recognise that we all need to tailor ECSS in
another way to make it compatible with the CubeSat industry.” (Hong Yang
Oei, Project Manager - ISIS)

5.2 Additional Points Derived from Interviews

In this section some points raised by the interviewees are presented that were not part
of the survey questions but are incorporated in the discussion in the next chapter.

A point raised by Patrick Lux was that confirming the compliance of COTS products to
ECSS standards is not possible. If any supplier has compliance written in a description
sheet, he can be sure that SmallSat teams will take his word for it as they won’t have the
resources to completely investigate on that matter. They will conduct tests regarding
the COTS component’s performance for their specific mission requirement but other
than that they will trust the supplier that the components are space worthy. Without
complete validation options by SmallSat teams and no entity regulating the usage of
the term ECSS compliance, this situation will not change.

A further point raised regarding collective launch contracts was:

“In an ideal CubeSat world there could be a less static market where, for
example you were a CubeSat provider who can launch, but you know that if
that launch is delayed then you can automatically go on some other launch
in the same orbit. But within the quarter that you were promised.[...] Be-
cause that is something, we are suffering a lot from. We have multiple
Units for more than a year waiting for certain orbit to launch. And it is just
dragging the project, it is meaning that the customer, if it is not ESA, it is
just a private costumer, that does not get any data and therefore does not
revenue and has the risk to go bankrupt and if they go bankrupt they will
never launch and we built them for nothing. [...] So, that is a big risk that
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we see in the industry. [...] MOVE was (1) Unit, right? So for something
that small, there are now more and more rockets joining the market, so that
could be an idea [...] All the 1Us, that want to launch in this quarter have like
a common contract for it if it passes you. When there is a delay, | would not
say guaranteed, because there is nothing guaranteed, but you have another
launch opportunity.” (Kelly Antonini, System Engineer & Project Manager -
GomSpace)

Also a relevant point raised regarding the modularity of SmallSat development:

“That means that at the beginning a lot of it is still open for our own decision
and certain subsystems that we fly are under development. Then the key
point could be “do we continue implementing this new subsystem, which is
under development, or do we switch to a flight-proven system?” [...] Very
simply said, if something is already qualified from another mission then we
do not have to qualify it again. We just do the acceptance on it. [...] So, we
try to develop this thing as a separate thing for other platforms as well. So,
we have the mission requirements coming from the launching mission, the
first mover, and we might have other requirements from future missions, we
want to say general things that we would like to implement. In that sense,
the PDR/CDR milestones might also be separate from the PDR/CDR from
the mission. [...] Sometimes it means that there are two subsystems that
can fit the requirements and the decision is still to be made which one to
use.” (Hong Yang Oei, Project Manager - ISIS)

Furthermore, the interviewee representing the launch provider elaborated on the re-
quirements set by the launch provider:

"Essentially what you need is something from a government agency that
shows that your satellite is allowed to be launched and operated in space.
You need to show that you are allowed to use the radio frequencies to com-
municate with your satellite. You need a general description of your satellite,
what the payload is and what the mission is. Another important one is an
End-User Statement which is a document that certifies that your satellite is
operated by whatever entity and that it is intended for peaceful purposes
and not for military use or non-friendly activities. Then you end up in tech-
nical details, such as mass properties, RF properties, environmental loads
test reports. And that’s mainly it.” (Michiel van Bolhuis, Launch Mission
Manager ISIL)

Laslty, the point of end of life or end of operations agreements was raised by Florian
Schummer by stating that no agreements exist on what to do with SmallSats that are
operational beyond their defined mission lifetime and that there should be agreements
allowing for useful solutions for those cases.

Page 50



Chapter 6. Discussion of Results U ﬂ

6 Discussion of Results

In this chapter the previously presented results of the interviews are discussed in the
same chronological order. Both survey data and interview extracts are summarised in
the argumentation lines presented in order to further integrate them in the SLC pro-
posed in the next chapter. Further, this chapter includes insights from the interviews
that were obtained through asking a long elaborative question or making a complex
analogy to which interviewees have merely answered with a positive affirmation and
thus the insights were not quotable in the previous chapter. Additionally, the results
of comparing obtained internal company documents with declassified documents from
the ESA are presented in this chapter.

The first section of the interview focused on collecting data about the interviewees and
their respective mission and does not require a great deal of discussion. It showed
that:

e All interviewees had a leading role in their respective missions and thus could
give valuable insights on SLC implementation.

e The missions had a variety of objectives but the most commonly selected option
is in orbit demonstration (IOD) which allows for a comparison to the proposed
implementation in ESA’s TEC-SY/128/2013/SPD/RW document [1].

e The majority (76.9%) of the missions surveyed developed NanoSats (1-10kg)
which leaves the contents of this thesis well in the frame of the New Space Phi-
losophy defined in the state of the art.

¢ All satellites were launched into LEO and had a mission lifetime averaging slightly
less than two years (1,97) which is common for CubeSat missions with the pre-
sented mass range in LEO [65].

e All interviewees have been part of a mission that was launched into space.

e The interviewed missions are split between having the ESA as a stakeholder.
This occurs in different configurations and allows the contents of this thesis to
explore a variety of SLC implementation with and without ESA’s direct or indirect
involvement.

Lastly, although the amount of interviewees (16) is not sufficient for a survey of the
complete SmallSat industry, it is counteracted by the fact that all have held leading
positions in their respective projects, in total could give insights regarding current de-
velopment and development starting from the early 2000s and half were part of multiple
missions with different stakeholder configurations.
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6.1 Stakeholders

As the data showed and the interviews confirmed (See subsection 5.1.2), no specific
method was used for stakeholder management or categorisation based on decision
power.

In the case of university projects the stakeholders differed greatly but a categorisation
into the university, a national agency, the payload providers and the engineering team
can be made. University projects considered their engineering team as a stakeholder
because of the awareness of the direct correlation between the continuous output and
progress of the mission and the published papers and theses. This is a novelty to satel-
lite development when compared to conventional satellite development in which solely
the novel satellite was the output of the engineers who were hired by governmental
agencies to specifically accomplish that task. For university projects the engineering
team has a larger stake due to the additional output. Additionally, the influx of man
power is a dominant issue for these type of university projects and thus the correlation
between progress made and motivation for the team is also noticeable.

In the case of company products the situation is clearer in the sense that the product is
being developed for a costumer who placed an order. In some cases the constellation is
expanded to one party paying for the mission while another - often the ESA or another
governmental agency - is handling the technical oversight. To do so, they organise
the experts who make up the reviewing board. Further, companies do recognise their
suppliers as stakeholders but due to the repetitive engagement with them they are
not prioritised as the costumers are prioritised for one single mission. In scientific
university projects agreements with the supplier can lead to reduced procurement costs
in exchange for a stake in the project in the form of data collected about their product
which in turn raises their prioritisation as a stakeholder compared to private companies.

Further, companies have policies on how to deal with costumers which even when not
written down are taught to system engineers on the job. There are documents detailing
the deliverables per project phase which define the contractual part of an SLC between
company and costumer. How to and who should engage with the stakeholders is often
defined outside of SLC documents in designated PM plans or quality assurance (QA)
plans. However, there is an awareness throughout the whole team of the decision
power of the stakeholders, as payment is often coupled with the conduction of the
reviews and the passage of the review to the satisfaction of the stakeholder (Further
elaborated upon in section 6.4).

In all cases, the launch provider has a significant stake in the development of the satel-
lite because the launch provider has a responsibility to meet requirements set by the
launch vehicle operator. Thus, the launch provider needs to ensure that these require-
ments are met by the satellite developer in order to fulfil his responsibilities towards the
launch vehicle operator. However, the launch provider does not usually achieve this
by being present at reviews and giving feedback but by requesting documentation that
fulfils its requirements before the launch of the satellite.
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In case of the ESA being an active or passive stakeholder in a mission, the devel-
oping team is required to comply with ECSS standards. As previously elaborated, in
the case of a SmallSat mission those would be the tailored standards as per TEC-
SY/128/2013/SPD/RW.

6.2 ECSS Standards

As evident by the data and the interviews (See subsection 5.1.3), compliance with
ECSS standards does not occur except in the case of the ESA being a stakeholder.
Additionally, the interviewees stated that the tailored standards for CubeSat IOD mis-
sions are too complex and require resources greater than what is reasonable for a lean
CubeSat mission. Thus, a general consensus exists regarding the lack of their appli-
cability. Further, an argument was made by more than one interviewee regarding the
standards not covering factors that lead to the failure of CubeSat missions. How this
could be addressed is covered in section 6.6.

For the scientific university projects that develop CubeSats the first documentation that
guides on the development of the physical design is the CubeSat Design Specification
Rev. 13 because it is the standard on the form restrictions of CubeSats [36]. Further,
NASA & ECSS standards are then referred to as guidelines when searching for a
solution for a specific problem. However, an attempt on full compliance is never made
by the university teams and is not seen as an ideal to strive for because of the existing
awareness of the lack of applicability.

In the case of private companies internal standards for SLC implementation exist.
Some examples of revealed standards are partially influenced by the tailored ECSS
for CubeSat IOD missions but not tailored according to the ECSS-M-00-02A [47] tailor-
ing standard nor are they covering the same scope. The internal SLC standards that
were revealed by the private companies had the following in common:

e A SLC visualisation with phases and decision gates for phase shift

e The detailed design of decision gates. Meaning how the reviews and the subse-
quent KDPs are conducted

e A Deliverable Items List (DIL) listing the types of documentations and their ex-
pected content

e A matrix linking the maturity grade of DIL documents to the reviews

In essence, that which the complete ECSS covers but applied to the use case of Small-
Sats [1]. What is significant here, is that the documents encompassing the afore men-
tioned information are no longer than 10 pages. Which means that the interviewed
private companies have developed SLC standards for themselves that suffice for suc-
cessfully developing SmallSats for costumers. Moreover, they have managed to do so
with a reduction of resources that is adequate to SmallSat development in the sense
of reducing the scope of the standard as well as the tasks to be performed to uphold it.
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The tailored ECSS for CubeSat 10D Missions aims at doing so. However, rather than
selecting the significant factors based on lessons learned from SmallSat development
and then combining them to a new standard, it proceeds to tailor standards that are
applicable for manned space missions onto the use case of CubeSats. The result
thereof is a complexity hindering the applicability of the standards (See section 6.4).

During the interviews the main concern of interviewees who did not know if they should
fully support the development of new standards was the complexity and the resulting
non-applicability. Interviewees feared that in the SmallSat domain a new standard
would hinder flexibility and if so, this would result in the new standard also not being
implemented. However, most of these interviewees expressing these fears were from
scientific university projects, who have not attempted the tailoring of a standard for
themselves and are not aware of the tailored standards by the companies since those
tailored standards are kept company internal. The fact that the interviewed companies
have internal new standards proves the fact that there is a necessity for a new standard
for SmallSat development. How this could be achieved and what the implications of that
would be for the SmallSat industry is further investigated in section 6.6.

For the scientific university projects that have motivated and innovative students make
up their teams, a new resource-efficient standard would not hinder their flexibility. As
clearly stated by interviewed professors and student leads, students will always ignore
standards in favour of more simpler and more innovative solutions. Thus, to offer them
a new standard is merely to offer them a new basis for their innovative endeavours and
a chance to analyse the actuality of the standard and adapt it accordingly. This would
only be achievable if a new standard is not a restrictive rigorous requirement but an
easily implementable guideline.

6.3 Methods for Processes Implemented

The data of the digital survey showed that agile methods in the sense of an iterative
development approach and the V-model in the sense of mirroring testing and verifica-
tion to the development process are implemented. Mostly, when asked if they used
a specific agile method during the interviews the interviewees declined. When then
an explanation of what the method entails followed, the interviewees confirmed that a
comparable approach is being used in their development process. The further investi-
gation showed that the following methods are used by SmallSat developers.

As innovation in the SmallSat industry is becoming increasingly software-heavy and
software offers more agility - e.g. further adaptations after launch - it is logical that
methods from that domain are implemented. An example of such is Scrum. Scrum
divides the development process into Sprints. A Sprint is usually a defined work pack-
age that is undergone in a short time frame. Usually that time frame is one or two
weeks. Afterwards the team meets, revises the progress and defines work packages
for the next Sprint. Scrum also entails developing a baseline and then adding so-called
features onto it. E.g. when a search engine for a database is built, the search function
would be the baseline which is programmed as simplistic as possible. Afterwards, use
cases like multiple entries, usage by multiple users and none-existing entries are dealt
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with, which is called adding features to the baseline. This iterative process is repeated
and features are added until the final product fulfils all desired requirements and has
incorporated solutions of defined test cases. [66, 67]

The same approach from a hardware perspective is the Bread-Brass-Silver-Gold ap-
proach of the Air Force Research Laboratory’s University Nanosatellite Program. A
Bread Model is built that implements primary functions of a printed circuit board (PCB)
and is built from plug-in kits. For the next iteration a Brass Model is built that uses
commercial parts and does not need to be in the final flight format but allows for further
testing and debugging. Afterwards, a silver model is built that is in the flight format
and allows for component testing. Lastly, a Gold Model is built in which the tested
components are staked to a final model. [68, 69]

This approach combined with recent advancements in additive manufacturing allow
for the conduction of individual repetitive functional and performance tests in relevant
environments early on at component and subsystem level [70, 71, 72]. This method
was not a familiar terminology for the interviewees, except the MOVE-Il team that is
implementing according to that terminology. However, all interviewed companies and
most university projects confirmed that they implement a similar approach.

Further, a common method for the development of space systems is to develop both an
Engineering Model (EM) and a Flight Model (FM). This method stems from traditional
satellite development and is continued for New Space systems. The EM is built first
and rigorously tested. Afterwards, the FM is built and handled relatively gently until it
is launched into orbit. Most importantly, it is made sure before the launch that the FM
is identical to the final state of the EM. This has the benefit of test conduction with the
EM on the ground, of which the results are valid for the FM in orbit which aids greatly
in failure analysis and fault identification [73].

Lastly, the method for requirements management was kept rather simplistic in the in-
terviewed missions. Top Level (TL) requirements are defined for the system as a whole
and further derived from those are subsystem specific requirements. The sum of these
requirements is then traced in a requirements verification matrix.

6.4 Milestones, Deliverables and Reviews

As evident from both data and interviews and logically expectable, all of the interviewed
missions set milestones for their development process. Although one interviewed mis-
sion finished the satellite just in time for launch, they had also previously set milestones
for the development process. Thus, the practice of setting milestones is implemented
as can be expected from systems engineers and project managers.

University projects have the flexibility of conducting milestones and reviews at their
discretion. Milestones in the sense of a desired maturity grade of the system are set
in order to both increase the motivation and work flow towards the milestone and to
benefit afterwards from the motivation due to achieved progress. The reviews are set
in order to produce documentation of the system and get feedback from a selected
pool of experts that make up the reviewing board. The same benefits in the sense
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of motivation for the team are applicable to reviews. Significant for these cases is
the flexibility of setting milestones independently of reviews, the choice of conducting
reviews at a desired milestone to increase motivation or documentation progress and
the freedom to choose the make up of the reviewing board.

The exception to this is an interviewed case of a scientific university project being a
showcase of political agendas and politicians having an influence on the developmental
process. In this scenario politicians have influenced the setting of milestones in order
to demonstrate the achieved progress to the public and get required approval, e.g. for
new laws regulating space endeavours for that country. Understandably, the feedback
of the engineering team on that matter was a negative one as the usual flexibility of a
university science project was compromised.

The setting of milestones and the conduction of reviews for a company product is a
different case. The costumer purchasing the product has an expectation on when
he desires the product to be launched and be of use to him. Thus, milestones and
reviews are set according to his temporal frame. Even if the costumer does not dictate
a temporal frame, the contract between the company and the costumer includes a
SLC with set reviews to be held. Hence, from an engineering team’s perspective the
temporal frame is set.

As the temporal frame of the conduction of the reviews is set, the milestones in the
sense of system maturity are thereby also set. The system is developed to have a pre-
defined maturity in a fixed temporal frame for which a review is conducted to present
the progress to the stakeholders, collect feedback and shift to the next project phase.
For this case the stakeholder decides the makeup of the reviewing board. The review-
ing boards included both representatives of the costumer as well as invited external
experts on the subject matter.

The reviews were conducted by the interviewed companies as follows. The draft doc-
umentation at the desired maturity grade of the system is sent to the members of the
reviewing board which then send back RIDs. For those, the engineering team has
to prepare solutions for the final review presentation in front of the reviewing board.
A number of RIDs are highlighted as Blocking RIDs which means that the reviewing
board expects these RIDs to be addressed at the final presentation, in order for the en-
gineering team to pass the KDP into the next SLC phase. After the final presentation,
a meeting between both parties occurs which represents the KDP. During this KDP it
is decided if the review and thereby the project phase is concluded to the satisfaction
of the stakeholders and if the project is allowed to continue in the same manner, in a
different manner or be terminated. Additionally, contractual payment agreements are
linked to the KDPs. Meaning that an agreed upon payment occurs after the successful
passage of a KDP.

As presented in subsection 5.1.6 the reviews conducted by most SmallSat missions
are:

e SRR - System Requirements Review

e PDR - Preliminary Design Review
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e CDR - Critical Design Review

e PRR - Production Readiness Review or
MRR - Manufacturing Readiness Review

e SIR - System Integration Review or
IRR - Integration Readiness Review

e FRR - Flight Readiness Review

e IOCR In Orbit Commissioning Review (for company products developed for a
costumer)

In the case of ESA being an active stakeholder and expecting full ECSS compliance
None Conformance Reviews (NCRs) were conducted in the event of the engineering
team developing in a manner that was nonconforming to ECSS. The effort for conduct-
ing these reviews was described by the interviewee to exceed an estimated 30% of
the effort during the development process. Which is neither in line with the responsive
development process of SmallSats nor with the concept of supplier integration in the
sense of the New space Philosophy (See subsection 2.1.3).

Lastly, the issue of deliverable documentation needs to be addressed. As previously
elaborated (See section 6.2), part of the contractual SLC agreement is a deliverables
matrix detailing which DIL documentation is provided by a satellite developer at which
maturity grade with respect to the reviews.

The complete ECSS standards offer this matrix of deliverables in ECSS-E-ST-10C
Rev.1 - Annex A [43] and further offer document templates attached to the standards
detailing the makeup of certain documents. However, the TEC-SY/128/2013/SPD/RW
document [1] that details the tailoring of ECSS standards to CubeSat IOD missions
does not list ECSS-E-ST-10C Rev.1 as "applicable” but it is marked as most other en-
gineering standards as "guideline”.

Further, the TEC-SY/128/2013/SPD/RW document does not advise on which reviews
are to be conducted specifically for CubeSat IOD missions nor does it list deliverables’
maturity. Additionally, the TEC-SY/128/2013/SPD/RW document advises on fusing to-
gether and replacing most of the documentation required in the standards it deems
"applicable”. Thus, rendering all of the document templates inapplicable.

However, upon request at the Systems and Engineering Support Division (TEC-SY) at
the ESA, one can obtain the TEC-SY/127/2013/DRD/RW which is titled IOD CubeSat
Document Requirements Definition” [74]. This document does list the required con-
tent of documents as listed by the TEC-SY/128/2013/SPD/RW document but it does
not offer templates, a matrix of deliverables’ maturity nor insight on which reviews are
applicable.

Comprehensibly, company internal documentation is developed which in one case ref-
erenced these documents as a source but for most companies it is developed purely
based on lessons learned. This also presents an argument for the lack of implementa-
tion by innovative student teams.
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However, the document requirements that any satellite developer must comply with, are
the document requirements of the launch provider. Those are document requirements
that need to be met by satellite developers and can not be negotiated during reviews or
KDPs as the launch provider gets these requirements form the launch vehicle operator.
Hence, the launch provider does not attend reviews but merely checks the fulfiiment of
these requirements before a payload is cleared for the fairing of a rocket.

6.5 Holistic Components of a System Life Cycle (SLC)

As per the design of the survey, so too does this section take a step back and address
holistic components of an SLC after specific components have been addressed in detail
(See subsection 5.1.6).

Interviewees explained that the phase terminology was not as significant as the review
terminology at the end of it. Meaning that the reviews characterise the phase and not
the opposite. However, the interviewees predominantly selected the following phases
as conducted:

e Phase B: Preliminary Design & Technology Completion
e Phase C: Final Design & Fabrication
e Phase D: System Assembly, Integration & Test, Launch & Checkout

A paper by the Shiotani at the American institute for Aeronautics and Astronautics at
the University of Florida suggests the fusing of Pre-Phase A, Phase A and Phase B to
Phase AB. The argument he makes is that in "Phase AB, the process it too early to per-
form any verification tests or develop mission assurance cases since the design is only
at a preliminary stage.” He further argues that internal and external MCRs and PDRs
should focus on preliminary concept of operations and design processes while satisfy-
ing CubeSat standards and that successful reviews will lead to successful submissions
of proposals for funding. [75]

His argumentation also includes the role of published papers and student theses in his
proposed SLC. Although not directly indicated, it is deductible that his proposed SLC
is intended for scientific university products. Taking into account that the majority of
interviewees are scientific university projects one can support his claim based on the
collected data. Further, approaching a funding opportunity with a system maturity at a
PDR level rather than a MCR level is a sound argument.

However, for the case of company products the situation is different. During Phase A
mission analysis and engineering activities with the main purpose to establish the mis-
sion requirements documentation are conducted. During Phase A different solution
concepts are evaluated via trade-off studies and the feasibility is assessed. During
Phase B the main purpose is to develop mission requirements into system require-
ments and to ensure that a feasible solution to the system requirements exists. It is
crucial to communicate this information through distinguishable reviews with the stake-

Page 58



Chapter 6. Discussion of Results U ﬂ

holders. That is due to the fact that the stakeholders for the company products are
already invested in the project. As opposed to university projects who are applying
for funding, these missions already have a costumer paying for the development. The
cruciality of that early communication is underlined by the increase in cost to change
design direction over time, as Figure 6—1 depicts.

100%

Cumulative Percentage Life Cycle Cost against Time
s 3 § §3 § 8§38 8§

MCR SRR SDR  PDR CDR SIR ORR
DR/
DRR
Time

MCR  Mission Concept Review CDR Critical Design Review

SRR System Requirements Review  SIR System Integration Review

SDR System Definition Review ORR Operational Readiness Review

PDR Preliminary Design Review DR/DRR Decommissioning/Disposal Readiness

Review

Adapted from INCOSE-TP-2003-002-04, 2015

Fig. 6—1: Life Cycle Cost Impacts from Early Phase Decision-Making [6]

It is to be noted that Pre-Phase A existed in the documentation shared by the inter-
viewed companies but was outside the scope of the development process and not
finalised by reviews. It focused rather on taking the project over from the sales depart-
ment - after they’ve secured an agreement with the costumer - and organisational re-
source allocation as indicated by the terminology "Sales-Takeover” or "Kick-off” phase.
In contrast, the focus in Pre-Phase A at governmental agencies by the engineers and
scientists, is to convince the agency of the benefit of developing a novel technology in
the first place [6].

Regarding Phase E Operations & Sustainment, there are two scenarios for company
products:
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e The product was developed for a costumer that intends to operate it himself. In
that scenario the developing company conducts an In Orbit Commissioning Re-
view (IOCR) which to pass the product needs to be ready to commence nominal
operations in orbit. Afterwards, the project is considered finalised from the devel-
oping company’s point of view and that becomes the end of their commitment to
a contracted SLC. With the exception of contractual maintenance agreements.

e The product was developed for a company-internal mission or is entirely operated
by the developing company for the costumer. For this scenario the commitment
continues beyond commissioning in orbit and the SLC is continued.

Regarding Phase F Closeout & Disposal and what it entails, it is the same for all Cube-
Sats in LEO. CubeSats are designed to burn out during reentry into the atmosphere.
For that to happen, no active intervention from an operator is required. This deorbeting
happens gradually over time due to orbital disturbances mainly caused by atmospheric
drag and solar radiation pressure. Thus, after the end of operations in Phase E the
satellite is left to nature’s mercy. However, nature’s forces can vary in intensity, e.g. low
solar activity. As a result thereof, a CubeSat may have achieved its mission objectives,
reached beyond its defined mission lifetime and still be operational. How to make use
of these CubeSats is not something this industry has concrete plans for and is not
usually written in contractual agreements, as one interviewee explained. [76]

Lasty, the issue of requirements management was previously addressed (See sec-
tion 6.3) but more holistically the issue of requirements communication was also elab-
orated upon by the interviewees. In the case of the ESA being a stakeholder and
full ECSS compliance is required, the ESA will require requirement definitions to be
shared for all levels of development to the detail of TPMs and test case requirements.
However, interviewees have stated that other costumers are not too keen on knowing
those details. For most costumers other than the ESA, the communication of TL re-
quirements suffices. Hence, subsystem level requirements can be kept team internal
which adds flexibility to the development process. Thus, emphasising on adequate re-
quirement communication can have a significant impact on the conduction of reviews
and on the SLC as a whole. Which is a further argument for a novel standard which
negates the discrepancy between what the ESA expects and what satellite developers
deem as adequate based on their experiences with private costumers.

6.6 Feedback and Additional Points Derived from Inter-
views

As discussed in the previous sections, a novel and easily implementable standard for
SmallSat development for the European space industry is in order. As companies
have already developed internal standards the approach of developing an industry-
wide standard would best be suited to follow the approach of Automotive SPICE (See
subsection 2.2.3). Instead of relying on the ESA to tailor complex standards down to
a SmallSat use case, established companies should come together and develop an
industry standard based on their lessons learned, best practices and desired goals.
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As elaborated upon in chapter 2, SmallSats have already established their own market
that generates innovative technologies applicable for the space industry as a whole.
Thus, a standard specifically for SmallSat development is a step towards acknowledg-
ing the significance of this technology and aiding its developers in their efforts.

The development of a new standard by established companies would encourage know-
how transfer and strengthen cooperation in the SmallSat community. Further, the stan-
dard could increase the speed of satellite development by decreasing the time lost due
to:

e Testing of unverified COTS components
e Agreeing on content of documentation and correct formats thereof

e Agreeing on best practices for review conduction, requirements tracking and pro-
curement procedures

A depiction of how Automotive SPICE achieves that is shown in Figure 6—2. The stan-
dard has grown to be of significance to the degree that assessors investigate the sup-
pliers of the OEMs and if the suppliers are deemed to be not upholding the standards,
the OEMs seize the procurement of their product. This has the benefit that, on the up-
side of this scenario the OEMs can procure from accredited suppliers without wasting
resources and time on quality verification and documentation definition. They merely
submit their requirements and are ensured quality through the standard. Figure 6-2
depicts the replication of the concept onto a new standard for satellite development for
the scenario of component procurement. The same depiction can also be replicated
for the role of a new standard in the scenario between launch providers and satellite
developers.

Satellite
Developer

Requirments Requirments New

ASPICE Standard
Component

Sl Manufacturer

Possible
Assesors

Assesors

Fig. 6-2: Analogy of the functional of the ASPICE standard to a possible new standard
for satellite development
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If the SmallSat domain would have an easily implementable standard, it could also
profit from saving resources in the same manner. Especially, because the SmallSat
domain is a resource-constrained domain, the increase in development speed would
be more significant and the allocation of resources to innovative technologies would
result in greater outputs.

The standard could further offer solutions through know-how transfer and cooperation
to points raised by the interviewees such as:

e Novel interfaces: By incorporating new interface into the standard, payloads from
other missions could be flown on satellite busses from other companies or insti-
tutes, as university projects continuously attempt to do.

e Collective launch contracts: The standard could provide launch providers with
the option of interchanging the SmallSats on a launch rapidly because it stan-
dardises the fulfilment of the launch provider’'s requirements. Thus, a SmallSat
experiencing delays in its development could be rapidly replaced by another one
and further be guaranteed a future launch opportunity.

e Generation of benefits from operational SmallSats beyond their mission lifetime
- end of life or end of operations agreements: SmallSats that are operational
beyond their mission lifetime could be used by other entities as aspects of the op-
eration are standardised. E.g student operators from universities could be trained
on them if the operation software or method is standardised.

An argument could be made that this knowledge transfer and sharing could reduce the
competitiveness of the SmallSat domain and thus hinder innovation and advancement.
However, as any other standard the competitive advantage of companies will come
through their implementation of it. Additionally, by being based on lessons learned and
being easily implementable it can only be simple and nonrestrictive to innovation. This
in turn is only achievable by an open and inclusive process of standardisation.

As the interviewees have stated, the need for a SmallSat conference for networking
is saturated but a conference with a purpose of collaboration towards a definitive goal
was welcomed by the interviewees.

The next chapter does not offer a proposal for a complete standard but it rather offers a
basis for discussion for one of the sectors of a potential standard. It does so based on
the insights gathered and discussed from both scientific university projects, companies
and existing standards.
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7 The Proposed System Life Cycle

In this chapter a proposal for a SLC is presented based on the insights gathered dur-
ing the digital survey and the subsequent interviews. A visual representation of the
SLC is shown and explained. Afterwards, the phases of the SLC are chronologically
elaborated upon before further insight is given on how the results of the interviews are
implemented in the SLC.

As previously stated, this SLC aims at being easily applicable and resource efficient.
It is designed to be applied by system engineers in resource-constrained SmallSat
projects while guiding through necessary steps in a SLC for mission success based on
the collected information during the course of this thesis through:

e Established literature [6, 7]

e Declassified ESA documentation [74, 1]

e Existing internal company standards

¢ Insights collected and points raised during the interviews

If a new standard for SmallSat development is to be developed, then this chapter aims
at offering a basis for discussion on the part of it that standardises SE application in
the form of SLC implementation. To do so, this SLC aims at covering satellite devel-
opment in the various mission configurations encountered during the course of this
thesis. Hence, it has the objective of covering all the aspects of development of the
interviewed missions and being applicable for their development process when tailored
according to their mission characteristics and objectives.

Shown in Figure 7-1 is a proposed SLC with distinct phases separated by external
milestones, a projection of the the V-Model that shows the relation of the validation
process to the development process and cycles indicating the iterative agile develop-
ment processes which are further detailed in this chapter.

7.1 Holistic and Visual Presentation of the System Life
Cycle
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The visualisation of the SLC starts at the Kick-Off of the project where engineering
development begins. As discussed in section 6.5, prior to that are sales and resource
allocation processes that conclude in the Kick-Off of the development process with
defined costumer needs and allocated resources.

Afterwards, the proposed phases to go through during the development process are:
1) Phase A: Mission Analysis and Feasibility
2) Phase B: Preliminary Solution Definition
3) Phase C: Detailed Solution Definition
4) Phase D: System Manufacturing, Integration, Test & Launch Preparations
(a) Sub-Phase D1: Manufacturing Preparation
(b) Sub-Phase D2: Integration & Test Preparation
(c) Sub-Phase D3: Testing & Validation
(d) Sub-Phase D4: Final Launch Preparations
5) Phase E: Operations & Sustainment
(a) Sub-Phase E1: Launch & Commissioning
(b) Sub-Phase E2: Service & Maintenance

Analogical to that is the finalisation of a phase and shift to the subsequent phase
through the following reviews:

1) SDR: System Design Review
2) PDR: Preliminary Design Review
3) CDR: Critical Design Review
4) Phase D internal reviews and external D4 review to shift to Phase E:
(a) MRR: Manufacturing Readiness Review
(b) TRR: Test Readiness Review (includes System Integration Review (SIR))
(c) SAR: System Acceptance Review
(d) FRR: Flight Readiness Review
5) Phase E external reviews with E2 review as the end of the mission:
(a) I0CR: In Orbit Commissioning Review
(b) ELR: End of Life Review

The proposed form of review conduction is presented in Figure 7-2.
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T <>

Draft

; Documentation Prepare . Final
documentation liellis sgiany sent to reviewing solutti))n for AR EWIETY
reviewed documentation board RIDS Presentation held Meeting
internally

Fig. 7-2: The proposed process for review conduction

The review draft documentation is revised and finalised team internally. Afterwards, the
review documentation is sent to the members of the reviewing board which then send
back RIDs. For which, the engineering team has to prepare solutions for the review
presentation in front of the reviewing board. Specifically, the highlighted Blocking RIDs
have to be addressed for the engineering team to pass the KDP into the next SLC
phase. After the presentation, a final meeting between both parties occurs - the KDP.
During this KDP it is decided if the project phase is concluded to the satisfaction of the
stakeholders and if the project is allowed to continue in the same manner. Additionally,
this SLC advises on the system engineering team being in control of the structure of
the documents and the subsystem teams filling in the content of the sections.

This represents the official medium of progress communication to the stakeholders.
For any other information exchange, progress reporting or organisational discussions,
the team should define a single point of communication, which is often the task of a
single person in the industry (e.g. Key Account Manager [77] or Product Owner [46]).

As for the verification of requirements for a SmallSat mission, companies use and
the ESA advises on using a simple System Verification Control Matrix. The purpose
of the matrix is to identify verification methods for the requirements and to track the
verification status with respect to requirements during the System Life Cycle. [74]

Thus, for this proposed SLC it is suggested to use a matrix and keep requirements
and requirement verification at three levels of detail. Meaning that costumer needs are
developed into TL requirements which are then specified into subsystem requirements.
The third level of detail is the expected results of the defined verification methods. That
is to highlight the importance of developing the verification strategy or the right side of
the V-Model, as early as possible. Thus, instead of defining a third level of requirements
for a subsystem it is suggested to specify the concrete desired outcome of a concrete
verification method to fulfil the previously defined requirements. In this case multiple
verification methods can be defined to satisfy the same requirement without the need
to continue defining sub-requirements that could possibly be neglected. This is then
controlled through a System Verification Control Matrix (SVCM).

In essence this is similar to the MOEs, MOPs and TPMs of the NASA (subsection 2.2.1)
[6]. The Exception is that the TPMs do not just include physical and functional charac-
teristics to be verified, but also include the verification method itself and further only the

Page 66



Chapter 7. The Proposed System Life Cycle U ﬂ

the TL requirements are suggested to be communicated with the stakeholders for this
SLC, except if they request more detail. This is due to the fact that private costumers
often do not request more detail and thus keeping subsystem requirements and verifi-
cation methods internal offers the developing team more flexibility. This is in contrast
to the conventional communication of all of the MOEs, MOPs and TPMs to the NASA
or ESA but in line with supplier integration in the sense of lean production (See sub-
section 2.1.3) [6]. Further, the depiction of their maturity at SDR and PDR level as in
Figure 7—1 is merely a limit to the finalisation but previous definition is at the discretion
of the developing team. A template for proper requirements definition is attached to
this thesis in Appendix B.

As per the deliverables, Figure 7-3 lists the documents and their purpose and Figure 7—
4 lists their required maturity at each review. The shared company internal standards
were either based on lessons learned and did not specifically address the content
of the deliverables but did use similar terminology for the documentation or they ref-
erenced the declassified TEC-SY/127/2013/DRD/RW titled "IOD CubeSat Document
Requirements Definition” [74]. Thus, the deliverables for this SLC are based on the
afore mentioned document and it is attached to this thesis because it describes the
deliverables to great detail. Further benefits of including this definition of deliverables
in the SLC are discussed in section 7.3. However, this document does not offer neither
information on the required maturity per review nor documentation templates. Thus,
the required maturity per review for this SLC is based on the insights gathered from the
interviews, the internal company standards and the afore mentioned literature.
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Name of document

Porpuse

Mission Requirements Document (MRD)

To specify the mission requirements and constraints, and high level payload user
requirements

System Requirements Document (SRD)

To specify the system requirements relating to the spacecraft, payload and ground
segment

Mission Analysis Report (MAR)

To describe all of the analysis performed in support of the mission planning prior
to launch

System Verification Con- trol Matrix (SVCM)

To identify verification methods to track verification status with respect to
requirements during the project lifecycle

System Design Report (SD Report)

To provide a summary technical description of the overall baseline mission,
spacecraft system and ground segment, including external interfaces and system

Payload and Platform Interface Control Docu- ment (P&PICD)

To define the payload item interfaces with the platform

Environmental Design Specification (EDS)

To define the launch and space environments that the satellite is expected to be
encountered by the spacecraft throughout the mission, and to form an
Environment requirements specification for application system design.

Satellite Mechanical Analysis Report (SMAR)

To describe the s/c mass properties, structural analysis setup, assumptions, and
analysis results in relation to the relevant requirements

Satellite Thermal Analysis Report (STAR)

To describe the thermal analysis setup, assumptions, and analysis results in
relation to the relevant requirements

Satellite AOCS Anal- ysis Report (SAAR)

To describe the AOCS analysis setup, assumptions, and analysis results in
relation to the relevant requirements

COTS User Manuals (CTUM)

To describe the Commercial Off The Shelf products to be used in the satellite
design baseline

Space-to-ground In- terface Control Doc- ument (SGICD)

To define the interfaces between the spacecraft and the ground segment, including
all ground stations

Space Debris Mit- igation Document (SDMD)

To define how the project plans fulfil space debris mitigation re- quirements

Declared Lists for parts, materials and processes (DL)

To identify all types of electrical components, mechanical parts and materials
needed for the current design for all system-level models

Satellite AIV Plan

To define and control all assembly, integration, verification and transportation
activities

Satellite Integration Logbook (SIL)

To record the actual events of the satellite integration process

Test Procedures

To establish the objectives, organization, setup and constraints of verification
tests. To establish the procedures/success criteria used in verification tests and the
requirements to be verified

Test Reports

To describe the results of the verification tests at all levels against the specified
requirements.

Saftey Data Package (SDP)

To demonstration the compliance with the launch safety requirements as set by the
launch provider requirements

Mission Operations Plan (MOP)

To define the full plan of activities immediately preceding and during the mission
operations phase, including the Mission Timeline. It shall cover all mission
phases, from liftoff from the launch pad until and including the Spacecraft end of
life disposal, covering nominal and contingency recovery operations.

Mission Operations Status Reports (MOSR)

To regularly report on the health status of the platform and payload in orbit and
the progress with respect to the Mission Operations Plan

Post-flight Analysis Report (PAR)

To summarise the main results of the mission based on the data acquired, and
describe the lessons learned

Non-Conformance Reports (NCRs)

To record non-conformances of the system product with respect to requirements
in terms of nature, root cause, and corrective actions

Request For Waivers (RFWs)

Request waivers for established requirements.

Fig. 7-3: Deliverable Items list (DIL) and the purpose of the documents [74]; The com-
plete document with the detailed contents of the deocuments can be found in Appendix

A
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The maturity indicators in the matrix represent:

e A: Approach. Initial calculation or efforts in the direction. Defining the complete
scope of the document and tasks thereof.

e B: Baseline for the project and possible release. Complete documentation effort
to the maturity degree of release approval.

e M: Maintenance level. It does not require a full effort but only an update.

7.2 Chronological Presentation of Phases and Reviews

This section aims at elaborating on the proposed phases in a chronological manner.
The phases are defined by the review finalising them which represents the set goal of
the phase.

Phase A

The purpose of Phase A is to conduct a mission analysis and engineering activities
with the main purpose to establish the mission requirements which represent the TL
requirements of the system. During the phase different solution concepts are evaluated
and their feasibility is assessed.

The main tasks to be conducted during this phase are:

e Generate an understanding of the scope of the stakeholder’s stake and decision
power and define a single point of communication with the stakeholder

Derive TL requirements for the system based on mission analysis and derived
from the stakeholder’s needs

Conduct trade-off studies for different solution concepts and asses their feasibility

Define roles and responsibilities in a Work Breakdown Structure (WBS)

Define validation cases for TL requirements

Design a TL system architecture
e Conduct a SDR
Phase B

The purpose of this phase is to to define the project in enough detail to establish an
initial baseline that is a feasible solution capable of meeting system requirements. From
this point on, almost all changes to the baseline are expected to represent successive
refinements, not fundamental changes as significant design changes at and beyond
Phase B become increasingly expensive and should not be implemented without a
proper impact analysis (See Figure 6—1).

The main tasks to be conducted during this phase are:

e Detail TL requirements to subsystem requirements
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¢ Design validation cases for the subsystem requirements
e Define system architecture, interfaces and budgets
e Define operations plan
e Finalise risk assessment
e Define procurement strategy
e Run simulations with subsystem components
e Conduct a PDR
Phase C

The purpose of this phase is to complete the detailed design of the system (and its as-
sociated subsystems, including its operations systems), fabricate hardware, and code
software. Generate final designs for each system component (flight and ground station
systems) and demonstrate that it will perform in adherence to the system requirements.

The main tasks to be conducted during this phase are:
e Develop and document hardware and software detailed designs
e Perform development testing at the component or subsystem level
e Finalise system architecture, interfaces and budgets
¢ Finalise integration, verification and validation plans
e Finalise Operations plan
e Build prototype (Silver Model)
e Define Manufacturing plan
e Fully document the final design
e Conduct a CDR
Phase D

The purpose of this phase is to manufacture, integrate and validate the system (hard-
ware, software, and operators), meanwhile achieving confidence that it will be able to
meet the system requirements. Perform system end product implementation, assem-
bly, integration and test, and transition to use.

In this phase the actual production and qualification of parts are performed followed by
the assembly, integration and verification of the actual flight satellites.

Specifically the purpose of the sub-phases are:

e D1: The main purpose of the phase is to finalise preparation for manufacturing
and integration. Whereas the previous phase focused primarily on what should
be produced, this phase focuses primarily on detailing how it should be produced.

Page 71



U ﬂ Chapter 7. The Proposed System Life Cycle

D2: In this phase the actual production and assembly of parts are performed
followed by the assembly, integration and verification of the actual flight satellites.

D3 In this phase the conduction of all predefined test cases occurs in order to
validate the system up to the fulfilment of TL requirements

D4 In this phase the final operations trainings, ground station calibrations and
flight readiness procedures are conducted

The main tasks to be conducted during this phase are:

Finalise manufacturing plan

Finalise preparations for manufacturing

Release Version 0 EM (Gold Model)

Conduct MRR

Validate the integration plan using the VO EM

Manufacture the system and integrate it according to the integration plan
Finalise preparations for test and validation using the VO EM

Conduct TRR (includes SIR)

Conduct tests according to validation plan

Resolve verification and validation discrepancies

Document test conduction and results

Conduct SAR

Finalise operator’s handbook

Finalize maintenance manuals

Train initial system operators and maintainers (Train on contingency planning)
Confirm telemetry validation and ground data processing

Confirm system and support elements are ready for flight

Confirm launch provider required documentation

Conduct FRR

Phase E

The purpose of this phase is to calibrate and commission the launched system’s func-
tionality. Finally, it is more significantly to conduct the mission and meet the initially
identified need and maintain support for that need.

E1: During this phase the satellite(s) are launched, and satellite bus and payload
functionality is calibrated and commissioned.
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e E2: During this phase the system are in operation and regular maintenance is
performed.

The main tasks to be conducted during this phase are:
e Perform planned on-orbit operational validation
Document lessons learned

Conduct IOCR

Provide support and maintenance during operations

Finalize mission final report
e Conduct ELR

Based on the insights from the interviews it is advised to include an end of life agree-
ment if the satellite is operational beyond the defined mission lifetime. This concludes
the presentation of the proposed SLC before further correlations between the SLC and
the interviews are discussed.

7.3 Justification of the Points Implemented in the Proposed
System Life Cycle based on the Interview Results

As previously stated the SLC is designed to be easily applied in resource-constrained
teams. Hence, the following is implemented in it, according to the points characterised
in chapter 6.

Requirements management is kept as simple and as effective as possible in order to
be easily applicable and fulfil its purpose of verification control. This is specifically so
in order to avoid the neglect described by the interviewees and ensure the application
of the V-model’s verification control. However, requirements management is a task that
is dependant on the discipline of the tools used and the application by the engineering
team, no matter the proposed standard.

The reviews are divided into internal and external reviews. This is in order to ensure
that progress validation is communicated to the stakeholders in the case of external
reviews. Further, it is in order to verify and control the progress while maintaining a
degree of flexibility in the case of internal reviews. Specifically, considering the fact that
payment is often linked with the passage of a KDP, it might be wiser to conduct internal
reviews that require less resources, do not halt the complete team and the progress
thereof.

For the design process up until the CDR agile methods are suggested to be imple-
mented with iterations that are finalised by a subsystem progress meeting which is
a subsystem internal review. Ensuring the communication and interfaces between the
subsystems is conducted by SE and the reviews presented control the holistic progress
of the mission. As for the documentation of the design, the review documentation is
suggested to suffice. As documenting every progress during an iterative process is not
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a justified effort in a resource-constrained team and in essence a CDR should con-
sist of the finalised calculations, simulations and drawings of the system. However,
for this SLC suggests that SE designs the structure of review documentation while the
subsystem teams add the content of the predefined sections. This is in order to avoid
repetition or neglect of points as mentioned during the interviews.

The temporal frame of this SLC is in contrast to traditional SLCs by the NASA or ESA
in the sense that not only is the mission lifetime reduced but also the development
process itself. Thus, this SLC emphasises on the validation process more as it is more
susceptible to neglect in a time and resource-constrained development process.

Additionally, traditional SLCs were designed to guide through the development of a
single novel satellite system for a specific mission. As revealed during the interviews,
private companies that build SmallSats for costumers are not developing a completely
novel system each time but are rather reconfiguring modular subsystems for a spe-
cific payload and mission. In the case of a mission requiring a satellite constellations,
multiple satellite systems are designed and manufactured.

Further, a novel private company or a university project attempting to build a New
Space system would rely on COTS products and would not develop every component
of every subsystem themselves from scratch.

Based on both those facts, the proposed SLC’s emphasis is on the validation of the
system rather than on the detailed design process which is in accordance with the in-
ternal standards developed by the interviewed private companies. Therefore, PhaseD
is divided into four sub-phases that when implemented are likely to be partially par-
alleled but nevertheless have their designated tasks and reviews to finalise them and
validate the system.

The purpose of distinguishing a Sub-Phase D1 "Manufacturing Preparation” is to insure
that a manufacturing plan is set that enables repetitive lean manufacturing. As prior to
that the focus was on what should be produced and not how it should be produced.
This is mainly relevant for missions that require multiple satellite systems to be manu-
factured and flown. In that case the philosophy of Economies of Scale can be applied
and through setting an optimised manufacturing plan, costs can be reduced severely
and the integration and testing of the systems can be further guaranteed success be-
cause of the similarity grade achieved by the manufacturing accuracy. Further, the
acquisition and preparation of the manufacturing facilities is planned and conducted in
the case of a novel space company.

In the case of one single space system being built and manufacturing facilities already
existing D1 can be merged with Phase C and the MRR can be integrated into the CDR.

A further example of the tailoring of this SLC can be shown for Sub-Phase D4. D4 is
designed to ensure the successful completion of all tasks that are not part of the satel-
lite system design but are necessary for flight readiness. If the company is planning to
use existing and calibrated ground stations, operators, operating procedures and has
templates for documentation for the launch provider, then D4 can be skipped and the
SAR merged with the FRR.
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Subsequently, the IOCR is conducted as an external review because depending on the
contract with the costumer it could mean the end of the development process and in
most cases a payment will be linked to the commissioning of the satellite in orbit.

Aside from the phases and their reviews, the SLC integrates a prototyping methodol-
ogy in accordance with the Bread-Brass-Silver-Gold approach (See section 6.3). Dur-
ing the agile iterations in Phase C the testing and validation on component level is
depicted. The testing and validation of the components themselves and testing of par-
tially integrated states up to the maturity grade of a complete prototype resembles the
afore mentioned methodology up to the Silver Model. This holds true for both internally
developed components and procured COTS products. In both cases component test-
ing and validation is conducted as early as possible up to a complete prototype at CDR
maturity.

However, a Version 0 (V0) EM is released at the MRR after the finalisation of the man-
ufacturing plan. The reason behind doing so is to have a model that can be the bases
for further integration validation and test preparation while being in the final flight con-
figuration achieved after the replicable manufacturing procedure. Thus, testing and
integration procedures can be finalised using the VO EM and are insured to be repli-
cable for the FM or FMs. This resembles a Gold Model in final flight configuration
according to the afore mentioned methodology.

Additionally, the EM-FM methodology (See section 6.3) is applied in order to ensure
that rigorous testing of the model itself as well as the testing of integration and test
procedures is conducted. This insures a VO integration and test run in final flight con-
figuration that can be directly replicated for the FM.

Lastly, this proposed SLC aims at covering the development process of all the inter-
viewed configurations. To do so it is also required to cover scenarios in which the ESA
is a stakeholder. This is an additional reason for the definition of the deliverables of
this SLC through ESA’s TEC-SY/127/2013/DRD/RW document [74]. As illustrated by
the interviews, scenarios in which the ESA was a stakeholder but did not force com-
plete ECSS compliance on a resource-constrained team have been observed. As this
SLC reaches the same deliverables as defined by the ESA for IOD CubeSat missions,
an argument can be made towards its application in missions in which the ESA is a
stakeholder.

Examples of the application of the proposed SLC in missions in which the ESA is not
a stakeholder are presented in the next section.

7.4 Case Study: Applying the Proposed System Life Cycle
at the SmallSat Startup Orora Tech

This section presents the application of the proposed SLC for the case of the novel
SmallSat startup Orora Tech. It does so in two distinct ways. First, it presents a sug-
gestion of the complete SLC application based on the application parameters of Orora
Tech. Secondly, it presents the insights gathered during the initial discussions of SLC
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application for a scenario in which Orora Tech is given the chance to conduct part of
the development of a SmallSat system.

This is due to the fact that the newly founded company is not at a maturity of devel-
oping the complete satellite system during the temporal frame of this thesis. Thus, a
suggestion for future application is given. However, the payload could be launched on
a satellite bus developed by Clyde Space and | was granted the opportunity to con-
duct the initial discussions on how to apply a SLC for that case in cooperation with
Clyde Space. Hence, insights gathered during those discussions are presented in this
section.

Regarding the company itself, Orora Tech is a spin-off from the MOVE-II CubeSat
project at the TUM that is developing a satellite constellation that intends to capture
thermal images and perform on-orbit processing to directly alert first responders in the
event of wildfire within their region of interest.

7.4.1 The Proposed Application of the Complete System Life Cycle

To understand the application of the SLC onto Orora Tech’s SmallSat development,
one has to clarify the application parameters and goal of the company.

First, the goal is to develop a fleet of satellites making up a satellite constellation and
launch them into formation on multiple orbits in order to achieve the required coverage
necessary to alert first responders in time. The attempt of doing so alone underlines
the afore mentioned opportunities presented by the New Space era. However, found-
ing a space company is not comparable to the effort required to found a company with
retail or digital solutions as their product. The required funding to build and launch a
satellite fleet, although minuscule in comparison with traditional space, is nevertheless
substantial. Thus, a lot of effort and resources are allocated towards investment rounds
and business development although the mission definition is set and the mission anal-
ysis and feasibility are conducted, since they are the motivator for the founding of the
company. Thus, engineering activities described in the SLC are conducted before the
SLC of the complete SmallSat system is initiated.

Second, the chance to launch the optical payload on a satellite bus developed by Clyde
Space influences the development process in the sense that it allows for the devel-
opment and validation of the most critical subsystem before the development of the
complete desired SmallSat system. This allows for valuable experiences and insights
predating the complete engineering efforts required for a SLC of the desired SmallSat
system.

Third, although Orora Tech is a novel startup the human resources available are not
new to SmallSat development. As the company is a spin-off of the MOVE projects,
the recruited talent has been part of up to three SmallSat missions. Hence, a familiar-
ity with development methodology, space requirements, launch requirements, review
conduction and deliverables is preexisting. This further means that the desired goal of
minimising the development and launch time is achievable and is to be reflected by the
application of the SLC.
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This leaves the main parameters, distinguishable before the commence of SLC appli-
cation, to be:

The constraints of a startup due to required financial resources
A preexisting mission definition with conducted mission analysis and feasibility

The development of the optical payload predating the development of the com-
plete satellite system

A company character of an experienced SmallSat company due to the recruited
talent

As for Phase A "Mission Analysis and Feasibility”, there are two ways one can look at
it. The first, is that Phase A is skipped as the satellite system is not developed for a
costumer and thus mission analysis and feasibility are not conducted and presented for
review in form of a SDR and thus the SLC commences at Phase B when the develop-
ment of the complete satellite system commences. The second, is that the engineering
activities conducted at the moment - including the development and launch of the op-
tical payload - are part of the engineering activities in a prolonged Phase A in order to
finalise the feasibility and set the requirements for the complete mission.

As for the application of the rest of the phases:

Phase B "Preliminary Solution Definition”: can be conducted as per the descrip-
tion in the proposed SLC

Phase C "Detailed Solution Definition”: can be conducted as per the description
in the proposed SLC

Sub-Phase D1 "Manufacturing Preparation”: can be conducted as per the de-
scription in the proposed SLC and is crucial for the development of a fleet system
with resource constraints

Sub-Phase D2 “Integration & Test Preparation”: can be conducted as per the
description in the proposed SLC

Sub-Phase D3 "Testing & Validation”: can be conducted as per the description
in the proposed SLC

Sub-Phase D4 "Final Launch Preparations”: can be conducted as per the de-
scription in the proposed SLC or be merged and paralleled to D3 if recruited
talent is previously trained, the launch requirements are met beforehand and ex-
isting ground stations are used

Sub-Phase E1 "Launch & Commissioning”: can be conducted as per the de-
scription in the proposed SLC even if the IOCR is merely internal it would benefit
as a milestone

Sub-Phase E2 "Service & Maintenance”: can be conducted as per the descrip-
tion in the proposed SLC with a variety of further development with regard to
software
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The afore mentioned conduction of a SDR as well as the conduction of all reviews is
dependant on the stakeholder makeup of Orora Tech for which no direct description
can be given. However, the outlines of the makeup can be discussed as Orora Tech is
developing the SmallSat system for their own profit generation and not selling it as a
product within the wildfire constellation. If the company would find itself in a scenario
where the company stakeholders are not interested in the development progress itself
but merely interested in the end product and the profit it generates, then Orora Tech
could have the freedom to design the reviewing board at its discretion. As a spin-off of
the MOVE-II project the expert pool available can comprise the reviewing board which
would give the application of the SLC a unique characteristic because in that case the
argumentation of conducting any review internally would be invalid. This is due to the
fact that no flexibility is lost in review conduction if the flexibility to makeup the reviewing
board exists.

This further means that the deliverables in terms of the SLC for satellite development
are merely the required documents of the launch provider as previously discussed.
All other deliverables are at the companies discretion although their benefit is logical
especially when developing a fleet of SmallSats.

Lastly, the iteration, validation and prototyping methodologies of the proposed SLC can
be applied because of the simple fact that the recruited talent is familiar with them and
has previously applied them to satellite development.

7.4.2 Insights from the Initial Partial Application

This subsection aims at depicting insights from the application during the second sce-
nario as much as is possible under the existing Nondisclosure Agreements.

The second scenario of the application of the proposed SLC is the development of the
SmallSat carrying the optical payload. This scenario is made possible by the Satellite
Applications Catapult which is an innovative company aiming to accelerate the growth
of satellite applications and the the commercialisation of research [78]. Among other
tools to achieve that, they had a competition for a IOD mission which Orora Tech has
won with the goal to test their optical payload. Thus, this scenario has an innovation
accelerator financing an IOD mission comprised of an optical payload developed by
Orora Tech flying on a satellite bus developed by Clyde space.

Before the commence of the joint development and SLC application an agreement had
to be reached on the following parameters:

¢ Who of the two parties is responsible for which deliverable documentation
¢ When which documentation is expected to be at a certain maturity grade
e How the reviews are going to be conducted

e How the makeup of the reviewing board will be

As Clyde Space was one of the interview partners and insights from their SLC imple-
mentation have influenced the proposed SLC, the proposed SLC did not differ greatly
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from their internal company standards. The main differences were:
e The SAR is called a Test Review Board (TRB) but fulfils the same purpose
e All reviews are conducted externally
e Clyde’s SLC for IOD missions ends at the FRR
e The DIL includes less documents

The difference in documentation is due to the fact that the proposed SLC aims on cov-
ering all documentation that would be necessary to satisfy document requirements set
for a mission in which the ESA is a stakeholder. This shows that in private companies
the DIL differs significantly from old standards and that companies have adapted their
DILs to suit their costumer requirements, as was elaborated upon during the interviews.

The fact that Clyde’s SLC for IOD missions ends at the FRR can be taken to underline
the point that different costumer agreements exist for operations and thus the com-
pany internal standard deals with the development process until flight readiness ma-
turity. However, afterwards activities are conducted based on the agreement with the
costumer and thus are not standardised.

Further, the conduction of all reviews in Phase D externally is a discussed possibility
in the proposed SLC. The benefit of conducting them internally is to allow for flexibil-
ity, reserve resources and not halt the complete team. However, for this three party
constellation and joint review conduction the previously made argument is invalid. In
any case the effort made by one developing team to communicate their progress to the
other, and vice versa constitute the effort necessary for external review conduction. In
addition, it would be in the interest of the stakeholder to require these external reviews
for such a constellation to ensure that the joint development is progressing to his satis-
faction. However, no proof of this argument can be provided because Catapult has not
commented on it.

The form of review conduction would be as in the proposed SLC in addition to the divi-
sion of responsibilities. The same process of reviewed documentation, a presentation
in front of a reviewing board and RIDs is to be solved. The reviews will be conducted in
front of a reviewing board made up at Catapult’s discretion as they are the main stake-
holder. Additionally, representatives of Clyde’s management will make up the reviewing
board. During the reviews both developing teams will present their respective progress
defined by their deliverables.

All deliverables except the following are Clyde’s responsibility:
e A Concept of Operations (CONOPS): Orora Tech’s responsibility
e Mission requirements and requirements tracker: joint responsibility
e Platform and Payload Interface Control Document (P&PICD): joint responsibility

The required maturity of the deliverables as per review is the same as in the proposed
SLC, to the extent of the release of the hardware models as per the EM-FM approach.
However, comparing Clyde’s standard’s terminology to the deliverables of the proposed
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SLC as per TEC-SY/127/2013/DRD/RW one realises that the terminology is not the
same as the contents of the CONOPS are covered by the MRD in the proposed SLC
[6, 74]. In addition, no document templates for the deliverables of this development
process exist on both ends.

7.4.3 Conclusion of the Application

For both application scenarios the coverage of them by the proposed SLC was pre-
sented. It was shown how the SLC can be applied in different scenarios based on the
mission characteristics and objectives. Further, it was shown how arguments made
during the development of the SLC reflected on the application.

Lastly, the discrepancy in deliverables terminology, the lack of document templates and
the effort made to define the SLC application in the second scenario would not exist
or be necessary if a new standard for SE applications in SmallSat missions was to be
developed. Resource-constrained SmallSat teams could focus their resources on the
direct development of a SmallSat system without needing to concern themselves with
these tasks which would accelerate the complete development process.

Further, the presented example elaborates the freedom a New Space company has
during the development of a SmallSat system. This further supports the development
of a new standard not only for the acceleration and advancement of the development
process but also for ensuring a minimum amount of quality assurance not through
restriction but through applicable guidance.
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8 Discussion of the Applied Research Methodology

The purpose of this chapter is to reflect on the methodology implemented during the
course of this thesis (See chapter 4).

The literature research methodology was stated to be plainly simple because of the fact
that SLC implementation was standardised by governmental agencies and thus can
be considered the basis for any literature on that manner. This hypothesis was proven
true during the interviews as interviewed missions referred to the cited literature, if at
all. The ones that did define the implementation of SLCs for their project based it on
the cited literature if they did not base it solely on lessons learned. The interviewees
further stated that they combined the different sources as was the done during the
course of this thesis.

As for the interview methodology, the general approach of a semi-standerdised survey
covering all aspects of SLC implementation did allow for the obtainment of a wide
variety of insights. Those insights further allowed the interviews to be tailored uniquely
to suit the interviewee and obtain a deeper understanding of the points that they wanted
to address and deemed relevant.

This approach may have been the correct method in order to obtain as much insight as
possible of this broad subject matter but it makes the effort of presenting the collected
data a difficult process which leaves a narrow disputable margin. Further, having a
semi-standardised approach on a wide subject matter increases the amount of different
answers and thus decreases the value of the data in terms applicability of statistical
methods.

If the research conducted in this thesis were to be continued or replicated, then future
surveys would be advised to narrow down on specific components of the SLC that
have been highlighted as interesting by the research conducted during the course of
this thesis. In addition, standardised answers could result in statistically more valuable
data. In that case the researcher would have to rely on his creativity and the previous
research to extract insights not covered by the questions.

In summary, the approach of a semi-standardised survey followed by a tailored in-
terview was a method that allowed for the initial coverage of a broad subject matter
while giving interviewees the freedom to highlight relevant points that were further in-
vestigated in depth. The interviewees remarked themselves the effectiveness of the
method during the interviews. However, in the case of continuing or replicating this
research a standardised approach with a narrower subject matter is advised and could
yield interesting results for less effort.
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9 Results of the Thesis

This chapter aims at comparing the results of the thesis with the set goals of the thesis
in chapter 3 before the conclusion is presented in the next chapter.

The analysis of System Life Cycle (SLC) implementation in both university projects
and private companies was conducted through the digital survey and the subsequent
interviews. The results thereof are presented in chapter 5 and further discussed in
chapter 6. Both the collected data and additional points raised by the interviewees
are summarised and discussed in order to prepare their content’s integration into the
proposed SLC.

An analysis of compliance with European Cooperation for Space Standardisation (ECSS)
standards was conducted during the interviews. Further, the ESA-proposed tailored
standards for IOD CubeSats were analysed to the detailed degree of document tem-
plates with regard to the applicability in resource constrained teams. In addition, shared
company internal standards were compared to each other and to the ECSS standards
and the results thereof were presented and further implemented in the SLC. After-
wards, a SLC is proposed that encompasses:

e Phases and their defined objectives in addition to a discussion of their applicabil-
ity for New Space SmallSat development and the different cases thereof

e Positioned internal and external reviews with Key Decision Points and deliver-
ables. In addition to an elaboration on their placement, purpose and type

¢ A mixture of methodical approaches of going through the complete SLC as well
as going through specific phases and the holistic use of prototyping methods. As
well as an elaboration on the reason and benefit of their usage to the complete
development process

e An argumentation towards ECSS compliance of the proposed SLC was con-
ducted in the form of arguing why it should not attempt at complying based on the
collected insights from the interviewees.

Further, an example of the application of the SLC based on the case of the SmallSat
startup Orora Tech was presented for the complete development process as well as
for the current development process of the optical payload and launch thereof. In
addition the insights gathered from the application are discussed with respect to the
standardisation of SmallSat development in the New Space era.

Moreover, a critical discussion on the applied research methodology is offered in order
to ensure both an improved replicability and continuation of the research of the subject
matter. Lastly, the resources of BERNS Engineers GmbH were used in order to com-
pare the creation of standards to other industries and propose a novel approach to be
implemented in the emerging SmallSat industry.

Page 83



U ﬂ Chapter 9. Results of the Thesis

Page 84



Chapter 10. Conclusion U ﬂ

10 Conclusion

During the course of this thesis the implementation of SLCs in SmallSat missions has
been researched. The collected data from the survey and the insights from the inter-
views have shown that the novel development parameters for satellite missions in the
New Space era have rendered existing standards inapplicable. This holds true for the
parameters presented in the state of the art, in respect to the accelerated development
of a responsive satellite system with innovative process methodology.

It was shown that existing standards are not implemented by SmallSat developers in
resource constrained missions. In some cases this even holds true for missions in
which governmental agencies are stakeholders. Furthermore, the interviewees ex-
pressed that existing standards do not necessarily cover aspects leading to mission
failure in SmallSat missions. The sole requirement that is upheld for missions in which
governmental agencies are not a stakeholder, are the requirements set by the launch
provider. These requirements themselves only comply with standards if governmental
agencies are involved on either end of them. Other than that, they are derived from the
requirements of the launch vehicle operator which are set at his respective discretion.
Furthermore, the necessity of developing new standards for SmallSat development
was proven through the revelation of the fact that companies already have established
reduced internal standards for their respective development processes.

Based on those results a SLC was designed and proposed which reduces conven-
tional standards found in literature to an applicable scope of SmallSat development.
The scope was defined based on the gathered insights during the interviews and the
contents of internal company standards. In addition, the SLC guides on the implemen-
tation of process, validation and prototyping methodology during the development of
a SmallSat system. Furthermore, it addresses communication with stakeholders and
requirements management with respect to their direct influence on the development
process, as was illustrated by the interviewees.

Additionally, two scenarios for the application of the proposed SLC during the devel-
opment of Orora Tech’s SmallSat system are presented and discussed in order to to
validate applicability and underline the coverage of both development processes in
their respective configuration by the SLC.

Because the SLC is designed based on both literature and the current reality of im-
plementation, it can be taken as a basis for discussion on standardisation of systems
engineering application in SmallSat missions. Which in turn could initiate the standard-
isation of further disciplines, leading to the acceleration and improvement of responsive
SmallSat systems and an increase in their benefit to the space industry as a whole.
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11 Outlook

This final chapter of the thesis aims at providing suggestions for the continuation of the
research and work conducted during the course of this thesis.

As previously addressed, the repetition of the interview process with the focus on the
points deemed relevant based on the current research, could provide additional in-
sights on the subject matter. Narrowing down the subject matter that is to be re-
searched and implementing a standardised approach will allow the repetition to be
conducted with less effort and therefore allow for a faster and greater coverage of the
target group. Further, a standardised approach will output data that can be statistically
processed and thus implemented in a SLC through different methodologies.

Additionally, the observation of the implementation of the proposed SLC at both star-
tups and established companies can yield valuable insights regarding its applicability.
In the case of established companies the implementation of the proposed SLC can
be compared to the implementation of existing internal standards. As it is a merger
between multiple internal standards, insights from companies and university projects
and existing literature, this comparison could lead to the highlighting of existing internal
best practices that were not previously noticed or documented.

For the case of startups, the observation of the implementation can lead to insights re-
garding the resource efficiency of the SLC, the applicability in an environment demand-
ing agility and if it truly aids in increasing and easing the cooperation with suppliers and
stakeholders. As will be continued for the case of the implementation at Orora Tech.

Furthermore, the research scope could be broadened beyond Europe to encompass
world wide SLC implementation in SmallSat missions. This could aid as a step towards
standardising the complete SmallSat industry and increasing international coopera-
tion which will further support the increased output of novel technologies emerging
from SmallSat development. If an international standard is developed to encompass
the requirements set by launch vehicle operators and thus the requirements of launch
providers, then collective launch contracts or end of life agreements might not be too
far in the future.

As is advised in this thesis, the SmallSat industry should not wait for governmental
agencies to develop novel standards but rather the private sector should come to-
gether to develop novel standards based on its existing internal standards and lessons
learned, similar to established standards in other industries. An interest in this was
shown by the interviewees and the framework for it is being set up by BERNS Engi-
neers and Orora Tech. This will be in the form of a conference for SmallSat developers
with the goal of cooperation towards standardisation.
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A Deliverables as per TEC-SY/127/2013/DRD/RW

This appendix includes pages 5 to 12 of the TEC-SY/127/2013/DRD/RW titled "IOD
CubeSat Document Requirements Definition” used for the definition of deliverables of
the proposed SLC in chapter 7. These pages present the contents of the deliverables
as required by the ESA.
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2 DOCUMENT REQUIREMENTS DESCRIPTIONS

Title

Purpose

Content

Mission Requirements Document
(MRD)

To specify the mission
requirements and constraints,
and high level payload user
requirements

The MRD shall include as a minimum:

mission objectives

mission constraints (launcher, orbit, target
launch date, duration, comms coverage)
science observation requirements
payload requirements, incl. operational &
data

mission phases and operational modes
requirements

autonomy requirements

ground segment requirements

mission data acquisition, storage and
dissemination requirements

Mission Analysis Report (MAR)

To describe all of the analysis
performed in support of the
mission planning prior to
launch

The document includes:
Mission design:

mission profile including mission duration,
phases, satellite operational modes

Orbit and pointing profiles during the
phases/modes

Available ground segment resources,
including ground stations

degree of ground segment automation and
satellite on-board autonomy

mission operations concept

Mission analysis:

launch/operational orbit trade-offs and
selection

orbit/trajectory predictions throughout the
mission

payload operations planning and analysis
(e.g. imaging revisit analysis)

ground track and ground station visibility
analysis

solar eclipse analysis

contingency analysis with respect to
mission recovery in cases of failures during
critical periods

System Requirements Document
(SRD)

To specify the system
requirements relating to the
spacecraft, payload and
ground segment

The SRD shall include as a minimum:

system functional, performance and
interface requirements

requirements for environment, cleanliness
and ground handling, ATV, EMC,
interfaces, modes and on-board
autonomy/FDIR

ground segment requirements for ground
stations, flight dynamics and simulation
support, ground systems automation
programmatics requirements (project cost
and schedule)
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System Design Report (SDR)

To provide a summary
technical description of the
overall baseline mission,
spacecraft system and ground
segment, including external
interfaces and system budgets.

Technical description, to include:

introduction,

e mission phases, performances and
operations overview
launch, LEOP and on-orbit configurations

o satellite operational modes

e  spacecraft design concepts & trade-offs,
including electrical, thermal and
mechanical architecture

e data processing hierarchy / software
architecture
baseline spacecraft description
system budgets (mass, power, link, data)

e  For each subsystem, including Primary
Payload, and for GSE:
» functional block diagram / schematic
» description of key design features,

performances and interfaces

e external interfaces (Launcher, GSE,
Ground Segment)

e ground segment architecture

Environmental Design
Specification (EDS)

To define the launch and space
environments that the satellite
is expected to be encountered
by the spacecraft throughout
the mission, and to form an
Environment requirements
specification for application to
the system and subsystem
design.

The document shall specify the launch environment
considering compatibility with all specified launch
vehicles. The specification shall consist of (at both
qualification and acceptance levels) the following
environments:

e  quasi-static loads

e sine and random vibration

e shock

e acoustic

e  pressure

e temperature and humidity under fairing on

launch pad

The document shall specify the following space
environments (based upon analysis results):

e energetic particle fluxes and fluences

(protons, electrons, cosmic-rays)

The document shall also specify the following effects
of these environments on the spacecraft:

e total ionizing radiation dose

e single event effects

e  materials outgassing due to vacuum

Space Debris Mitigation Document

To define how the project
plans to fulfil the ESA space
debris mitigation
requirements, and report on
analysis results demonstrating
compliance

As per ESA/ADMIN/IPOL(2008)2 - Space Debris
Mitigation for Agency Projects.
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Product Assurance Plan (PAP)

Ensure that the organization,
requirements, methods, tools,
resources and responsibilities
for the product assurance and
safety disciplines are well
defined before development
and implemented at each
project level.

The PA plan shall describe the resources, tasks,
responsibilities, methods and procedures adopted
by the Contractor for the implementation of the ESA
PA&S requirements and for the achievement of the
PA objectives.

The PA plan shall include the following major
elements:

e  Scope, Applicability,

e PA management: Objectives, Policies,
Implementation Approach,
Responsibilities, Organization, Reporting,
Applicable and reference documents.

e  Tasks and activities to be performed for
compliance with ESA PA/QA requirements

e  Cleanliness plan

Space-to-ground Interface Control
Document (SGICD)

To define the interfaces
between the spacecraft and the
ground segment, including all
ground stations.

The main interfaces to be addressed are at the level
of command and control, Mission data and
telecommunications aspects for which format,
content and RF transmission need to be described.
Spacecraft to Ground Segment I/F definition,
including:
system overview
e spacecraft and orbit, range definition
e data formats and rates, coding scheme and
modulation
encryption, authentication
o reference profile assumptions
telecommunications:
o frequencies
o link budgets, indicating worst
case link margins expressed in dB
for meeting the bit error rate
requirements expressed in the
SRD.
data formats
TM/TC formats
ground station front-end interfaces
ranging interfaces
database interface
spacecraft to Ground Segment verification.
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Satellite Mechanical Analysis
Report

To describe the s/c mass
properties, structural analysis
set-up, assumptions, and
analysis results in relation to
the relevant requirements

Mass Properties Analysis
The document shall contain (based on analysis of
the satellite 3D CAD model):

Overview of the stowed and deployed
satellite configurations

Satellite total mass

Satellite Centre of Gravity position (&
uncertainties) in spacecraft coordinate
system —stowed and deployed
configurations

Satellite Moments of inertia —stowed and
deployed configurations

Structural Analysis
The document shall contain:

Input loads description

Analysis cases

FEM description and underlying
assumptions & approximations
Materials properties

Model cross-checks

Analysis tool description & outputs

FEA results, including Margins of Safety
on structural elements

Conclusion with respect to requirements
compliancy & areas of further work

Mechanisms Analysis
The document shall contain (for each mechanism):

Design overview and description of
operation in flight for all mechanisms,
including hold-down, release, deployment
and actuation functions
Identification of worst case operational
and environmental conditions
For new developments:

o Pre-load & tolerance budget analysis

o Actuation torque or force analysis

o Performance analysis

o Analysis of lubrication selection &

sizing for the application & lifetime

Prediction of the number of on-ground and
in-orbit cycles
Power demand of electrically actuated
mechanisms
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Satellite Thermal Analysis Report

To describe the thermal
analysis set-up, assumptions,
and analysis results in relation
to the relevant requirements

The document shall contain:

Input parameters and assumptions
Analysis cases (hot, cold, transient etc)
TMM description and underlying
assumptions & approximations
Materials properties

Thermal Reference Point definitions
Model checks

Analysis tool description & outputs
Analysis results, including temperatures of
satellite equipment

Conclusion with respect to requirements
compliancy & areas of further work

Satellite AOCS Analysis Report

To describe the AOCS analysis
set-up, assumptions, and
analysis results in relation to
the relevant requirements

The document shall contain:

S/C design configuration relevant to AOCS
Input parameters and assumptions
(sensor/actuator noise, controller
bandwidth)

Analysis cases (pointing modes,
orbits/trajectories, stowed/deployed
configurations)

AOCS performance model description and
assumptions

AOCS performance analysis results,
including pointing error budget
Conclusion with respect to requirements
compliancy & areas of further work

COTS User Manuals

To describe the Commercial
Off The Shelf products to be
used in the satellite design
baseline.

The document shall provide user manuals provided
by suppliers of all the COTS products to be used in
the satellite, including:

Option sheets and clear selection of
options used in the satellite

Electronic circuit diagrams (if available)
Interface definitions (if available)

User instructions (if available)

Acceptance tests performed by the supplier
prior to delivery (if available)

If a user manual is not available for a particular
COTS product, then as a minimum a product data
sheet shall be provided.

System Development Plan

To define the planning for the
detailed activities to be
performed on new
development items.

Plan shall include:

Qualification Status List of the equipment
with respect to the mission/system
requirements

model philosophy

hardware development plan (covering
manufacturing and assembly plans)
software development plan (covering
coding)

hardware/software co-engineering
approach

engineering tools and facilities used to
support developments (hardware and
software)
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Platform-Payload Interface Control
Documents (ICDs)

To define the payload item
interfaces with the platform.

The document shall define the payload interfaces in
terms of:

e mechanical interfaces

e electrical interfaces

e thermal interfaces

e data interfaces

Declared Lists for parts, materials
and processes (DLs)

To identify all types of
electrical components,
mechanical parts and
materials needed for the
current design for all system-
level models.

See ECSS-Q-ST-60C Annex B, ECSS-Q-ST-70C
Annexes A, B and C for example format.

Satellite AIV Plan To define and control all Spacecraft model assembly/integration plan
assembly, integration, e Integration sequence
verification and transportation e Integration constraints
activities associated with the ¢ Use of MGSE/EGSE
satellite proto-flight model *  Payload calibration
Protoflight test programme definition in terms of:
e  Test philosophy
e  Test conditions
e  Hardware/software matrices
e  Functional and performance verification,
including interface integrity verifications.
e  Protoflight test programme (involving
functional testing at ambient, vibration
and TV test limits, TV profile and EMC)
e  Test plan, criteria and methods
Safety Data Package To demonstration the Defined by the launch authority.

compliance with the launch
safety requirements

System Verification Control Matrix

To identify verification
methods to track verification
status with respect to
requirements during the
project lifecycle

For each system requirement:
Requirement identifier
Requirement description
Design configuration item
Verification method (review/
analysis/inspection/ demonstration/test
Verification status
e  Reference to supporting documentation
(ie. inspection/analysis/test reports)
Requirements to be verified in this matrix include:
Mission/system requirements
e  Space debris mitigation requirements
¢ Environmental Design specification

requirements

e  Applicable CubeSat design specification
requirements

e Launcher requirements
Safety requirements
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Test Procedures

To establish the objectives,
organization, set-up and
constraints of verification
tests. To establish the
procedures/success criteria
used in verification tests and
the requirements to be
verified.

As per ECSS-E-ST-10-03C Annex C

Test Reports

To describe the results of the
verification tests at all levels
against the specified
requirements.

The document shall include for each test:

Test method

Test equipment and set-up description
As-ran test procedure

Pass/fail criteria

Test results including pre- and post-
processed test data in the form of tables
and graphs

Interpretation of the test results with
respect to the criteria

Conclusion regarding test outcome and
identification of any remedial measures in
case of test failure

Satellite Integration Logbook

To record the actual events of
the satellite integration
process

The document shall contain:

Integration methods and equipment used
Ambient conditions during the integration
Cleanliness conditions, including clean
room and clothing of the AIV personnel
Condition of the incoming hardware
Integration as-run procedure
Fasteners, adhesives and harness tie-
downs used
Notable events during integration:

o Anomalies

o Discrepancies

o Errors

o Any corrective measures

Mission Operations Plan

To define the full plan of
activities immediately
preceding and during the
mission operations phase,
including the Mission
Timeline. It shall cover all
mission phases, from lift-off
from the launch pad until and
including the Spacecraft end of
life disposal, covering nominal
and contingency recovery
operations.

The document shall include:

Pre-launch mission rehearsals planning
Mission timeline including all mission
events and telecommand/telemetry flows
Mission planning activities & work flow
(including flight dynamics and simulator
activities)

Payload operations planning & work flow
Operations personnel, operator
responsibilities & lines of authority
Operations work schedule & flow
Support services and emergency contact
points in case of ground systems failure
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Mission Operations Status Reports

To regularly report on the
health status of the platform
and payload in orbit and the
progress with respect to the
Mission Operations Plan

The document shall include:

e  Platform health status and major
operations performed

e Payload operation status

e Communications link sessions and data
uplinked/downlinked

e  Major/minor in-orbit anomalies and
associated cause

e Recovery actions with respect to the
anomalies (if any)

Non-Conformance Reports (NCRs)

To record non-conformances
of the system product with
respect to requirements in
terms of nature, root cause,
and corrective actions.

As per ECSS-Q-ST-10-09C, Annex C.

Request For Deviations (RFDs)

Request departures from an
approved configuration
baseline

As per ECSS-M-ST-40C Annex I

Request For Waivers (RFW5s)

Request waivers for
established requirements.

As per ECSS-M-ST-40C Annex J

Post-flight Analysis Report

To summarise the main results
of the mission based on the
data acquired, and describe
the lessons learned

The document shall include:

e Overview of the actual mission as
performed, including the payload
operations and any interruption in the
mission due to in-orbit anomalies/failures
(if any)

e  Overview of the operations data post-
processing

e  Post-processed results of the mission
operational data (including any failure
analysis if failures occurred)

e Outcome and achievements of the in-orbit
demonstration mission with respect to the
mission objectives

e  Lessons learned from the mission
operations for:

o application of the demonstrated
technology to future missions

o future missions using CubeSat
platforms
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Appendix B. Requirements Checklist as per NASA Systems Engineering
Handbook M

B Requirements Checklist as per NASA Systems
Engineering Handbook

This appendix includes the Appendix C of the NASA System Engineering Handbook
titted "How to Write good Requirements- Checklist” wich is referenced in the proposed
SLC in chapter 7 as a template for requirements definition.
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Checklist

C.1 Use of Correct Terms

O Shall = requirement
O Will = facts or declaration of purpose

O Should = goal

C.2 Editorial Checklist

Personnel Requirement

O The requirement is in the form “responsible party
shall perform such and such.” In other words, use
the active, rather than the passive voice. A require-
ment should state who shall (do, perform, provide,
weigh, or other verb) followed by a description of
what should be performed.

Product Requirement

O The requirement is in the form “product ABC shall
XYZ.” A requirement should state “The product
shall” (do, perform, provide, weigh, or other verb)
followed by a description of what should be done.

O The requirement uses consistent terminology to
refer to the product and its lower-level entities.

O Complete with tolerances for qualitative/perfor-
mance values (e.g., less than, greater than or equal

to, plus or minus, 3 sigma root sum squares).

O Is the requirement free of implementation?
(Requirements should state WHAT is needed,
NOT HOW to provide it; i.e., state the problem

NASA SYSTEMS ENGINEERING HANDBOOK

not the solution. Ask, “Why do you need the
requirement?” The answer may point to the real

requirement.)

O Free of descriptions of operations? (Is this a need
the product should satisfy or an activity involv-
ing the product? Sentences like “The operator
shall...” are almost always operational statements

not requirements.)

Example Product Requirements
O The system shall operate at a power level of...

O The software shall acquire data from the...

O The structure shall withstand loads of...

[ The hardware shall have a mass of...

C.3 General Goodness Checklist
[ The requirement is grammatically correct.

[ The requirement is free of typos, misspellings,

and punctuation errors.

O The requirement complies with the project’s tem-
plate and style rules.

O The requirement is stated positively (as opposed to
negatively, i.e., “shall not”).

O The use of “To Be Determined” (TBD) values

should be minimized. It is better to use a best
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estimate for a value and mark it “To Be Resolved”
(TBR) with the rationale along with what should
be done to eliminate the TBR, who is responsi-
ble for its elimination, and by when it should be

eliminated.

O The requirement is accompanied by an intel-
ligible rationale, including any assumptions.
Can you validate (concur with) the assump-
tions? Assumptions should be confirmed before

baselining.

O The requirement is located in the proper section of
the document (e.g., not in an appendix).

C.4 Requirements Validation
Checklist

Clarity

O Are the requirements clear and unambiguous?
(Are all aspects of the requirement understand-
able and not subject to misinterpretation? Is the
requirement free from indefinite pronouns (this,
these) and ambiguous terms (e.g., “as appropri-

» « » «

ate,” “etc.,” “and/or,” “but not limited t0”)?)

O Are the requirements concise and simple?

O Do the requirements express only one thought per
requirement statement, a stand-alone statement as
opposed to multiple requirements in a single state-
ment, or a paragraph that contains both require-

ments and rationale?

O Does the requirement statement have one subject

and one predicate?

Completeness
O Are requirements stated as completely as possible?
Have all incomplete requirements been captured

NASA SYSTEMS ENGINEERING HANDBOOK

as TBDs or TBRs and a complete listing of them
maintained with the requirements?

O Are any requirements missing? For example,
have any of the following requirements areas
been overlooked: functional, performance, inter-
face, environment (development, manufacturing,
test, transport, storage, and operations), facility
(manufacturing, test, storage, and operations),
transportation (among areas for manufacturing,
assembling, delivery points, within storage facil-
ities, loading), training, personnel, operability,
safety, security, appearance and physical charac-
teristics, and design.

O Have all assumptions been explicitly stated?

Compliance
O Are all requirements at the correct level (e.g., sys-
tem, segment, element, subsystem)?

O Are requirements free of implementation specif-
ics? (Requirements should state what is needed,

not how to provide it.)

O Are requirements free of descriptions of opera-
tions? (Don’t mix operation with requirements:

update the ConOps instead.)

O Are requirements free of personnel or task assign-
ments? (Don’t mix personnel/task with product
requirements: update the SOW or Task Order
instead.)

Consistency
O Are the requirements stated consistently without
contradicting themselves or the requirements of

related systems?

O Is the terminology consistent with the user and
sponsor’s terminology? With the project glossary?
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O Is the terminology consistently used throughout
the document? Are the key terms included in the
project’s glossary?

Traceability

O Are all requirements needed? Is each requirement
necessary to meet the parent requirement? Is each
requirement a needed function or characteristic?
Distinguish between needs and wants. If it is not
necessary, it is not a requirement. Ask, “What is
the worst that could happen if the requirement

was not included?”

O Are all requirements (functions, structures, and
constraints) bidirectionally traceable to high-
er-level requirements or mission or system-of-in-
terest scope (i.e., need(s), goals, objectives,

constraints, or concept of operations)?

O Is each requirement stated in such a manner that it
can be uniquely referenced (e.g., each requirement

is uniquely numbered) in subordinate documents?

Correctness
O Is each requirement correct?

O Is each stated assumption correct? Assumptions
should be confirmed before the document can be
baselined.

O Are the requirements technically feasible?

Functionality
O Are all described functions necessary and together
sufficient to meet mission and system goals and

objectives?

Performance

O Are all required performance specifications and
margins listed (e.g., consider timing, throughput,
storage size, latency, accuracy and precision)?
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O Is each performance requirement realistic?

O Are the tolerances overly tight? Are the tolerances
defendable and cost-effective? Ask, “What is the
worst thing that could happen if the tolerance was

doubled or tripled?”

Interfaces
O Are all external interfaces clearly defined?

O Are all internal interfaces clearly defined?

O Are all interfaces necessary, sufficient, and consis-
tent with each other?

Maintainability
O Have the requirements for maintainability of the
system been specified in a measurable, verifiable

manner?

O Are requirements written so that ripple effects
from changes are minimized (i.e., requirements

are as weakly coupled as possible)?

Reliability
O Are clearly defined, measurable, and verifiable
reliability requirements specified?

O Are there error detection, reporting, handling,

and recovery requirements?

O Are undesired events (e.g., single-event upset, data
loss or scrambling, operator error) considered and

their required responses specified?

O Have assumptions about the intended sequence
of functions been stated? Are these sequences
required?

O Do these requirements adequately address the
survivability after a software or hardware fault of
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the system from the point of view of hardware, =~ [0 Are the requirements free of unverifiable terms

software, operations, personnel and procedures? (e.g., flexible, easy, sufficient, safe, ad hoc, ade-

quate, accommodate, user-friendly, usable, when

Verifiability/Testability required, if required, appropriate, fast, portable,

O Can the system be tested, demonstrated, light-weight, small, large, maximize, minimize,

inspected, or analyzed to show that it satisfies sufficient, robust, quickly, easily, clearly, other
requirements? Can this be done at the level of the “ly” words, other “ize” words)?

system at which the requirement is stated? Does
a means exist to measure the accomplishment of =~ Data Usage
the requirement and verify compliance? Can the =~ [0 Where applicable, are “don’t care” conditions

criteria for verification be stated? truly “don’t care” (“Don’t care” values identify
cases when the value of a condition or flag is irrel-

O Are the requirements stated precisely to facilitate evant, even though the value may be important
specification of system test success criteria and for other cases.) Are “don’t care” conditions values
requirements? explicitly stated? (Correct identification of “don’t

care” values may improve a design’s portability.)
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