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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

Page 26




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

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.
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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
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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)

Wh