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Zusammenfassung

Das Thema Digitale Zwillinge hat in den letzten Jahren durch das wachsende Interesse von Forschung und In-
dustrie erheblich an Aufmerksamkeit gewonnen. Ursprünglich im Produktlebenszyklusmanagement eingeführt,
lassen sich Digitale Zwillinge am besten als digitale Repräsentationen physischer Komponenten mit bidirek-
tionalen Datenverbindungen beschreiben, die eine Konvergenz zwischen physischen und digitalen Zuständen
ermöglichen. Dieses Konzept verspricht ein verbessertes Verständnis von Produkten während ihres gesamten
Lebenszyklus.

In den letzten 20 Jahren hat der Raumfahrtsektor einen starken Zuwachs an Satellitenstarts erlebt, insbesondere
bei kleineren Satelliten wie CubeSats. Ursprünglich zur Technologiedemonstration von Universitäten einge-
setzt, tragen CubeSats mittlerweile zunehmend wissenschaftliche Nutzlasten und ermöglichen kostengünstige,
maßgeschneiderte wissenschaftliche Missionen. Dieser Wandel hat die Nachfrage nach Risikomanagement,
Zuverlässigkeit und vorhersagbarer Datenbereitstellung erhöht. Der zunehmende Wettbewerb in der Raum-
fahrtindustrie hat den Bedarf an effizienteren Methoden verstärkt. Die Digitale Zwillinge bieten einen datenges-
teuerten Ansatz zur Bewältigung dieser Herausforderungen während des gesamten Lebenszyklus von CubeSats.

Diese Forschungsarbeit stellt eine optimierte Methodik für Digitale Zwillinge vor, die auf CubeSats zugeschnit-
ten ist und Design-, Leistungs- und Implementierungsstrategien analysiert. Die wichtigsten Herausforderungen
und Anforderungen werden durch eine Untersuchung des gegenwärtigen Stands von Digitalen Zwillingen in der
Literatur und einer Branchenevaluierung ermittelt. Die Evaluierung umfasst einen Fragebogen und Experten-
interviews, die den aktuellen Stand der Implementierungen in der Branche anhand eines Reifegradmodells
bewerten. Die Experteninterviews bieten einen detaillierten Einblick in die aktuellen Branchenpraktiken und
das wahrgenommene Potenzial dieser Technologie. Die gesammelten Daten werden analysiert, um verwertbare
Erkenntnisse zu gewinnen, die eine breitere Perspektive ermöglichen und dazu beitragen, dass das Konzept des
digitalen Zwillings auf die spezifischen Bedürfnisse der CubeSat-Entwicklung zugeschnitten wird.

Um das allgemeine Verständnis zu verbessern, wird eine Architektur mit den detaillierten Beschreibung der
verschiedenen Elemente und deren Interaktionen vorgestellt. Der Digitale Zwilling des CubeSat wird in allen
Phasen des Lebenszyklus beschrieben und mögliche Implementierungen und Anwendungen werden vorgestellt.
Ein besonderes Augenmerk wird auf die Anpassung der digitalen Domänenarchitektur an die Eigenschaften des
CubeSat gelegt, um die Effizienz der Implementierung zu verbessern und um wiederverwendbare Module für
andere Missionen zu entwickeln. Es wird ein Rahmenwerk vorgestellt, in dem die grundlegende Architektur,
die Verbindungen zwischen verschiedenen Komponenten, mögliche Anwendungen im CubeSat-Sektor und die
daraus resultierenden Vorteile beschrieben werden.

Um die Machbarkeit und die Vorteile dieses Ansatzes zu demonstrieren, wird die Methodik in einem CubeSat-
Projekt, dem EventSat, des Lehrstuhls für Spacecraft Systems an der Technischen Universität München umge-
setzt. Bei diesem Projekt handelt es sich um einen 6U CubeSat, der die Objekterkennung im Weltraum mit
Hilfe einer ereignisbasierten Kamera verbessern soll. Die Implementierungsstrategie konzentriert sich auf das
Energiemanagement des Satelliten und veranschaulicht dessen praktische Anwendung durch die Entwicklung
eines digitalen Zwillings, der das Verhalten des Satelliten mit einem automatischen Regelkreis widerspiegelt.
Dieses System korreliert Daten aus der realen Welt mit Simulationen und passt den Betrieb der physischen
Nutzlast an sich ändernde Parameter an. Diese Implementierung zeigt die Vorteile einer frühzeitigen Datenko-
rrelation während des Lebenszyklus, die das Verständnis für das Verhalten des Satelliten verbessert und eine
frühzeitige Konfigurationsoptimierung ermöglicht, um die Einsatzzeit der Forschungsmission zu verlängern.
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Abstract

The topic of Digital Twins has gained significant attention in recent years, with increased research and industry
interest. Initially introduced in product lifecycle management, Digital Twins are best described as digital repre-
sentations of physical components with bidirectional data connections to enable convergence between physical
and digital states. This concept promises an improved understanding of products throughout their lifecycle.

The space sector has seen a surge in satellite launches over the past 20 years, particularly with smaller satellites
like CubeSats. Initially used for technology demonstrations by universities, CubeSats now increasingly carry
scientific payloads, enabling low-cost, custom science missions. This shift has heightened the demand for risk
management, reliability, and predictable data delivery. The increasing competition in the aerospace industry
has intensified the need for more efficient methods. Digital Twins offer a data-driven approach to addressing
these challenges over the entire lifecycle of CubeSats.

This research presents an optimized methodology for Digital Twins tailored to CubeSats, analyzing design, per-
formance, and implementation strategies. Key challenges and requirements are identified through an analysis of
the current state of Digital Twins in literature and an industry evaluation. The evaluation includes a questionnaire
and expert interviews, which are conducted to assess the current state of implementations within the industry
through a maturity model. The expert interviews offer in-depth insights into current industry practices and the
perceived potential of this technology. The collected data is analyzed to derive actionable insights, providing
a broader perspective and helping to tailor theDigital Twin concept to the specific needs of CubeSat development.

An architecture is presented with a detailed description of the different elements and their interactions to enhance
understanding. The CubeSat Digital Twin is described throughout the lifecycle stages, presenting potential im-
plementations and applications. Particular emphasis is placed on aligning the digital domain architecture with
CubeSat characteristics to potentially improve implementation efficiency, proposing reusable modules for other
missions. An overall framework is introduced, detailing the basic architecture, connections between different
components, potential applications in the CubeSat sector, and the resulting benefits.

To demonstrate the feasibility and benefits of this approach, the methodology is implemented in a CubeSat
project, the EventSat, by the Chair of Spacecraft Systems at the Technical University of Munich. This project
involves a 6U CubeSat designed to advance object detection in space using an event-based camera. The imple-
mentation strategy focuses on the power management of the satellite and illustrates its practical application by
developing a Digital Twin to mirror the satellite’s behavior with an automated control loop. This system corre-
lates real-world data with simulations and adapts the operation of the physical payload to changing parameters.
This implementation demonstrates the advantages of early lifecycle data correlation, enhancing the understand-
ing of the satellite’s behavior and enabling early configuration optimization to increase the operational time of
the scientific mission.
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1 Introduction

1.1 Motivation

CubeSats have evolved in the last 25 years from an educational platform to a capable technology for space
research, presenting numerous advantages, such as an expanding size and increasing complexity of CubeSat
missions. These missions are becoming more scienti�c and are paving the way for a future "easy access to
space"[9]. The development of CubeSats for sophisticated and complex science missions in harsh environments,
alongside growing launch opportunities for CubeSats, is a signi�cant step forward. These advancements enable
more and more companies, start-ups, academic programs, and government agencies to build and launch a
spacecraft to reach Low Earth Orbit, Geosynchronous Equatorial Orbit, and lunar and interplanetary space.
CubeSat constellations will likely grow in number due to their ability to capture simultaneous, multipoint
measurements with identical instruments across large areas, signi�cantly improving our understanding of the
space environment and enhancing Earth observation [9] [5].
However, these advancements come with challenges. The reliability of subsystems will become a key design
criterion. Technology demonstrations, comprehensive test facilities, and enhancements in incorporating new
technologies are crucial as more CubeSats are launched and designed to operate beyond Low Earth Orbit [10].
The increasing digital transformation a�ects all elements of society, constantly improving available computa-
tional resources and making complex topics such as arti�cial intelligence more accessible for anybody than ever
before. This availability of digital engineering technologies is necessary for managing such complex systems
during the development, manufacturing, and operation into which CubeSats have evolved [11]. One of the
technologies that is especially promising to support the product throughout its lifecycle to simulate, analyze,
and optimize the performance as a virtual representation of the physical system is the Digital Twin. Repeatedly
reported as one of the top 10 strategic technology trends by Gartner Inc., Digital Twins o�er valuable information
on maintenance and reliability. They provide insights for optimizing product performance, deliver data on new
products, and boost e�ciency [12].
Similar to the CubeSat technology, the Digital Twin progressed from theoretical research to pragmatic imple-
mentations over the last 20 years, being introduced in 2003 by Michael Grieves in the context of Product Lifecycle
Management (PLM) [1], currently undergoing a period of rapid development with more than a thousand papers
published per year concerning this topic [13].
The increased interest in research also brings an increase in perceived inaccessibility and intangibility of the
concept of Digital Twins in industries such as the New Space sector, as the concept is often connected to
the traditional space sector. Thus, complex and expensive projects are connected to the concept, as National
Aeronautics and Space Administration (NASA) has already been involved in the research of Digital Twins in the
early stages and proposed an ambiguous concept integrating a broad range of technologies to a singular focus
[14].

1.2 Research Question

The perception that a Digital Twin is inaccessible is a problem, as it hinders the deployment of the technology
in the CubeSat sector. The bene�ts of the Digital Twin concept can be used for the individual applications of a
CubeSat, as it has unique characteristics of modular design and cost-e�ectiveness. Especially as the technol-
ogy of the Digital Twin could address the problems and challenges. CubeSats face an increased demand and
complexity. This thesis aims to optimize the Digital Twin methodology for CubeSats in a quantitive analysis
to address the objectives of design, performance, and implementation strategies. The success of the CubeSat
format is based on the standardized interfaces, which set clear boundaries and allow uni�ed integration. How-
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ever, as these boundaries do not limit the complexity of the small satellite, the outcome of this thesis aims to
provide a simpli�ed approach for designing a Digital Twin of a CubeSat. The approach encompasses a detailed
digital model architecture focusing on improving CubeSat development throughout the lifecycle, elaborating
the �nal product's performance with long-term reduced usage of resources and advanced reliability. This shall
be supplemented by the analysis of implementation strategies and the presentation of a recommended process
addressing the challenges of di�erent maturity levels for di�erent subsystems of a CubeSat across the life cycle
phases. Special attention is given to tailoring the outcome to the 6U CubeSat of the Chair of Spacecraft Systems
at the Technical University of Munich, named the EventSat. This 6U CubeSat with an optical payload consists
of an event-based camera and an AI computation unit.

Thus, the following research questions have been identi�ed:

ˆ What are the key challenges and system requirements for developing a digital twin for a satellite? How can
these be derived and tailored for the nanosatellites focusing on a 6U CubeSat with an optical payload? How
do these requirements di�er regarding the level of detail of the various subsystems and their prioritization?

ˆ How can the architecture and con�guration of a digital twin be optimized to enhance the e�ciency,
accuracy, and performance in supporting CubeSat development and operations in the new space domain?

ˆ What are the implementation strategies, limitations, and potential areas for improvement of digital twins
for CubeSats, considering the industry's evolving needs and technological advancements?

1.3 Thesis Outline

This thesis is structured as follows:

ˆ Section 1: Introductionencompasses the introduction to the topic and gives an overview of the research
questions that have guided the thesis.

ˆ Section 2: Literature Reviewdescribes the literature research of the identi�ed topics of Digital Twin and
CubeSats. It gives a brief overview of the state of the art and shows the lack of research on both topics,
giving opportunities for contributions to the knowledge of the topic of CubeSat Digital Twins.

ˆ Section 3: Industry Evaluationshows the approach, methodology, and execution of the conducted
survey, including a questionnaire and an expert interview to collect the knowledge and processes already
implemented in the industry towards this topic.

ˆ Section 4: Methodology of the CubeSat Digital TwinDives into the thesis's main contribution to the
methodology of a CubeSat Digital Twin. It discusses the di�erent de�nitions and identi�es the require-
ments for developing a Digital Twin for a CubeSat. An architecture accompanying the Digital Twin
throughout the lifecycle of the CubeSat is presented, focusing on the core element of a Digital Twin, the
modelling and simulation element. Finally, it determines the applications and bene�ts of the methodology
and presents a framework for implementing a Digital Twin for a CubeSat.

ˆ Section 5: EventSat Case Studypresents a case study implementation of the methodology on the CubeSat
project of the Chair of Spacecraft Systems at TUM. It discusses the gathered data of the implementation
and shows the application of the bene�ts to a real project.

ˆ Section 6: Conclusion and Future WorkConcludes the work of the thesis and gives an outlook of future
research on the topic of the thesis.
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2 Literature Review

The introduction of this thesis provides an overview of the interconnected topics and disciplines addressed in
the study. Two primary topics have emerged as dominant: Digital Twin and CubeSat. Initially, both topics
are explored in a general context to comprehensively understand their current state of the art. Subsequently,
the focus narrows to literature that discusses the application of Digital Twins for CubeSats and explores their
intersection.
The selection of the thesis topics emerged from an investigation into current developments within the CubeSat
market, which is increasingly attracting professional companies. As production processes are optimized, the
demand for reliable components and subsystems has surged, although testing remains prohibitively expensive
due to high workload [15]. Concurrently, advancements in computational power and progress in other domains
have sparked interest in applying Digital Twins within the space sector. Concepts from Industry 4.0, Arti�cial
Intelligence, and the Internet of Things are now more prevalent and utilized across various applications,
becoming key enablers for Digital Twin implementations [16].

2.1 Literature Review Approach

Given the broad approach and complexity of the di�erent domains and the scarcity of initial search results for
the Digital Twin in the space sector, the literature review has been conducted using a multi-faceted approach.
The research in this thesis has been systematically performed using keyword searches across multiple databases:
Web of Science, Scopus, TUM OPAC, and Nautos. The keywords used, and the corresponding number of
publications for each are detailed below (data last retrieved in July 2024)

Table 2.1Keyword Search Results - Last Updated July 2024

Keyword Source Results

Digital Twin Web of Science 15085
Scopus 25713
TUM OPAC 149097
Nautos 160

Digital Twin Satellite Web of Science 245
Scopus 405
TUM OPAC 10159

Digital Twin Space Web of Science 1613
Scopus 2374
TUM OPAC 56558

Digital Twin Aerospace Web of Science 714
Scopus 389
TUM OPAC 28494

Digital Twin CubeSat Web of Science 2
Scopus 6
TUM OPAC 150

Continued on next page
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Keyword Source Results

CubeSat Web of Science 3427
Scopus 6720
TUM OPAC 10779

CubeSat Digital Engineering Web of Science 74
Scopus 46
TUM OPAC 1753

Additional Research Strategies

A white paper analysis has been conducted to complement the academic research. This approach has been
essential for understanding the current industry status quo, as large companies do not always publish their
results in journals or conferences. The search included keywords such as "Digital Twin Whitepaper."
Further research has been conducted using the Nautos Standards research database of DIN Media GmbH to
locate German, European, and international standards distributed by Beuth-Verlag [17]. Additional literature
has been identi�ed manually by examining references in already-reviewed papers, uncovering relevant articles
that might not have been directly found through keyword searches.
An industry evaluation, incorporating a quantitative questionnaire and qualitative interviews, has been carried
out to gain deeper insights into the ongoing industry and academic processes and collect individual opinions from
professionals regularly working with Digital Twin technology. This approach and its outcomes are explained in
detail in Chapter 3.
Each analyzed paper and publication has been documented with the following:

ˆ A content summary

ˆ A list of interesting references and topics for further research

ˆ A personal summary of the paper's potential impact on the thesis

ˆ A classi�cation score for easier recognition and reference later on

This structured approach ensured a comprehensive and detailed understanding of the current state of research
and industry practices related to Digital Twin and CubeSats.

2.2 Digital Twin Literature Review

Interest in the topic of Digital Twin has signi�cantly increased over the last decade in both academia and
industry. This trend is evidenced by the substantial growth in the number of publications per year listed on
Scopus, visualized in Figure 2.1. Additionally, the increased introduction of standards related to Digital Twins
has facilitated broader integration of the technology [17]. Gartner Inc. has consistently listed Digital Twins
among the top 10 strategic technology trends for several years [18][19][12].
In the following, the research outcomes have been categorized into three primary topics.

1. General research on the state of the art of Digital Twins and examining the term itself.

2. Digital Twin research speci�c to various domains, highlighting signi�cant discrepancies in development
across di�erent �elds.

3. The applications of Digital Twin technology in the aerospace industry and especially in the satellite sector.

2.2.1 State of the Art of Digital Twins in General

This section introduces the origins of the Digital Twin, explaining the various de�nitions of the concept, the
architectural terms, and the di�erent possible types of Digital Twins.
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Figure 2.1Number of Papers Published per Year over the Last Ten Years on the Topic of Digital Twins

Digital Twin De�nition

The Digital Twin concept originates from Michael W. Grieves' introduction of the "Mirrored Space Model" in
a 2003 lecture on PLM [20]. Grieves later expanded on this model in a paper, de�ning it as comprising three
elements:

ˆ "The model consists of three elements: real space, virtual space(s), and a linking mechanism, referred to
as data and information/process connection between real space and virtual space(s)." [21]

Figure 2.2Conceptual Ideal for the Mirrored Spaces Model in Product Lifecycle Management (PLM) by [1]

As depicted in Grieves' original Figure 2.2, the circular loop represents the bidirectional connection from the
real space to the virtual space(s), de�ning the system spaces and boundaries of the concept, which have remained
largely unchanged since then. The term "Digital Twin" is attributed to Grieves by John Vickers of NASA, who
collaborated with Grieves on this topic [1].
In 2010, Glaessgen and Stargel presented the future paradigm for NASA and US Air Force Vehicles, outlining
the state-of-the-art engineering processes and how the Digital Twin could transform them. This paper included
one of the most widely used de�nitions of a Digital Twin, emphasizing its capabilities and the revolutionary
approach it necessitates:

ˆ "A Digital Twin is an integrated multiphysics, multiscale, probabilistic simulation of an as-built vehicle
or system that uses the best available physical models, sensor updates, �eet history, etc., to mirror the
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life of its corresponding �ying twin. The Digital Twin is ultra-realistic and may consider one or more
important and interdependent vehicle systems, including airframe, propulsion and energy storage, life
support, avionics, thermal protection, etc" [14].

Numerous new de�nitions and publications on Digital Twins have emerged alongside these De�nitions of
Grieves and Glaessgen.
The standard "Digital twin - Concepts and terminology ISO/IEC 30173:2023" de�nes a Digital Twin as:

ˆ "digital representation of a target entity with data connections that enable convergence between the
physical and digital states at an appropriate rate of synchronization Note 1 to entry: Digital twin has
some or all of the capabilities of connection, integration, analysis, simulation, visualization, optimization,
collaboration, etc. Note 2 to entry: Digital twin can provide an integrated view throughout the life cycle
of the target entity" [22].

Trauer et al. o�er a lifecycle-focused de�nition:

ˆ "A Digital Twin is a virtual dynamic representation of a physical system, which is connected to it over
the entire lifecycle for bidirectional data exchange" [23].

Madni et al. describe the concept as:

ˆ "A Digital Twin is a virtual instance of a physical system (twin) that is continually updated with the latter's
performance, maintenance, and health status data throughout the physical system's life cycle" [24].

The American Institue of Aeronautics and Astronautics, Inc. (AIAA) and Aerospace Industries Association
(AIA) provide a provide a perspective of the aerospace industry on the Digital Twin, with a de�nition that
represents their position on the concept:

ˆ "A set of virtual information constructs that mimic the structure, context, and behavior of an individual
/ unique physical asset, or a group of physical assets, is dynamically updated with data from its physical
twin throughout its life cycle and informs decisions that realize value" [25].

The di�erent types of de�nitions re�ect the progression and development of the Digital Twin concept. Despite
the di�erences, all of these de�nitions have key elements in common but di�er in naming and focus on di�erent
aspects. The biggest commonality is the reference point, which is already set by the early de�nition of Grieves
for a Digital Twin: the physical space, the virtual space, and a connection of those elements.
Another additional element that is not directly mentioned in the �rst version of the de�nition by Grieves is the
lifecycle coverage, which can be found stringently in most of the de�nitions or the additional notes. As Grieves'
research covered the introduction of PLM, the Digital Twin represents the model of the information core that
enables PLM through the exchange of data [21].
A notable de�nition is NASA's future paradigm, which aims to de�ne the highest achievable state of a Digital
Twin rather than the minimal state to motivate integrating detailed information about the physical product into
the digital element. The diversity of the de�nitions highlights the importance of context and speci�c application
areas, which may prioritize di�erent aspects of the Digital Twin. This has led to a lack of a universal,
comprehensive de�nition, complicating discussions about the concept and its applications. Additionally, the
high variance in architectures and frameworks proposed for di�erent Digital Twins contribute to this complexity
[26].
This provides a comprehensive overview of di�erent de�nitions and their perspectives on the concept of the
Digital Twin. Since these perspectives are often linked to the architectures and components associated with
Digital Twins, the next section will analyze these terms in more detail.

Architectural Terms

Due to the varying de�nitions of architectural terms, Jones et al. [26] conducted an extensive study to explore
the terminology used in various papers and consolidate their de�nitions. This research covered terms across
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di�erent domains to identify common themes and ensure a coherent understanding. Similarly, the ISO/IEC
standard de�nes the terms and de�nitions applicable to the Digital Twin.
The study revealed that the term "physical entity" is generally employed to describe a "real-world" existing
product, system, or artifact. When this entity is part of a twin, it is referred to as the "physical twin." Conversely,
the "virtual entity" denotes the digital counterpart, with interchangeable terms such as 'cyber,' 'model,' etc., the
standard When the virtual entity is part of a twin, it is called the "virtual twin." Jones et al. also acknowledged the
concept of multiple virtual entities, a notion initially proposed by Grieves, but emphasized that the interaction
and integration of these multiple entities still necessitate further research and clari�cation.
The physical environment has been discussed as well, which is the space where the physical entity exists. This
is often referred to as the 'real world' or 'real space,' where any in�uencing parameter can be measured and,
if necessary, fed back into the simulation to closely match reality. Similarly, the virtual environment, often
termed the 'virtual world' or 'virtual space,' encompasses all digital domain simulations that mirror the physical
environment.
The connection between these entities is critical. The physical-to-virtual connection transfers information
measured by sensors from the physical entity to the virtual one, updating parameters to better align simulations
with the real world. Conversely, the virtual-to-physical connection sends data from the virtual entity to the
physical one, altering its behavior based on virtual insights. This continuous loop improves the synchronization
between physical and virtual entities.
Furthermore, the paper highlighted the importance of de�ning the data, information, and processes exchanged
between the physical and virtual entities, commonly referred to as parameters. The �delity of the Digital Twin,
which describes the number of parameters or the level of abstraction transferred between the virtual and physical
entities, is also a key aspect.
Introducing the �delity characteristic for Digital Twins addresses when referring to a system as a Digital Twin
is appropriate. This discussion often overlaps with considerations of the Digital Twin's �delity. In this context,
the term "maturity" of the Digital Twin is also frequently used. The ongoing discussion in the literature speci�es
di�erent maturity models and at what point a system can be called a Digital Twin [27].
According to Kritzinger et al. [2], the level of integration and the di�erences in the connections between the
physical and virtual entities are the primary distinctions between di�erent terms. Kritzinger et al. present the
di�erent levels of maturity, as shown in Figure 2.3.

Figure 2.3Di�erent Levels of Digital Twin Integration: Digital Model, Digital Shadow, and Digital Twin by [2]

1. Digital Model : Represents only the digital representation of an existing or planned physical object with
manual data �ow exchange. Changes in the state of the physical object do not in�uence the digital object
and vice versa.

2. Digital Shadow: Shows a physical entity with a one-way automated data �ow connection from the
physical to the virtual entity. If there is a change in the physical object, it directly in�uences the state of
the digital object. However, the feedback loop to the physical object is still manually operated.
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3. Digital Twin : Identi�es a fully integrated system with automated data �ow in both directions. Changes
in either the physical or virtual entity in�uences the other entity.

This distinction highlights the di�erent development and integration stages and de�nes what constitutes a Digital
Twin based on the level of interaction and synchronization between the physical and virtual components [2]. The
de�nition is widely used in research, but additional e�orts have been made to measure the �delity or maturity
of a Digital Twin and di�erentiate between integration stages using this de�nition as a baseline [27].
Several approaches have been proposed to assess the maturity of Digital Twins. Singh re�nes a maturity model
by Madni, dividing it into four stages: Pre-Digital Twin, Digital Twin, Adaptive Digital Twin, and Intelligent
Digital Twin [24]. In Singh's application to a battery system Digital Twin, the �rst two levels are classi�ed
as Digital Shadows, while Levels 3 and 4 are classi�ed as Digital Twins. This research focuses on achieving
Level-3 Digital Twins by providing guidelines and applicable tools and methods for Digital Twin creation [7].
Medina et al. propose a similar approach with four levels of maturity and ten dimensions. This model aims to
benchmark Digital Twin implementations in the commercial aerospace industry. It also enables di�erentiation
of Digital Twins across di�erent companies [28].
Uhlenkamp et al. develop a classi�cation framework to categorize existing Digital Twins and support the
development of future Digital Twins. This framework identi�es seven maturity models, each divided into
dimensions for a detailed description. This method allows for comprehensive analysis and computational
classi�cation of Digital Twins, but it requires signi�cant e�ort to assess the maturity level [27].
Klar reviews various maturity models to promote interoperability among Digital Twins. Comparing eight
di�erent approaches, Klar introduces an additional model due to the high domain speci�city of existing models.
Klar describes the current maturity models as domain-speci�c and isolated, which limits their interoperability.
Klar extends a previous model by adding "Level 6: Interoperability," which is de�ned as "Highly linkable systems
characterized by a high level of standardization, ontology de�nition, and semantic modeling." This maturity
model builds upon Kritzinger's classi�cation of Digital Model, Digital Shadow, and Digital Twin, identifying
a Digital Twin from level four onwards ("two-way data communication and interaction") and extending the
classi�cation to include a connected Digital Twin at level six [29].
With a detailed understanding of the architectural terms and components associated with Digital Twins, the
various types of Digital Twins are explored.

Types of Digital Twins

Di�erent types of Digital Twins play a crucial role in each implementation, warranting further discussion.
Generally, the further along the lifecycle, the larger the system that can be covered by the Digital Twin.
However, this does not imply that a Digital Twin in a later lifecycle stage needs to cover the entire lifecycle, nor
must it be a huge model, as the scope of the Digital Twin can di�er.
Digital Twin types are classi�ed into two layers: one based on the scope of the target entity and the other on the
lifecycle stages. These are independent classi�cations but help better understand the discussion. The scope of
Digital Twin types can be derived from the ISO/IEC standard [22] and includes the following categories:

ˆ Component Digital Twin: A major element signi�cantly impacting the performance of the target entity
to which it belongs, related to system complexity. For example, a Digital Twin for a complex motor or
pump within a system, where the system itself has a separate system-level Digital Twin.

ˆ Asset Digital Twin: Collections of component Digital Twins, providing visibility at the unit level. An
asset Digital Twin can consist of a single component, thus being considered both an asset Digital Twin
and a component Digital Twin.

ˆ System Digital Twin: A collection of target entities and digital entities performing a system- or network-
wide function, providing visibility into interconnected or interdependent target entities.

ˆ Process Digital Twin: Focuses on a set of activities or operations consisting of physical entities or system
Digital Twins but emphasizes the process rather than the physical entities.
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In addition to classi�cation by the scope, it is essential to consider the type of Digital Twin concerning the product
lifecycle. This particularly applies to space products, as space projects often follow a highly structured lifecycle
approach due to the stringent requirements and challenges associated with space missions [30]. Nevertheless,
it is important to note that most products across various industries also adhere to lifecycle phases to ensure
systematic development, deployment, and maintenance. Therefore, Eigner et al. [3] categorized the Digital
Twin into as-designed, as-built, and as-maintained phases aligned to the general project lifecycle phases. The
Digital Twin categorization always summarizes two cycle phases into one Digital Twin phase, as depicted in
Figure 2.4 in more detail. NASA divides its project lifecycle into seven phases from Pre-Phase A to Phase F. As
the Pre-Phase is considered conceptual, only the subsequent phases align with Eigner's categorization. Phase
A, "Concept and Technology Development," and Phase B, "Preliminary Design and Technology Completion,"
correspond to Eigner's phases of product planning and development, covering the "As-Designed" lifecycle stage
of the Digital Twin system. The "As-Built" phase encompasses the project lifecycle phases Phase C, "Final
Design and Fabrication," and Phase D, "System Assembly, Integration & Test, Launch & Checkout", which
Eigner refers to as Process Planning and Production. The "As-Maintained" lifecycle stage of the Digital Twin
includes Phase E, "Operations and Sustainment," and Phase F, "Closeout," which Eigner similarly refers to as
Operation and Recycling [30].

ˆ As-Designed Phase: Encompasses product development phases and concludes with the product's release
for production.

ˆ As-Built Phase: Describes the con�guration-speci�c production of a product and extends to its handover
to the customer.

ˆ As-Maintained Phase: Accompanies the product's remaining service life until closeout.

Figure 2.4Digital Twin in the Product Lifecycle by [3]

This general overview provides a comprehensive understanding of Digital Twins, summarizing various de�ni-
tions, clarifying architectural terms, and illustrating di�erent classi�cation possibilities. To further contextualize
the applications of Digital Twins, the next section will explore their implementation across di�erent domains.
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2.2.2 Digital Twin Applications Various Domains

Digital Twins have found applications in a multitude of domains, each leveraging the technology to address
unique challenges and enhance operational e�ciency. This section �rst provides an overview of Digital Twin
implementations across diverse �elds such as manufacturing and logistics. It then focuses in more detail on the
applications of Digital Twins in the aerospace sector, with a particular emphasis on satellites.

General Domains

The Digital Twin has already been applied in di�erent domains. Most applications can be found in manufacturing
and smart cities as well as use cases for logistics, healthcare, and computer networks [22]. Along with these
di�erent domains come various use cases, all leveraging similar bene�ts, such as investigating the physical
entity's behavior in various scenarios, testing system enhancements through simulation, and troubleshooting
incidents in the operational physical entity. Various studies have suggested that Digital Twins can signi�cantly
enhance supply chains by providing improved visibility, traceability, and authentication. They have also been
highlighted as valuable decision support systems for risk management and methods to boost resilience and
robustness, incorporating multimodal options and improving integration [29]. Speci�c applications in the
computer network domain include optimizing the network through a Digital Twin Network or maintaining
the network by implementing available meta-information into the Digital Twin to quickly identify the roots
of errors. As physical networks often constitute critical infrastructure, trial runs in the actual network can
lead to negative outcomes. Therefore, a Digital Twin Network serves as an environment to test new protocols
or applications without risking the physical network and thereby fostering innovation in the sector [31]. The
increasing connectivity through IoT is enhancing the e�ectiveness of Digital Twins in smart cities. As more
cities adopt smart technologies, the use of Digital Twins grows, leveraging vast data from IoT sensors. These
sensors enable monitoring and management of urban services, aiding in planning, development, and energy
optimization. Digital Twins provides a virtual testbed for scenario testing and learning from environmental
data, facilitating growth and future-proo�ng. The viability of Digital Twins rises with the expansion of smart
city connectivity and data availability [16]
The manufacturing industry is rapidly transforming, with growing interest in exploiting Digital Twins. This
technology holds signi�cant potential to revolutionize various manufacturing activities by enabling real-time
monitoring, optimization, and remote control of physical assets through virtual simulations. Advances in
Industry 4.0 have facilitated the precise implementation of Digital Twins, enhancing sensing, monitoring,
and decision-making tools [13]. The Digital Twin manages the product from the design stage through all
manufacturing stages to the �nished product [22]. This sector has also developed an advanced standard for
its domain, de�ning common terms, aligning on applications and bene�ts, and establishing general principles
within a common framework displayed in Figure 2.5.
For example, the application of "O�-line analytics" involves comparing the Digital Twin to the observable man-
ufacturing element to identify trends and changes in the product. This process can lead to recommendations for
future modi�cations, thereby bene�ting loop planning, validation, and adjustment of manufacturing processes,
ensuring the successful completion of the process.
This advancement is also evident in technologies developed under industry involvement through Industry 4.0
for enhanced operability, such as the Asset Administration Shell (AAS). The AAS is a Digital Twin solution
for interoperable Cyber-Physical Production Systems, to which factories have evolved. The AAS serves as an
information carrier, accessible through various interfaces, capturing di�erent facets of the asset or entity and
providing tailored views for di�erent users based on their use cases [32]. The growth already accomplished in
the manufacturing domain is applicable to aerospace Digital Twins, at least for the manufacturing phase of the
product lifecycle [4]. However, as noted in the topic identi�cation Section 2, aerospace research lags behind
manufacturing. Despite this lag, the aerospace sector is increasingly recognizing the potential of Digital Twins
to enhance various aspects of design, testing, and operations. The following section discusses the applications
of Digital Twins within the aerospace industry, speci�cally in the satellite domain.
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Figure 2.5 IoT Framework for Digital Twins in Manufacturing, Summarizing the Potential Components, Applications,
and Bene�ts by [4]

Aerospace & Satellite Domain

Twins of spacecraft have been used in the aerospace sector since the 1960s [1], starting with mock-ups of
spacecraft to internalize procedures before launch and try out solutions and approaches during space�ight to
solve problems and unscheduled events in a safe environment without risk to human beings. This approach was
adopted for satellites by creating non-�ight versions of satellites for testing and verifying designs with engi-
neering models. These models remain on the ground and are used to try new procedures before implementation
on the actual spacecraft, reducing the risk of damaging �ight hardware. However, this traditional approach is
resource-intensive, requiring signi�cant time, material, and energy costs due to the high expense and uniqueness
of spacecraft [33]. In the 2010s, NASA began investigating the use of Digital Twins in their projects, publishing
a future roadmap outlining their potential applications and bene�ts [14].
Research has since expanded, and Digital Twins are now applied in various aerospace applications, from space
science to commercial aircraft, covering single components to system-level twins [34]. This is re�ected in the
position paper by the American Institute of Aeronautics and Astronautics (AIAA) and the Aerospace Industries
Association (AIA), which de�nes a common Digital Twin de�nition, applications, and value examples for
di�erent lifecycle stages [25].
Most research, however, focuses on aeronautics, particularly aircraft, with fewer studies on astronautics. Re-
search on astronautics centers on spacecraft cockpit simulations or planetary missions [35][36]. While vendors
of large digital simulation environments promise seamless integration for satellite systems, research speci�cally
on Digital Twin implementation for satellites is limited [37].
Publications on Digital Twins for satellites tend to dive deeply into speci�c disciplines. Shangguan focuses
on fault diagnosis and health monitoring calculations for geostationary satellites [38]. Plattner approaches
Digital Twins indirectly through design space exploration of a satellite payload design for optimized thermal
using a distributed processor system [39]. Schluse combines Virtual Testbeds and Digital Twins to create an
"Experimental Digital Twin" approach that shows the application of a reference implementation of a modular
satellite. They present a solution for the cooperation of multiple simulation processes but do not clearly explain
the interaction of the physical to the digital domain, which a Digital Twin requires [40].
Koch presents a correlation strategy for a CubeSat to enhance mission understanding by feeding telemetry data
back into the simulation tool [41]. NASA supported the University of Alabama in Huntsville 2017 with a grant
to create a Digital Twin of their CubeSat to ensure mission success, but no further documentation has been
found [42]. Borges et al. showed an implementation of a Digital Twin model for a CubeSat, with the aim to
set a starting point for further establishment of a methodology for a reliable framework for the operation of a
nanosatellite. However, they underline that although this topic has been studied in the aerospace �eld, the use
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and applications of Digital Twin technology in the context of small satellites are still nascent, with very few
examples and systems implemented so far [43].
The observations throughout this chapter highlight the bene�ts of Digital Twin implementation and underscore
the gap in the applications to small satellites like CubeSats. To address this gap, the next section presents
CubeSats's state of the art, examining their current capabilities and challenges.

2.3 CubeSat State of the Art

Typical 3-axis stabilized spacecraft in the traditional space sector range between 900 kg to several tons, launching
in large launch vehicles like the Ariane 5, which can bring up to 18 tons to LEO. Typically, launching two
satellites in one con�guration gives a rough estimation of the size of these satellites [33].
In contrast to the development of large communication or institutional satellites designed for multiple science
missions, the evolution of small satellite missions began in the 1970s with NASA Ames Research Center
launching Pioneer 10 and 11. As satellites' mass and associated costs increased, NASA initiated the Small
Explorer program in the late 1980s to encourage the development of smaller spacecraft ranging from 60 to
350 kg. By the late 1990s, NASA shifted its focus to lunar exploration with the Ames' SmallSat program,
targeting masses between 380 kg and 700 kg [5]. Parallel to these developments, the California Polytechnic
State University and Stanford University collaborated to create the so-called "CubeSat", a small educational
platform for space exploration and research. The CubeSat initiative aimed to reduce costs and development time
while increasing access to space through frequent launches. Alongside the development of this platform, the
CubeSat standard has been established to ensure the success and safety of future missions, providing baseline
requirements that enable compatibility with various CubeSat dispensers and launch opportunities, independent
of the satellite producer [44].
Although spacecraft with masses up to 700 kg have been classi�ed as small historically, the growing interest
in small satellites necessitated a more detailed classi�cation. According to the NASA State of the Art Small
Spacecraft Technology Report, small satellites are classi�ed into �ve categories based on their mass as depicted
in Figure 2.6 [5].

Figure 2.6Overview of Small Spacecraft Categories by [5]

Initially designed as educational platforms, CubeSat has become a common type of small spacecraft based on
a 10 cm cube called one unit (1U). While the original size has been 1U, combining multiple cubes, with sizes
ranging from 1U to 12U covered by the current standard is state of the art. Larger sizes, such as 16U to 27U,
are not included in the standard but are addressed in an advanced standard [45]. CubeSats and NanoSats are
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often used interchangeably, as the original 1-3U sizes fall under the nanosatellite category. With the increase
in size, CubeSats also fall into the microsatellite category [5]. An overview of the di�erent sizes compared to
each other and classi�ed into the di�erent categories of small satellites is depicted in Figure 2.7.

Figure 2.7Nanosatellite Sizes Compared to CubeSat Containerized Sizes by [5]

CubeSats have been initially envisioned for educational or technology demonstration missions, with development
timelines of 1 to 2 years. However, they have evolved to support more sophisticated missions with signi�cant
scienti�c and commercial value while maintaining low costs. Covering a wide range of mission objectives,
including earth science, spaceborne applications, deep space exploration, heliophysics, space weather, astro-
physics, spaceborne in situ laboratories, and technology demonstrations, this diversity and volume of missions
underscore the substantial interest in CubeSat technology within the industry [46].
Advancements in technology miniaturization have facilitated the construction of small spacecraft using low-cost,
low-power Commercial O�-The-Shelf (COTS) components. This development has signi�cantly reduced the
cost and complexity of launching CubeSats compared to traditional robust satellites with multiple redundant
subsystems. Over the last �fteen years, the small satellite industry has experienced explosive growth, particularly
within the nanosatellite class, with CubeSats being a major contributor to this growth [46]. To date, in May
2024, over 2604 nanosatellites have been launched, and over 2080 are expected to launch in the timeframe of
2022 to 2027 [47].
Companies specializing in CubeSat components have emerged, o�ering complete CubeSat platforms con�g-
urable online, with components available for purchase akin to other commercial products [48]. The low-cost
strategy, coupled with short development times and standardized hardware components, enables rapid iterations
of missions, integrating new technological advancements and lessons learned from previous missions [46].
Many new launch service companies o�er or are soon to o�er innovative, low-cost commercial launch systems
designed to accommodate small satellite missions and will reduce the bottleneck of available launches [49].
Despite these advancements, the reliability of CubeSats remains a concern. A survey conducted by Langer
revealed that 65% of CubeSat missions fail to meet all their mission objectives due to various issues, such as
data bus failures, and 20% do not operate for their designed lifetime [50]. Testing is time and labor-intensive,
and thus cost-intensive. Measures have already been taken in this direction, such as automated test benches to
increase the actual resources of modern CubeSats in orbit, but these are only a single example of a growing
market [15].
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These statistics indicate that while signi�cant progress has been made, further research is needed to enhance
the reliability of CubeSat missions and help ensure mission success for the many missions to come.

2.4 Research Gap

The last chapter highlighted the signi�cant evolution of CubeSats into a commercial platform available for
a variety of scienti�c and commercial missions. The process of getting a satellite into space has become
more accessible than ever. This development has led to an industry that disrupts the traditional space market
with innovative approaches in all �elds of satellite development, from engineering to sales. Examples include
satellite-as-a-service models and CubeSat companies o�ering products through online stores with rapid delivery
times. The sheer number of satellites expected to launch demonstrates the high industry interest. Despite
the iterative approach of replacing failed CubeSats with new ones, the lack of reliability remains a critical
issue, necessitating advanced veri�cation and prediction methods. This is particularly important for the long-
term future when space becomes more crowded, and failing satellites could cause signi�cant chain reactions.
CubeSats have the opportunity to achieve advancements due to their similar interfaces, form factors, modular
structures, and higher launch rates compared to traditional space satellites.
Notably, the space sector, particularly the CubeSat sector, shows insu�cient research in conjunction with Digital
Twins. Literature speci�cally addressing Digital Twins in CubeSats is scarce, as evidenced by the substantial
di�erences in literature search results in Table 2.1. Other authors support this observation. In contrast, the
manufacturing sector has established standards for Digital Twin technology, with numerous companies already
implementing it in their operations [4][51]. The technology is evolving, along with the recognition of its bene�ts
and its application throughout the lifecycle.

Despite these advancements, implementing a Digital Twin is not yet easily accessible. There is still a lack of
Digital Twin implementations in research, and clear frameworks are missing. This gap highlights the need for a
concise clari�cation of the criterion of Digital Twins, the proposal of a methodology for the implementation of a
CubeSat Digital Twin, and the demonstration of its application in a practical example. This research contributes
novelty by presenting a comprehensive methodology for a CubeSat Digital Twin.
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3 Industry Evaluation

A survey has been conducted to expand the knowledge of Digital Twins in the satellite domain. It collects
insights into the conception and understanding of the Digital Twin, its usage, and its relation to CubeSats in the
industry. The survey consists of a questionnaire and an interview aimed at addressing industry experts. Beyond
the research conducted through the literature review, an empirical evaluation of the topic of Digital Twins in
the satellite industry by means of a survey provides further insights into the state-of-the-art development. Ad-
ditionally, it enables gathering the challenges companies face when considering implementing a Digital Twin.
This gives further insights into current projects that are under development in institutions that do not publish
their work, which is especially the case in the private industry or projects that have not reached the stage of
development that brings novelty to the �eld of research.

3.1 Survey Design

The survey has been designed based on the methodology of the bookForschungsmethoden und Evaluation in
den Sozial- und Humanwissenschaften1 by Döring and Bortz [52] to ensure consistent results, which can be
used to compare to the existing literature. This methodology has been selected based on recommendations of
professors from Human Factors Research at TUM, who regularly conduct studies with surveys and interviews.
The survey has been approached systematically following the guidelines and recommendations of this book,
which have been adjusted to the required needs and circumstances. These can be summarized into the following
�ve steps:

1. Identifying the characteristics of the research design

2. Evaluating the population and the appropriate sample size

3. Formulating a strategy to identify and recruit the appropriate participants for the survey

4. Developing a framework for designing the questionnaire

5. Establishing the framework for conducting interviews

3.1.1 Research Design Characteristics Identi�cation

The literature review has shown that there are only a few publications exist on the direction of a Digital Twin
for CubeSats. A clear hypothesis about a proposed CubeSat Digital Twin or its usage is missing. Therefore,
the study has been approached in an explanatory manner to develop a hypothesis about the current status of the
satellite industry regarding the Digital Twin and use this outcome to develop an optimized methodology.
In designing the survey, multiple factors have been considered: achieving optimal results through integrating
quantitative and qualitative methods, minimizing response barriers to enhance participation rates, and ensuring
that the time and personnel investment is commensurate with the anticipated outcomes. Therefore, a ques-
tionnaire and an expert interview have been selected. The questionnaire addresses the broader satellite sector
to �nd the di�erences between Digital Twins for various satellite sizes and their purpose. Answering this
highly structured format enabled the individual to answer by self-scheduling the response time in a discreet and
anonymous way and enabled them to raise their interest in the topic to contribute additional knowledge. An

1[Eng.] Research methods and evaluation in the social and human sciences
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additional expert interview allows for a follow-up on the outcome of the questionnaire and provides background
information about the interviewees and the topic itself, giving access to much more information in less time.
Another reason for the interview has been the aim to collect more information in the direction of a CubSat
Digital Twin and collect their open opinion on the topic of CubeSats without being held back by the boundaries
of a structured questionnaire [52]. The survey aims to understand the current situation within a population.
Therefore, a cross-sectional study, in which a sample of the base population is interviewed at a single point in
time, is entirely su�cient [53]. This approach has been chosen for this thesis to focus on the present state of the
Digital Twin in the satellite domain.

3.1.2 Population Evaluation and Sample Size

The study's target population is people involved in Digital Twin developments in any form and work in Digital
Twins and the satellite industry. The lack of publicly available numbers of people counting to this population
causes a challenge in selecting the correct population. Therefore, no �xed sample size can be determined.
However, since the study is exploratory in nature, a small, non-random sample size is su�cient according to
[52]. Marshall et al. further emphasize that 20 to 30 interviews should generally be conducted for grounded
theory qualitative studies [54]. The sample's representativeness should always be considered when interpreting
the results. This does not imply that the study lacks value for the topic. However, it is crucial to recognize that
only a non-representative sample has been collected. Consequently, the study results cannot be generalized to
the entire satellite industry.

3.1.3 Participants Recruiting Strategy

The target population represents a specialized group of people, making it challenging to identify potential
members. There is no publicly available register of experts relevant to the study nor a centralized location to
reach them all within the limited time frame of this research. Consequently, a snowball sampling approach has
been employed, wherein initial respondents have been asked to recruit further potential experts for the study.
This method inherently limits the ability to claim sample representativeness, as the sample is arbitrary and
non-probabilistic, making its representativeness for the target population unknown [52].
This has been achieved through the distribution of the questionnaire via multiple channels. On the one hand, the
personal networks of the authors and supervisors have been utilized to distribute the questionnaire to potential
representatives of the population. Additionally, personal invitations to the questionnaire have been sent to se-
lected authors of publications with overlapping topics. All invitees have been encouraged to provide additional
contacts who could answer the questionnaire or to share the questionnaire with potential representatives. To
avoid compromising the survey results, public distribution of the survey has been avoided. This measure ensured
that only relevant experts participated, preventing responses from individuals outside the �eld.
The questionnaire concluded with the invitation to participate in the qualitative interview of the survey.

3.1.4 Framework Questionnaire

A quantitative or fully standardized questionnaire has been used for the survey. This type of questionnaire
consists of closed questions or statements with predetermined answer options, allowing respondents to select
the most appropriate responses. The scienti�c questionnaire is targeted to systematically generate numerical
self-reports from respondents on selected aspects.
The questionnaire is divided into several sections, each with a speci�c focus and set of questions, ensuring a
systematic approach to gathering information from respondents. The diagram in Figure 3.1 below provides an
overview of the questionnaire structure.
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Figure 3.1Setup of the Questionnaire

ˆ Questionnaire Introduction & Warm-Up (Questions 1-3) - This section contains introductory questions
that are straightforward and easy to answer. The purpose is to ease respondents into the survey, making
them comfortable with the process before moving on to more speci�c topics.

ˆ General Digital Twin Assessment in the Satellite Sector (Questions 4-7) - These questions focus on
assessing the general understanding and implementation of Digital Twin technology within the satellite
sector. This section aims to gather broad insights from experts, providing foundational data on the current
state of Digital Twins in this �eld.

ˆ Maturity Model Rating (Questions 8-28) - This block includes questions based on an adopted maturity
model, featuring yes/no paths to assess the maturity level of the respondent's organization or projects.
The detailed questions help evaluate the progress and sophistication of Digital Twin implementations in
various contexts.

ˆ Statistical Information (Questions 29-32) - This section collects demographic and statistical data to
classify the respondents. These questions are crucial for analyzing the survey results in relation to the
backgrounds and characteristics of the participants.

ˆ Feedback and Farewell (Questions 33-36) - Questions or prompts allow respondents to provide question-
naire feedback and conclude the survey.

The questionnaire design aims to ensure that participants can answer the questionnaire regardless of whether
they have implemented a Digital Twin in their organization. All questions have been created to collect as many
opinions as possible on the topic. The Appendix A.2 depicts a printed version of the questionnaire and can be
found on the thesis's Gitlab2 repository.

The survey begins with easy questions to avoid overwhelming respondents and aims to make respondents
comfortable, encouraging more thoughtful and detailed responses in subsequent sections. The �rst question
intends to lightly classify them from the start by addressing their familiarity with the context of a Digital Twin
in satellite technology. The second question targets the general interest of the organization in the topic. The
third question treats the discrepancy found in the de�nitions of the Digital Twin, asking them to select their
three most �tting terms for the Digital Twin out of eleven possibilities.
The second block of questions addresses the general implementation of the Digital Twin for a satellite. The
fourth question asks to rate the interest in implementing a Digital Twin according to the lifecycle stages of
projects. Question �ve evaluates the potential future for a Digital Twin in the aerospace sector. The next two
questions try to address the potential advantages the participants see for di�erent satellites in implementing a
Digital Twin. First, the satellites are classi�ed after their purpose, and second, they are classi�ed after their
mass.
The Maturity Model constitutes the primary block of the questionnaire. It is based on the maturity model for
aerospace by Medina et al. [28]. The original maturity model, designed for original equipment manufacturers
in the commercial aerospace sector, has been adapted for this questionnaire to ensure its applicability to the
satellite domain. While retaining the scienti�cally validated foundation of the original model, modi�cations
have been made to shift the focus from classifying Digital Twins of aircraft to classifying Digital Twins of
satellites. The adopted maturity model can be found in Appendix A.1. In order to clearly separate the answers,

2https://gitlab.lrz.de/leonhard.kessler/leonhard-kessler-master-thesis
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a separation question has been included in the maturity model block, asking whether or not a Digital Twin exists
in their organization. Accordingly, the following questions ask respondents to rate their implemented Digital
Twin or an envisioned one.
The last block with questions is created to collect statistical information of the participants. This serves primarily
to describe the surveyed sample based on general sociodemographic characteristics. Question 29 is designed
similarly to Question six, but this time not to rate the potential Digital Twin advantages but to describe their
organization's primary focus. Question 30 asks for the educational background, and Question 32 assesses the
years of experience in the industry.
The last block brings the questionnaire to an end. Question 33 asks for additional contacts to share the survey
with. If they give a positive answer, they are forwarded to the next question to insert the contacts there. Question
35 brings up the topic of the interview and asks if they want to participate. The last question asks for feedback
on the questionnaire and additional thoughts. A last statement thanks for participating and provides contact
information for further inquiries.
Pre-existing question items have been utilized as answer options for various questions in the questionnaire to
enhance comparability with other studies. This approach has been applied to the maturity model, which served
as the main block, and to the user pro�ling and initial questions. The answering possibilities, often referred to as
items, have been sourced from di�erent references, such as the State-of-the-Art of Small Spacecraft Technology
report of NASA [5] and the NASA Systems Engineering Handbook [30]. De�nition phrases have been carefully
selected from relevant literature sources [55] [23] [24] [26] [27]. The statistical questions have been based
on established questionnaire items [56], and further inspiration has been drawn from sources like the satellite
classi�cation taxonomy [57]. All questions have been designed to mitigate the central tendency bias, which is
common in questionnaires o�ering mirrored solution spaces, to avoid respondents favoring moderate responses.
After the development of the questionnaire, the logic and the questions have been implemented into Typeform
[58]. This online survey tool has been selected because of its professional appearance, the multiple possibilities
to set up the questions, the implementation of the logic in a way as intended, and the fact that there is no need
to log in when answering. Another option would have been Google Forms [59]. However, due to the lack of
options for customizing the questions and answers, as well as the logic and the lack of a professional appearance
or the integration of a logo in Google Forms, Typeform has been chosen for the execution of the questionnaire.
The "Basic" plan of Typeform was selected.

The �nal questionnaire has been shared with participants via this link3.

3.1.5 Framework Interview

The aim of the interview is to obtain scienti�cally quali�ed answers from experts in the �elds of satellites
and Digital Twins, bringing important insights into the topic in a more natural setting. The interview allows
for discussions in an asymmetric communication situation with a clear and coordinated role distribution. The
expected outcome is a clear interview transcript that provides intersubjectively traceable conclusions about the
usage of Digital Twins in the satellite sector, with a stronger focus on their relation to CubeSats.
The qualitative interview is designed in a semi-structured manner. This design is based on a catalog of open
questions stated by the interviewer that the interviewee answers in his own words, but it allows the interviewer,
depending on the interview situation, to make adjustments to the �ow and the direction of the interview. The
interviewee can answer questions in their own words, and the interviewer can ask pertinent follow-up questions.
This approach not only captures the respondents' answers but also their thoughts, feelings, and reactions, which
enrich the �nal analysis of the topic. The interviews are primarily conducted on a one-to-one basis, but group
interviews are also possible if multiple participants from one institution are available. Group interviews can
uncover contradictions and capture shared perspectives in a natural conversation setting [52].
The interview setup is broad to include as many experts as possible while adhering to scienti�c standards.
Interviews can be conducted in person, via phone, or through online conferences, ensuring there is always
an audio recording for later comparison. Multiple online conference tools are o�ered, and the invitation to

3https://form.typeform.com/to/FISivI2Q
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participate is as open as possible, allowing interviewees the freedom to choose the method and timing of the
interview.
Similar to the questionnaire, there are two versions of the interview: one for participants who have implemented
a Digital Twin in their institution and one for those who have not. The interview is structured into four sections,
along with an introduction and a conclusion.

Introduction

ˆ The interviewer introduces themselves and outlines the broad goal of the interview: "Collect stories and
voices about implemented/the absence of Digital Twins in the satellite domain," providing context for the
study and emphasizing the commitment to maintaining anonymity throughout the study.

Section 1: Biographic Information

ˆ This section gathers biographic information about the interviewee, identifying their connection to the
topic of Digital Twins and any known experience with CubeSats.

Section 2: Description of Digital Twin/Current Practices

ˆ For interviewees with a Digital Twin, questions focus on an in-depth description of the Digital Twin,
including physical and digital coverage, organizational structure, simulation models, and analytical tech-
niques used.

ˆ For interviewees without a Digital Twin, questions focus on their current practices and methods for
managing, developing, and operating satellite systems, their approaches to digital engineering, and the
tools they use for simulation and data analysis.

Section 3: Strategy Towards Digital Twin/Understanding the Absence of a Digital Twin

ˆ For Digital Twin users, this section explores their strategy towards Digital Twin implementation, including
their research and practical implementation strategies, key success factors, and challenges faced during
development.

ˆ For non-Digital Twin users, questions explore their considerations and reasons for not implementing a
Digital Twin, challenges and barriers faced, and constraints in�uencing their decision.

Section 4: Potential Bene�ts and Opportunities

ˆ Both interview versions converge in this section, focusing on the potential bene�ts and values of Digital
Twins, opinions on the need for consistent guidelines, and their impact on the �eld. Questions also
address the di�erences and unique challenges of developing Digital Twins for CubeSats compared to
other satellites. The section concludes with a discussion on the interviewee's future plans related to
Digital Twins.

Conclusion

ˆ The interview concludes with a reiteration of the commitment to anonymity and an o�er to share the
�nal results and transcript of the interview, allowing interviewees to re�ect on the questions and their
responses.

This comprehensive interview setup aims to gather nuanced insights into the adoption and development of
Digital Twins in the satellite sector, contributing to a deeper understanding of the topic.

Conducting the Interviews

The interviewees are invited to participate in the interview via email after they provide their consent through the
questionnaire. This email communication allows them to decide on the time and date of the interview, as well
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as their preferred mode of conducting the interview. With the interviewee's consent, the interview is recorded
using built-in tools of online meeting platforms like Zoom or Microsoft Teams [60][61], providing audio and
video �les for subsequent analysis. In addition to the recording, the interviewer takes notes on a printed version
of the interview questions to capture key responses and plan follow-up questions to guide the interview.
Following the interview, the audio �le is used to create a transcript. Given the transcript's importance as
a valuable artifact, high accuracy is prioritized in its creation. A stepwise approach is employed for the
transcription process:

1. Initial Transcription : The �rst textual version of the audio �le is generated using the Whisper model
by OpenAI, a general-purpose speech recognition model implemented in a Python script [62]. The large
model is chosen for its superior accuracy despite slower transcription speeds.

2. Speaker Diarization: The spoken segments are then diarized to attribute them to individual speakers
using Pyannote.audio, an open-source toolkit in Python [63][64]. This toolkit employs pre-trained models
and pipelines to identify di�erent speakers in the interview. Pyannote.audio is also implemented in a
Python script, outputting data in an Excel �le for further manual revision.

3. Manual Revision: Manual revision ensures the transcript reproduces spoken words accurately. This
step includes reviewing text segments, verifying speaker assignments, tagging key themes in di�erent
segments, annotating the segments, and aligning the interview sections with the corresponding transcript
segments.

After the transcription process, detailed documentation and a summary of the interview are created to provide
a concise information source for review. This documentation is sent to the interviewee and anonymized for the
scienti�c documentation of the research. In accordance with research ethics, the interview material containing
personal data is deleted after the submission of the thesis, as interview statements are personal data, and the
anonymized transcripts serve as the primary scienti�c artifacts.

The �nal interview guides are depicted in the Appendix A.3. Together with the transcripts, they can be found
on the thesis's Gitlab4 repository.

3.2 Outcome

3.2.1 Results Questionnaire

This section presents the results of the questionnaire to gather insights into the usage of Digital Twins in
the satellite sector. The questionnaire aimed to collect comprehensive data from experts, focusing on their
experiences and views on Digital Twins, particularly in relation to satellites in general.

General Achievements

The questionnaire achieved the following results by July 2024:

ˆ Views: 99

ˆ Starts: 55

ˆ Submissions:28

ˆ Completion rate: 55.5%

ˆ Average time to complete:22:15 minutes

4https://gitlab.lrz.de/leonhard.kessler/leonhard-kessler-master-thesis
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The goal of obtaining a su�cient quantity of answers to draw meaningful conclusions has been met with 28
responses, according to Marshall's criteria [54]. However, the average time to complete the questionnaire
exceeded the intended 10-15 minutes, indicating a potential area for improvement.
Several challenges have been identi�ed during the questionnaire:

ˆ A signi�cant number of participants viewed the questionnaire but did not start it.

ˆ The time to complete the questionnaire has been longer than anticipated.

ˆ There has been a noticeable drop-o� between the number of starts and the number of submissions.

Detailed Outcome by Sections

The following subsections present an overview of the answers to the questionnaire, organized by the relevant
sections. The extensive list of single answers can be found on Typeform5 as well as on the thesis's GitLab6

repository.

Questionnaire Introduction & Warm-Up

ˆ The �rst question in Figure 3.2 aimed to gauge the respondents' familiarity with the concept of Digital
Twins in the context of satellite technology. The distribution indicates a high familiarity among the
respondents, with over 78% indicating at least moderate familiarity with Digital Twins.

Figure 3.2Outcome Question 1 - Questionnaire Introduction & Warm-Up

5https://qp5qxpdwn4e.typeform.com/report/FISivI2Q/42G9ifT0iLW4aiO7?view
6https://gitlab.lrz.de/leonhard.kessler/leonhard-kessler-master-thesis
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ˆ The second question in Figure 3.3 assessed the level of interest of the respondents' companies or orga-
nizations in the topic of Digital Twins for satellites. The average interest level has been 7.6, indicating a
generally moderate to high interest in Digital Twins for satellites among the respondents.

Figure 3.3Outcome Question 2 - Questionnaire Introduction & Warm-Up

ˆ The third question in Figure 3.4 asked respondents to select the three most �tting terms for their de�nition
of a Digital Twin. The top three terms selected have been "Dynamic digital representation," "Behavior
mirroring," and "Integrated simulation," highlighting these as key characteristics in the respondents'
understanding of Digital Twins.
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Figure 3.4Outcome Question 3 - Questionnaire Introduction & Warm-Up
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General Digital Twin Assessment in the Satellite Sector

ˆ The fourth question in Figure 3.5 asked respondents to rank the satellite lifecycle stages based on their
interest in modeling or simulating them within the context of a Digital Twin. The ranking indicates that
the respondents are most interested in using Digital Twin technology for the operations and sustainment
stage, followed by concept and technology development.

Figure 3.5Outcome Question 4 - General Digital Twin Assessment in the Satellite Sector

ˆ The �fth question in Figure 3.6 aimed to understand how likely respondents believe Digital Twin tech-
nology will be used in the aerospace sector over the next �ve years. The average likelihood has been 3.6,
indicating a moderate expectation that Digital Twins will see increased use in the aerospace sector in the
next �ve years.

Figure 3.6Outcome Question 5 - General Digital Twin Assessment in the Satellite Sector
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ˆ The sixth question in Figure 3.7 asked which types of satellites, classi�ed by their purpose, have the
most potential advantages from implementing Digital Twin technology. The outcome indicates that space
exploration is perceived to bene�t the most from Digital Twins, shortly followed by Communication
satellites and Earth Observation satellites.

Figure 3.7Outcome Question 6 - General Digital Twin Assessment in the Satellite Sector

ˆ The seventh question in Figure 3.8 asked which types of satellites, classi�ed by their mass, have the most
potential advantages from implementing Digital Twin technology. The distribution of answers suggests
that medium and large spacecraft are seen as having the most potential advantages from Digital Twin
technology.
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Figure 3.8Outcome Question 7 - General Digital Twin Assessment in the Satellite Sector

Maturity Model Rating

In Figure 3.9, answers of participants with an implemented Digital Twin are displayed, and in Figure 3.10,
answers of participants without a Digital Twin are depicted. Each chart re�ects di�erent dimensions of Digital
Twin maturity, with the number of votes and corresponding percentages indicating the prevalence of each level
of maturity for this category.

Rating of participants that have implemented a Digital Twin

Respondents rated various aspects of their Digital Twin implementations within their organizations.

ˆ The majority of respondents indicated that their Digital Twin is primarily used for Monitoring and
Prediction, each receiving 42.9 % of the votes.

ˆ Most organizations update their Digital Twin on a weekly basis, followed by daily and minute-based
updates.

ˆ Data collection is predominantly scheduled (35.7 %) or irregular (28.6 %).
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ˆ The focus of modeling is largely on complete products (35.7 %) and product environments (28.6 %).

ˆ Decision-making is mostly supported by a "Human in the Loop" approach (42.9 %).

ˆ The majority of respondents (57.1 %) integrate the Digital Twin in a single lifecycle stage.

ˆ Most organizations individualize the Digital Twin with "As-operated" data (78.6 %).

ˆ The Digital Twin primarily a�ects business processes (35.7 %) and design (28.6 %).

ˆ Operational data access is equally split between conditional, restricted, and full access (each 21.4 %).

ˆ Most respondents indicated that their Digital Twin implementation is in the development stage (71.4 %).
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Figure 3.9Ratings of the Maturity Model with a Digital Twin Implemented - 15 Participants
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Rating of participants that have not implemented a Digital Twin

Respondents without an existing Digital Twin implementation rated various aspects of their envisioned Digital
Twin.

ˆ The majority of respondents indicated that they envision their Digital Twin being primarily used for
Prediction (53.8 %).

ˆ Envisioned Digital Twins are expected to be updated most frequently on a weekly basis (30.8 %), with
signi�cant consideration for updates in minutes and hours as well.

ˆ Data collection is evenly distributed among irregular, scheduled, continuous, and real-time frequencies
(23.1 % each).

ˆ Envisioned Digital Twins are expected to focus largely on complete products and product environments
(30.8 % each).

ˆ Decision-making is expected to be mostly supported by a Hybrid approach (46.2 %).

ˆ Respondents envision a signi�cant portion of Digital Twins achieving full integration (30.8 %).

ˆ Most respondents expect their Digital Twins to be individualized at the "As-operated" stage (61.5 %).

ˆ Envisioned Digital Twins are expected to impact the business model signi�cantly (30.8 %).

ˆ Operational data is envisioned to be mostly conditionally accessible (30.8 %).

ˆ The envisioned stage of implementation is mostly in the development phase (38.5 %), with a signi�cant
portion aiming to be deployed (23.1 %).
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Figure 3.10Ratings of the Maturity Model with No Digital Twin Implemented - 13 Participants
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Statistical Information

ˆ The twenty-ninth question in Figure 3.11 asked respondents to describe their department's primary focus
within the satellite sector. The distribution indicates that the largest focus area among respondents'
organizations belongs to Earth observation satellites, followed by various other focuses.

Figure 3.11Outcome Question 29 - Statistical Information

ˆ The thirtieth question in Figure 3.12 aimed to identify the respondents' roles within their companies. The
majority of respondents identi�ed their roles as Engineering/Technical, followed by Management/Lead-
ership roles.
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Figure 3.12Outcome Question 30 - Statistical Information

ˆ The thirty-�rst question in Figure 3.13 asked respondents about their educational background. Most
respondents have an educational background in Engineering, followed by Computer Science and Natural
Sciences.



Chair of Spacecraft Systems
TUM School of Engineering and Design
Technical University of Munich

33

Figure 3.13Outcome Question 31 - Statistical Information

ˆ The thirty-second question in Figure 3.13 assessed the distribution of years of experience in the aerospace
industry among respondents. The graph shows a varied range of experience, with respondents having
experience from less than �ve years to more than 35 years. The distribution indicates a balanced mix of
experience levels, with a tendency to fewer years of experience and a total average of 10.8 years.
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Figure 3.14Outcome Question 32 - Statistical Information

Questionnaire Summary

The responses to the questionnaire provide a comprehensive overview of respondents' interest in and perceptions
of Digital Twins, particularly in relation to their de�ning characteristics, the stages of the satellite lifecycle,
potential adoption in the aerospace industry, and the types of satellites that could bene�t most from their
introduction.
The high levels of familiarity and interest suggest that the concept of Digital Twins is well-recognized and
considered valuable within the industry. The emphasis on dynamic digital representation and behavior mirroring
aligns with the core principles of Digital Twin technology, underscoring its relevance in satellite applications.
The insights into the stages of the satellite lifecycle where Digital Twin technology is most valued, the expected
adoption of this technology in the aerospace sector over the next �ve years, and the types of satellites that could
bene�t most from its implementation. The high interest in operations and sustainment stages and the potential
advantages for medium and large spacecraft indicate a targeted focus on Digital Twin applications.
The assessment of the maturity levels of di�erent Digital Twin implementations and an envisioned Digital Twin
gives a comprehensive sectional image of the industry's status on the topic of Digital Twins. The responses
illustrate the inherent contrast between the characteristics of an existing system and the aspirations for an idealized
future state. Despite this contrast, both groups recognize the importance of prediction, human involvement in
decision-making, and a focus on development stages. Participants with a Digital Twin implemented tend to
focus the approach on detailed and frequent updates, integration within a single stage of the lifecycle, and
maintaining operational data accessibility. In comparison, participants without a Digital Twin desire potential
broader business impacts and varying stages of the lifecycle.
The detailed view of the demographic and professional background of the survey participants shows an overall
distributed coverage of the sector, enabling the general assumption for the sector. The prevalence of engineer-
ing/technical and management roles indicates the importance of the topic's evolution from a technical abstraction
to a relevant technique applicable in the industry. The strong educational background in technical disciplines
highlights the respondents' expertise required and speci�c interests in the satellite and aerospace sectors. The
varied years of experience further underscore the depth of knowledge and diversity of perspectives in the survey,
enriching the overall �ndings and insights gathered.

3.2.2 Results Interview

This section presents the results of the interviews to gain deeper insights into the absence and potential of
Digital Twin technology in the satellite sector. The interviews aimed to follow up on the questionnaire and
provide a platform for experts to share their open opinions on Digital Twins. This approach allowed for a deeper
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understanding of current practices and approaches towards the topic and insights into the perceived bene�ts and
opportunities of Digital Twin technology. Additionally, the interviews explored the key di�erences experts see
for Digital Twins in CubeSats compared to other satellites.

General Achievements

Two interviews have been conducted with experts who do not currently employ Digital Twin technology.
Unfortunately, additional participants could not be secured due to their tight schedules and the time constraints
of this thesis. As a result, the limited number of interviews precludes these �ndings from being representative
of the Digital Twin environment in the satellite sector.
Despite the limitation in quantity, the conducted interviews provided valuable insights into the current practices
of these experts, their understanding of the absence of a Digital Twin, and the constraints they face regarding
the adoption of this technology. While not exhaustive, these insights contribute to a deeper understanding of
the challenges and considerations involved in implementing Digital Twin technology in the satellite sector.

Detailed Outcome by Interview

Based on the verbatim transcript and the documentation produced during the interviews, the two interviews are
summarized and presented. The complete anonymized transcript document can be found on the thesis's GitLab7

repository.

Summary of Interview 1
The �rst interviewee has an academic background in computer science and space engineering, holding a PhD
in small satellite engineering. With extensive experience in CubeSats and small satellite projects focused on
technology demonstration and Earth observation, the interviewee's company operates within the new space sec-
tor. Characterized by small, agile teams often comprising students, the company prioritizes digital engineering
methods, minimizing paper documentation and adopting an agile development approach. They utilize a "single
source of truth" and automation strategies to generate code, documentation, and simulation con�gurations from
a centralized machine-readable format, enhancing consistency and reducing manual tasks. Python is the primary
tool for automation, model generation, and ensuring interoperability across di�erent software platforms. CAD
software is used for mechanical engineering tasks, and data integration is achieved across various platforms.
The company maintains an engineering model for training and testing purposes. It does not employ an inte-
grated Digital Twin, focusing instead on agile development with continuous iterations rather than maintaining
a detailed, real-time Digital Twin. The main identi�ed challenges include the high complexity and signi�cant
e�ort required to develop and maintain a Digital Twin and the perceived lack of substantial bene�ts over existing
practices. Organizational and budget constraints further limit the adoption of a Digital Twin approach. Despite
recognizing the potential bene�ts of Digital Twins, especially in development acceleration through standardiza-
tion and long-term improvements through data sharing between vendors and operators, the interviewee notes
that practical implementation is demanding and not currently justi�ed for small projects. Future possibilities
include leveraging machine learning to create surrogate models that simulate speci�c behaviors, aiding in opti-
mization without the need for manual implementation. The interviewee suggests that standardized interfaces for
software and hardware components could facilitate the creation and use of Digital Twins. Collaboration across
the industry to develop common standards and repositories of digital components is recommended. Although
there are no immediate plans to implement a Digital Twin, the interviewee acknowledges the community's need
for standardized interfaces and expresses interest in contributing to such e�orts. Future research and potential
projects could focus on developing these standards and integrating Digital Twin concepts into small satellite
projects.

Summary of Interview 2
The second interviewee, who works at a company specializing in communication systems and particularly

7https://gitlab.lrz.de/leonhard.kessler/leonhard-kessler-master-thesis
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focuses on Beyond Visual Line of Sight (BVLOS) operations of drones, shares a similar perspective. The
company uses various access technologies for satellite communication, emphasizing a multi-link system and
the use of Linux and open-source software. They elaborate on their simulation practices, focusing on TCP/UDP
stacks and integrating di�erent technologies for data links. Although they simulate data links, they do not have
a Digital Twin. The interviewee sees potential in using Digital Twins for satellite communication networks to
improve data link prediction and reliability. However, challenges such as the small operations volume, di�culty
obtaining network quality metadata, and limited computing power for embedding Digital Twins in drones have
been highlighted. Financial and organizational constraints are signi�cant barriers to implementing Digital Twins,
particularly in small-scale operations. The interviewee supports the idea of developing consistent guidelines and
standards for Digital Twins, particularly for APIs and interfaces, to ensure reliability and compatibility across
di�erent technologies and systems. The discussion emphasized the importance of such standards, drawing
parallels with the CubeSat design standard, which has facilitated easier integration and modular component
environments. The company mentions plans to integrate satellite interfaces into their architecture, aiming for
compatibility with terrestrial networks. However, due to the evolving nature of their �eld, no concrete future
plans have been provided.

Insights of the Interviews

The interviews revealed several key �ndings, highlighting gaps in the current methodology and valuable
insights for future action:

1. Complexity and E�ort: Both interviewees noted the high complexity and e�ort required to develop and
maintain Digital Twins, particularly for small-scale operations.

2. Organizational and Budget Constraints: Financial and organizational limitations have been major barriers
to adopting Digital Twin technology, making it di�cult to justify its implementation, especially in smaller
projects.

3. Potential Bene�ts: Despite challenges, the interviewees acknowledged the potential bene�ts of a Digital
Twin, particularly in reliability and accelerating development. However, these bene�ts are not su�cient
to justify the current e�ort and cost for small-scale projects.

4. Future Directions: Both interviewees expressed interest in future Digital Twin developments and empha-
sized industry collaboration to create common standards and repositories.

Interview Summary

The interviews provided valuable insights into Digital Twin technology's current state and future potential in
the satellite sector. While the small sample size limits a generalized view of the �ndings, the discussions
highlighted several important themes and potential areas for future research and development. The identi�ed
gaps and challenges underscore the need for guidelines and the importance of collaboration and innovation to
advance the implementation of Digital Twins in the industry.

3.3 Discussion of the Industry Evaluation

The content of the industry evaluation reveals several key insights. The signi�cant di�erences in the most
�tting terms indicate varied understandings among di�erent players in the industry. There is a notable focus
on dynamic digital representation, behavior monitoring, and integrated and predictive simulation. This focus
suggests a need to involve physical systems more in simulations and correlate them to each other, providing a
better understanding of system dynamics and minimizing emergent behaviors.
There is a slight tendency towards the applicability of Digital Twins in the earlier lifecycle stages, likely due to
lower costs associated with design changes. However, the wide distribution of individual responses may also
re�ect the diverse disciplines of participants or di�ering views on the size and demands of Digital Twins for
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subsystems versus entire systems in operations. The restrained expected use of Digital Twins may be connected
to the high �nancial and technical demands, unclear approaches, and limited supplier support.
The satellite classes identi�ed as most bene�ting from Digital Twin technology, both in terms of purpose and
mass, are likely in�uenced by participants' experiences in projects with more workforce dedicated to simulation
and veri�cation and larger budgets. This pattern is similar in systems engineering, where larger companies
engage more extensively due to the involvement of more people and stakeholders. Space exploration satellites,
ranked highest in classi�cation, require high reliability with no margin for failure. Communication satellites are
associated with established companies operating multiple satellites, thus bene�ting from higher sample rates
and signi�cant investment. The lack of responses for spacecraft weighing less than 10kg might be due to the
high e�ort and low cost associated with these missions, where it is more feasible to send another unit if one
fails.
Regarding maturity, high responses should be acknowledged but interpreted with caution as it often depends
on the company's focus. This is evident in the radar chart in �gure 3.15, which shows signi�cant di�erences
among companies. Data collection is expected to increase with more relay constellations for inter-satellite
communication, a trend also seen in envisioned Digital Twins, as participants are already considering future
developments.

Figure 3.15Radarchart Illustration of a Comparative Assessment of Digital Twin Maturity for three Di�erent Companies.

The focus on the product environment likely stems from satellite operations' highly challenging space environ-
ment. The preference for human-in-the-loop systems indicates a lack of trust in fully automated connections and
updates, emphasizing the importance of expert knowledge in decision-making. Lifecycle di�erences highlight
the gap between the current state and potential future improvements, underscoring the necessity of a Digital
Twin that is extendable throughout the lifecycle to minimize workload.
The high focus on Digital Twin individualization could be due to several factors, including the technical
requirements of incorporating more data than just �ight data for historical evaluation processes. The space
environment is vastly di�erent from the ground, making ground data less valid for space systems. Additionally,
there may be a lack of proper explanation of this maturity model from the research side.
Operational data accessibility appears to be distributed equally among participants. Non-existing Digital Twin
participants realistically see that sole ownership involves high costs and a legal workforce, which may not
be available. The focus on development stages indicates the technology's infancy, showing it is not yet fully
deployed in engineering processes or only marginally so, highlighting the need to reduce development time to
bene�t from Digital Twins in real use cases.
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Departmental focus is well-distributed but can be highly in�uenced by the selection of contacts. The high
number of "Other" responses suggests either a lack of coverage of primary focuses or a signi�cant number of
interdisciplinary departments working on this topic. The focus on engineering roles has been expected due to
the technical nature of Digital Twins, requiring a deep understanding of technology for simulation and twinning.
The presence of management and leadership roles indicates the strategic importance of this technology at the C-
level. The average experience level of around ten years suggests the topic is relatively new, with younger industry
participants being more open to new technology. This could also result from the selection of respondents, as
younger professionals may be more prevalent in certain networks.
The interviews conducted have been smooth and provided valuable insights, but the process has been highly
demanding in terms of personal e�ort. Automating parts of this process could be bene�cial. The industry
evaluation demonstrated a high interest in Digital Twin technology. However, due to the busy schedules of
industry professionals, arranging interviews has been challenging. This suggests that the approach should be
reconsidered, and the questionnaire and interview may need to be separated depending on participant preference.
The interview should be feasible without participation in the survey being a requirement, this can be achieved by
o�ering participants both in advance and allowing them to choose according to their preference. Additionally,
contacting more people and possibly sharing the survey publicly in the future with mechanisms to �lter out
non-relevant participants could improve the response rate.

The industry evaluation, in general, provided a very interesting observation into the current practices and status
of the Digital Twin industry. The high interest in the topic among respondents highlights its relevance and
con�rms the need for further research. The questionnaire has been helpful in providing an overview, as it is
aimed at the overall satellite sector, not only towards CubeSats. Sometimes, the lack of context in the responses
raised additional questions that could have been clari�ed through an interview, and especially, the topic of the
thesis could have been analyzed in more detail. Therefore, no clear hypothesis can be realized, which is only
valid for implementing a CubeSat Digital Twin. Nevertheless, the study contributed to the knowledge of the
overall relationship between satellites and Digital Twins and has created a basic understanding that can now be
actively pursued further.
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4 Methodology of the CubeSat Digital Twin

After this comprehensive overview of the state of the art of Digital Twin and CubeSat technology, the industry
evaluation has been presented, and the challenges and opportunities for Digital Twin implementations for
CubeSats have been shown. In the next step, the CubeSat Digital Twin implementation is introduced. This work
is approached in a systematic manner, described visually in Figure 4.1, beginning with an alignment of common
terms for better comprehensibility, incorporating the results of the literature review and the survey. This fosters
a discussion without misconceptions throughout the work. In the second part, the requirements for the Digital
Twin and the CubeSat are identi�ed, and the CubeSat Digital Twin requirements are derived and outlined. The
third part presents the indented architecture and describes the Cubesat Digital Twin throughout its lifecycle. In
the fourth part, a special focus is put on the core element of the Digital Twin, modelling and simulation. This
will result in the �nal part, which is the presentation of a framework combining the previous work.

Figure 4.1Top Down Approach for the Methodology of the CubeSat Digital Twin

4.1 De�nition of Terms

Covering the whole lifecycle with the Digital Twin should not be the initial goal. As seen in the questionnaire,
most responses from those already working with a Digital Twin focus on one lifecycle stage. A light trend
towards full lifecycle coverage is visible in the responses from those not working with a Digital Twin. This
suggests that beginning the implementation in one stage and gradually evolving it could be advantageous.
Additionally, with a modular approach, it is feasible to incorporate additional data and simulations at a later
stage, thereby expanding the Digital Twin to cover more lifecycle stages. Consequently, adopting a de�nition
encompassing the entire lifecycle from the outset is not essential. Technology and the concept have evolved a
lot in recent years. Therefore, a de�nition that incorporates this development and represents the state of the art
of Digital Twin ensures the longevity of the methodology without a lot of maintenance e�ort.
The de�nition of the ISO/IEC standard is chosen as the given de�nition for a Digital Twin:
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"digital representation of a target entity with data connections that enable convergence between the
physical and digital states at an appropriate rate of synchronization Note 1 to entry: Digital twin
has some or all of the capabilities of connection, integration, analysis, simulation, visualization,
optimization, collaboration, etc. Note 2 to entry: Digital twin can provide an integrated view
throughout the life cycle of the target entity" [22].

Including the aforementioned reasoning, the de�nition is used for the following reasons:

ˆ Key elements of a physical domain, a digital domain, and the control loop.

ˆ Important de�nition characteristics are further de�ned in the entry notes.

ˆ De�nes the di�erent elements of the Digital Twin comprehensively throughout the document.

ˆ Leaves enough space for di�erent design solutions to the problem, not restricting the implementation of
di�erent kinds.

ˆ Represents the current situation, released in 2023, and is maintained by the standardization organizations.

4.2 Requirements

After establishing the de�nition of the concept of the Digital Twin, it is crucial to depict the desired outcomes and
the necessary constraints for the product. To follow the top-down approach, the requirements for the CubeSat
and the Digital Twin are de�ned separately. Based on these requirements, a more detailed set of requirements
for the Digital Twin of a CubeSat is derived to highlight the unique characteristics of this methodology.
CubeSats have undergone signi�cant evolution. Rendering the repetition of the CubeSat design standard for
technical requirements is unnecessary. This research focuses on the non-functional requirements of CubeSats,
which contribute to their distinctiveness and appeal.

CubeSat Requirements

ˆ The CubeSat design shall be simple and explicit to facilitate ease of understanding, assembly, and
maintenance.

ˆ The CubeSat shall be designed to be modular, allowing for upgrades and recon�guration of subsystems.

ˆ The CubeSat design shall support extensibility to accommodate additional features and capabilities in
future iterations.

ˆ The CubeSat design shall support portability to ensure integration and operation with various ground
stations, control systems, and launch vehicles.

ˆ The CubeSat design shall prioritize reliability, incorporating robust fault tolerance mechanisms and
redundancy in critical systems to ensure continuous operation and mission success.

ˆ The CubeSats shall be capable of autonomous operation, reducing the need for extensive ground support
and enabling more entities to participate in space missions.

The de�nition of Digital Twins already covers some important requirements for a Digital Twin. Further require-
ments aim to connect the di�erent characteristics of the Digital Twin and to enhance the implementation of a
Digital Twin:

Digital Twin Requirements

ˆ The Digital Twin shall represent a speci�c instance of a product.
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� Digital Twin shall provide a digital representation of the physical product, including relevant physical
and functional parameters.

� Digital Twin shall enable comparison of the physical and digital models through gathered parameters.

ˆ The Digital Twin shall support interdisciplinary collaboration.

� The Digital Twin shall enable the collaboration of di�erent stakeholders (Designer, Management,
Customer).

� The Digital Twin shall incorporate a multi-simulation environment to facilitate discipline collabo-
ration.

ˆ The Digital Twin shall collect and update lifecycle data.

� Digital Twin shall continuously collect data from product lifecycle stages.

� Digital Twin shall update the digital model data based on the collected lifecycle data.

ˆ The Digital Twin shall provide analytical and decision-support capabilities.

� Digital Twin shall o�er decision support for system performance, maintenance, and optimization.

� Digital Twin shall adjust and re�ne its models based on feedback and new data inputs.

ˆ The Digital Twin shall support comprehensive veri�cation and validation processes, ensuring model
outputs meet prede�ned accuracy criteria.

ˆ The Digital Twin level of �delity shall be scalable, matching the complexity of the product and its current
lifecycle phase.

Using this prede�ned set of requirements for CubeSats and a general Digital Twin, a tailored set of requirements
can be developed for the implementation of the CubeSat Digital Twin:

CubeSat Digital Twin Requirements

ˆ Fidelity and Simplicity

� The CubeSat Digital Twin shall �t the level of �delity of a CubeSat, ensuring that the digital model
accurately re�ects the physical CubeSat's behavior and performance.

� The CubeSat Digital Twin shall be simple to implement initially, facilitating ease of understanding,
assembly, and maintenance.

� The CubeSat Digital Twin shall follow a scalable approach, starting with reduced complexity and
re�ning the model with additional details as needed.

ˆ Feasibility and Modularity

� The CubeSat Digital Twin shall consider the feasibility of component implementation, including the
use of Commercial O�-The-Shelf (COTS) components to reduce costs and improve accessibility.

� The CubeSat Digital Twin shall be modular, enabling easy upgrades, recon�guration, and scalability
of both physical and digital components.

ˆ Simulation and Representation

� The CubeSat Digital Twin shall enable behavior simulation to re�ect the CubeSat's real-world
conditions and responses.

� The CubeSat Digital Twin shall support simulations of subsystems and payload disciplines, ensuring
modelling of their performance and interactions to provide a dynamic digital representation.

ˆ Predictive Analytics and Decision Support
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� The CubeSat Digital Twin shall support the analysis of "What-if" scenarios to prepare for various
mission conditions and unexpected events.

� The CubeSat Digital Twin shall enhance predictive analytics and decision-support capabilities,
providing insights for system performance, maintenance, and operational decision-making.

ˆ Testing and Validation

� The CubeSat Digital Twin shall include commanding capabilities to validate and test CubeSat
operations before deployment.

� The CubeSat Digital Twin shall provide a controllable test environment to ensure reliable testing
and validation of the CubeSat's functions and operations.

� The CubeSat Digital Twin shall prioritize reliability by incorporating robust fault tolerance mecha-
nisms and redundancy.

ˆ Traceability and Iterative Improvement

� The CubeSat Digital Twin shall provide traceability of changes, allowing for precise documentation
and analysis of modi�cations throughout the lifecycle.

� The CubeSat Digital Twin shall support iterative analysis to facilitate continuous improvement and
re�nement of both the digital and physical models.

By de�ning and adhering to these speci�c requirements, the unique characteristics and capabilities of the
CubeSat Digital Twin can be e�ectively implemented and optimized further. The requirements are a trade-
o� between feasibility and �delity, enabling implementation while maintaining data accuracy to bene�t from
comprehensive analysis. This approach addresses the challenges inherent to CubeSats and focuses on providing
lifecycle-long support. With this de�ned set of requirements, the architecture of the Digital Twin can be
developed in the next step.

4.3 Architecture of the CubeSat Digital Twin

It has been observed that a common way of presenting the structure of a Digital Twin is based on the original
conceptual idea by Grieves, as depicted in his industry presentations, shown in Figure 2.2. This presentation
style highlights the main components of a Digital Twin: real space, virtual space, and the data connection with
detailed �ow information. Viola and Chen's version in Figure 4.2 aligns with this approach, adapting it with
elements speci�c to the manufacturing industry [6]. While valid, the high-level nature of these diagrams makes
them open to interpretation, which can support to the vague understanding of the Digital Twin. Furthermore,
the diagrams place insu�cient emphasis on the connections and interactions between di�erent components
of the Digital Twin, rendering their practical implementation challenging. The lack of clear guidance on the
placement of components hampers the translation of theoretical models into real-world applications and does
not support a clear methodology for implementing a CubeSat Digital Twin.
Another approach observed in the literature is characterized by a very high level of detail tailored to a speci�c
domain and use case. For instance, Figure 4.3 presents a seven-layer architecture by Singh et al. for a battery
system. This diagram shall o�er a baseline methodology to guide product and process designers during the
development of Digital Twins. However, the categorization in the diagram does not align with our chosen
classi�cation, which adheres only to the ISO/IEC standard, which consists of the physical domain, the digital
domain, and the control loop. Such detailed and domain-speci�c diagrams lack clarity and ease of understanding,
making it di�cult for new users or stakeholders to grasp the concepts being presented.
In summary, the current models and diagrams in the literature do not provide su�cient detail or clarity. They
inadequately address the crucial aspects of connections and interactions, and their implementation guidance
is lacking. Consequently, these models are not easily transferable from their speci�c domains to the do-
main of CubeSats, underscoring the need for a more comprehensive and adaptable approach to Digital Twin
implementation.
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