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summary

Within the context of scientific planetary missions — characterized by multi-instrument systems with demanding
operational timelines — there is a need for more detailed, system-level analyses grounded in simulation rather
than simplified analytical sizing methods. Growing accessibility and proficiency in high-level programming
are shifting the paradigm from monolithic software solutions to bespoke script-based analysis in the spacecraft
systems engineering process.

This thesis presents the development, implementation and evaluation of PAS3: a Python toolkit for Accessible
SPICE-based Spacecraft Simulations. PAS3 streamlines the creation of ad-hoc, simulation-backed models
for discipline-specific analysis, for any planetary mission in its implementation phase. It integrates Andrew
Annex’s SpiceyPy, a procedural wrapper of NASA/JPL's NAIF SPICE toolkit, inside an object-oriented
framework extending its accessibility to non-developers.

The PAS3 package provides mission-agnostic class blueprints to generate objects tied to a central simulation
environment. These objects (as well as the simulation object) are to be imported in the user’s analysis scripts,
where custom (i.e. mission-specific) models can be developed and ran within the mission simulation context.
The classes provided by the toolkit are summarized below:

Main objectloading SPICE kernels, extracting coverage, and storing and controlling
the simulation environment (time and global settings). Updates the assigned
actors’ states at time changes.

Spacecraft object representing a spacecraft actor in the simulation. Retrieves its
state (and attitude if applicable) from SPICE kernels and provides state-driven
functions for the user.

Celestial body object representing any celestial body defined in loaded SPICE ker-
nels. Assigned as central body to spacecraft actors and provides utility functions
(accessing body properties, relative states and body-fixed frame transformations).

Parent class for ground station objects, with (SPICE-
based configuration) and (Custom configuration) sub-
classes. Assignable to individual spacecraft, providing visibility and relative
positioning functions with configurable visibility masks.

Parent class for geometry objects that may represent infinite geometrical
regions in space fixed to the spacecraft. Allows the creation of SPICE-

based instrument FOV’s ( ) or user-defined instrument
FOV’s ( ), or an aggreggation of these geometries
( & ). The Geometry classes

provide external incidence angle calculations, visibility and surface hit functions.

The toolkit was developed within the EnVision project team at ESA /ESTEC as part of a student internship
to create an interactive 3D mission visualization framework of the scientific mission to Venus. The toolkit
was integrated in models for EnVision’s attitude, instrument and platform thermals, and power generation,
supporting sizing analyses for the mission. Additionally, a web-based 3D mission visualization application —
WebVision — was developed, using PAS3 as its simulation backend.

The division between mission-agnostic simulation traits and user-defined model development allows for
separation of concerns, allowing the system engineer to focus on their application-specific models while relying
on the toolkit’s mission configuration and simulation management. This provides the user with agency over
their required solutions, and generally increases the accessibility to system-level spacecraft simulations.

PAS3 is an open-source package under the Permissive European Space Agency — ESA Software Community
Licence and is available at

i


https://essr.esa.int/project/pas3
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Introduction

The drive to explore our solar system has led to an array of ambitious planetary exploration missions dedicated
to understanding our neighbouring planets. Still, there are many unanswered questions waiting to be uncovered.
The spacecraft systems we send out to deep space to answer these questions are often multi-instrument
platforms with complex operational profiles, required to meet the stringent scientific objectives in an often
limited lifetime around these distant worlds. The process of simulating spacecraft systems is an essential
part in the development of such missions. Being able to accurately model the operational environment and
spacecraft behaviour allows the mission system engineers to evaluate design choices and assure a successful
mission outcome.

Within the context of space system engineering activities for scientific interplanetary missions, there exists
a need for a more accessible approach to system-level spacecraft simulation and mission contextualization
starting at early implementation phase. The current status quo of Modelling & Simulation (M&S) practices
of the system engineer is often characterized by either the use of monolithic, discipline-specific tools for
subsystem analysis, or ad-hoc solutions implemented for specific analysis needs. These solutions often lack
modularity and reusability, and are often not truly system-level due to the complexity of integrating a full
simulation backend platform and cross-discipline model interactions. This results in limited flexibility to adapt
to evolving mission analysis needs.

As the accessibility for non-developers to create own code-based solutions keeps increasing, the Mé&S paradigm
is shifting towards this ad-hoc approach more and more. To follow this trend while addressing the needs and
current limitations, this thesis presents the development and implementation of PAS3; a Python toolkit for
Accessible SPICE-based Spacecraft Simulations. PAS3 aims to provide the system engineer with the necessary
tools to build their own discipline-specific models, and easily integrate it in a baseline System Simulator
(SS) environment for the mission. This provides the user with agency over the model development, while
abstracting the underlying mission simulation work.

The development of PAS3 aims to address the following main research question:

“How can a Python-Based system simulator toolkit, support systems engineering activities of interplanetary scientific
orbiter missions from the preliminary definition phase and onwards?”

To investigate this, a case study is performed for the European Space Agency (ESA) EnVision mission. This
thesis project was conducted during a 9-month internship period at ESA’s European Space Research and
Technology Centre (ESTEC) within the EnVision project team. EnVision is an upcoming Venus orbiter mission,
set to launch in 2031. The mission will study Venus from core to upper atmosphere, being the first mission to
provide a truly holistic data stream of the planet dynamics. The mission aims to answer key questions about
Venus's history, geological activity, and climate. The case study focused on scoping, designing, developing and
testing the PAS3 toolkit; then deploying a general spacecraft configuration of EnVision, and using the toolkit to
support the development of custom models for:

1. The spacecraft’s attitude.
2. Thermal models for some of its instruments.
3. A thermal model to generate inputs for EnVision’s MLI thermo-optical degradation models.

4. A Power model considering the spacecraft’s attitude, panel steering and self-shadowing effects.

Additionally, a separate implementation of the EnVision PAS3 configuration is performed to address the need
for increased contextualization and understanding of the mission by the spacecraft system engineers. This
implementation focuses on creating a 3D visualization of the EnVision spacecraft in its orbital environment
during the mission’s science phase. The resulting visualisation web-application WebVision was developed, with
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PAS3 as its simulation backend. This showcased the interfacing potential of the toolkit for a larger software
ecosystem.

The thesis report is structured as follows: First, chapter 2 will give the necessary background surrounding
scientific mission development within the agency. System engineering practices, mission phases and stakeholder
roles are covered to provide necessary context for the work. It ends with the identification of specific needs
in the field, which this research aims to address. Next, chapter 3 introduces the field of space M&S, and
the current state-of-the-art of existing tools and practices. This chapter also defines the framework by which
the resulting SS for EnVision will be evaluated (flowing down into an assessment of the underlying toolkit).
Chapter 4 then presents the development methodology of the PAS3 toolkit. It covers the design philosophy,
requirements and architecture of the toolkit first, ending with the verification approach.

Chapter 5 describes the actual implementation of the PAS3 toolkit for the EnVision mission case study. It first
introduces the EnVision mission and spacecraft briefly, before going into the configuration approach of the
SS. Then, the custom model development (enumerated on the previous page) is presented, numerical results
are shown, and the models are verified. Afterwards, chapter 6 presents the original internship deliverable:
the WebVision application. The chapter covers the requirements, architecture and implementation of the
application, showcasing its functionalities, while highlighting the role of PAS3 as its simulation backend.
Finally, chapter 7 establishes a requirements’ verification round for the toolkit, and evaluates the results of the
EnVision case study against the defined evaluation framework from chapter 3. This reflects the effectiveness of
the toolkit in addressing the research goals, and allows the research question to be answered.



Background

As the title of this thesis suggests, the research will focus on the development of a toolkit that aims to help the
creation of spacecraft system simulators. The development was started within the context of scientific planetary
missions, more specifically of EnVision, the European Space Agency’s (ESA) upcoming mission to Venus. This
mission has recently entered its implementation phase, where the need for a system-level approach to sizing
analysis for requirement generation and deeper mission contextualization was identified. The research in this
thesis will aim to offer a method to support the systems engineering practices of scientific planetary missions
in their implementation phases. This chapter will offer some fundamental insight into the broader scientific,
technical, and institutional context to help clarify the motivation behind this research and its methodologies.

Section 2.1 will introduce the processes behind ESA scientific mission development. It covers the standard
project phases from study to disposal, fundamental systems engineering practices and the segmentation of
responsibilities among stakeholders throughout the mission development lifecycle. The chapter ends with
the identification of the occurring needs for systems engineers in planetary project teams in section 2.2. The
resulting need statement will form the foundation for the research objective and research questions, which will
be synthesized in chapter 3.

2.1. ESA Scientific Mission Development

This section presents the general ESA development process, specifically for scientific planetary missions. In
order to develop a method to support the systems engineering of such missions, it is essential to understand
the context in which systems engineering activities are conducted first. subsection 2.1.1 covers the general
project phases of ESA missions and what activities are performed in each phase. subsection 2.1.2 elaborates on
the systems engineering practices during implementation. Finally, the different segments and stakeholders
involved in a typical ESA scientific mission are discussed in subsection 2.1.3, providing an overview of the
roles and responsibilities of the various entities involved in such a mission.

2.1.1. Project Phases

ESA’s project development process is structured around a series of predefined phases, each with specific
objectives and deliverables. These phases are designed to ensure that the mission is developed in a systematic
and controlled manner, allowing for effective management of risks, costs, and schedules. This subsection will
give a short overview of these phases.

ESA mostly follows the mission phases in conformance with systems engineering standards established by
ECSS-E-ST-10C Rev.1, being divided into phase 0, A, B, ..., F [1]. ESA groups these phases into two main
categories: Study Phase (0/A/B1) and Implementation Phase (B2/C/D/E1). Afterwards, mission exploitation
can begin [2, 3].

At the very start of every ESA scientific mission, an expression of scientific need is established. The scientific
community is invited to propose desired experiments and mission types within the context of the agency’s
long-term science programs. These proposals are reviewed by discipline-specific committees and then refined
by a top-level advisory committee into a set of mission concepts. During this mission concept phase (phase 0
and A), both industrial and internal studies assess technical feasibility and establish a strict cost envelope, as
missions are funded through ESA’s fixed mandatory programs budget. Concepts may be revised multiple
times to balance scientific goals with financial and technical constraints [4].

Phase 0: Mission Definition — During Phase 0 (sometimes referred to as Pre-Phase-A), the system engineering
function lays the groundwork for the mission. It supports the identification of customer needs and proposes
possible system concepts. The goal is to ensure alignment with the Mission Statement, which captures the
declared user needs.
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In this phase, the mission statement document is also analysed and relevant contributions from lower-level
suppliers is integrated into a mission description document. Additionally, it proposes initial technical
requirements against the expressed user needs for agreement with the customer/stakeholders.

The phase concludes with the Mission Definition Review (MDR), where mission needs, science performance
goals, safety, and operational constraints are identified, and initial technical requirements specifications are
created. The feasibility is studied in a Concurrent Design Facility (CDF) campaign, generally lasting about 4
weeks [5], and resulting in a CDF Study Report to be used as a baseline for the next phase [6, 7].

Phase A: Mission feasibility — During Phase A, the needs identified in Phase 0 are refined and system solutions
to meet stakeholder requirements are proposed. It supports the Mission Selection Review (MSR) preparation
and validates requirements against expressed needs in collaboration with the stakeholders.

This phase involves producing initial technical designs, management plans, system engineering plans, and
product assurance plans from usually two prime industrial contractors (referred to as primes) in a competitive
fashion. Feasibility is assessed including implementation, programmatic aspects, cost, operations, organization,
production, maintenance, and disposal, while risks are evaluated. In the context of a scientific mission, the
scientific instruments and their respective provision by ESA member states are established, and the scientific
requirements are formalized. The phase ends with the selection of the mission (in competition with other
candidates) during the MSR [8, 9].

Phase B: Preliminary Definition — In Phase B, ESA takes a distinctive approach to the preliminary design
phase, splitting it up into two sub-phases: B1 and B2:

* Phase B1 - This phase is still part of the study phase, but more focused on the system design. The scientific
return requirements have been consolidated, and the preliminary development can start. During this
phase, the system requirements and interfaces are prepared, subsystem and instrument design are
defined and reviewed and a preliminary mission schedule and cost at completion is outlined. Industrial
studies of essential technologies are being finalized to bring them to sufficient maturity before the
implementation phase [10]. At the end, the prime contractor of the mission is selected, and the mission is
officially adopted as the conclusion of the Mission Adoption Review (MAR) [3, 11].

* Phase B2 - This phase kicks off the implementation phase of the mission. It performs the preliminary
design of the mission in close collaboration with the prime contractor. Within phase B2, the System
Requirements Review (SRR) is performed, which functions as an assessment of preliminary performance
based on conformance with system functional requirements. Evaluation of major plans concerning
design & development, product assurance, and assembly integration and testing is performed. This
phase ends with the Preliminary Design Review (PDR), which assesses analyses on system performance,
confirms compatibility between the design and requirements, and establishes technological readiness. It
also results in the approval of key project plans, and validates that the internal interfaces and verification
methods are sufficiently defined to proceed to the detailed design phase [12].

Phase C: Detailed Definition — In Phase C, the detailed design of the system is finalized. The Engineering
model (EM) and, if considered useful, the Structural Thermal Model (STM) are built, a user manual is set up,
development testing is performed, and planning for Assembly, Integration, Verification, and Testing (AIV/T)
is established. The phase concludes with the Critical Design Review (CDR). The assembly of the Qualification
Model (QM) might also start throughout this phase in preparation for the next phase. The goal of this phase
is to demonstrate that the system meets the technical requirements of the system technical requirements
specification [8, 11].

Phase D: Qualification and Production — Phase D, Qualification and Production, involves finalizing the system
design, building the Flight Model (FM), and integrating components from various European industry partners
under the prime contractor. This phase includes qualification testing of the QM and acceptance testing of the
FM, culminating in the Qualification Review (QR), Acceptance Review (AR), or a combined QAR. Electrical,
software, navigation, and pointing tests are performed to ensure all systems function correctly and meet
requirements. Additionally, preparations for operation and utilization must be finalized. Upon completion,
the spacecraft is cleared for delivery to the launch site, marking readiness for operational deployment [8, 11].

Phase E: Operations and Utilization — This phase supports the operations and utilization of the system.
Similarly to phase B, it is divided into two sub-phases: E1 and E2.

* Phase E1 - This phase includes the Launch and Early Operation Phase (LEOP), In Orbit Verification
(IOV), In Orbit Commissioning (I0C), and calibration and validation campaign (Cal/Val). It ends with a
Commissioning Result Review (CRR), concluding the Implementation phase of the project [13].
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¢ Phase E2 - After the implementation phase is concluded, nominal mission operations activities of the
spacecraft can start. The phase ends after End of Life Review (ELR), when mission disposal can start [8].

Phase F: Disposal — This phase is the final phase of the mission, where the spacecraft is disposed of in either a
controlled, or uncontrolled manner (depending on the mission and destination). This may involve deorbiting
the spacecraft or transferring it to a graveyard orbit. The phase — and consequently the mission — ends with a
Mission Close-out Review (MCR).

2.1.2. Systems Engineering Practices in Implementation Phase

The research activities of this thesis will focus on supporting the systems engineering process in implementation
phases of ESA scientific missions. The team overseeing the implementation phase, is called the Project Team. It
manages the mission development, planning and top-level procurements. They assure the design conforms to
its intended goals by monitoring and reviewing the development process. The systems engineering activity of
the project team entails providing industry with system requirements based on the mission requirements that
are the result of a consolidation of the scientific community’s demands stemming from the study phase.

A systems engineer in a project team must derive a design-oriented technical solution from customer
requirements through a top-down approach. This process involves multidisciplinary functional decomposition,
where the system is broken down into lower-level products and resources are allocated according to established
margin philosophies. At each level, verification activities are conducted to demonstrate that requirements
are satisfied, providing evidence that the final product meets technical, cost, schedule, and quality objectives
[1]. The systems engineering viewpoint encompasses all of these objectives. To quote [14] directly: “[The
systems engineering viewpoint] seeks to look beyond the obvious and the immediate, to understand the user’s
problems, and the environmental conditions that the system will be subjected to during its operation”. This
last part is especially relevant for this thesis” goals (more in section 2.2).

ECSS-E-ST-10C Rev.1 lists the following systems engineering sub-functions [1]:

* Requirement engineering: requirement analysis and validation, requirement allocation, and requirement
maintenance.

* Analysis: resolving requirements conflicts, decomposing and allocating requirements during functional
analysis, and assessing system effectiveness.

¢ Design and configuration: resulting in a physical architecture, and its complete system functional,
physical and software characteristics.

¢ Verification: demonstrating that the deliverables conform to the specified requirements, including
qualification and acceptance.

¢ Integration and control: coordinating the various engineering disciplines and participants throughout
all the project phases.

In phase B2, the start of the mission’s implementation phase, the systems engineering focus lies on the
preparation of the Preliminary Design Review (PDR). At this point, the general system design and interfaces
of the spacecraft must be defined and ready to start its detailed development. While a general concept
of the system architecture is already established in the study phase, as the subsystems and instruments
are consolidated more exhaustively throughout B2, the system design is prone to changes and iterations.
Implementing these subsystem and instrument inputs and evolutions into the system/mission level is the
system engineering task of the project team in B2. This notion of flexibility in the spacecraft design and
operations, must be kept in mind throughout the following sections and chapters, as it influences many of the
design decisions discussed.

2.1.3. Mission Segments and Stakeholders

A typical space mission is divided into several segments. The spacecraft (the space segment), is launched by
the launch provider (launch segment), and supported by a number of centres operating on ground (the ground
segment) [1]. While the focus of this thesis lies mostly within the space segment, ignoring the interactions
between the different elements could lead to uninformed decisions in the research process. Moreover, certain
tools and methods discussed in section 3.1 are used /developed in different segments with their own particular
applications. They might provide insight and functionalities for a project team as well. The segments and their
interactions are illustrated in Figure 2.1, with the ESA EnVision mission as example. The different segments,
composing a typical scientific space mission will be briefly discussed in this subsection.

The space segment consists of the spacecraft itself, which includes the platform and the scientific payloads.
In a typical ESA scientific mission, the platform is provided by the prime contractor, integrating subsystem
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Figure 2.1: Mission segments of an ESA scientific mission (EnVision as example).

components from many different subcontractors from multiple member states [3]. The scientific instruments/
experiments are provided (and funded) by national institutes or consortia. The development of these
instruments is performed in early stages of the mission development, scheduling PDR and CDR earlier than
the platform’s. They will eventually carry out the mission science objectives which the spacecraft platform
must support. While the instruments collectively aim to reach the overarching scientific goals, they generally
function independently, observing different science scopes. The consortia’s interests are defended by the ILS’s
(Instrument Lead Scientists, previously: Principal Investigators) [15]. They must ensure that the platform and
mission allocate sufficient resources and coverage to their respective instrument.

The ILS’s and the science working team work closely with the Science Operations Centre (SOC) located at ESAC,
Madrid. The SOC, as part of the Science Ground Segment, leads the science planning process in alignment
with the mission’s scientific objectives set by the Science Working Team (SWT). It coordinates the scheduling
and execution of science observations. It receives predicted trajectories and ground station schedules inputs
from the Mission Operations Centre (MOC), and uses these to plan science activities across long-, medium-,
and short-term planning cycles. The SOC then delivers science planning products, including pointing requests
and instrument telecommand files, back to the MOC for validation and uplink. The MOC, located at ESOC in
Darmstadt, deals directly with the spacecraft; commanding and operating it through a network of ground
stations, while providing flight dynamics data to the other centres and segments (both during operations
and design phases). To summarize: the SOC acts as the central interface between the scientific community
(instrument teams, ILS’s and SWT) and spacecraft operations (MOC) [16, 17].

In Figure 2.1, the scientific mission’s project team is in direct connection to all segments. The responsibility
of the project team, is the management and coordination of the segments and their stakeholders to produce
a successful mission. Scientific requirements from the ILS and SWT are translated by the project team into
system requirements for the spacecraft prime contractor, system constraints from instruments and the platform
are converted into launcher requirements and vice versa. While a big focus of the project team activities is on
the space segment — being a one-off development generally not relying on reusable elements — the success of a
scientific mission depends on the successful integration of all segments.
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2.2. Identification of Needs

The design of a complex system such as a spacecraft is a challenging process. It requires a deep understanding
from the systems engineer of the mission’s objectives, the spacecraft’s design constraints, and the operational
environment. Within the context of scientific planetary missions, certain needs have been identified in the
current systems engineering process. These stem from consulting with experts in the field, particularly (but
not exclusively) from the EnVision project team, and from the broader need to situate the thesis within the
wider field of planetary space missions. They are the following:

The need for a method allowing:

1. Accessible system-level simulation for early analysis of sizing cases.

2. Mission contextualization and understanding.
And this method should preferably be:

3. Maintainable throughout the maturity of the mission implementation phase.
4. Compatible across different missions.

5. Usable across systems engineering disciplines.

Referring back to the ECSS-defined sub-functions of the systems engineer in subsection 2.1.2, carrying
out analysis is an essential part of the requirements engineering and verification practice. Often in the case
of requirement engineering, this means the calculation of specific sizing cases to provide contractors and
instrument teams with the necessary design margins, as well as verifying their analysis results in the system
context (especially in early implementation phase). An effective strategy is to implement conservative
assumptions in analysis calculations with high margins for generating design specifications. However, the
nature of certain missions may require a more detailed modelling for sizing the spacecraft systems and mission.
This is especially true for planetary missions. Their common mission objective is to maximize scientific return;
this means having a platform with multiple instruments and applying heavy planning and coordination
strategies to ensure sufficient coverage and data generation in a limited mission lifetime.

For example, the EnVision mission is characterized by a dynamic science operations profile, resulting in an
attitude-intensive timeline (more in section 5.3) [18]. Bridging the gap between platform design and the
combination of dynamic science operations and environment can be challenging without considering the
mission and system in a more holistic simulation-based analysis. This is less critical for missions with a less
intensive and periodic orientation, resulting in more stable calculations (take for example Earth Observation
spacecraft with mostly near-nadir observation and communication), causing less uncertainty in conventional
sizing analysis. However, setting up such system-level simulations in the early implementation phase (starting
from B2) can be challenging, due to changing system architecture, changing operations timelines, and limited
time resources for the project team systems engineers. An accessible method that allows for such analysis,
already starting from early implementation, can help quantify alignment with predefined margins and help
the requirement generation and verification process greatly.

When conducting system-level analyses, whether using specialized tools or general mission simulators,
it can be very hard to relate temporal results within the mission context. The complexity of planetary
missions, with their dynamic operational timelines and evolving spacecraft state (such as position, dynamical
attitude, Sun/Earth geometry, visibility, eclipses, operational modes, and occultations), can make it difficult
for systems engineers to intuitively grasp how these factors influence analytical outcomes. To support a
deeper understanding of the mission, there is a need to complement less intuitive analysis results (graphs,
documents, spreadsheets, . ..) with a 3D visualization of the mission. This would allow systems engineers to
see the spacecraft and its environment in an intuitive way that relates analysis outputs (like environmental
constraints violations) to specific mission events or configurations. This not only aids in interpreting complex
results but also enhances communication among team members and stakeholders, supporting better-informed
decision-making throughout the mission development process [19].

Applying an integrated (i.e. system-level) approach to modelling and simulation methods from the start of a
project (preferably even before phase B2), allows a working version or dynamic model of the system to be set up.
Initially simple, with low fidelity, and gradually increasing in complexity as the project matures [20]. However,
what often times happens is that established tools” use drops off when the project enters a new design phase.
This is often contributed to their limited usefulness to the new phase’s needs, data compatibility issues (new
phases require new inputs and outputs), and the high familiarization effort when the tool finds new users.
One can argue that these issues stem from the ad-hoc approach to Modelling and Simulation (M&S) tools often
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applied in longer design projects for SE analysis and verification purposes [21]. This behaviour will be further
discussed in subsection 3.2.2. A sufficient level of continuity in the method’s use is desirable.

This reusability can be extended to usability across different missions. The implementation and this thesis’ result
will be developed within the context of a single mission. However, in order to provide a relevant contribution
to the field of space systems engineering of planetary missions, the method should be mission-agnostic. This
means that the method should be applicable to other missions, not only EnVision. The method should be
flexible enough to adapt to different mission requirements and constraints, while still providing the necessary
functionalities for system-level analysis and verification. Furthermore, project teams are comprised of a diverse
set of specialists, each with their own use cases in both system-level analysis and verification of their analysis
results [1, 21]. Hence, the method should not only be compatible across phases, missions, but also across
disciplines.

This chapter can be concluded in a single need statement:

“In the field of planetary space mission development, there exists a need for a mission-agnostic simulation
method, allowing sizing analysis and visualization tailored for spacecraft systems engineers
that can evolve and mature throughout a project development.”

This need statement will act as a starting point for the research activity presented in this thesis. chapter 3, will
take this need statement and identify the state of the art in the field of system-level modelling and simulation
methods. Shortcomings and trends will be identified within the current field, flowing into the research
objective and research questions, this thesis will aim to answer.



Modelling & Simulation in Space Systems
Engineering

The term System Modelling & Simulation (M&S) is described in ECSS-E-TM-10-21A [20] as follows: “M&S
refers to the modelling and simulation activities carried out at system level, where the system is considered to
be a spacecraft, the space segment and/or the ground segment. It covers simulation models and simulator
infrastructure used to support specification, design, verification and operations of space systems.” System M&S
tools may support the systems engineering (SE) activities from the identification of mission concepts, early
verification of feasibility, consolidation of mission and system design, to the qualification of the system prior to
launch and operations. They help the iterative SE design process by enabling trade-offs, informing design
decisions, and assisting in the verification and validation of mission and system designs through behavioural
predictions [20, 21].

Before starting this chapter, a common understanding of the following terms must be established; while often
being used interchangeably in literature, they hold different meanings in the context of this thesis.

* Model: A representation of a real-world system that can be used in a computational environment [22].

* Modelling: The construction of models as abstract representations of reality, describing (parts of) the
system as a whole and demonstrating its behaviour [21].

e Simulation: The dynamic execution of a model, extracting the system’s behaviour as a response to
time-varying inputs and environmental conditions, studying the dynamic response modes [20, 21].

¢ Tool: A software application that performs a specific function or set of functions to assist in a task or
process [22].

¢ Toolkit: A toolkit is a collection of tools or libraries designed to facilitate the development of software or
to perform specific tasks [23].

At the end of the previous chapter, a general needs statement in planetary missions was identified. The need
to analyse mission-/system-level events, calls for a system-level simulator which models the space segment
(spacecraft and its environment) and its interaction with the ground segment (ground stations, data linking).
Such a simulation must allow performing system analyses for the whole mission timeline and allow interfacing
to a visualization framework (a distinct need from section 2.2).

Section 3.1 will present a state-of-the-art study of currently available tools which show potential in satisfying
the needs identified in section 2.2. Section 3.2 will place these tools within the current landscape of system-level
M&S, and investigate trends observed in the field, as well as guidelines in developing space system simulators
from literature. Based on this assessment, section 3.3 will formulate the objective of the presented research,
specify the research scope, and formulate the research questions.

3.1. State of the Art

Multiple tools exist that are used for simulation and visualization of spacecraft. Research was done in literature
to assess the state of the art of such software and their usage in space projects. In order to provide a useful
assessment of the current state of the art in M&S tools, the search domain is constrained to those showing
potential in satisfying the needs identified in section 2.2, in particular allowing 3D visualization of a spacecraft
in the solar system, while showing potential functionality in performing system analyses. A selection is
discussed in this section, with particular focus on their individual use cases. The resulting tools are clustered
into five categories: Scientific data visualization, solar system renderers, science operation & planning tools,
spacecraft system design tools, and Python-/Matlab-based tools.
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3.1.1. Scientific Data Visualization Tools

Scientific data visualization tools are a large subset of developed software within the M&S field of scientific
space missions. The tools summarized all share in common that they visualize both the spacecraft, solar
system bodies, and scientific data in a 3D context. They are all open-source, which might allow the possibility
of adding more analysis-focused functionality within the context of this thesis if necessary.

3DView is an interactive visualization tool developed

by the French Plasma Physics Data Centre for ren- 800 3DView/IMPEx = Scene 1
dering spacecraft trajectories, attitudes, and scientific R R el
data in a 3D heliospheric and planetary context. It
uses SPICE kernels for positioning and orientation
of spacecraft and planetary bodies, supports visual-
ization of instrument fields of view, and integrates
with large scientific databases via virtual observatory
standards. Users can upload data, overlay time series,
field lines, spectrograms, and simulation results, and
explore analytic models of planetary boundaries and
magnetic fields. Designed for both mission ana-
lysis and education, 3DView enables interpretation
of space science data and is used in scientific ana-
lysis and higher education settings to interpret and
visualize mission data [24]. Figure 3.1 illustrates a
3DView scene of the Venus Express spacecraft, show-
ing the ASPERA4 instrument’s spectrogram data in
its spatial context. Time: 2010-03-27T06:39:59  Distances (R_V = Venus radius = 6051.800km )

Frame = VSO

Frame: 81/86 Step ||25 |frame/s Loop animation [l

Gaia Sky is an interactive 3D visualization tool de- art = 2010/03/27 00:00:00
veloped as part of ESA’s Gaia mission Data Processing T
and Analysis Consortium. Gaia Sky’s primary pur-
pose is to provide an off-the-shelf visualization of
the Gaia star catalogue, supporting both scientific
analysis and outreach activities. It features a full
simulation of the Solar System; including planets, moons, and asteroids. It enables exploration of Gaia star
dataset releases. The tool does not only allow users to visualize Gaia and its orbit, but also other spacecraft.
Additionally, it offers advanced features such as scripting interfaces (using a REST API access), stereoscopic
and panorama modes, planetarium output, and VR support; offering interactive exploration and scientific
visualization of complex astronomical data [25].

Figure 3.1: 3DView scene depicting spectrogram data by the
ASPERA4 instrument aboard Venus Express. [24]

OpenSpace is an interactive data visualization framework designed to visualize the known universe and support
dynamic, real-time rendering of scientific data. OpenSpace presents data from astronomical observations,
simulations, and space mission planning and operations, spanning a vast range of spatial scales (spacecraft to
universe scale). The software features an extensible architecture that supports high-resolution tiled displays,
planetarium domes, and standard desktop computers, and allows for simultaneous global connections for
shared audience experiences. The default dataset, automatically downloaded at startup, includes extensive
Solar System data and space mission information (including spacecraft models and their trajectories), with
support for high-resolution planetary surface views using virtual texturing and height maps. The tool offers
functionality for both science communication and mission contextualization [25, 26].

3.1.2. Solar System Renderers

The previously mentioned scientific data visualization tools have as primary functionality the visualization of
scientific data; the rendering of spacecraft and solar system bodies is a secondary feature, which supports the
understanding of the data’s context. The following tools were specifically designed to visualize spacecraft and
the solar system. The selected tools provide much functionality when it comes to visualizing space missions,
while being open-source (for potential addition of functionality).

Celestia is a highly flexible, open-source, real-time 3D astronomy and spaceflight simulation platform built
to let users navigate through the Solar System, and Universe. Celestia uses the OpenGL process to render
3D graphics of celestial bodies, star catalogues and spacecraft models. Furthermore, Celestia is supported
by a massive community-driven ecosystem of add-ons, offering high-resolution textures, virtual texturing,
custom spacecraft models and SPICE kernels trajectory support. Celestia supports custom scripting by the
user through LUA or its own CEL scripting language. Because of its large community and lightweight design,
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Celestia is frequently used in educational settings, outreach activities, and by astronomy enthusiasts [25, 27].

The developer of Celestia, Chris Laurel, also de-
veloped another open-source solar system renderer ENVISION
called Cosmographia. Later, NASA’s Navigation and
Ancillary Information Facility (NAIF) group at JPL
modified the software to include SPICE functionality,
creating the SPICE-Enhanced Cosmographia soft-
ware [28]. SPICE is an ancillary information system
that assists scientists in planning and interpreting
scientific observations from space-borne instruments,
and to assist engineers involved in modelling, plan-
ning and executing activities needed to conduct plan-
etary exploration missions [29]. The SPICE toolkit is
now also widely adopted in ESA scientific missions,
and it will be discussed in more detail in section 4.2.

SPICE-enhanced Cosmographia offers interactive
3D representations of spacecraft trajectories, orient-
ations, instrument fields of view, and celestial body
positions using loaded SPICE kernel data. Users in-
tegrate mission-specific elements into Cosmographia
through JSON catalogues, allowing visual navigation
through detailed planning and mission activities of

. ; Figure 3.2: Cosmographia scene with loaded EnVision SPICE
the spacecraft. Aside from education and outreach, scenario

SPICE-enhanced Cosmographia is also employed by

planetary exploration teams and mission planners at space agencies. It supports tasks including visualization
of mission sequences, spacecraft positioning analysis, and trajectory assessment [30]. Figure 3.2 shows a scene
with an EnVision mission SPICE scenario loaded in Cosmographia, showing the spacecraft, instrument FOV,
and vectors depicting reference frames and directions.

3.1.3. Science Operation & Planning Tools

During the assessment on usage of M&S simulators (with analysis functionality and a visual rendering interface)
in ESA science missions, it became clear that the distribution of use is not even between centres managing the
different mission segments. It became apparent that visual system simulators are more widely used within the
SOC, compared to scientific project teams located at ESTEC. As was discussed in subsection 2.1.3, the SOC is
responsible for the planning and execution of science operations. Two science operations and planning tools
will be presented in this subsection. They showed high potential in meeting the needs identified in section 2.2.

In the past, the SOC used two interdependent tools in their science operations planning process: the Project
Test Bed (PTB) and the Experiment Planning System (EPS). The PTB was developed for SOCs to simulate the
spacecraft and its environment around the target body and mainly serves as a science opportunity identifier to
help perform mission scenario studies. It can also provide both 2D and 3D graphical displays for visualizing
mission geometry, based on the timeline created by the EPS. The EPS is a timeline management tool that
schedules experiment operations from multiple instruments, ensuring there are no resource conflicts or
operational constraints violations (power constraints, data volume limitations, instrument conflicts, etc.). Once
it validates a conflict-free input timeline, it outputs a payload operations request for the MOC [31].

The Mission Analysis and Payload Planning System (MAPPS) is a software tool that was originally a 2D
mapping tool derived from the PTB [31]. Presently, it is a stand-alone tool that has fully absorbed the PTB
and EPS modules and is used by all solar system mission SOC teams at ESAC. MAPPS is a planning and
validation tool that manages the science planning processes by verifying all input data (observation timelines,
spacecraft configuration files, and operator inputs), simulating planning timelines to detect conflicts, checking
for (spacecraft and experiment) constraint violations, and generating the necessary output files (spacecraft
and experiment commanding files). It also supports auxiliary tasks such as producing simulation data for
instrument teams and generating customizable data packs and event timelines [32]. In addition to MAPPS’
simulation and planning capabilities, a 3D extension was integrated in 2014 for visualizing the complex
operations of the Rosetta mission. The 3D interface is designed for high-speed rendering of mapping elements
on the target body’s surface, combining spatial and temporal domains to display geometric information such as
spacecraft footprints, instrument swaths, 3D trajectories, instrument fields-of-view, star backgrounds, and solar
system bodies [33]. Even though MAPPS is used as a planning tool in the SOC, its simulation and visualization
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capabilities show major potential in addressing the predefined needs for project team systems engineers.

The Solar System Science Laboratory (SOLab) is a
software tool developed at ESAC that is very similar 5 1a
to MAPPS, but with key differences. While MAPPS
is more operational oriented, SOLab is development
oriented. SOLab is a SPICE-based tool for optimiz-
ation of the science goals and strategic assessment
for long term and medium term planning. It was
developed for the following functionalities [35]:

1. Identify observation opportunities for reques-
ted science quantities under specified geomet-
rical constraints.

2. Quickly analyse and visualize the geometry of
a given mission scenario.

3. Support science operations of planetary mis-
sions from study phase to day-to-day science
operations.

The analogy between SOLab’s functionalities and the
identified needs in section 2.2 is quickly made. SOLab
is designed for use throughout all mission phases,
requiring a different user interaction. Simulations
range from planning single observations (short time
span with small time steps) to running full mission
scenarios (long time span with large time steps). It
allows users to define and analyse observation time windows, select spacecraft pointing and roll modes, and
visualize instrument footprints, ground-tracks, and orbital elements in both 2D and 3D. Outputs can be stored,
customized, and used for further analysis or integration into science operations [34]. A scene of SOLab, running
an interactive SPICE scenario of the Venus Express mission, is shown in Figure 3.3.
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Figure 3.3: SOLab scene with Venus Express trajectory and
instrument FOV visualization. [34]

3.1.4. Spacecraft System Design Tools

Another category of visual system simulators are those that are used for aiding the design of the spacecraft
system itself. Many such tools exist; the subset presented in this subsection are selected based on compatibility
with planetary missions, are system-level (not focused on a single subsystem), and offer a 3D visualization
interface.

The System Tool Kit (STK) is a general-purpose modelling and simulation platform by Ansys used for
Digital Mission Engineering and Systems Analysis. As a commercial software platform, it is used across
the industry for mission design and system performance analysis. STK allows users to simulate satellite
orbits, communication links, sensor coverage, and mission timelines by integrating physics-based models with
real-world data. One of its major strengths is the high-fidelity 3D visualization it offers of the spacecraft system
under simulation [36].

IDM-CIC (Integrated Design Model — Centre d'Ingénierie Concourante) is a Microsoft Excel-based macro
built by the French national space agency (CNES) to support concurrent design practices in the early study
phases of space projects. It enables collaborative work on a shared system model by storing and organizing
data to generate essential budgets such as mass, power, and inertia at both subsystem and mission levels. The
tool is applied in concurrent engineering activities in CNES, ESA and industry. IDM—CIC was designed to
improve efficiency by reducing design iteration time and enhancing cross-disciplinary communication. Within
CNES’ IDM ecosystem, the application IDM-VIEW interfaces with the tool to provide a 3D visualization of the
spacecraft system modelled in IDM—-CIC [37].

3.1.5. Python-/Matlab-Based Tools

The final category of tools that were assessed, are not necessarily tools, but rather libraries or frameworks
that are used to model spacecraft systems. Some are not particularly designed for 3D visualization, but offer
elementary visualization, or could serve as a backend for a potential rendering framework. MATLAB and
Python seem to be the most common programming languages used in script-based simulations for spacecraft
systems. The previous tools are often distributed as executable applications, while the tools in this section are
distributed as libraries or frameworks that can be used within the user’s script.
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Basilisk is an open-source, modular, and highly flexible spacecraft simulation framework designed to support
mission design, algorithm development, validation, and post-launch analysis. Its architecture is built around
modules, tasks, and task groups connected by a message-passing system that enables low coupling and high
cohesion between the modules. Basilisk combines the speed of C++/C with the accessibility of a Python
interfaces, allowing fast prototyping, Monte Carlo analysis, multiprocessing execution, and integration with
external libraries. It supports fully coupled spacecraft dynamics, including structural flexing, fuel slosh, and
environmental interactions. Importantly, Basilisk also provides visualization capabilities through Vizard, a 3D
simulation and playback tool developed with Unity. It displays elements actively modelled in a simulation
(planets, the Sun, or spacecraft devices) with corresponding lighting and interface features like HUDs or
data panels. Users can interact with the simulation timeline through playback controls, including scrubbing,
pause/resume, and speed adjustment, to explore the results dynamically [38].

PASEOS (PAseos Simulates the Environment for Operating multiple Spacecraft) is an open-source Python
module containing built-in models for diverse physical and operational constraints encountered by spacecraft in
various mission scenarios, including thermal balance, power, bandwidth, communications, and radiation effects.
The package was primarily developed to study constellations in space for emerging operational scenarios, such
as edge computing, edge and decentralized learning, and artificial intelligence in space. However, it presents
itself as an application-agnostic framework that can be used for a wide range of space mission simulations and
applications. It uses the Python package to model Keplerian orbits or for propagated orbits, with

for ground station visibility geometries. PASEOS prioritizes rapid background execution over fidelity,
making it useful for early technology demonstrations, hardware-in-the-loop (HIL) and software-in-the-loop
(SIL) simulations, and enabling easy initial consideration of various operational aspects for spacecraft with
low computational cost. The package ensures modularity with its activity paradigm and custom properties
features. In its current state however, it models (and visualizes) spacecraft as point masses [39].

MATLAB/Simulink-based tools play a significant role in the M&S landscape for spacecraft projects, particularly
in early design phases and modelling of dynamical systems. They are widely regarded as industry standards
for developing custom simulation products, especially within specific disciplines such as Attitude and Orbit
Control Systems (AOCS). The Aerospace Toolbox and other commercial toolboxes such as ASTOS and the
Spacecraft Control Toolbox (SCT) exist, extending MATLAB/Simulink with predefined functionalities for
spacecraft systems. However, MATLAB-based simulators are more commonly developed in-house, either from
scratch or adapted from previous projects, shared among colleagues. MATLAB-based tools are widely used in
the industry, offering high flexibility and performance in computing complex dynamical simulations [21].

3.2. Implementation of System Modelling and Simulation

This chapter started with the introduction of system M&S for space systems engineering. Particular needs
within the implementation of planetary missions were identified in section 2.2, and a selection of promising
tools, addressing these needs was presented in section 3.1. This section aims to study the implementation
of system M&S by first assessing the current trends in system-level M&S in space systems engineering in
subsection 3.2.1; How does M&S look in the current landscape of space systems engineering and is the state of
the art from section 3.1 actually implemented to address the common needs? What are the M&S shortcomings
based on the observed (lack of) implementation? subsection 3.2.2 will place the observed trends in an academic
field of study and introduce the System Simulator Concept (S5C), an approach to M&S that aims to overcome
the existing shortcomings in M&S for systems engineering in space projects.

3.2.1. Trends in System-Level M&S

The landscape of system-level M&S tools is very extensive. The selection of tools included in state-of-the-art
reviews typically represents only a small fraction of what is available. Although numerous tools exist, the
majority of systems engineers either rely on highly specialized, discipline-specific software or develop their
own in-house scripts tailored to mission-specific analysis needs. These scripts are developed and maintained
within fragmented repositories, specifically designed to meet the requirements of the mission they support.

There are several reasons why in-house scripts are often used over existing tools. First, some tools lack essential
analytical capabilities. This is especially apparent for the solar system renderers category. Although they are
often open-source, modifying them to add missing features requires significant development effort. Contrarily,
some tools offer too much functionality, resulting in cluttered interfaces and a steep learning curve for the
new user. These tools are often designed with specific applications in mind, which may be irrelevant for users
with different missions, disciplines, or mission phases. This can hinder usability and discourage its adoption.
Examples of this are STK, IDM-CIC, and 3DView. Their extensive functionality (which makes them attractive
in their own domain), limits their usability for systems engineers in project teams who may not require all
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features they offer [21].

There are cases where tools intentionally limit their scope to remain usable and effective in their specific use
case. For instance, in the early development of MAPPS, the tool showed great promise of supporting design
practices, but its scope was deliberately narrowed to focus on planning and operations. According to one
of its developers, this decision helped preserve its usability and relevance, avoiding the dilution of its core
functionality. Tools that attempt to “do it all” often lose coherence and ultimately fall out of use.

A large obstacle when it comes to tool adoption is the time investment required to familiarize with a new tool.
Familiarization is not only needed in order to use or customize the tool, but also to assess its potential use for
the project. This is one of the main reasons for simulation scripts fragmentation between missions. A system
simulator developed in a legacy mission, evolved throughout this mission’s development. This means that at
the time a new project team want to reuse it, a more specialized product that ended in a more mature project
phase is received [20]. Usually, instead of committing valuable time to familiarize and customize the legacy
tool, the systems engineer decides to start from scratch and start the development of new mission-specific
scripts.

The profound shift towards the use of in-house scripts is very noticeable in the case of SOLab. In subsection 3.1.3,
its functionalities seemed to align greatly with the predefined needs in section 2.2. However, in a video call,
SOLab’s developer M. Costa clarified that the software had been fully deprecated in favour of analysis with
Python Notebooks with a heavy SPICE usage and visualization with Cosmographia. Over the years, the
accessibility to script-based M&S for non-developers has increased tremendously (especially with the large
adoption of Python and SpiceyPy, more in section 4.2). The paradigm has changed completely; developing
a mission-general tool or application is out of date, such tools inherently cannot cover all the specific (and
growing) needs of a mission.

The adoption of existing frameworks such as those described in subsection 3.1.5 appears to remain limited in
the context of system-level modelling and simulation (M&S) for space missions. Several possible reasons may
contribute to this, some of which are similar to those discussed above. Take for example Basilisk — being a
simulation framework instead of a library — might let it be perceived as complex or unintuitive, particularly by
users more familiar with the straightforward interfaces of standard Python libraries. Even basic tasks, such as
plotting or setting up a minimal simulation, may require considerable configuration effort. MATLAB-based
tools, tend to be more discipline-specific, especially used in the domains of orbit and attitude dynamics and
control. In the context of the mission’s systems engineer, the dynamics and control aspects are often covered
by specialized teams and used as inputs for requirement verification on a higher system level. Moreover, the
built-in models provided by packages such as PASEOS and Basilisk may not always align with the fidelity
requirements of a given mission. PASEOS prioritizes computational efficiency at the expense of detail (e.g.,
omitting attitude modelling), whereas Basilisk implements high-fidelity models in C++, which might reduce
transparency and ease of modification from the systems engineer’s perspective. Taken together, these factors
may help explain why system engineers frequently choose to build mission-specific simulations from scratch,
allowing for greater control, flexibility, and alignment with the specific objectives of their analysis. These
observations are supported by findings covered in the next subsection.

3.2.2. The System Simulator Concept

T. Nemetzade in her PhD dissertation, Characterization and Application of User-Centred System Tools as Systems
Engineering Support for Satellite Projects [21], identifies the same shortcomings of M&S tools in the space systems
engineering discipline as in subsection 3.2.1. She states that modelling and simulation tools are developed
using an ad-hoc approach. This means: modelling and simulation tools are mostly discipline-specific, created
from scratch, self-made, and employed in a short time period, rather than being system-oriented, reused, or
used over a longer period of time. The trend is usually due to factors like a tight time schedule (not allowing
for familiarization time) and limited usefulness of existing tools for their specific desired task. This leads to the
development of tools that have limited usefulness to other disciplines, do not allow for knowledge transfer
between phases and missions, and have a limited system-level application.

The dissertation introduces the System Simulator Concept (SSC), a novel approach to M&S aimed at overcoming
these existing weaknesses in projects. The core idea of the SSC is to integrate the user into the design and
development process of software solutions, following a user-centred design approach. The SSC serves as
a guideline for projects that aim to create and apply a system simulator to support Systems Engineering
activities. It systematizes the successful development approach and necessary characteristics of the simulator
end product.

Nemetzade’s study will act as a guideline in assuring the results of this thesis will be an effective tool in
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supporting SE activities across the mission development phases and disciplines (as specified in the project’s
needs in section 2.2). The SSC is structured around three main principles which the simulator must follow to
be considered an effective SSC-based simulator:

Principle I: Characteristics: the simulators built according to the SSC are designed to be: lean, adaptive,
transparent, and easily manageable; they focus on simulation of the system, rather than being limited to
single disciplines. Only essential models and functionalities are implemented; functionality is added based on
growing user needs throughout the mission lifecycle.

Principle II: Context of Use: the primary users of SSC-based simulators are systems engineers, with secondary
users being discipline experts. It is expected that users have a fundamental astronautical background, but
limited experience with M&S tools. The tool must be suited for a highly dynamic project environment, where
simulator development and familiarization time is limited.

Principle III: Implementation Principles:

e Principle III — a: Simulator Development Approach: the SSC advocates an iterative and user-centric
development approach. In short, this means assuring user satisfaction, while keeping employment
barriers as low as possible. This implies a need for continuous implementation of user needs, gradual
addition of user-specific, user-defined content, which does not overburden the users. Clear and
easy interfaces are key for manageable familiarization. Change requests and development activities
(specification, implementation and validation) must be streamlined to be handled in a timely manner.

¢ Principle III - b: Simulator Scope: The simulator must act as a complement to advanced discipline-
specific simulators. It must provide a system-level perspective by integrating essential elements from
multiple disciplines, modelling their cross-connections. Focusses on fundamental but comprehensive
system-level models instead of detailed but single discipline modelling.

¢ Principle III - ¢: Scheduling of SSC Implementation: It is recommended to start SSC implementation
in the early life cycle stages, to allow for evolution together with the project.

During the development of the proposed work in this thesis, the SSC principles will be used as guidelines.
They will be covered in the evaluation of the end product in the concluding chapter 7.

3.3. Objective & Research Questions

In this section, the previously stated needs of the systems engineer from chapter 2 are translated into a research
goal, informed by the observed shortcomings and established guidelines in the field of space system M&S in
chapter 3. Based on the trends observed in subsection 3.2.1 and supported by subsection 3.2.2, it is clear that
established tools with System Simulator (SS) capabilities, are discarded in favour of ad-hoc mission-specific
scripts. While the ambition to attempt the development of a single mission-agnostic SS can be compelling, a
different approach is pursued in this thesis. The chosen approach is to develop a generic toolkit that supports
the development of mission-specific SS’s, taking advantage of the observed preference in M&S instead. It shifts
the focus from developing a SS tool that is useful for all missions, to developing a generic foolkit that is useful
for developing mission-specific SS’s, facilitating the current status quo of in-house ad-hoc developments.

This approach is not novel; Von Hippel and Katz [23] formulated this approach as a way to transfer design
capabilities to users, by offering “toolkits for user innovation”. It shifts away from attempting to satisfy a
market’s ever-changing need, to outsourcing need-related innovation tasks to the users themselves, after
equipping them with the appropriate toolkit. This has shown to speed up the development of custom products
at a lower cost. The process was studied within the general field of product design, but in the field of space
systems engineering, which is saturated with effective application-specific toolkits (mostly employed in the
SOC and MOC), it seems to be missing in high level systems engineering in the scope of a project team.

In this work, it is theorized that a toolkit supporting the — presupposed — inevitable ad-hoc approach of M&S
activities of the systems engineer, could offer a practical and contemporary approach to the development of
mission-specific system simulators (SS’s). Instead of aiming to develop a SS that is useful for all missions. The
toolkit will be developed and used in a case study of a mission-specific SS development. The development
of the toolkit, its use in creating a SS, and its evaluation will be performed within the scope of the EnVision
project, starting from B2 implementation phase.

While the new approach may assure the method is applicable to multiple missions, a question remains as to how
the toolkit can offer simulators that remain relevant throughout the mission lifecycle, and effectively support
the end user (systems engineers). This is where the guidelines established by the SSC in subsection 3.2.2 come
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Figure 3.4: Graphical representation of the toolkit usage, implementation and evaluation.

into play. By making informed design decisions that follow the SSC principles, these properties can be more
confidently ensured and evaluated.

The chosen approach is illustrated graphically in Figure 3.4. To rephrase the approach in a more structured
way, the following three main components are defined:

1. The Toolkit will aim to be mission-agnostic by nature, providing only the most essential functionalities in
aiding the design and verification of a custom, mission-specific system simulator.

2. The System Simulator (SS) will be custom-built using the toolkit, and is mission-specific (in this case,
EnVision). The system simulator will house a configuration of the spacecraft system and allow simulating
models of its components and their interactions.

3. To Evaluate the approach in its ability to stay relevant and support the end user, the SS and the underlying
toolkit will be assessed on their adherence to the principles of the SSC.

The decision was made to constrain the development to a Python-based toolkit and SS’s. The majority of
existing ad-hoc system-level tools in ESA interplanetary projects are already developed in Python. This shows
the growing preference in using the language as a growing familiarity with Python is already common among
systems engineers. The descriptive nature of the language offers increased transparency on how models are
built. Also, the fact that Python is a programming language rather than a pre-packaged application, allows
for the maximum amount of flexibility and control. Note that transparency, flexibility and control, are key
principles of the SSC guidelines from subsection 3.2.2. The latter does also have a downside; flexibility is often
in a direct trade-off with accessibility and ease-of-use [21].

However, Python is not known for its high performance. A SS, by nature, must include multiple models into a
representation of the system as a whole. This often means performing many calculations in a short time span,
which can be computationally expensive. Careful design choices must be made to overcome this, limiting
flexibility and functionality, to benefit usability and performance. Besides, a necessary consideration is to
assess whether or not Python can offer the necessary functionality to support a SS development.

The Research Objective is as follows:
“Supporting spacecraft system-level analysis and verification, by developing a mission-agnostic Python-based toolkit,

designed to support the development of custom System Simulators; using EnVision as a hands-on case study of its
implementation in producing a viable System Simulator that adheres to the SSC.”
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To tackle the research objective, the following research questions and sub-questions have been formulated.
Answering these questions will provide a structured approach to the research, and will ensure the research
objective is met. The main research question is:

“How can a Python-based system simulator toolkit, support systems engineering activities of interplanetary scientific
orbiter missions from the preliminary definition phase and onwards?”

This research question is encompasses a broad development scope. To ensure the research remains focused,
the following sub-questions are defined. They will be answered in the course of the research, and will help to
structure the development of the toolkit and its evaluation:

SubQ-1: What general functionalities must the toolkit offer, in order for systems engineers to develop effective
system simulators, and which ones should it aim to exclude?

SubQ-2: What are the criteria for assessing the effectiveness of a system simulator developed with the toolkit?

SubQ-3:  What design choices are key in allowing the toolkit to be implemented in multiple interplanetary mission
projects?

SubQ-4: What design choices are necessary to ensure support across multiple mission phases and disciplines?

This concludes the research orientation phase. A solid baseline on ESA systems engineering process and the
current state of the art is set up. The objective of the research is defined, with the supporting research questions
in place. The approach taken in reaching the objective is scoped, based on a study on current trends observed
in the field of planetary space systems engineering, and backed by guidelines and principles established in
literature. In the next chapters, the methodology of the toolkit development, and its implementation in the
EnVision case study will be discussed.



PAS3 Development

This thesis proposes a newly developed toolkit called PAS3
(a Python toolkit for Accessible SPICE-based Spacecraft
Simulations). The toolkit is designed to support the de-
velopment of space mission simulators, with a high focus
on planetary missions. The toolkit is built in Python, and
can be used as a package import to be used in the user’s
own script when they require a simulation backend of the
system.

PAS3 wraps the SpiceyPy library, which provides a Python
interface to the SPICE Toolkit, into a more accessible object-
oriented, declarative interface. This provides the user with
an intuitive and Pythonic way to access SPICE data and
other system/environmental attributes in their own system
models. Moreover, PAS3 extends the SPICE functionalities
with built-in custom classes, omitting the need for the user
to manually set up SPICE-equivalent objects.

Figure 4.1: PAS3 repository logo.!

Section 4.1 discusses the design philosophy of the toolkit, its intended use, its scope and the solution space it
aims to cover. Section 4.2 introduces the SPICE Toolkit, its use and role within the toolkit. Within this work,
many SPICE jargon will be used, this section serves as an introduction to the SPICE Toolkit and its terminology.
In section 4.3, the functional and non-functional requirements of the toolkit are established. The resulting
toolkit’s architecture is presented in section 4.4, listing every module, their main functionalities and mutual
interactions. The chapter concludes with descriptions of verification activities of the toolkit in section 4.5.

4.1. Design Philosophy

In the previous chapter (more specifically section 3.3), the reasoning behind a toolkit approach, rather than a
stand-alone tool, was discussed. The supporting work on this approach also highlights the importance of the
so-called solution space in the development of a toolkit [23]. The solution space refers to the range of possible
product or service designs that users can create using a given toolkit. It represents the boundaries of what
is possible given the capabilities and constraints. The toolkit must be intentionally constrained to balance
user freedom and the complexity and performance of the toolkit itself. This subsection will establish these
constraints in functionality of the toolkit.

In the case of a Python-based toolkit for space mission simulations, constraining the solution space is especially
important. Python is a high-level scripting language, interpreted at runtime and not natively allowing
for multithreading. This makes Python a very accessible language, but also one that is not known for its
performance at runtime. Most simulator tools (section 3.1) are written in lower-level languages, such as C, C++
or JAVA, which allow for quicker execution of mission analysis. Selectively decreasing functionality of the
toolkit, in favour of optimizing the performance of the functionalities in the predefined solution space, is a key
design consideration to overcome performance concerns. The decision must be made based on the context in
which the toolkit aims to be used.

Figure 4.2 divides two distinct features of the toolkit: the left side shows the models that are integrated within
the toolkit, while the right side represents the models that are (deliberately) left out of the toolkit. The main
difference between these two is their mission-agnosticism.

I Al-generated using OpenAl ChatGPT
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Figure 4.2: Toolkit configuration (inputs) and solution space (desired “outputs”). The left side shows the models integrated within the
toolkit, configured by the user. The right side shows the models left out of the toolkit, which are built by the end user.
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Integrated models are deemed generic; their inherent model architecture is common across space systems, and
to provide the correct behaviour for a space system, the end user must only configure them correctly. General
models include:

¢ Spacecraft orbit.
* Celestial bodies: the spacecraft’s central body, the Sun, Earth, ...
¢ Ground stations on Earth.

¢ Geometries: spacecraft geometrical regions (side panels, solar arrays, antennae) or instrument fields of
view (more in subsection 4.4.5).

These models are generic in the sense that they have different configurations (e.g. orbits, central bodies and
instruments change between missions), but inherently are modelled the same way across different space
systems. They are integrated natively within the toolkit.

The models on the right are left out on purpose. Including them would make the toolkit not mission-agnostic
by design. These models are characterized by having an application-specific architecture; be it due to different
system/mission specifications (every spacecraft is different) or the required fidelity of the model (low fidelity
in early design, higher fidelity in more mature phases). These models must not only be configured, but are
expected to be built by the end user.

For example: a spacecraft’s thermal model can start off as a simple point-mass system, taking solar, albedo
and IR fluxes depending on the spacecraft’s position and computing the elementary thermal balance. This
model can be extended to include spacecraft attitude, individual faces, their view factors and thermo-optical
properties. Even more in-depth models could include event-based activity of other subsystems and their
heat dissipation, active/passive thermal control systems, and so on. It is clear that one single thermal model
cannot truly be mission-agnostic, as it must be tailored to the specific spacecraft design and development phase
requirements.

Requiring the custom development of such models, can be quite demanding from the end user. For this exact
reason, the toolkit was developed. The toolkit provides an intuitive and Pythonic interface to access space
system attributes and methods to ease the design of these custom models. Standardizing a select set of system
models within a simulation, requiring only their configuration, provides a balance between flexibility and
familiarization effort for the end user (the systems engineer). This approach is a direct interpretation of the
principles established by the SSC. It must be emphasized that the toolkit solution space is intended to include
the mission-specific system models it helps create, not their numeric outputs?.

To illustrate the model interaction between native toolkit models and custom models the toolkit aims to
achieve, a hypothetical Electric Power Subsystem (EPS) model is illustrated in Figure 4.3. The toolkit provides
a simulation environment with spacecraft and environmental attributes (positions, attitudes, etc.). The general

IRefer to Figure 3.4: the toolkit helps to make system simulators (SS) and their mission-specific models. The SS provides the deeper
system analysis functionality.
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Figure 4.3: Example of the Toolkit’s built-in Object classes and their interaction with a hypothetical custom Electrical Power Subsystem
(EPS) model of the spacecraft.

Geometry abstractions allow the user to define the spacecraft’s solar panels, with built-in methods to compute
the solar flux I received by the geometry. The number of solar arrays, their behaviour (how the solar flux
is transformed to power), and how the power distribution and storage is handled, is left to the end user to
implement in their mission-specific SS. The nature, architecture and required complexity is inherently mission
non-agnostic.

As mentioned before, the solution space of the toolkit must be constrained in advance for performance reasons.
The toolkit has been deliberately designed to exclude orbit propagation from its internal models. This can be
seen in Figure 4.2, where spacecraft orbit is treated as a configuration input, not a model. This decision stems
from both performance considerations and the specific context in which the toolkit is intended to be used. In
the context of the implementation phase of an ESA scientific mission, detailed orbit trajectories are established
by the Mission Operations Centre (MOC) and Flight Dynamics (FD) teams at ESOC. These are distributed via
standardized data formats such as: OEM (Orbit Ephemeris Message) files, and SPICE kernels. Recomputing or
propagating these orbits within the toolkit would not only be redundant for its intended application space but
also an inefficient use of Python’s computational resources.

Similarly, the toolkit shall not be intended for tasks like parametric optimization of orbits trajectory or science
return. These tasks are better handled by specialized tools/teams like the FD team, the mission performance
team and SOC respectively. While in the future, an orbit propagation module interface could be added to
the toolkit (e.g., GMAT, TUDat, Orekit), and the toolkit itself could be used to run observation windows and
science return optimizations, the current focus is to take these timelines as inputs, providing only the robust
framework for system-level simulations. The toolkit’s primary purpose is to support synchronous simulations
of the space system, extract design sizing parameters, verify system-level requirements, and interface with
other analysis and visualization tools.

In line with this design philosophy, state variables of surrounding celestial bodies are not computed dynamically
during simulation. Instead, they are extracted from SPICE kernels, which provide high-fidelity data on
planetary positions, spacecraft states, reference frames, and time systems. These kernels serve as the primary
input to the toolkit’s configuration (see the left side in Figure 4.2).

A special case within this configuration approach is the spacecraft attitude (divided between being an input and
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Figure 4.4: Graphical overview by NAIF of “ancillary data” stored in SPICE kernels [41]

solution model in Figure 4.2). While SPICE kernels can define attitude profiles, their availability and fidelity
depend heavily on the mission phase, and the mission itself. In early development stages, attitude information
may not yet be defined due to ongoing planning of science observations and communication windows. In later
stages, a reference attitude profile may be delivered via SPICE kernels. To accommodate this variability, the
toolkit supports both configuration from existing SPICE kernels and user-defined attitude modelling using its
internal tools. This dual approach ensures agile flexibility in early phases, and the possibility to have a more
optimized runtime with SPICE kernels in the more mature phases of the mission. A more detailed discussion
on SPICE kernels and their role in the toolkit is provided in the following section.

4.2. SPICE Toolkit

As briefly introduced in previous sections, the SPICE Toolkit is a software system developed by NASA’s
Navigation and Ancillary Information Facility (NAIF) to assist in the planning and analysis of space science
missions. It is a software system that provides a framework for computing observation geometry data, such as
positions, orientations, lighting angles, and field-of-view projections over time. This type of data is referred
to as “ancillary data”, which essentially represents supplementary information required to characterize the
geometry of an observation. While the main purpose of the SPICE Toolkit is to support planning and analysis
of space science observations, it is also very powerful serving as a back-end configuration for spacecraft system
simulators [40].

The SPICE Toolkit provides a framework to compute geometrical quantities (like occultation events, or line-of-
sight conditions) based on time-tagged ancillary data stored in kernels (standardized data files). Ancillary data
are typically sourced from spacecraft telemetry, mission control, hardware specifications, and scientific teams
as well as international organizations like the International Astronomical Union (IAU), which standardizes
certain reference frames and planetary constants. Different SPICE kernel types are used to store different kinds
of ancillary data. The file types are summarized below, and are also illustrated in Figure 4.4.

* SPK (Spacecraft Planet Kernel) files contain ephemerides (position and velocity) for everything that
moves. This includes: spacecraft, planets, satellites, comets, asteroids, and also moving or fixed spacecraft
and instrument structures.

* PCK (Planetary Constants Kernel) files contain physical, dynamical and cartographic constants for target
bodies like: size, shape, orientation of the spin axis and prime meridian. Orientation models for natural
bodies can also be stored in binary PCK files.
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¢ IK (Instrument Kernel) files contain instrument parameters like its shape and FOV, and internal timing
parameters.

* CK (C-matrix Kernel) files contain time-varying orientations for spacecraft, spacecraft structures, and
articulating science instruments.

¢ DSK (Digital Shape Kernel) files contain detailed shape models for extended objects, such as planets,
moons, asteroids, or spacecraft components. DSKs are used for higher-resolution surface and topography
data.

e LSK (Leap Seconds Kernel) files contain the leap seconds and the values of other constants required to
perform a transformation between Universal Time Coordinated (UTC) and Ephemeris time (ET), also
known as Barycentric Dynamical Time (TDB).

® SCLK (Spacecraft Clock Kernel) files contain on-board clock calibration data required to perform a
transformation between Ephemeris time (ET) and spacecraft on-board time.

¢ FK (Frame Kernel) files define reference frames and their relationships within the SPICE system. They
provide the necessary information to establish how different frames are oriented and connected, including
mounting alignments for spacecraft and instrument frames.

¢ MK (Meta-Kernel) files list sets of related SPICE kernels that should be used together. Instead of having
to load individual kernels in the right order, a meta-kernel allows users to load a single file that specifies
all the necessary kernels for a particular analysis or mission phase.

The SPICE Toolkit is available in Fortran 77 and C, with NAIF official wrappers for MATLAB, IDL, and Java
Native Interface. Community-contributed interfaces extend SPICE functionalities to other environments like
Python, Ruby, Swift, Julia and even the Unreal Engine 5 game engine. The emergence of the open-source Python
SPICE wrapper SpiceyPy [42] a few years ago, has significantly increased the accessibility of SPICE for Python
developers, likely explaining the shift towards SPICE-based Python notebooks observed in subsection 3.2.1.
This wrapper will be used heavily in the toolkit environment.

Although SPICE is mature and well-documented, it has a steep learning curve. Users must be familiar with
spacecraft coordinate systems, time systems, SPICE’s numerous file formats and terminologies. The Toolkit’s
semantics are not inherently descriptive, and certain methods and outputs rely on the user’s background in the
conventions established in SPICE’s required reading material. Multiple SPICE training courses are provided
by agencies like ESA and NASA for this exact reason.

Additionally, SPICE follows a procedural approach, requiring users to manually integrate routines into their
programs. This provides ample functionalities for the Toolkit’s intended use, but can be cumbersome for users
who are more accustomed to object-oriented approaches of integrating libraries. While SPICE excels as a robust
backend for established missions with fixed parameters, the kernels are not inherently agile in use. They are
not intended to be modified easily (serving as a standard to be used as input, not necessarily as variable) and
changing parameters like attitude or instrument configurations dynamically during runtime is not supported.

SPICE offers a robust foundation for the toolkit under development, enabling fast and high-fidelity geometric
computations. However, for increased flexibility in analysis (particularly in early-implementation design
activities) an object-oriented architecture in Python is desirable to support more agile, system-level simulations.
This architectural consideration should be incorporated into the development process of the resulting toolkit.

4.3. Toolkit Requirements

To ensure the toolkit effectively supports the systems engineering process for planetary space missions, a
clear set of requirements has been defined. They flow down from the objective established in section 3.3
and the design philosophy outlined in section 4.1. Many of these requirements also stem from guidelines
established by the SSC in subsection 3.2.2, which should ensure the end product can be adopted as an effective
system simulator toolkit. In subsection 4.3.1, the functional requirements of the toolkit are summarized, while
subsection 4.3.2 describes the non-functional requirements.

4.3.1. Functional Requirements

Functional requirements specify the essential capabilities and behaviours that the toolkit must provide to
fulfil the needs and expectations of its users. They define what the system should do, describing its functions,
features, and interactions with users or external systems. Clearly defined functional requirements are crucial
for guiding the development process, ensuring that the software delivers the intended value and meets its
operational objectives, following predefined guidelines. The Functional requirements and their reasoning of
the toolkit are summarized in Table 4.1.
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Table 4.1: Functional toolkit requirements

tools to configure user-defined objects compatible with
the SPICE-configured simulation instances for:

¢ Ground stations
* Spacecraft Attitude

* General spacecraft geometries like panels (radiators,
spacecraft faces, solar panels, antennae, etc.) and
(unconventional) instrument fields of view (SAR,
coronagraphs, etc.).

ID Description Reasoning
SPICE Kernel Management:
TK-F-1.1 | The toolkit shall provide a way to load and use SPICE Chqice of using SPICE kel"nels in
kernels’ data. section 4.2 as an ephemerides-based
method state determination. Need
TK-F-1.2 | The toolkit shall provide methods to list kernels and | for making data more accessible and
their stored ephemerides bodies or frames. user-friendly for the end-user (SSC
TK-F-1.3 | The toolkit must assign time coverage of loaded kernels principle II).
to a simulation instance.
Simulation environment:
TK-F-2.0 | The toolkit shall provide instances of configurable sim- Er}su'res the P qssibility tolcreate a
ulation environments to run synchronous simulations mlss.1on—spec1f1c system simulator
of assigned actor’s states. (section 3.3)
Simulation Modularity:
TK-F-3.0 | The toolkit shall allow the user to add custom callable | In adherence to SSC principle I and
models to the simulation environment, providing an | the toolkit solution space in sec-
interface to pass arguments to integrated custom models | tion 4.1.
at time changes.
Actor Configuration:
TK-F-4.0 | The toolkit shall provide SPICE-configurable object
instances of (multiple): Use of SPICE in configuring standard
e Spacecraft space system simulator objects
. ) (section 4.1). A system simulator
* Celestial bodies must aim to model the system as a
e Ground stations whole, calling for interdependency
between simulated instances.
¢ Instruments
Inheriting state-dependent attributes and methods.!
Configuration Agility:
TK-F-5.0 | The toolkit shall provide the user with the necessary Need for agility and flexibility in

early design-centric phases
(adherence to SSC principles I and
III-c). SPICE toolkit may offer
ground station, attitude and
instrument geometrical descriptions,
but kernels might not be present
(yet). Also, more general spacecraft
properties like geometries and
subsystems are not supported and
need to be configured separately
(section 4.1)

TExample: an instrument instance is associated to a parent spacecraft instance; its FOV visibility methods’ outputs are heavily dependent
on the state of the parent spacecraft’s and loaded celestial bodies’ states in the simulation.
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ID Description Reasoning
Actor State Management:
TK-F-6.1 | The toolkit shall provide methods to update the state The t°91kit must p rovidg an
(i.e. relative positions, velocities, orientation, visibilities, acces,51ble way of extractlpg an
distances, angular separations, orbital parameters) of actor’s state througfllout time
the actors in the simulation environment. (section 4.1). SPICE's state
extractions require input parameters
like epoch, observers, aberration
TK-F-6.2 | The toolkit shall provide a method to configure global | correction, frames of reference,
settings of each simulation environment in the calcula- | which can be standardized in the
tion of these actor’s states. simulation environment.

4.3.2. Non-Functional Requirements
The non-functional requirements of the system are defined as the quality constraints that the system must
satisfy to enhance the overall user experience. These requirements focus on how the system performs rather
than what it does.

The non-functional requirements of the toolkit are summarized in Table 4.2. These requirements are derived
from the SSC principles, the current trends in system-level modelling and simulation, and the needs of the end
users as discussed in section 2.2.

Table 4.2: Non-functional toolkit requirements

ID Description Reasoning
Usability:
TK-NF-1.1 | The toolkit shall provide comprehensive documenta- Rqu%remer}ts tq dec.r case
ton. familiarization time in utilizing the
SPICE toolkit in Python scripts and
TK-NF-1.2 | The toolkit shall provide descriptive attributes, meth- | notebooks (high importance for SSC
ods, properties and error messages. Principle IT and II-a).
TK-NF-1.3 | The toolkit shall limit required input parameters for
integrated SPICE functions by providing configurable
defaults.
TK-NF-1.4 | The toolkit shall provide examples and tutorials.
User-Agency: Integrated loops decrease .
transparency and control. Aim for
TK-NF-2.0 | Toolkit simulations must be integrable in external | yser-driven architecture to be used in
event loops, using stepwise execution by the user, | the current scripts and notebooks
rather than self-contained, internal simulation loops. | (subsection 3.2.1) and giving the user
control in addressing their needs
(SSC principle I).
Object-Oriented:
TK-NF-3.0 | The toolkit shall be developed in Python, following | subsection 3.2.1 and SSC Principle I.
object-oriented programming (OOP) principles, and
provide a Pythonic interface to the user.
Mission Agnostic:
TK-NF-4.0 | The toolkit shall not be tailored to a specific mission | Ensures adaptation and reusability to
or spacecraft design and does not include spacecraft- | other planetary missions as covered
specific models. in section 2.2 and SSC Principle III-a.
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4.4. Toolkit Architecture

The toolkit will be developed as a Python package with a structured architecture, distributing its functionalities
across multiple modules. Within these modules, the toolkit stores class blueprints to be used as object-oriented
building blocks for the user’s mission system simulator. Six main types of class blueprints are provided by the
toolkit; they are listed below, as well as their use case.

¢ The Simulation instance — provides functionality in loading and interpreting SPICE kernels, managing
simulation time in the user’s execution loops, updating the state of the actors in the simulation, and
configuring default simulation parameters.

* The Spacecraft actor — main focus of the toolkit, offering extensive functionalities in extracting the
spacecraft’s time-dependent state within its environment. Does not inherently offer models of the
spacecraft subsystems, only geometrically-linked parameters.

® The Celestial Body actor — offers state variables of celestial objects like planets, asteroids, comets, moons
or the Sun. One must be configured as the spacecraft’s central body.

* The Ground Station actor — provide methods for determining and configuring visibility with one or
more spacecraft. Use for power and communication models.

* The Geometry objects — An abstract class representing “regions” of space moving with the spacecraft
actor including different shapes of instrument fields of view (FOV’s), rays and hemispherical regions
(like a single face of a plane). Used for extracting orientation-coupled visibility conditions.

Notice that these blueprints do not offer a complete architecture of a space mission as a whole. This stems from
the need to make this toolkit mission-agnostic. The objects above offer generic models, usable to all missions as
they aim to only provide unambiguous object representations. The blueprints are building blocks to speed up
the development of more analysis-driven models. They must be viewed as inputs rather than outputs. For
example: a solar panel might be considered a generic attribute of a space mission; however, different methods
with different fidelities exist in modelling the panel. Implementing one model would impose assumptions
and limitations that may not align with the needs of a specific mission, reducing flexibility and reusability.
Rather, an unambiguous model of a geometrical plane can be a useful input to this custom solar array model.
This way, the user can focus on modelling the solar panel’s behaviour, and let the toolkit offer the needed
time-dependent inputs like: spacecraft orientation, eclipse windows, solar angle of incidence on the plate, and
the solar flux at the panel location.

The package’s architecture is illustrated in Figure 4.5. Notice that the modules are divided into three categories:
the Simulation module, modules containing spacecraft system description classes, and modules containing
auxiliary information about the environment around the spacecraft (celestial bodies and ground stations). To
set up a simulation, the minimum required configuration is to create a simulation instance and a spacecraft
actor. The other modules are optional, but can provide useful functionalities for the system simulator.

The modules containing the actor classes from the list above are connected directly to the simulation instance
(spacecraft, celestial bodies, and ground stations). Their states are automatically updated when the simulation
time is changed. Within the spacecraft system, the geometry module is connected to the spacecraft actors
directly, allowing the user to configure spacecraft-specific geometries and help generate models of the spacecraft
subsystems.

In this chapter, each of the modules and classes will be discussed in more detail, covering their purpose,
functionalities, and how they fit into the overall toolkit architecture. The simulation base class is covered in
subsection 4.4.1, celestial bodies in subsection 4.4.2, ground stations in subsection 4.4.3, the spacecraft class in
subsection 4.4.4, and geometrical objects in subsection 4.4.5.

4.4.1. Simulation Base Class

The simulation base class is the core utility class of the toolkit for usage in the user’s execution loops. It is
responsible for managing the simulation time, which is inherited by all actors associated to the simulation
instance.

The utility of the simulation base class can be divided in three categories:

1. SPICE Kernel Management: loading SPICE kernel and automatically extracting useful metadata, helping
the user to configure their simulation scripts.

2. Simulation Time Management: managing the simulation time across all associated actors, updating
their states when the time is changed.
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Figure 4.5: Toolkit module architecture

3. Simulation Configuration: providing methods to configure default simulation parameters to be used
within the methods of actors associated to the simulation instance.

4. Model Wrapping: providing an interface to add custom callable models to the simulation environment.

A typical script with PAS3 usage starts with creating a simulation instance and loading the necessary SPICE
kernels of the mission. Listing 1 shows an example of how to create a simulation instance with the (optional)
input arguments of the SPICE kernel paths, start time and end time. Time formats accepted are various Coordinated
Universal Time (UTC), Julian, calendar strings (like “YYYY-MM-DDTHH:MM:SS” or “YYYY month DD,
HH:MM:SS”), Barycentric Dynamical Time (TDB) seconds past J2000, or a Python datetime object. This uses
the underlying SPICE (SpiceyPy) routines , and to convert the input time formats
to Ephemeris Time (ET), TDB seconds past J2000 which is the time format used internally in the simulation
and its actors.

It is recommended to initialize separate simulation instances if simulating multiple actors with different time
coverages in their state data, using different time steps in the same script or different default configuration
parameters. Loading SPICE kernels in one simulation instance does not prevent other simulation instances
from using the same kernels. SPICE kernels are loaded in a global kernel pool in your system’s memory; if
at some other point in the user’s script, another simulation instance is created, the same kernel pool will be
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import pas3 as p3

# PAS3.Simulation

sim = p3.Simulation(
kernel_paths=["path/to/lsk_file.tls", "path/to/spk_file.bsp”, ...], # paths to kernels
start_time="2002-02-04T08:30:00", # (optional) simulation start time
end_time="2025-08-21T12:17:15", # (optional) simulation end time

)

Listing 1: Example of a simulation instance creation and SPICE kernel loading

used. However, the simulation instances have internal logic to store time coverages as utility for the user’s
simulation loops. It is therefore recommended to use separate simulation instances with separate SPICE
kernels if different time coverages are required, or if different default configuration parameters are needed.

If the optional input arguments start time and end time are not specified, the simulation instance will automatically
set the start and end times to the shortest coverage of all loaded SPK actors in the simulation instance. The
start and end times are attributes to control the simulation’s behaviour in the user’s execution loops. When the
simulation time is outside the configured start and end times interval, the simulation instance will be set to

, and actors’ states will stop updating. This prevents the script from raising SPICE coverage
errors, and results in more robust and clean simulation loops.

An example of the minimal setup of a simulation instance (i.e. providing a SPICE MK and no start and end
time) is shown in Listing 2. When a new simulation instance is created, the loaded SPICE kernels are listed,
and the simulation instance is automatically configured with the earliest start time and latest end time of the
loaded SPK data.

import pas3 as p3

# = PAS3.Simulation - minimal setup using SPICE MK
sim = p3.Simulation("envision_kernels/mk/envision_study_et1_2031_north_voi_ml0@14.tm")

Outputs:

Total number of loaded kernels: 18

KERNEL : TYPE: NAME :

Kernel 1 Text MK envision_study_et1_2031_north_voi_ml@14.tm

Kernel 2 Text FK envision_v@3.tf

Kernel 3 Text FK estrack_vo4.tf

Kernel 17 Binary SPK EnVision_ET1_2031_NorthVOI_ML@14_340611_380817_v@1.bsp
Kernel 18 Binary CK EnVision_ET1_2031_NorthVOI_ML@14_v0@1.bc

The simulation is temporally bound by the loaded SPK data of 'ENVISION' (NAIF CODE: -668).
Coverage: 2031-11-21T04:05:34.060 to 2038-08-17T13:14:28.003.

No start time given.
Setting the simulation start time to 2031-11-21T04:05:34.060

No end time given.
Setting the simulation end time to 2038-08-17T13:14:28.003

Listing 2: Example of setting up an PAS3 simulation instance for the EnVision mission, loading a SPICE MK file without providing start
and end time.
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The simulation base class provides a set of methods to let the user more easily extract data from the simulation
instance. This is useful to help the user configure the other actors covered in the next sections. The method

lists all the loaded SPICE actors with positional (and possibly velocity) data in the
loaded kernels (see Listing 3). The method provides a way to extract the coverage of
each loaded actor (see Listing 4). Similar functionality is also provided for reference frames and actors with
attitude stored in CK files. Using these methods, the user can easily find the NAIF code and name of the actors,
check if they are loaded, and use them in configuring their PAS3 representations.

Conventional SPICE metadata extraction methods for binary kernels conventionally require command-line
executable programs (like brief and ckbrief), or multiple SpiceyPy functions to run in sequence. The built-in
SPICE kernel management methods of the simulation base class provide a more user-friendly way to understand
the loaded SPICE data and use it.

sim.list_loaded_spk_actors()

Outputs:
--- Listing Actors stored in SPK files: ---
NAIF CODE NAME : SPK FILE:
1 MERCURY BARYCENTER de432s.bsp
2 VENUS BARYCENTER de432s.bsp
3 EARTH BARYCENTER de432s.bsp
4 MARS BARYCENTER de432s.bsp
5 JUPITER BARYCENTER de432s.bsp
6 SATURN BARYCENTER de432s.bsp
7 URANUS BARYCENTER de432s.bsp
8 NEPTUNE BARYCENTER de432s.bsp
9 PLUTO BARYCENTER de432s.bsp
10 SUN de432s.bsp
199 MERCURY de432s.bsp
299 VENUS de432s.bsp
301 MOON de432s.bsp
399 EARTH de432s.bsp
398990 NEW_NORCIA estrack_ve4.bsp
398991 NEW_NORCIA_2 estrack_ve4.bsp
399500 KIRUNA1 estrack_v@4.bsp
-668 ENVISION EnVision_ET1_2031_eON_LPO_ML@O14_311121_330522_v@1.bsp
-668 ENVISION EnVision_ET1_2031_NorthVOI_ML@14_340611_380817_v0@1.bsp

Listing 3: Example of listing the loaded SPK actors in the simulation instance (truncated for readability).

sim.get_spk_coverage(-668)

Outputs:

--- SPK coverage for 'ENVISION' (NAIF CODE: -668): ---

'"EnVision_ET1_2031_eON_LPO_MLO14_311121_330522_v0@1.bsp' coverage:
Start: 2031-11-21T04:05:34.060
Stop: 2033-05-22T03:00:31.375

'"EnVision_ET1_2031_NorthVOI_ML@14_340611_380817_v0@1.bsp' coverage:
Start: 2034-06-11T13:22:36.569
Stop: 2038-08-17T13:14:28.003

Listing 4: Example of coverage extraction for a loaded SPK actor (EnVision in this case).

Besides loading SPICE kernels, the simulation base class provides methods designed to be used within
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simulation loops. The actors in the following sections must always be assigned to a simulation instance, as they
inherit the simulation time and configuration parameters from this instance. Every spacecraft and celestial
body actor has internal functions to update their state ( ) to store default state variables as class
attributes. At every simulation time change, these functions are called for every assigned actor. The method
advances the simulation time by a time step dt (in seconds), and the method
sets the simulation time to a specific time. These methods are intended to be used in the user’s execution loops.
Additionally, a progress bar from the library can be added to follow the simulation progress. An example
is shown in Listing 5.

# Optional: set the simulation time before starting the simulation loop.
sim.set_time(some_start_time)

# Optional: add a progress bar
sim.add_progress_bar(dt)

while sim.active:
# ===
# User's execution loop.
# Add analysis code here.
#

# Advance the simulation time by a time step dt:
sim.advance_time(dt)
# Loop will stop when the simulation time exceeds the configured end time.

Listing 5: Example of a simulation instance’s use in a user’s execution loop.

As mentioned in section 4.2, the SPICE toolkit is a procedural toolkit; this means it provides the user with
functions to extract geometrical state data from globally loaded kernels. These functions often require multiple
input parameters. Take for example the CSPICE routine (in SpiceyPy: ), which takes
as input arguments:

: name or NAIF ID of the first target body.
: shape model of the first target body.
: name of the body-fixed reference frame of the first target body.

: name or NAIF ID of the second target body.
: shape model of the second target body.
: name of the body-fixed reference frame of the second target body.
: aberration correction flag to be applied.

: name or NAIF ID of the observer body.
: observation epoch in ET (seconds past J2000).

The routine outputs an integer between -3 to 3, indicating the occultation state between the two target bodies
as seen from the observer at the specified epoch. -3 represents a total occultation of target 1 by target 2, -2
an annular occultation, -1 a partial occultation, 0 no occultation. Flipping the signs flips the targets. This
routine offers a very procedural approach to extracting occultation information; it requires some knowledge of
SPICE conventions, namings, frames shape models, and aberration corrections. Often, in system-level mission
analysis, the interest is simply on whether the spacecraft is eclipsed or its line of sight with a ground station
is not obstructed. PAS3 aims to provide the user with a more object-oriented approach with methods like

, automatically using the given object’s attributes, spacecraft’s occulting bodies” attributes
as input parameters, and the simulation’s default configuration parameters (like aberration correction and
occultation tolerance) to provide a more user-friendly solution. PAS3 automatically checks the number of
occulting bodies to consider (Earth-eclipses around a Jovian moon would consider both the host moon, Jupiter
and the Sun as occulting bodies), assigns their body-fixed frames and shape models (ellipses or points) based
on distance. The user can configure the tolerance that defines an “eclipse” using the simulation base class

method.
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Similarly, the user can configure parameters to be used simulation-wide, like SPICE’s aberration correction (light
time and stellar aberration corrections for apparent positions) and a default inertial reference frame for state
outputs, and the solar constant to be used. This is done using the methods ,

and . Configuring these default parameters reduces
the number of input parameters required, making the object-oriented state extraction methods more straight-
forward and less procedural.

The final use of the simulation base class is the method. This method provides a
way to add a callable function (i.e. a user-defined model) to the simulation instance. The custom model will be
called at every time change and is intended to update dynamic attributes assigned to the simulation’s actors or
custom class objects in the user’s script. This provides a way to include project-specific models in the base
configuration file of the simulation, without the need for other project contributors to manually call these
models in their own execution loops in their analysis scripts. Required input arguments of the custom models,
once added, are inherited by the simulation instance’s and methods.
The inclusion of custom models will be explored in more detail in chapter 5.

All methods and properties of the simulation base class are summarized in Table A.1 in Appendix A. For class
attributes, the code documentation must be consulted.

4.4.2. Celestial Body Object

The CelestialBody class represents a celestial body in the simulation. This can be a planet, moon, asteroid,
comet, or the Sun. When initializing a spacecraft, one celestial body must be assigned as the spacecraft’s
central body. PAS3 automatically initializes its central body as a CelestialBody object as well (host planet for
moons, the Sun for planets). Ephemeris data, reference frames and constants for the celestial bodies are stored
in SPK, FK and PCK kernels. The standard kernels provided by JPL NAIF (like “development ephemerides”
deNNN.bsp and outerplanets_vINNN.bsp for planetary ephemeris data with N being the version number)
cover all major celestial bodies in the solar system and are regularly updated. This makes the initialization of
celestial bodies in PAS3 very straightforward, as long as the necessary kernels are loaded in the simulation
instance. In Essence, the CelestialBody class is a wrapper around SpiceyPy functions to extract the body’s state
and physical parameters straightforwardly.

The CelestialBody class stores general attributes (mass, gravitational parameter, shape) and provides methods to
extract the body’s position and velocity relative to its parent body, the spacecraft, or any other body in the
simulation. It also provides methods to extract the body’s orientation (body-fixed rotation matrix) relative
to the default frame of the simulation or a custom one. Methods for extracting the body’s apparent limb
from an observer distance are also provided. It mostly serves as a utility class to provide the Spacecraft
class with the necessary state data of its central body and other occulting bodies in the simulation, for more
spacecraft-oriented methods (ground track, albedo, body-fixed position, etc.).

An example of initializing a CelestialBody instance of the Jovian moon Ganymede is shown in Listing 6. The
only required input argument is the name or NAIF ID of the body and the simulation instance it is associated
to (for automatic state updates). The necessary SPICE kernels (LSK for time conversions, SPK for inner solar
system and outer solar system ephemeris data, FK for non-default Jovian moon SPICE reference frames, and
PCK for planetray constants) must be loaded in the simulation instance.

All methods and properties of the CelestialBody class are summarized in Table A.2 in Appendix A. For class
attributes, the code documentation must be consulted.

import pas3 as p3

i PAS3.Simulation ===
sim = p3.Simulation(["naif@@12.tls", "de432s.bsp”, "jup365_19900101_20500101.bsp",
~ "rssdeee2.tf", "pckeee1e.tpc”,"gm_de431.tpc"])

# PAS3.CelestialBody ==
Ganymede = p3.CelestialBody(
naif_name_or_code="GANYMEDE", # Ganymede's NAIF name or code (503)
simulation=sim # PAS3 Simulation object to assign the body to
)

Outputs:
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Total number of loaded kernels: 6

KERNEL : TYPE: NAME :

Kernel 1 Text LSK naifee12.tls

Kernel 2 Binary SPK de432s.bsp

Kernel 3 Binary SPK jup365_19900101_20500101 .bsp
Kernel 4 Text FK rssdoee2. tf

Kernel 5 Text PCK pck@0010. tpc

Kernel 6 Text PCK gm_de431. tpc

Loading central body JUPITER (599) for GANYMEDE (503).

Loading central body SUN (10) for JUPITER (599).

--- Initialized the Sun ---

--- Initialized the Planet 'JUPITER' as celestial body with central body 'SUN' ---

--- Initialized the Satellite 'GANYMEDE' as celestial body with central body 'JUPITER' ---

Listing 6: Example of setting up an PAS3 Celestial Body instance of the Jovian moon Ganymede, automatically initializing additional
occulting bodies (truncated for readability).

4.4.3. Ground Station Objects

Another utility class in the PAS3 toolkit is the GroundStation class. This class represents an Earth-based ground
station in the simulation. The SPICE toolkit offers purely geometric ground station functionality, specifying the
station’s position in SPK files and frame transformations in FK files. There is no inherent “visibility” function,
the SPICE toolkit offers a set of low-level functions to extract the position of an SPK-based actor relative to a
ground station’s topocentric frame of reference. The topocentric reference frame is a non-inertial local horizon
frame, with the z-axis pointing upwards (normal to the geodetic surface), the x-axis pointing towards the local
north, and the y-axis completing the right-handed frame (see Figure 4.6) [43].

PASS3 offers two class blueprints for setting up ground-
stations. The parent GroundStation class is inaccessible
for users to configure; instead, the user must choose
between initializing a ground station using SPICE
kernels (using the SpiceGroundStation child class) or
a custom ground station using geodetic coordinates
as input parameters (using the CustomGroundStation
child class). The custom ground station is partially — /  __..f--r-mom
SPICE-based, using Earth’s shape, relative position-
ing and rotation with the help of SPICE routines.
Positioning the ground station, topocentric frame
transformations and local horizon calculations are
performed internally.

Y

Both SpiceGroundStation and CustomGroundStation Prime Meridian
classes provide the same methods to extract vis-
ibility information with one or more spacecraft
(or even celestial bodies). The main method

1S which re- Figure 4.6: Ground station’s topocentric reference frame positioned
turns a boolean indicating whether or not the ground  on an ellipsoidal Earth with geodetic longitude /A and latitude ¢,
station has line of Sight with the given object. Local positioned at an altitude / above the reference ellipsoid.

azimuth and elevation angles of objects w.r.t. the

station can be extracted, as well as its topocentric direction vector. As the SPICE toolkit does not provide
inherent visibility functions, PAS3 automatically sets a minimum elevation angle of 5° [44] over the local
horizon for the visibility flag as a conical visibility mask. However, a custom visibility mask may be configured
by the user as a function taking azimuth and elevation angles as input parameters, returning a boolean visibility
flag. This can be done using the method . This way, the user can implement
custom visibility masks based on local terrain, obstacles, or other site-specific constraints.
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A ground station’s reference frame has a fixed position and orientation w.r.t. the Earth’s body-fixed rotating
frame. SPICE offers built-in body-fixed reference frames for major Solar System bodies defined by the
International Astronomical Union (IAU), like "IAU_EARTH" for Earth and "IAU_VENUS" for Venus. However,
these frames do not account for polar motion, true sidereal time, precession and nutation effects. It is generally
recommended to use high-accuracy terrestrial SPICE rotation models when working with the Earth [45].

The default body-fixed frame used in the GroundStation classes is the “EARTH_FIXED” frame, which is an alias
for the body-fixed terrestrial frame for either the high-accuracy “ITRF93” or lower-accuracy “IAU_EARTH”
frame, depending on the loaded FK alias kernel. The GroundStation class has the optional input parameter

to specify the body-fixed frame to be used. This allows the user to prioritize either accuracy
or execution speed. When using a high-accuracy orientation frame, this frame must be loaded as a binary
SPICE PCK file before initializing a ground station object.

import pas3 as p3

# PAS3.Simulation
sim = p3.Simulation(["naif@@12.tls", "de432s.bsp”, "estrack_v@4.bsp”,"estrack_ve4.tf",
- "pckoo10.tpc”, "earth_000101_251120_250825.bpc"])

# == PAS3.SpiceGroundStation - (2 input arguments)
NewNorcia = p3.SpiceGroundStation(
naif_name_or_code="NEW_NORCIA", # New Norcia's NAIF name or code (398990)
simulation=sim # PAS3 Simulation object to assign the station to
)
# = PAS3.CustomGroundStation - (6 input arguments)
CustomNewNorcia = p3.CustomGroundStation(
name="Custom New Norcia station”, # Name of the ground station

simulation=sim, # PAS3 Simulation object to assign the station to
longitude=116.19, # Geodetic longitude [°]
latitude=-31.05, # Geodetic latitude [°]
altitude=0.252, # (optional) Altitude above the Earth ellipsoid [km]
earth_fixed_frame="ITRF93" # (optional) Earth body-fixed SPICE frame to use
)
Outputs:

Total number of loaded kernels: 7

KERNEL : TYPE: NAME :

Kernel 1 Text LSK naifoe12.tls

Kernel 2 Binary SPK de432s.bsp

Kernel 3 Binary SPK estrack_ve4.bsp

Kernel 4 Text FK estrack_vo4.tf

Kernel 5 Text FK earthfixeditrf93.tf

Kernel 6 Text PCK pck00010. tpc

Kernel 7 Binary PCK earth_000101_251120_250825.bpc

--- Initialized a SPICE-defined ground station 'NEW_NORCIA' at longitude 116.19146780000001°
— and latitude -31.0482254° inside EARTH_FIXED frame ---

--- Initialized a custom ground station 'Custom New Norcia station' at longitude 116.19° and
— latitude -31.05° inside ITRF93 frame ---

Listing 7: Example of setting up PAS3 ground station instances for the New Norcia deep space ground station using both the
SpiceGroundStation and CustomGroundStation classes (truncated for readability).
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In Listing 7, an example of initializing a ground station for the New Norcia deep space ground station is
shown. The first instance uses the SpiceGroundStation class, using the SPICE-defined name “NEW_NORCIA”
(NAIF ID: 398990) as input parameter. The second instance uses the CustomGroundStation class, specifying the
geodetic coordinates of the station and using the high-accuracy ITRF93 terrestrial frame (equivalent to the
default “EARTH_FIXED” frame alias used in the first instance). The necessary SPICE kernels are loaded in
the simulation instance (LSK for time conversions, SPK for planetary ephemeris data and ESTRACK ground
station positions, FK for ground station topocentric frames and the “EARTH_FIXED” association alias, and
PCK files for Earth’s shape and “ITRF93” high-accuracy binary orientation model).

All methods and properties of the GroundStation classes are summarized in Table A.3 in Appendix A. For class
attributes, the code documentation must be consulted.

4.4.4. Spacecraft Object

The main focus of the PAS3 toolkit is the Spacecraft class. This class represents a spacecraft in the simulation. It
holds the main functionalities of the toolkit, aiming to serve as a foundation in system modelling and simulator
scripts. The class blueprint holds ... main functionalities:

1. State accessing: providing methods and properties to access the spacecraft’s state and derived orbital
parameters.

2. Attitude handling: providing methods to configure the spacecraft attitude and access spacecraft
body-fixed frame transformations.

3. Visibility analysis: providing methods to check visibility with ground stations and celestial bodies for
occultation and eclipse events.

The Spacecraft class is designed to provide descriptive methods to access the spacecraft’s state and derived
parameters. This is to improve accessibility to integrate a spacecraft mission simulation as a solid backend of
system and mission analysis scripts. The object-oriented approach, together with informed initial configurations
of default parameters, frames and celestial bodies provide minimal input parameters to the user, reducing the
procedural complexity of using the SPICE toolkit directly.

When it comes to accessing the spacecraft’s state, its position is naturally the most basic attribute. In PAS3, the
spacecraft’s position (and velocity) is based on its ephemeris data stored in SPK files, accessed with the help
of the SpiceyPy routine: , the Spacecraft class
wraps this routine in the method , internally filling input arguments with existing object
attributes (like targ=spacecraft’s NAIF name, et=simulation time, abcorr=simulation’s aberration correction
setting). The reference frame input argument is optional, defaulting to the simulation’s inertial reference frame
(equivalent to the simple attribute). Within PAS3, the spacecraft position and velocity
are always expressed with respect to its central body. The central body can be reconfigured using the method

For classical orbital parameters, the Spacecraft class calls the SpiceyPy routine

internally, which outputs an extended set of classical conic elements (11 output elements) using internal energy
and momentum calculations. To stay in line with the minimal OOP approach for PAS3 while minimizing the
effect on execution performance, every conical element gets assigned its own property and the underlying
routine is called once when the user accesses a conical property. The conical elements are only recalculated
when the simulation time (and thus the spacecraft’s state) advances and the user calls a conical property. In
order to get orbital elements, the spacecraft’s central body must have a gravitational parameter initialized in its
PCK or manually (with

Additionally, the class provides methods to access relative positions, directions and distances to other actors of
the simulation instance. This can be done with respect to other Spacecraft, CelestialBody or GroundStation classes
in any given SPICE reference frame (internal methods solve CustomGroundStation’s SPICE compatibility). Some
positions, directions and distances are standardized and can be accessed directly without specifying the target
object, like: the Sun, Earth and spacecraft’s central body (i.e. nadir direction). These standard vectors are
expected to be called frequently within implementation interfaces of the class instance and are therefore called
and stored in their respective class attributes whenever the spacecraft’s state is updated. Effort was put in
storing some frequently used variables as attributes and others as properties or methods; calling spice routines
multiple times in a single time step can be avoided this way and help improve execution performance.

In section 4.1, it is mentioned how attitude is not configured using SPICE by default. The Spacecraft class
enables CK attitude functionality using the method . When set to , the
spacecraft’s attitude is extracted from loaded CK files SpiceyPy routines. When set to , the spacecraft’s
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attitude is initialized to the identity matrix (aligned with the Simulation default frame) and can be reconfigured
manually using the method with the x, y, z axes expressed
in the configured default frame as input parameters. This way, the user can implement custom attitude
models without the need to create a CK file. In later versions, quaternions and Euler angles compatibility
should be added. This SPICE disconnect in attitude determination complicates accessing previous state
variables expressed in the body-fixed frame, as no standard SPICE routines can be used for this. The methods
and provide a way to express vectors between the
inertial default frame and the spacecraft’s body-fixed frame. These methods are used internally for accessing
body-fixed directions, like the spacecraft’s nadir, Sun, Earth and PAS3 actor directions and positions.

Using these state-relative descriptions, the Spacecraft class provides methods to check visibility with other actors
in the simulation. The main method is which returns a boolean indicating whether or
not the spacecraft has line of sight with the given object. Similarly to positional and directional methods, Earth
and Sun visibility are standardized and can be accessed directly in their own methods (

and ). The Spacecraft class does internal automatic method dispatching to select the correct
number of occulting bodies to check depending on the configured central body type of the spacecraft. The
output visibility flag depends on the simulation’s occultation tolerance setting (see subsection 4.4.1).

When it comes to ground stations, every Spacecraft instance can be assigned to one or more GroundStation
instances using the method . The ground stations are stored in a
dictionary with their names as keys. Using the previous occultation handling methods, the user can check if
the spacecraft is in a position where it can have an unobstructed line of sight with the ground station (satisfying
its custom visibility mask) using the method ; accessing the
visible ground stations with

The final type of built-in class methods for the Spacecraft class are methods related to its central body. The
spacecraft’s central body is given as an input argument directly (as CelestialBody instance) or indirectly (as NAIF
name of the body). At every simulation time, the user can access the spacecraft’s ground track coordinates
w.r.t. its central body’s fixed reference frame in either planetocentric or planetodetic latitude, longitude
and altitude or as a plain vector expressed in an arbitrary SPICE reference frame. Additionally, the user
can access properties of the apparent limb of the central body as seen from the spacecraft’s position, useful

for field-of-view, albedo and observations analysis. The outputs the limb ellipse
parameters (semi-major axis, semi-minor axis, centre position) using the routine; the
half-angle of the cone encircling the limb disk can be accessed using the

for the central body and for the Sun disk. These are mainly used for field-of-view

analyses for the upcoming Geometry class (see subsection 4.4.5).

An example of initializing a Spacecraft instance of the SMART-1 lunar orbiter is shown in Listing 8. The only
required input arguments are the name or NAIF name or code of the spacecraft, the simulation instance it is
associated to (for automatic state updates), and its central body as a CelestialBody instance or a NAIF name or
code. In the example, a standard MK file (SMART1_OPS.tm) is loaded to initialize all required kernels. For a
Spacecraft class, the minimal required kernels are LSK for time conversions and SPK for ephemeris data (of
spacecraft and celestial bodies). For kernel-based attitude functionality, a CK and accompanying FK kernel
must be loaded to specify the dynamic body-fixed reference frame of the spacecraft.

import pas3 as p3

i PAS3.Simulation ===
sim = p3.Simulation(”SMART1_OPS.tm", "2004-11-13T00:00:10")

# PAS3.CelestialBody ==
Moon = p3.CelestialBody("MOON", sim)

# PAS3.Spacecraft

Smart1 = p3.Spacecraft(
naif_name_or_code="SMART1", # SMART-1's NAIF name or code (-238)
central_body=Moon, # SMART-1's central body as CelestialBody instance.
simulation=sim # PAS3 Simulation object to assign the spacecraft to

)

Outputs:
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Total number of loaded kernels: 29

Loading central body SUN (10) for EARTH.
--- Initialized the Sun ---

< 'SMART1' (ID: -238)

KERNEL : TYPE NAME :
Kernel 1 Text MK SMART1_OPS. tm
Kernel 29 Binary SPK ESTRACK_V@1.BSP

Loading central body EARTH (399) for MOON (301).

--- Initialized the Planet 'EARTH' as celestial body with central body 'SUN' ---

--- Initialized the satellite 'MOON' as celestial body with central body 'EARTH' ---

Found SPICE 'CK-based' body-fixed frame 'SMART1_SPACECRAFT' (ID: -238000) for the spacecraft

--- Initialized Spacecraft actor 'SMART1' with central body 'Moon' ---

Listing 8: Example of setting up an PAS3 Spacecraft instance of the SMART-1 lunar orbiter, automatically initializing its central body and
additional celestial bodies (truncated for readability).

4.4.5. Geometry Objects

The Geometry class blueprint represents spatial regions that are either infinite (e.g. half-spaces) or conical (e.g.
fields of view). These are unbounded regions in space (no bounded geometries like cubes and spheres) that
are physically attached to a specific spacecraft actor within the simulation. The Geometry class is the parent
class of the many geometry types with inherently the same unbounded, infinite or conical nature. Together,

they are all bounded in the

module of the PAS3 package. The class inheritance hierarchy is

shown in Figure 4.7. The module provides the user with five class blueprints:

* Geometry: Superclass for all geometry types, accessible to the user to configure non-instrument geometries.

e Spicelnstrument: subclass for SPICE-based instrument geometries.

* CustomInstrument: subclass for user-defined custom instrument geometries.

o AssembledGeometry: subclass for combining multiple geometries in one geometry.

o AssembledInstrument: subclass of the Assembled Geometry, combining multiple geometries in one instrument.

Instruments

Geometries

Parent class

Geometry( ) -.

SpiceInstrument( )

CustomInstrument( )

AssembledGeometry( )

T

.

v v

Children

7

AssembledInstrument( )

)

A

J

/ Class Inheritance

,~~"  Class Aggregation

\ 4
-

Figure 4.7: Class structure in the PAS3 geometries module. Superclass (parent) and subclass (child) inheritance is depicted, with
assembled geometries being composed of class aggregations.
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Every Geometry type class must provide a Spacecraft instance as input argument, to which the geometry is
physically attached. The geometry’s position and orientation are inherited from the spacecraft’s body-fixed
frame. The Spacecraft instance will hold two dictionary attributes ( and ) to store the
geometries based on their type. Within PAS3, the only difference between a geometry and an instrument is the
dictionary the geometry is stored in within the spacecraft instance; this allows the user to more easily loop
through instruments and geometries separately (depending on the use case).

The main functionality of the Geometry classes is to provide visibility methods to check if a given target object
in the simulation (another spacecraft or celestial body) is inside the geometry’s spatial region. This is provided
by predicate methods returning boolean flags if the object is inside or intersects the geometry region. Celestial
bodies as target objects can be treated as spheres (using their mean radius as a simplification of their shape) with
the method or built-in: for the spacecraft’s
central body and for the Sun. These methods use the given CelestialBody instance’s apparent
limb from the spacecraft’s perspective (see subsection 4.4.2) and computes built-in intersection algorithms with
the circular cone encapsulating the limb disk. Internally, this method uses the

function, which checks if a given circular cone (defined by its apex direction in body-fixed
frame and its half-angle) intersects or is contained by the geometry’s spatial region. Spacecraft, ground stations
and far-away celestial bodies can be treated as points with the method . This
method is less computationally expensive, internally computing encapsulation of the position vector within
the geometry’s spatial bounds using the function. All these visibility conditions depend
on the Spacecraft instance’s occultation checks of the associated spacecraft of the geometry.

The predicate visibility methods of PAS3’s geometry classes are a good example of the internal interdependency
of methods between the PAS3 classes. An example code snippet of the

method is shown in Listing 9 to illustrate this. First, itis checked if the parent Spacecraft instance is not occulted by
other celestial bodies in the simulation (using the method).
The limb of the target celestial body is required to create the encapsulating cone for the visibility check.
The target body, being of the type CelestialBody, provides the necessary method to extract its apparent limb
half-angle from the spacecraft’s distance (a method). Finally, the geometry’s own method is called
to check (purely mathematically) if the encapsulating cone intersects or is contained by the geometry’s spatial
region. The involvement instance is not directly apparent, but stores the occultation tolerance
setting used in the spacecraft’s occultation checks, the relative positions of actors with light time correction
flags, and provides the internal simulation time for all actor state updates.

def sees_celestial_body(self, target_object: CelestialBody) -> bool:
"""Function to check if the geometry sees a planetary body. The planetary body is assumed
— to be spherical (encapsulating the elliptical limb).
Args:
target_object (CelestialBody): target body.
Returns:
bool: True if target body approximate limb intersects / is contained by the geometry.
# Check if the target object is visible from the spacecraft (not occulted).
if not self.spacecraft.is_object_visible(target_object):
return False

# Get the direction vector from the apex of the cone to the target object
vector = normalize(self.spacecraft.get_object_position_in_body_fixed_frame(target_object)
— - self.body_location)

# Get the half-angle of the cone encapsulating the body's 1limb seen from the spacecraft.
half_angle = target_object.get_approximate_limb_half_angle_in_rad(
observer_distance=self.spacecraft.get_object_distance(target_object=target_object)

)

return self.sees_circular_cone(vector, half_angle)

Listing 9: Code snippet of the celestial body visibility method of the Geometry classes, showing the internal interdependency between the
PAS3 classes’ functions.
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Five geometry shapes are supported in the current version:

“CIRCLE": A circular infinite viewing cone, defined by its axis (boresight) and half-angle.
“RECTANGLE”: A rectangular viewing cone, defined by its four boundary corner vectors.
“POLYGON": A polygonal viewing cone, defined by an arbitrary number of boundary corner vectors.
“HALF-SPACE”:  An infinite half-space, defined by its normal vector.

“RAY": A vector ray, defined by its direction vector.

The “CIRCLE”, “RECTANGLE” and “POLYGON" shape names are taken from the SPICE instrument geometry
definitions [46], the SPICE shape "ELLIPSE” is not yet supported by PAS3. The “HALF-SPACE” and “RAY”
shapes are custom PAS3 implementations; they have no SPICE-instrument equivalent.

The base Geometry class, as well as the CustomInstrument subclass, are initialized fully by the user. The user
must provide the geometry’s name, shape type, and necessary shape parameters, like half-angle, (corner)
vertices or a boresight / axis vector. An example of initializing a custom instrument is shown in Listing 10. The
exact same input parameters are used in the CustomlInstrument subclass; only difference being its classification.

geometry = PAS3.Geometry(  # PAS3.CustomInstrument(...) equivalent.
spacecraft, # Spacecraft instance the geometry is attached to.
name, # Name of the geometry.
vertices, # List of vertices defining the geometry shape.
shape, # "CIRCLE", "RECTANGLE", "POLYGON", "HALF-SPACE", or "RAY".
half_angle_in_rad=None # Half-angle in radians (required for "CIRCLE" shape).
#

body_location=[0,0,0], Location of the geometry in the spacecraft body-fixed frame.

Listing 10: Geometry (and the equivalent CustomlInstrument subclass) input parameters.

To initialise a SPICE-based instrument geometry, the user must provide the NAIF name or code of the
instrument as defined in a loaded IK file. The Spicelnstrument subclass will internally extract the necessary
shape parameters from the IK file using SpiceyPy routines. An example of initializing a SPICE-based instrument
geometry is shown in Listing 11.

spice_instrument = PAS3.Spicelnstrument(
spacecraft, # Spacecraft instance the geometry is attached to.
naif_name_or_code, # instrument NAIF name or code defined in a loaded IK file.
body_location=[0,0,0] # Location of the geometry in the spacecraft body-fixed frame.

Listing 11: Example of initializing a SPICE-based instrument geometry using the Spicelnstrument class.

Both methods include an optional input parameter for the geometry’s position in the spacecraft’s body-fixed
frame. This allows visibility functions to use relative positions of target objects w.r.t. the geometry’s apex. The
default position is the origin of the spacecraft’s body-fixed frame.

The last subclasses of the Geometry module are the AssembledGeometry and AssembledInstrument classes. These
classes provide a way to combine multiple geometries into one; creating more complex spatial regions around
the spacecraft. The boolean output of their predicate visibility methods depends on the combination of the
individual geometries’ visibility, as well as their underlying logical operator (AND, OR, NOT).

Aside from the visibility methods, every geometry class provides a function to extract the angle of incidence of
a given incoming ray (expressed in the spacecraft’s body-fixed frame) w.r.t. the geometry’s boresight or normal

vector. This is done with the method . Also, during runtime,
the geometry’s position and orientation w.r.t the spacecraft can be altered dynamically using the methods
and . All methods and properties of the Geometry classes are

summarized in Table A.8 in Appendix A. For class attributes, the code documentation must be consulted.
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4.5. Toolkit Verification

This section will describe the verification tests performed to ensure the correct implementation of the PAS3
functionalities. Many of these functionalities are SPICE-based, and as the SPICE toolkit is already a well-
established toolkit with verified results, the verification activities mainly consist of checking if the SPICE
integration is done correctly and if additional custom functionalities give expected results.

The verification campaign focused on 4 main aspects: setting up and testing a verification configuration,
testing occultation events, testing ground station visibility, and testing geometry functionalities. The choice of
focusing on ground stations and geometries is made as these are the main modules that offer either non-SPICE
configurations of similar SPICE actors (custom ground stations vs SPICE-defined ground stations) or use
visibility algorithms that are not SPICE-based (the geometries module). The success of the Geometry classes’
methods depends heavily on the correct implementation of Spacecraft and CelestialBody class methods, and a
failure in Geometry verification tests can indicate issues in both. Much emphasis is therefore put on verifying
the geometry functionalities, as it consolidates the verification of many other PAS3 functionalities. This also
explains the choice of verifying the occultation check implementations; visibility checks of geometries depend
both heavily on spacecraft and celestial body states, and also on the correctness of general occultation of the
visibility targets.

Section 4.5.1 describes the configuration of the two sample simulations used for executing the verification
tests. This orbit configuration is also briefly checked if it conforms with the expected orbit parameters
of the verification spacecraft. Section 4.5.2 describes the verification tests performed to check the correct
implementation of SPICE-based occultation checks. In subsection 4.5.3, Spice-based and custom ground
stations” mutual results and calculated visibility intervals are compared. The implementation of a custom
visibility mask to the ground station objects is also verified. Finally, subsection 4.5.4 describes the extensive
verification tests performed to compare the numerous Geometry subclasses with SPICE-based results, as well as
mutual comparisons and calculations.

4.5.1. Verification PAS3 Setup

As described in section 4.1, PAS3 class blueprints are composed largely from the SPICE toolkit (SpiceyPy
package) under the surface. In order to run verification tests of the PAS3 implementation, SPICE kernels
must be generated for a predictable, stable sample orbit (and instruments) to compare the outputs of PAS3
with pure SPICE outputs or own calculations. Two simulation configurations were set up for this purpose: a
Venus-centred orbit (in conformance with PAS3’s intent of aiding interplanetary missions), and an Earth-centred
orbit (for better ground station visibility verification). Their orbital parameters are shown in Table 4.3. Both
orbits are circular, low altitude orbits with a rounded orbit radius for easier calculations. They were created
using the SpiceyPy routine, generating a type 15 SPK file using a precessing conic propagation model.
The orbits do not consider any perturbations (like the J2 effect) and are therefore stable over time. The orbits
were generated spanning 10 days starting from the J2000 epoch (01/01/2000 11:58:55.8 UTC), commonly
referred to as ET = 0 (zero seconds TDB past J2000).

Table 4.3: Verification spacecraft orbit parameters expressed in the J2000 (ICRF) reference frame at 0 TDB (01/01/2000 11:58:55.8 UTC).

Venus Verification Orbit Earth Verification Orbit
Position Vector [km] X: -6482.76; y: -417.63; z: 222.38 | x: 1162.75; y: -6496.77; z: 0.0
Orbit Radius [km] 6500.0 6600.0
Velocity Vector [km/s] vx: 0.31; vy: -6.43; v,: -2.91 Vx: 7.65; vy: 1.37; v,: 0.0
Velocity Magnitude [km/s] 7.07 7.77
Orbit Period [hh:mm:ss] 01:36:17 01:28:56
Eccentricity [-] 0.0 0.0
Inclination [°] 24.43 0.0

The Venus verification orbit is coincident with Venus’s orbital plane, which is inclined 3.39° w.r.t. the ecliptic
plane and 24.43° w.r.t. the J2000 (ICRF) reference frame’s XY plane. To construct the Venus orbit, use was
made of the Venus-centric Solar Orbital frame (VSO) with its +X axis pointing from Venus towards the Sun
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and +Y axis in the direction of the Sun’s velocity w.r.t. Venus?. The verification spacecraft (henceforth referred
to as Verisat) will be oriented coincident with the VSO frame at the initial start time for many Geometry tests in
subsection 4.5.4 to ensure initial alignment of the spacecraft’s body-fixed frame; pointing X-axis to the Sun (and
nadir at ET=0), and pointing the Z-axis in the opposite direction of the orbit plane’s normal vector. The Earth
verification orbit will be used only in one test, namely the ground station visibility verification comparing
visibility durations with hand calculations. The orbit is circular with a radius of 6600 km. The inclination
shown in Table 4.3 is 0° w.r.t. the J2000 (ICRF) reference frame, coinciding with the Earth’s equatorial plane.

After creation of the SPK files, Python assertion statements were used within the Venus and Earth orbit PAS3
configuration files to ensure the correct implementation of the orbit parameters in Table 4.3. The verification
configurations are included in section B.3 and the SPK file creation scripts in section B.1 in Appendix B.

4.5.2. Occultation Verification

Checking the state of occultation for celestial bodies and spacecraft at specific epochs, is an important
functionality which the PAS3 toolkit aims to streamline. Establishing a line of sight with other bodies is an
essential input for several analysis use cases: target observation (central body visibility), thermal and power
models (Sun visibility), and communication links (Earth, ground station, or additional spacecraft visibility).
As mentioned in subsection 4.4.1, the Simulation class provides a way to configure the tolerance of occultation
checks with the method, ensuring a stepwise and less procedural
approach to occultation checks. SPICE distinguishes three types of occultation: total, partial and annular
occultation. When the target body is the Sun, a total occultation is interpreted as the spacecraft being in umbra,
a partial occultation as a penumbra state, and an annular occultation as the antumbra state. A graphical
representation of the occultation types is shown in Figure 4.8.

Figure 4.8: Occultation types. Left to right: total, partial, and annular occultation of the Sun (yellow) by another celestial body (dark blue).

The first check performed was to verify the correct implementation of the occultation checks in the Spacecraft
class, comparing it to the routine. This function extracts occultation intervals between two
bodies as seen from an observer over a set period of time. It takes the following arguments: the occultation
type (“ANY”, “FULL”, “PARTIAL” or “ANNULAR?”), the front body (name, shape and body fixed frame), the
back body (name, shape and body fixed frame), the aberration correction flag, the observer name, the timestep
for the search, and spice windows to store the output intervals and define the search period. Two PAS3 Verisat
simulations were run, computing the spacecraft’s eclipse state for 50 orbits. One with occultation tolerance
set to 1 (visibility only if there is no occultation at all) and one with tolerance set to 3 (visibility allowing

both partial and annular occultations). Calling at every time step, a flag for
occultation tolerance 1 corresponds to any type of occultation (ANY” setting for ) a flag for
occultation tolerance 3 corresponds to a total occultation ('FULL’ setting for )-

The SPICE interval finder uses a convergence searching method to extract very precise intervals; the PAS3
comparison execution loop uses a fixed time step and extracts the intervals stepwise. This means that the
extracted intervals must have a maximum difference of the time step size. The resulting start and end time
differences are shown in Figure 4.9 for a timestep of 2 seconds. Note that the difference is always positive, as
the PAS3 simulation results will always flag an interval start or end at a time step right after the actual event.
Three assertions are set up in the verification test scripts: ensuring the difference in occultation intervals is not
greater than the time step and always positive, ensuring the full occultation intervals always fall within the
any-type occultation intervals, and ensuring the number of intervals found is the same for both methods.

It must be noted that the native SPICE routine is significantly quicker than the PAS3 stepwise

2 Acquired from the RSSD0002.tf Generic Frame Definition Kernel File for ESA Planetary Missions:
(last accessed on 16/09/2025)


https://naif.jpl.nasa.gov/pub/naif/pds/data/mex-e_m-spice-6-v2.0/mexsp_2000/DATA/FK/
https://naif.jpl.nasa.gov/pub/naif/pds/data/mex-e_m-spice-6-v2.0/mexsp_2000/DATA/FK/
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Figure 4.9: Interval time differences between PAS3 occultation checks (timestep = 2 sec) and SPICE results for 50 orbits of the

Verisat spacecraft for full eclipses and any type of eclipse. Differences are computed as PAS3 time — SPICE time.

approach (about 15x), as it uses a C-based search algorithm. Within an PAS3 simulation loop, a lot of overhead
is created by the multiple class method calls for states, orientations, and occultations. This highlights the
difference in intended use cases: the SPICE routine is great for focussed analysis of specific events (or intervals),
while PAS3 aims to provide a more accessible holistic simulation environment, at the cost of more overhead.

4.5.3. Ground Stations Verification
In this subsection, the SpiceGroundStation and CustomGroundStation classes from subsection 4.4.3 will be tested.
There are three main reasons why the ground station functionalities get their own individual verification tests:

1. SPICE does not offer native ground station visibility checks. Ground stations are represented as fixed-
offset or dynamic frames, potentially assigned to ephemeris state data (SPK). Implementing a ground
station within a system simulation calls for expressing the target spacecraft object in the topocentric
reference frame of the ground station and determining visibility with additional algorithms (occultations
and visibility masks).

2. PASS3 offers the possibility to define a ground station without the need to create a specific SPICE FK. This
method must be compared to SPICE ground stations to ensure correct implementation.

3. Both ground station classes have the possibility to get a custom visibility mask assigned, which must be
verified as well.

Additionally, the verification tests give a nice way to also check the correct implementation of positions of
celestial bodies and spacecraft in different reference frames (checking correct wrapping of the SPICE routines).
Similar to the upcoming geometry verification tests, the success of these tests depends heavily on the correct
implementation of Spacecraft and CelestialBody class methods, largely verifying their SPICE implementation by
proxy.

Two PAS3 simulations were run for the ground station verification tests: the Venus verification orbit with two
(real) SPICE-defined stations and their custom counterparts, and the Earth verification orbit with a fictional
ground station. The Venus orbit will be used to compare the outputs of the SPICE-defined and custom ground
stations, while the Earth orbit will be used to verify the correctness of the visibility mask implementation. In
the Venus orbit configuration (see Listing 40 in Appendix B), The Cebreros and Svalbard® ground stations are
initialized based on their SPICE frame and ephemeris data. Custom counterparts are initialized using their
geodetic coordinates and altitude above the Earth ellipsoid.

The Venus orbit is simulated for one Earth-day (+15 orbits) with a time step of 1 second. Assertions are set up
to ensure that both ground station types have the same Earth-fixed positions, the same topocentric rotation
matrices, do not deem the spacecraft visible when the Earth is not visible, and give the exact same visibility
intervals over the simulation period, regardless of being configured using SPICE frames or custom geodetic
coordinates. Additionally, the method is called at every
step and the relative position of the Verisat spacecraft w.r.t. the ground stations are compared to ensure the

3Venus - Svalbard communication is not realistic as it is not part of the deep space network, it was only chosen for its very high latitude.
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exact same results. The resulting visibility intervals of both ground stations (and their class types) are shown

in Figure 4.10.
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Figure 4.10: Venus verification orbit ground station visibility intervals for Cebreros and Svalbard over one Earth-day, including Earth
occultations. Both SPICE-defined and custom ground stations give the same visibility intervals.

Note that the visibility masks for these ground sta-
tions were manually set to a minimum elevation angle
of 0°. Due to the high latitude of Svalbard, the ground
station is not able to see the spacecraft for a full Earth
rotation. The Cebreros ground station, being closer
to the equator, does have periodic visibility with the
spacecraft. From the Cebreros and Earth Visibility
plots, it can be seen that the visibility intervals cor-
respond to the times when the Earth is not occulted
by Venus. The relationship between ground station
latitudes and the relative position of Venus is shown
graphically in Figure 4.11; it is clear that Venus will
always have a negative elevation angle w.r.t. the Sval-
bard station (red horizon plane) in one earth rotation
(the duration of the verification simulation).

In order to verify the correct numerical results de-
rived from ground station visibility masks, the Earth
verification orbit is used. This makes comparison
between simulated results and hand calculations
easier. As mentioned in subsection 4.4.3, Ground-
Station objects start with a default visibility mask
of a minimum elevation angle of 5°. The min-
imum elevation angle can be changed using the
method set_minimum_elevation_angle(<angle 1in
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Figure 4.11: Verification ground stations positioned on Earth with
their local horizons shown at ET = 0.

degrees>). This results in conical regions, with the apex at the ground station location, where the spacecraft
must be located to be visible. However, more complex visibility masks are also allowed, taking the spacecraft
azimuth angle into account as well. The mask may be configured by the user and passed into the ground
station object using the method set_custom_visibility_mask(<callable(elevation, azimuth)>).

A fictional ground station is placed at the equator (0° latitude, 0° longitude) at sea level. The verification
spacecraft is set on an equatorial orbit with a radius of 6600 km with a start position right above the station.
The simulation is run for one orbit pass over the station, calculated as follows:



4.5. Toolkit Verification 42

2
Toim = ———  ~ 5688 seconds @.1)

WOrbit — WEarth

With wo,pir the orbital angular velocity of the spacecraft and wggy+, the Earth’s rotation rate. With this duration,
the spacecraft should end up at the same relative location right above the fictional ground station at the end of
the simulation. The simulation is run with a time step of 1 second. The Spacecraft position in the ground
station’s topocentric frame (i.e. elevation and azimuth) is presented in Figure 4.12.
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(a) Elevation angle of the spacecraft w.r.t. the ground station’s local horizon.  (b) Azimuth angle of the spacecraft w.r.t. the ground station’s local North.

Figure 4.12: Topocentric position of the spacecraft w.r.t. the fictional ground station over one orbit pass.

From Figure 4.12a, it can be seen that the spacecraft is only briefly visible above the local horizon (elevation
angle > 0°) of the ground station. The pass was repeated for a minimum elevation angle of 0°, 15°, 30°, 45°,
60°, 75° and 89° (close to 90°), and the resulting pass durations stored. Analytically, due to the geometrical
properties of the circular, equatorial orbit, the expected percentage of the orbit period that the spacecraft is
visible above a certain minimum elevation angle €, can be calculated as follows:

1 Emin+ arcsin (m)
L (4.2)
e

Orbite, =

With R the radius of the Earth, and r the orbit radius of the spacecraft. This equation holds for default (conical)
visibility masks. To test the implementation of custom visibility masks, a mask was created that only allows
visibility for azimuth angles between 0° and 180° (i.e. the spacecraft must be on the Eastern side of the station).
This was implemented as follows:

def azimuth_mask(azimuth, elevation):
"""A Visibility mask that only returns true when the Spacecraft is East of the station
— and above a minimum elevation angle.

nonlocal min_elevation_angle # defined in outer scope
if elevation < np.radians(min_elevation_angle) or azimuth > np.pi:
return False

return True

EquatorialGroundStation.set_visibility_mask(azimuth_mask)

Listing 12: Custom visibility mask allowing visibility only for azimuth angles between 0° and 180° and above a specified minimum
elevation angle.

The expected duration of the custom visibility mask should be half of the default mask’s duration, as the space
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of allowed azimuth angles is halved. The results of the visibility duration tests are shown in Figure 4.13 and
conform with the expected results.
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Figure 4.13: Percentage of the orbit pass that the spacecraft is visible above the ground station’s local horizon for different minimum
elevation angles (and a custom visibility mask).

An additional check performed for GroundStation class is the correct implementation of the Earth-fixed reference
frames the ground stations are defined in. As mentioned in subsection 4.4.3, an earth-fixed reference frame
must be specified as input parameter at initialization. This allows for very precise positioning of the ground
station w.r.t. an arbitrarily complex representation of the Earth orientation. To check if configuring the ground
station w.r.t. the high-accuracy “ITRF93” or low-accuracy “IAU_EARTH” has any effect, ground stations were
initialized on the Earth North Pole and the intersection between the equator and prime meridian in both
frames. A long simulation (50 years) was run and the evolution of angular separation between both types
of initializations was compared with the “IAU_EARTH vs ITRF93 Comparison Plot” from the NAIF SPICE
documentation [41]. If the angular separation between the two ground stations conforms with the given NAIF
plot, the earth-fixed frames are correctly implemented. The results of the angular separation test are shown in
Figure 4.14, conforming with the NAIF documentation.
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(a) PAS3 ground stations separation. (b) Reference plot from NAIF SPICE documentation [41].

Figure 4.14: Comparison between high- and low-accuracy Earth-fixed frame definitions, showing deviations in.

This concludes the GroundStation class verification tests. It was verified that the SPICE-defined and custom
ground stations give the exact same results, as long as the SPICE-defined ground stations are fixed w.r.t an
Earth-fixed frame. The correct offset with such (dynamic) Earth-fixed frames was also verified, as well as
expected interplanetary and Earth-bound visibility intervals.
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Figure 4.15: Verification geometries defined in SPICE IK files with shapes: (a) Circular FOV, (b) Rectangular FOV, and (c) Triangular FOV.
All with angle 8 = 45°.

4.5.4. Geometries Verification

A large part of the PAS3 toolkit’s verification campaign is the verification of the Geometry classes. This is due to
the choice of fully omitting the use of built-in SPICE visibility functions for instrument FOV’s. This choice was
made for the following reasons:

1. SPICE visibility functions require a SPICE-based attitude profile of the spacecraft. PAS3 does not require
a SPICE-based attitude profile (see the solution space in section 4.1), and therefore the SPICE visibility
functions are not applicable.

2. The Geometry classes offer a more accessible way to define instrument FOV’s, without the need to create a
specific SPICE IK file. This allows for quick prototyping and testing of different instrument configurations.
SPICE instrument visibility routines always require IK files.

3. The Geometry classes offer non-SPICE native infinite geometries (half-spaces and rays), which are not
possible to implement using IK files*.

Therefore, unlike verified SPICE-based functionalities, the Geometry methods must be verified more extensively.
Similarly to GroundStation class verification cases, first results from the geometry / instrument classes
initialized using SPICE IK data (Spicelnstrument) are compared to the custom geometry / instrument classes
(CustomInstrument / Geometry). Their results must be identical, as they represent the same geometrical
shape and orientation. Secondly, these results are then compared to pure SPICE visibility routines (tied to a
SPICE-based spacecraft attitude profile). Lastly, the non-SPICE geometries (half-space and ray) are verified
using hand calculations, as well as rotation and movement methods of the geometries.

For all verification cases, the Venus verification orbit from Table 4.3 is used. Within the verification simulation
configuration file, three instruments are initialized: a rectangular FOV ( ), a circular FOV ( ),
and a polygonal FOV (initialized as a triangular FOV>, ). All instruments have their boresight aligned
with the spacecraft’s +X axis and angle of view 3 = 45° in the XY plane. They are presented graphically in
Figure 4.15. In Listing 39, the SPICE IK used to initialization of the Spicelnstrument objects is shown. The same
geometries are initialized using the CustomInstrument and Geometry classes as well in Listing 40.

Three verification orbits were run, each executing a different visibility check. The first orbit runs a visibility
check of the Sun, the second orbit runs a visibility check of Venus (central body), and the third orbit runs
a visibility check of the nadir vector. The first two check if a celestial body is within the instrument FOV,
modelling the target as a circular cone encapsulating the (spherical) body. The nadir check verifies if the
nadir vector (a direction vector) is within the instrument FOV. During these three test orbits, all geometry /
instrument objects call their visibility methods and compare their results. The same shapes (different object
types) should always have the same result. Moreover, due to the symmetry of the orbit, it is expected that all
geometries will have visibility of the Sun and nadir at the exact same moments in time, while for the Venus
visibility check, the triangular FOV should have longer visibility intervals due to the larger base edges (see
Figure 4.15¢). This is reflected in the visibility intervals shown in Figure 4.16.

4SPICE planes and rays do exist and can be used for intersection checks, but these are not inherently fixed to a spacecraft body. DSK
surfaces are also mostly used for tessellated planetary surfaces, not simple infinite geometries.
5A triangular FOV is not a very realistic FOV shape, it is purely set up to ensure compatibility with “POLYGON” SPICE FOV shapes.
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Figure 4.16: Visibility intervals of all geometries (Geometry, CustomInstrument, and Spicelnstrument) for the Sun, Venus, and nadir checks
over one Venus verification orbit.

After the same results between all geometry / instrument types were verified, the numerical results can be
compared to SPICE FOV visibility routines. The functions SpiceyPy.fovtrg() and SpiceyPy.fovray() are
used to check if a target body or vector is within a specified instrument FOV respectively. As mentioned above,
for these routines to work, The Verisat spacecraft must have a SPICE-based attitude description. For simplicity,
it was decided to map the spacecraft’s body-fixed frame to the VSO frame at every time step, ensuring the +X
axis always points to the Sun. SpiceyPy.fovtrg() was called to check the Sun and Venus visibility, making
sure to call SpiceyPy.occult() for the Sun visibility checks to ensure occulted states by Venus are filtered
out®. SpiceyPy. fovray() was called to check the nadir visibility, passing the nadir vector expressed in the VSO
frame. The results of these SPICE visibility checks were then compared to the PAS3 geometry visibility results
(with SPICE attitude enabled using Verisat.use_spice_attitude(True)), ensuring the exact same results.

The non-SPICE geometries (half-space and ray) cannot be com-

pared to SPICE visibility routines, as these shapes are not natively

supported by SPICE. Therefore, their verification must be done a
using hand calculations. To verify the half-space visibility, the

geometry is initialized with its normal vector pointing in the +X

direction of the spacecraft body frame. The orbit uses inertial

pointing (no dynamic sun-pointing VSO orientation), starting

off with the spacecraft’s +X axis pointing to the Sun direction.

The plane must always see the sun when the spacecraft is not

in eclipse.

To verify the half-space visibility function correctly models the 9| (b)

sun as a sphere, the spacecraft is rotated 90° around the +Z (out PR B

of the page) axis, pointing the plane’s normal vector orthogonally . .
to the Sun direction. Due to the spherical Sun model, the plane S /(c) 1 (@)
should still see the Sun for the full orbit when not eclipsed. />

Lastly, the spacecraft is rotated just far enough for the edge 1
of the infinite plane of the half-space to be tangent to the Sun :'
sphere, which must result in no visibility for the full orbit. The '
orientations are shown in Figure 4.17.

JrVenus

For the ray geometry, the ray is initialized with its direction L. I ‘

AN . . . igure 4.17: Half-space verification setup in three
vector pointing in the +X direction of the spacecraft body frame.  qrientations: (a) normal vector in Sun direction, (b)
The orbit again uses inertial pointing, starting off with the  normal vector orthogonal to Sun direction, and (c)
spacecraft’s +X axis pointing to the Sun direction. The assertion edge case of no visibility for a full orbit.

6SPICE visibility does not by default consider occultations; they are purely geometrical by default.
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is set up to ensure when the ray intersects with the sun, it does not intersect with Venus (and vice versa).
Simultaneous visibility would mean the ray intersects both spheres, and for the visibility function, only the
first intersection is considered. One special case is observed when the spacecraft undergoes partial occultation
(i.e. located in penumbra). In this case, the ray may intersect with the sun only, but returns no visibility due to
the configured occultation tolerance of the simulation. When PAS3 determines the target body is occulted
from the point of view of the geometry’s host spacecraft, the geometry visibility function will always return no
visibility, regardless of the ray intersection results. This behaviour must be patched in upcoming work. The
result is shown in Figure 4.18.
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(a) Occultation tolerances causing no visibility during partial occultation (penumbra). (b) Ray intersection of the Sun during partial occultation.

Figure 4.18: Short cases of no visibility during partial occultation (penumbra) in the verification ray geometry simulation due to
occultation tolerances of the sim.

Now that all geometry types have been verified, additional tests were performed to verify the rotation
and movement methods of the geometries (i.e. and

). These methods are intended to allow the user to change the geometry’s orientation and position
during a simulation without changing that of the spacecraft.

The rotation method was tested by rotating the rect-
angular and circular geometries one full rotation !
(dd = 0.1°) around the +Z axis of the spacecraft body :
frame without advancing the simulation time (all 1
actors remain stationary). Due to their symmetry in \
the XY plane, the circular and rectangular geometries
should have the same visibility intervals of Venus.
The cutoff angles for visibility conditions were hand
calculated using the following equation:

{(1)105 = ‘%% +arcsin(®) ~ 91.1° (43)

ﬂbaos =360° — (Plgs ~ 268.9°

. . Figure 4.19: Rotation verification test setup, rotating (angle ¢) the
With ¢)os the angle where loss of sight occurs, ¢gos geometries around the +Z axis of the spacecraft body frame.

the angle where acquisition of sight occurs, 9roy the

geometry’s angle of view (see Figure 4.15), R the radius of Venus, and r the orbit radius of the spacecraft. These
symbols are also shown in Figure 4.19. The resulting visibility intervals are shown in Figure 4.20, conforming
with the analytical solution from Equation 4.3.

For the movement verification, a slightly different approach was considered. Due to the vast scales and
distances of celestial bodies, moving a geometry by a few metres has very little effect on most visibility results.
The case in which this can make an observable difference is when the geometry is very narrow and is looking
at the edge case of visibility (for example the edge of a planet).
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Figure 4.20: Visibility interval of the circular and rectangular geometries during a full 360° rotation around the +Z axis of the spacecraft
body frame without advancing simulation time. The visibility cutoffs conform with analytical solutions.

A very narrow rectangular geometry (Sroy = 0.01°)
was initialized in the same fashion as the other geo-
metries. The spacecraft body was then rotated by
68.6° around the +Z axis of the spacecraft body frame,
pointing the narrow geometry’s boresight right at the
edge of Venus’s limb. Then, the geometry was moved
by 1 metre increments along the +Y axis until the
geometry no longer intersected Venus. As with the
rotation checks, the simulation time is not advanced
either. The expected offset distance to achieve loss of
sight was hand calculated as follows:

&Y = sin (SO VAR v atam (aa) e Moemen i et seup g e geomes
With AY the offset distance along the +Y axis of the spacecraft body frame, Sroy the geometry’s angle of view,
R the radius of Venus, and r the orbit radius of the spacecraft. These symbols are also shown in Figure 4.21.
The resulting visibility vs. offset relationship is shown in Figure 4.22, conforming with the analytical solution
from Equation 4.4.
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Figure 4.22: Visibility of a narrow rectangular geometry (8rov = 0.01°) when offset along the +Y axis of the spacecraft body frame while
pointing at the edge of Venus’s limb. The visibility cutoff conforms with the analytical solution.

This concludes the Geometry class verification tests. It was verified that the custom geometry / instrument
classes give the exact same results as their SPICE IK counterparts, as well as pure SPICE visibility routines when
a SPICE-based attitude profile is used. The non-SPICE geometries (half-space and ray) were verified using hand
calculations, as well as the rotation and movement methods of the geometries. Similar to the GroundStation
class verification tests, the working of the visibility methods rest on the correct implementation of Spacecraft
and CelestialBody class methods. Incorrect results in Spacecraft attitude methods like

default frame relationships and transformations and descriptions of positions expressed in the body—ﬁxed
frame ( ) would lead to incorrect geometry visibility results. Most of the
previous tests rely heavily on the correct workings of relative limb calculations of celestial bodies (Venus and
Sun), which are implemented in the CelestialBody class, as well as automatic allocations of frame, shape and
name attributes for encapsulated SPICE routines. Therefore, these verification tests also serve as an indirect
verification of many Spacecraft and CelestialBody class methods and their correct SPICE implementation.



EnVision System Simulator
Implementation

The goal of the proposed toolkit package is to create a mission-specific system simulator for space missions.
As discussed in chapter 2, the toolkit development was started in the context of the EnVision mission’s project
team at the European Space Research and Technology Centre (ESTEC). While the toolkit is designed to be
generic and applicable to a wide range of planetary missions, this chapter will focus on its implementation
in creating custom models to be used on a system simulator for EnVision. The goal of this chapter, however,
will not be to create a fully-fledged system simulator including models for all subsystems. Rather, the focus
will be on demonstrating the toolkit’s capabilities by developing a set of subsystem models, depicting their
development process and their mutual interactions. This chapter should be viewed as a proof of concept,
showcasing how the toolkit can be used to create system models for a specific mission, aiding requirement
generation, sizing analysis and verification activities.

This chapter will first establish a solid foundation of the EnVision mission. In section 5.1, the mission’s context
is introduced, including its history, scientific goals, and a description of the spacecraft platform & payloads.
Afterwards, the science operations and pointing profile is discussed in section 5.3, linking EnVision’s scientific
goals, instruments and platform constraints to a representative model of the spacecraft’s attitude. Section 5.4
and section 5.5 will describe the process of building models for thermal and power analysis for the EnVision
spacecraft.

Before diving into this chapter, it is essential to understand that this part of the thesis aims to show the process
of model development using the PAS3 toolkit. An early distinction must be made, as the results of this thesis
are not the quantitative results of the models, rather the models themselves are. The presented analysis results
are demonstrative of PAS3’s capability of providing a practical framework for supporting the necessary system
engineering analyses within a real mission development context.

5.1. EnVision

EnVision is the latest proposed medium-class mission by the European Space Agency (ESA) in its Cosmic
Vision 2015-2025 programme. Scheduled for launch in 2031, the mission aims to characterize Venus’s interior,
(sub)surface and atmosphere, studying their interactions and providing a holistic understanding of the planet.

The contents of the thesis were conducted within the EnVision project team at the European Space Research
and Technology Centre (ESTEC). The presented research aims to support the systems engineering activities of
ESA planetary science missions. Results will be assessed by implementation within the EnVision context. This
section aims to establish a solid foundation of the mission at hand. In subsection 5.1.1, EnVision’s place within
ESA’s long-term planning cycles and its history, from proposal to adoption is presented, as well as why the
mission was proposed by the scientific community in the first place. Section 5.1.2 gives a short overview of
the spacecraft platform, its design choices and scientific instruments/experiments. This description of the
spacecraft platform and instruments will be used throughout to contextualize the models developed in this
chapter.

5.1.1. Mission History & Scientific Goals

By the time of writing, the ESA science directorate is within its third long-term scientific planning cycle: Cosmic
Vision 2015-2025. This programme builds on the success of its predecessors (Horizon 2000 and Horizon 2000
plus) and, through consultation of the broad scientific community, aims to address the following fundamental
questions [47]:

* What are the conditions for planet formation and the emergence of life?

48
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* How does the Solar System work?
® What are the fundamental physical laws of the Universe?

¢ How did the Universe originate, and what is it made of?

Following this overarching scientific framework, proposals for new missions are evaluated based on their
scientific merit, feasibility, and alignment with the programme’s goals. The Cosmic Vision programme is
structured around four mission classes: large (L-class), medium (M-class), small (S-class) and fast (F-class).

L-class missions are European-led complex flagship
missions with significant budgets, demanding novel : i
technology developments and long development C V
timescales. They are planned to have a launch fre- Osm l C lSl 0
quency of one every six to seven years. Three have spm e 5
been selected: L1 - JUICE (launched in 2023), L2 -
Athena (recently rescoped to NewAthena [48]) and
L3 - LISA [49].

ST

S- and F-class missions are smaller missions with
lower budgets, shorter development times and re-
lying on fully demonstrated technologies. S-class
missions — currently: S1 - CHEOPS (launched 2019)
and S2 - SMILE [50] - focus more on allowing member
states to take a leading role, with limited financial
ESA-contribution. F-class missions rely on rapid de-
velopment of innovative implementations. They are
ESA-led missions with a total development duration
from selection to launch readiness of less than 10
years (F1 - Comet Interceptor and F2 - ARRAKHIS
are two F-class missions under development) [49, 51].

Space Science for Europe 2015-2025

EnVision is the 5th M-class mission in the Cosmic
Vision programme (M5)!. Medium-class missions
allow flexibility to the programme in responding
to evolving challenges in scientific research. They
are aimed to launch every two to three years, with
typically two launches in between large-size mission launches, [51]. The main distinction between the L- and
M-class missions is the design-to-cost strategy adopted for the M-class missions, which limits the ESA Cost at
Completion (CaC) to 550 M€ [53] (compared to L-class 1.05 BE CaC [54]). The design-to-cost influence on the
mission and spacecraft platform will be discussed in later sections.

European Space Agency
Agence spatiale européenne

Figure 5.1: Cosmic Vision 2015-2025 programme brochure cover [47]

Within the scope of Cosmic Vision 2015-2025, EnVision will address the question:
“What are the conditions for planet formation and the emergence of life?”

By studying Venus’s interior, surface, and atmosphere, the mission seeks to understand the planet’s geological
and climatic evolution. Providing insights into why Venus and Earth, despite their similarities, have followed
such different evolutionary paths. This investigation will contribute to a better understanding of planetary
habitability and the processes that shape terrestrial planets [18].

From 2006 to 2014, ESA’s Venus Express mission marked a significant milestone in Venus exploration,
establishing European leadership in the field. While primarily focused on atmospheric research, Venus Express
uncovered evidence of geological activity on Venus [55]. However, many questions remain unanswered,
particularly regarding the divergence of Venus’s evolutionary path from that of the Earth. Venus shares a
similar size, bulk composition, and proximity to the Sun, and may have possessed water-rich environments
early in its history. Yet, while Earth evolved into a habitable world, Venus underwent a dramatic transformation
— possibly due to a runaway greenhouse effect — that led to its current inhospitable state [18].

Throughout history there have been a total of 15 successful missions with Venus as destination. Of which, 8
were orbiters [56]. Arguably one of the most significant of these orbiter missions was NASA’s Magellan. The

1The other 4 medium-size adopted missions are: M1 - Solar Orbiter (launched 2020), M2 - Euclid (launched 2023), M3 - PLATO (launch
planned in 2026), M4 - Ariel (launch planned in 2029) [52]
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thick Venusian atmosphere prohibits conventional optical methods of mapping its surface; therefore, we must
resort to indirect methods like microwave remote sensing [57]. Magellan’s synthetic aperture radar (SAR) was
able to map between 89%-98%? of the surface of Venus from 1990 to 1994. This mission provided a wealth of
data on Venus’s surface geology, revealing a planet dominated by volcanic and tectonic processes [58, 59].

Magellan provided a static survey of Venus’s surface, but recent advancements in radar technology revived
interest in dynamic surface studies, leading to the proposals of EnVision. After an initial M3 proposal in 2010
[60], a second M4 proposal submission in 2015 [61], and a successful M5 proposal in 2016 [62], the mission
passed concurrent design campaign in 2018 [63], and the mission was selected in 2021 and officially adopted in
2024 [64].

EnVision’s main goal is to perform a radar geophysics study, in synergy with atmospheric, subsurface and
interior investigations. EnVision will build on the legacy of missions like Venus Express, Magellan, Mars
Express, Cassini, and Sentinel-1, aiming to revolutionize our understanding of Venus’s geology, atmosphere,
and interior [55]. The scientific objectives are categorized in 3 main themes [18]:

History — How have the surface and interior of Venus
evolved?

¢ Understanding Venus’s magmatic history
¢ Understanding Venus'’s tectonic history

* Assessing Venus’s surface modification pro-
cesses

¢ Understanding how Venus’s interior and sur-
face have evolved

Activity — How geologically active is Venus?

¢ Understanding Venus’s volcanic activity in the
present era

* Assessing Venus’s aeolian activity and mass
wasting

Climate — How are Venus’s atmosphere and climate
shaped by geological processes?

¢ Understanding the role of geological activity in
Venus'’s climate evolution

* Assessing temporal variations of the Venus at-
mosphere

EnVision shall achieve its mission objectives within

7.4 years after launch with an Ariane 64 in a direct Figure 5.2: Planned mission phases of EnVision:
escape srstegy planned November 2031 The in- L2 sl e Vs orb e,
terplanetary cruise phase will last up to 18 months

ending with a Venus orbit insertion manoeuvre. After

an apoapsis lowering manoeuvre, the 11-month aerobraking phase in Venus’s atmosphere starts. The nominal
scientific phase is planned to start in 2034 and observations will last 6 Venus-cycles® [65]. The planned mission
phases are illustrated in Figure 5.2.

During the science phase, EnVision will conduct subsurface sounding, surface SAR (stereo) imaging, altimetry,
radiometry, polarimetry, spectroscopy, radio-occultation experiments (measuring temperature and pressure
structure of the atmosphere) and gravity experiments (mapping of the Venus gravity field) [18]. The instruments
and general spacecraft platform will be discussed in more detail in the following subsection.

5.1.2. Spacecraft Platform & Instruments

Throughout this chapter, references will be made to architecture and instruments of the EnVision spacecraft
system. It is therefore beneficial to establish an understanding of the spacecraft platform and payload and to
contextualize their use reaching the mission objectives. Note that most of the information in this subsection is

2Coverage percentage depends on type of SAR observation.

3A Venus cycle is defined as 243.02 Earth days, or 1 Venus sidereal day, the time needed for Venus to spin 360 degrees on its axis in a
celestial reference frame, in retrograde motion. This Venus “sidereal day” lasts longer than the revolution of Venus around the Sun (or
Venus “year”, 224.70 days) [18]
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Figure 5.3: EnVision CAD model rendering of the latest design iteration (model produced by Thales Alenia Space Italia)®

based on the publicly available EnVision definition study report [18], but some details may differ from this
report based on newer design iterations.

EnVision will be a three-axis stabilized orbiter, roughly 2.5 x 4 x 4 meters in its stowed configuration with a dry
mass of approximately 1,700 kg (margins included). The spacecraft is equipped with a 2.5-metre deployable
high-gain antenna using X- & Ka-band communication for downlinking a total of 189 Tbits of science data over
the mission lifetime. The platform will be powered by two deployable solar arrays, delivering up to 2.8 kW of
power (margins included). The system includes chemical propulsion, designed for orbit transfer, and reaction
wheel offloading.

EnVision holds 6 scientific payloads (5 instruments and one experiment). Three spectrometers, one subsurface
radar sounder (SRS), a synthetic aperture radar (SAR), and a radio science experiment (RSE). An illustration of
the EnVision spacecraft platform and its payloads is shown in Figure 5.3. Each payload instrument, and its
science target, will be discussed briefly on the next pages.

The VenSpec Suite holds three spectrometers, each targeting different spectral ranges and scientific objectives:

* VenSpec-M (multispectral NIR): pushbroom imaging spectrometer designed to measure near-global
compositional data on rock types, weathering, and crustal evolution. It operates within 14 spectral bands
at the nightside of Venus.

* VenSpec-H (high-resolution IR): an atmospheric spectrometer with 4 spectral bands. Its main objective
is to quantify SO,, H,O and HDO in the atmosphere, below (nightside) and above (dayside) the clouds,
characterizing gas exchanges and searching for volcanic activity.

® VenSpec-U (UV): will map distribution and spatial and temporal variations of sulphur-bearing gases (SO,
SO;) and unknown particulate absorbers at the cloud tops. It aims to support volcanic activity detection
by constraining atmospheric dynamics variability.

VenSar, EnVision's synthetic aperture radar, is the main driver of the mission’s scientific return when it comes
to characterizing the surface of Venus. VenSAR will be designed and built by NASA's Jet Propulsion Laboratory
(JPL) in an ESA-NASA partnership. As a dual-polarization S-band SAR, it can operate in three operating
modes:

¢ The SAR Imaging Mode images the surface of Venus through its thick atmosphere. With a resolution of
10-30 m/pixel, EnVision will provide surface imaging data at an order of magnitude better than the
currently available Magellan data at 100 m/pixel and will provide unprecedented detail of preselected

INote that the SRS configuration has changed to the orientation shown in Figure 5.6a. This CAD model was produced before the
change.
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Regions of Interest (Rol’s) on Venus'’s surface. For these types of observations, the radar must be pointed
at the surface of Venus with an incidence angle of 20°—40°. Stereo imaging (observations of the same Rol
from two different incidence angles) will offer topographic information at 300 m spatial and 20 m vertical
resolution in conjunction with altimetry mode.

¢ In Altimetry Mode, VenSAR is pointed towards nadir and will measure the surface topography of Venus
with a vertical resolution of 2.5 m. This will allow for the generation of high-resolution Digital Elevation
Models (DEM’s) of the surface, which can be used to study surface deformation, tectonics, and volcanic
processes.

* The Radiometry Mode will measure the surface emissivity and temperature of Venus, by measuring
microwave emissivity with a precision < 1.0 K and an absolute radiometric accuracy < 2.0 K. It is
able to observe in both horizontal (H) and vertical (V) polarizations passively, and supports active
dual-polarimetry in HH, and HV modes.

The Subsurface Radar Sounder (SRS) is the first instrument to profile Venus’s subsurface, studying buried
geological structures (like fractures, layering, and flow features) and subsurface materials up to 1 km deep. It
complements VenSAR by using much longer wavelengths, allowing deep penetration and additional surface
characterization. The 16-metre long deployable sounder is built on heritage from the JUICE mission’s RIME
instrument [66], which like the SRS, is designed to characterize the subsurface of the Jovian moon Ganymede.

The Radio Science Experiment (RSE) will aim to extract scientific data from the spacecraft’s radio link with
Earth. The experiment is divided in two specific experiments:

* Gravity Experiment: measuring Venus's gravity field with a 140-200 km spatial resolution by tracking
the spacecraft’s orbital velocity, comparing Doppler shifts of the received frequency with respect to the
transmitted frequency.

* Radio-occultation Experiment: Uses the received signal from the spacecraft’s radio link through the
atmosphere of Venus to extract information about its atmospheric temperature, pressure structure, and
abundance of sulphuric acid.

Together, the six scientific payloads aim to provide a holistic understanding of Venus. Their scientific return is
not meant to be taken as stand-alone data, but rather as a synergistic approach to studying the planet from
core to upper atmosphere. Their distinct roles in EnVision’s scientific synergy is illustrated in Figure 5.4 by
positioning each instrument, and their measurement objectives, in its spatial context.

VenSpec-U ', 3l
C ! H,0,HDO, CO, SO,..

VenSpec-H S0,, SO, cloud dynamics
VenSpec-M H,S04, SO,, stability
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Figure 5.4: 6 scientific payloads’ science targets, and their spatial scope on Venus. [18]

As an M-class mission, EnVision is designed with a ‘design-to-cost” approach. This imposes certain constraints
on the mission architecture and design choices, to keep its CaC within bounds. This design philosophy results
in the following key design choices [18]:
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* A body-fixed dual-band High Gain Antenna (HGA) is used over a steerable HGA, to limit the on-board
solid state mass memory size, and to rely on mature, high TRL technologies for all subsystems.

¢ Electric propulsion solutions are discarded (studied in phase 0/A), which would also fulfil the mission
requirements but at a significantly higher cost.

® The use of aerobraking becomes mandatory to reach the desired science orbit with the limited (propellant)
mass budget in place. The science orbit itself can only be coarsely controlled as well.

® The complexity and duration of ground operations is limited to save on costs. The mission duration is
adjusted to six Venus cycles to confidently fulfil all science requirements.

The number of instruments, their position on the platform (see Figure 5.3), the fixed HGA, and limited
observation opportunities all contribute to the need for careful planning of the mission’s science operations.
The impact will be covered in the first system model of the spacecraft’s attitude in section 5.3.

5.2. EnVision PAS3 Configuration

Having a solid understanding of the EnVision mission, spacecraft platform and instruments, the next step
is to configure the PAS3 toolkit for the specific mission case. The intended workflow of implementing the
PAS3 toolkit in a mission analysis context is to first create a mission configuration file. This configuration file
( ) contains the mission-specific PAS3 objects, relevant parameters, simulation settings and additional
baseline custom models. The intent is to then import this configuration file into separate sub-scripts, where the
models for the required mission/system analysis are created and executed. This modular approach has the
following advantages:

+ Separation of concerns: The mission configuration file focuses solely on defining the mission objects,
parameters and settings, while the analysis scripts can focus on the specific modelling and analysis tasks.
This separation makes it easier to manage and update each component independently.

+ Consistency & reusability: By having a single mission configuration file, all analysis scripts can use
the same baseline mission parameters and settings. This ensures consistency across different analyses
and reduces the risk of discrepancies due to different configurations. When changes occur in the system
(design iterations) or mission (change in planning), only the configuration file needs to be updated, rather
than modifying each analysis script individually. The users have full control over the version control of
the file and scripts; be it via Git, scheduled team updates, or a non-destructive “add-only” approach.

+ Efficiency: Having a centralized configuration file eliminates the need to duplicate simulation and
mission setup code in each analysis script. In essence, once the config file is created, the only concern of
the analysis script developer (simulation-wise) is the straightforward implementation of the simulation
loop in Listing 5. No SPICE know-how is required by the analysis script developer; they can solely focus
on the model, not the simulation development.

The setup of a PAS3 configuration file is illustrated in Figure 5.5. The file contains the PAS3 objects (Simulation,

config.py i s
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Spacecraft Celestial-
Bodies
+ Integrated custom pomm—————— R
models: i A
RO A
el 88 & P w2
Geometries GroundStations
| P | P JS
fds
thermals.py power.py other apps

Figure 5.5: PAS3 Configuration file setup and usage.
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Spacecraft, etc.), as well as integrated custom models that are not part of an analysis script, yet are necessary for
the other models to function correctly. In the case of EnVision, this includes models of the science operations
and attitude profile. This will be discussed in section 5.3. In essence, the collection of the configuration file and
its sub-scripts form the desired EnVision System Simulator (SS) platform from section 3.3.

Within the EnVision configuration file, the first PAS3 object created is the Simulation object. The start of
EnVision’s file is shown in Listing 13. Immediately, the mission-specific nature of the configuration
file becomes apparent with the custom integrated model “VespaData” imported from a separate module and
used to configure the right start and end times. This class contains the planned science operations data for
EnVision and will be covered in more detail in subsection 5.3.1. The necessary SPICE kernels are given in a list
of file paths and loaded at initialization. The automatic simulation coverage settings are overwritten by the
custom science operations data. Finally, some default simulation settings are applied: the default inertial frame
is set to J2000, the occultation tolerance is set to 1 (full visibility) and the solar constant is set to 1362 W/ m2.

import pas3 as p3
from config.vespa_pointing_tool import VespaData

# Setup VESPA data for correct SciOps coverage
SciOps = VespaData(...)

sim = p3.Simulation(
kernel_paths=["envision_v@3_custom.tf", "estrack_v04.tf", "earth_topo_050714.tf",
— "earthfixeditrf93.tf", "envision_vensar_v@0.ti", "envision_venspec_v02_custom.ti”,
— "naife@e12.tls"”, "envision_200715_fict.tsc", "pcko00d10.tpc”, "de-403-masses.tpc”,
— "earth_200101_990628_predict.bpc”, "de432s.bsp"”, "estrack_vo4.bsp”,
— "earthstns_itrf93_050714.bsp", "EnVision_ET1_2031_NorthVOI_v@1.bc",
— "EnVision_baseline_ET1_2031_e0_NorthVOI 1.bsp"],

start_time=SciOps.cycle_start_times[0], # Start of first science cycle
end_time=SciOps.cycle_end_times[-1], # End of last science cycle
)
sim.set_default_frame("”J2000") # Default inertial frame to use
sim.set_occultation_tolerance(1) # visibility True with full visibility
sim.set_solar_constant(1362) # W/m? at 1 AU

Listing 13: Simulation setup in the EnVision PAS3 configuration file.

Next, the celestial bodies and spacecraft are configured in Listing 14. The Earth and Venus objects are created
first, followed by the EnVision spacecraft object, which is associated with Venus as its central body. By default,
the celestial bodies” fixed reference frames are set to “IAU_EARTH” and “IAU_VENUS”, for deomonstrative
purposes, the Earth body-fixed frame is changed to “ITRF93” in this example (which is a high-fidelity dynamic
SPICE frame). The EnVision spacecraft is set to not use SPICE CK data for its attitude, as a custom integrated
attitude model will be implemented in subsection 5.3.2. If no CK kernel was loaded, PAS3 would have defaulted

Earth = p3.CelestialBody("EARTH", sim)
Venus = p3.CelestialBody("VENUS", sim)

EnVision = p3.Spacecraft(”ENVISION", Venus, sim)

Earth.set_body_fixed_frame("ITRF93") # Set Earth body-fixed frame to ITRF93
EnVision.use_spice_attitude(False) # Disable SPICE CK, use custom attitude model instead

Listing 14: Earth, Venus and EnVision setup in the EnVision PAS3 configuration file.
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to not using SPICE attitude data anyway.

With EnVision set up as a spacecraft object, we can proceed to configure its ground stations. Three ESTRACK
deep-space ground stations are used for communication with EnVision: New Norcia, Cebreros and Malargue.
These are created as SpiceGroundStation objects in Listing 15 and assigned to the EnVision spacecraft.

#

i So——=c——ssoosssoosso=s Configure Ground Stations ----------------"-"-———-———
#

New_Norcia = p3.SpiceGroundStation(”NEW_NORCIA", sim)

Cebreros = p3.SpiceGroundStation("”CEBREROS",  sim)

Malargue = p3.SpiceGroundStation("MALARGUE", sim)
EnVision.assign_ground_stations(New_Norcia, Cebreros, Malargue)

Listing 15: Ground station setup in the EnVision PAS3 configuration file.

Now, the configuration file will create objects of the payload instruments in Listing 16. The VenSpec suite
instruments were initialized using their SPICE IK files. Note that the body locations of the instruments are not
included in these snippets. Because the VenSpec FOV angles remain relatively fixed throughout the mission
development, they are defined in the SPICE IK files instead of using CustomiInstrument objects.

#

i oommcoocososssssssssssos Configure VenSpec SPICE Instruments ------------———————-——"—"—"——\—\——
#

VenSpec_M = p3.Spicelnstrument(EnVision, "ENVISION_VENSPEC_M")

VenSpec_H = p3.Spicelnstrument(EnVision, "ENVISION_VENSPEC_H")
VenSpec_U = p3.Spicelnstrument(EnVision, "ENVISION_VENSPEC_U")

Listing 16: VenSpec instruments setup in the EnVision PAS3 configuration file (body locations not included).

The remaining instruments: VenSAR, SRS and RSE (which is the HGA), are configured in Listing 17 by the use
of non-SPICE initialization methods. Their boresight vectors are defined by rotating a unit vector along one
of the spacecraft axes by a certain tilt angle. The VenSAR reflectarray is tilted 7.14° from the —X axis around
the +Y axis, resulting in a reflected ray tilt of 14.28°. The SRS is tilted 36° from the +Z axis aroud the +X axis.

from math import radians, cos, sin
# VenSAR:
VENSAR_TILT radians(...) # Reflectarray tilt
VENSAR_RAY_TILT = VENSAR_TILT * 2 # Reflected beam tilt
VENSAR_vec [cos(VENSAR_RAY_TILT), @, -sin(VENSAR_RAY_TILT)] # Boresight vector

VenSAR = p3.CustomInstrument(EnVision, "ENVISION_VENSAR"”, [VENSAR_vec], "CIRCLE", 5.0)

# SRS:
SRS_TILT = radians(...) # SRS boresight tilt
SRS_vec = [0, sin(SRS_TILT), cos(SRS_TILT)] # Boresight vector

SRS = p3.CustomInstrument(EnVision, "ENVISION_SRS", [SRS_vec], "CIRCLE"”, 5.0)

# HGA (RSE):
HGA_TILT = radians(...) # HGA LOS tilt
HGA_vec = [cos(HGA_TILT), @, sin(HGA_TILT)] # Boresight vector

HGA = p3.Geometry(EnVision, "High Gain Antenna”, [HGA_vec], "RAY")

Listing 17: VenSAR, SRS and RSE instrument PAS3 setup in configuration file (body locations not included).
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Figure 5.6: Envision instrument tilt angles: (a) SRS tilt angle 9srs, (b) VenSAR tilt angle Sv.,s54r and HGA tilt angle Spga.

The HGA is tilted 25° from the +X axis around the -Y axis. Note that the half angles of the circular FOV’s of
VenSAR and SRS are only configured for visualization purposes in chapter 6. More realistic beamwidths can
be defined when the analysis requires it. The tilt angles and boresight vectors of these three instruments are
illustrated in Figure 5.6.

In addition to the instruments, some more general spacecraft geometries are configured in Listing 18. The 6
spacecraft panels are defined as half-space geometries, aligned with the spacecraft body axes (see Figure 5.6).
The —Z panel is defined as the cold face of the spacecraft. Additionally, a sun impingement constraint zone
during Earth-communications is also configured. These constraint zones will be used (and explained further)
in the attitude model in subsection 5.3.2.

# +X and -X Panels
PX = p3.Geometry(EnVision, "+X Panel”, [[ 1, 0, 011, "HALF_SPACE")
NX = p3.Geometry(EnVision, "-X Panel”, [[-1, @, ©]], "HALF_SPACE")
# +Y and -Y Panels
PY = p3.Geometry(EnVision, "+Y Panel”, [[0, 1, 011, "HALF_SPACE")
NY = p3.Geometry(EnVision, "-Y Panel”, [[@, -1, 011, "HALF_SPACE")
# +Z and -Z Panels
PZ = p3.Geometry(EnVision, "+Z Panel”, [[0, @, 111, "HALF_SPACE")
NZ = p3.Geometry(EnVision, "-Z Panel”, [[0, @, -1]], "HALF_SPACE")

# Constraint zones:

ColdFace = NZ # The -Z panel is the cold face

n_vec = [cos(HGA_TILT), @, -sin(HGA_TILT)]

Comms_sun_exclusion_zone = p3.Geometry(EnVision, "Comm. excl. zone"”, [n_vec], "HALF_SPACE")

Listing 18: Spacecraft geometries setup in the EnVision PAS3 configuration file.

This concludes the basic EnVision PAS3 configuration file setup. More PAS3 geometries and integrated models
are expected to be initialized in the file for the upcoming model sections. The intention is to build
upon this configuration file throughout mission design and storing the EnVision setup in a repository accessible
to team members, to be imported as a submodule in their own scripts.

5.3. Science Operations & Attitude Model

This whole chapter aims to build models utilizing the PAS3 toolkit as a proof of concept of its intended use. For
the EnVision mission case study, the first model to be built is an attitude model. EnVision carries instruments
and an antenna that require a specific attitude of the whole spacecraft to operate correctly. Combine this with
the nature of a Venus-centred medium-class mission, where the spacecraft has a fixed HGA, limited lifetime,
high thermal constraints, limited Solid State Mass Memory (SSMM) capacity for heavy SAR data, limited
repeat observation opportunities, and varying link budgets with Earth. The combination of these factors does
not only give rise to a pointing-intensive attitude profile, but also a highly aperiodic one. This makes sizing
analysis on attitude-dependent parameters of the spacecraft more challenging. The factors influencing the
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spacecraft’s aperiodic attitude profile are summarized in Table 5.1.

Table 5.1: Pointing considerations for the EnVision spacecraft: mission properties and their influence on spacecraft aperiodic attitude [18]

Origin | Factors Attitude Consequences
VenSAR imagery requires incidence angle between 20° — | Off-Nadir pointing required with vary-
40°. ing off-nadir angles.
Standard Nadir-pointing differs between VenSpec spec- | Nadir-pointing attitude roll angle dif-
" trometers, VenSAR altimetry and SRS operational | fers between instrument operational
;E) modes. modes.
g VenSpec instruments need regular dark- and sun- | Specific occasional pointing profiles.
“é‘ calibration.
a VenSAR produces large volumes of data, while SSMM | Necessary to allocate many commu-
is limited (design-to-cost limitations). nication timeslots.
Steady-State sun impingement must be avoided in cer- | Pointing constraints.
tain VenSpec units Field Of Views (FOV’s).
The spacecraft has one face (with VenSpec radiators) | Pointing constraints.
é that must avoid steady state solar illumination (called
£ the cold face).
[
A Design-to-cost approach results in a fixed high-gain | Requires the whole spacecraft to point
antenna (HGA) for communication and the RSE, rather | towards the Earth.
than a steerable one.
Variability of communication link budget and visibility | Earth-pointing communication modes
% with Earth. are not distributed evenly.
% Limited mission lifetime due to high thermal loads in | Need for careful planning of observa-
E the Venus environment.! tions (and pointing).
5 Slow rotation rate of Venus? makes SAR repeat observa- | Careful planning of SAR pointing
tion opportunities limited. based on Rol passes is necessary.

Note that for the current status of the project, and the desired activities of the project team, the attitude is decided
to be taken as an input for the sizing analysis, rather than an output. The attitude profile is therefore built
based on a reference science operations timeline, and does not consider slew times, dynamical perturbations or
transition profiles. The attitude model is therefore a steady-state representation of the spacecraft’s pointing
profile. Throughout the mission, EnVision’s near-polar orbit will have a period of approximately 90 minutes.
The currently used reference operational timeline (introduced in subsection 5.3.1) divides the operations in
45-minute intervals; with EnVision’s agility requirements and Sun-avoiding slew capabilities, it was decided
internally this approximation would be sufficient for the intended sizing analysis.

An overview of the science operations is described subsection 5.3.1. The procedure of translating this operations
profile into a spacecraft attitude model for the EnVision PAS3 configuration is given in subsection 5.3.2 (using
one mode as example). The model is then verified in subsection 5.3.3.

5.3.1. SciOps Overview

Coordinated effort between the mission performance team and the SOC has resulted in a repository of software
tools and scripts to aid the Science Operations (SciOps) planning. The main tool used in the presented work
will be VESPA (Venus Science Planning Assistant), which is an ecosystem of tools assisting the analysis of
EnVision mission’s performance. VESPA automates the assignment of science operations profiles, maximizing
data return and science phase performance. After discussion with the EnVision project team, it was decided
the VESPA reference science operations timeline will be used as input for the attitude model. This gives the
SciOps team within the EnVision project the opportunity to link the mission performance output directly to a
system-analysis platform, while having the flexibility to change operations and planning. Using this approach

LA Venus orbit can significantly reduce mission lifetime. Venus Express had a lifetime of 8 years, compared to the 20+ years of its
‘sibling” Mars Express [67]

2The rotation period of Venus is about 243 days [68]. In EnVision’s near-polar orbit and planned lifetime, this equates to 6 opportunities
(6 Venus cycles) to make repeat SAR observations.
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Figure 5.7: Payload and platform operational modes and their nominal pointing requirements and constraints. Text between brackets

indicates preferred pointing conditions for modelling purposes.

provides more agility in the design and analysis process compared to a pre-defined SPICE CK kernel approach.

Vespa allocates the science operations into half-orbits called arcs, these arcs get a number associated to it based
on the science or general operational activity taking place. Figure 5.7 illustrates the different operational
modes of the spacecraft; VESPA takes these modes and assigns them to the arcs based on the science return
requirements, data volume, and communication opportunities. Operational modes that can be combined are
grouped together, creating an extensive timetable of distributed operational modes. The interest of this section
lies in extracting an attitude profile from the operational modes. In total 9 pointing modes are defined; they are:

Nadir pointing (NADIR)

Dark calibration pointing (DARK)

Sun calibration pointing (SUN)

Nadir SRS orientation (SRS)

VenSAR altimetry mode (ALTIMETRY)

VenSAR off-nadir imaging mode (STD. SAR)

Earth-pointing communication mode (EARTH)

Orientation for a propulsive pericenre-raising manoeuvre (PERI RAISE)
Unspecified /Unrequired pointing (UNREQ)
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Each mode has its own set of pointing requirements and constraints, which are summarized in Figure 5.71.
Note that the UNREQ mode is assigned to operations dat do not require a specific orientation. For modelling
purposes, the default NADIR mode is mapped onto these operations.

In order to orient the spacecraft in the correct steady attitude during an operational mode, at least two body
axes must be defined, the whole body-fixed frame can then be completed following the right-hand rule. In
most cases, one axis must point towards a specific target (nadir, Earth, Sun), the spacecraft then has a degree
of freedom around this axis (necessary roll angle). The second axis is then either set by specific observation
orientation requirement, a pointing constraint, or a combination of both. For example, in the NADIR mode,
the +X body axis must point towards nadir (pointing requirement), then the body is rolled to ensure the Y-axis
is in the along track direction (orientation requirement), then the direction of the +Y axis along track is selected
to ensure the cold face is not illuminated by the Sun (cold constraint). Some constraints are:

* Cold constraint: No steady state sun impingement on the -Z panel of the spacecraft.

® Dark angle constraint: during dark VenSpec calibration, the angle between the nadir and VenSpec line of
sight must be > 90°.

e Comms. Exclusion zone: during Earth-pointing communication, the cold constraint cannot always
be satisfied. A new region of prohibited sun impingement is defined (referred to as communication
exclusion zone).

In some modes, hard orientation requirements or constraints are not sufficient to define the second axis,
therefore a preferred orientation is defined (between brackets in Figure 5.7). These are:

* (Power optimized): Orientation minimizes the angle of incidence of the Sun on the solar arrays,
maximizing power generation. With EnVision’s rotatable arrays on the Y panels, this means the sun
vector is in the body XZ-plane of the spacecraft.

* (Albedo constraint): Similar to the cold constraint, but instead of sun impingement, albedo reflections
from Venus must be avoided on the -Z panel.

¢ (follow NADIR mode): As explained earlier, modes without a specific pointing requirement are mapped
onto the NADIR mode.

¢ (Cold Constraint): during Earth pointing communication, the cold constraint is preferred to be satisfied
if possible.

Within the EnVision SS repository, a helper class called VespaData was configured which reads a VESPA-
generated timeline Excel sheet, reads a pointing description file (like Figure 5.7), and outputs a similar timeline
but with the corresponding pointing modes with every arc as a serialized file of the corresponding

data frame. This ensures the timeline can be easily read and processed in Python’s own binary format,
without having to read a spreadsheet before every simulation. Even with an “operations resolution” of
half-orbits (about 45 minutes), for 6 Venus-cycles, this results in about 45,000 modes to read. Before the attitude
model is initialized, the timeline is unpickled, and the pointing modes are extracted at arbitrary time steps using
the binary search method using the VespaData class method

. Similarly, the method is used to extract the science / operational
activity taking place during an arc. The data objects have additional useful attributes like SciOps coverages
(start and end times), operational activity and pointing modes data frames. Because the SciOps timeline and
provided SPICE kernels do not overlap perfectly, the SciOps coverage is used manually in EnVision’s PAS3
simulation configuration to ensure correct attitude profiles are used during analysis (see the EnVision PAS3
simulation instance setup in Listing 13).

Using this class, simulations can be easily run using different VESPA timelines or operational modes. Within
the EnVision SS configuration, a VespaData object is created, either by reconfiguring a new SciOps timeline

using the flag (taking a bit more than a minute), or by reading an existing (serialized)
timeline with (about 20 ms on the same machine). Setting up SciOps objects is shown in
Listing 19.

Following the definition of the 9 operational modes, together with the SciOps timeline provided by the VESPA
tool and the VespaData mode accessing, the next step is to create the attitude model using the PAS3 toolkit.
This will be shown in the next subsection.

INote that VenSAR Nadir radiometry in Figure 5.7 is performed in the spacecraft ALTIMETRY mode and Off-Nadir radiometry in
spacecraft NADIR mode. This is due to the VenSAR reflectarray tilt (see Figure 5.6b) looking nadir in altimetry mode and off-nadir when
the spacecraft looks nadir.
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SciOps1 = VespaData("configured_vespa_timeline”, reconfigure=False) # Pickled data (20 ms)
Sciops2 = VespaData("new_vespa_timeline”, reconfigure=True) # New timeline (1 min)

Listing 19: Loading EnVision SciOps timeline using the custom VespaData class.

5.3.2. Attitude Model Setup

This subsection will briefly showcase the approach taken to model the pointing of the spacecraft following
the VESPA operational timeline from subsection 5.3.1 and the PAS3 EnVision configuration from section 5.2.
Covering all 9 operational modes would be too extensive for this report; therefore, only the EARTH mode will
be covered in detail, as it nicely illustrates the use of the toolkit. The other modes are modelled in a similar
fashion, taking into account their specific pointing requirements and constraints.

Within the EnVision SS, the module attitude_generator.py was created. It includes a function dispatching
dictionary, connecting the operational modes to their corresponding attitude generation functions.

POINTING_METHODS = {

"NADIR": point_nadir,

"EARTH" : point_earth, # This one is explained in detail below

"ALTIMETRY": point_altimetry,

"SAR_NRA_MAX" : point_nra_max,

"SAR_PRA_MIN": point_pra_min,

"SAR_PRA_DEFAULT": point_pra_default,

"SUN": point_sun,

"PERI_RAISE": point_peri_raise,

"DARK" : point_dark,

"UNReq" : point_nadir, # Assume NADIR for unrequired pointing

"SRS": point_srs_config_3b, # Result of different SRS configurations

"FLIP": point_nadir # Flipping manoeuvre assumes default NADIR (for now)
3

Listing 20: Pointing scripts dispatching dictionary in the EnVision attitude generator.

Note that the SAR imaging pointing is divided into three different functions; this is because the off-nadir
pointing requires different incidence angles depending on the type of SAR imagery. Also, during such off-nadir
pointing, the spacecraft can be rolled around the Y-axis in a positive roll angle (PRA) or negative roll angle
(NRA) direction. While standard SAR observations can happen between incidence angles of minimum 20° and
maximum 40°, two specific cases are modelled: the maximum off-nadir angle (40°) in the NRA orientation
(worst case for albedo impingement on cold face and Sun impingement in VenSpec FOV’s), and the minimum
off-nadir angle (20°) in the PRA orientation (worst case for albedo impingement in the VenSpec FOV’s). The
DEFAULT function points to a baseline off-nadir look angle (not incidence angle) of 29° in PRA orientation.
The choice of including both NRA_MAX and PRA_MIN (instead of assuming only default SAR orientations)
will become apparent in section 5.4. The three variations are shown in Figure 5.8.

/ \ : f
< 7 \ Sdefuu?t |

/ S \ — — \

(a) Maximum off-nadir incidence angle (8; = 40°)  (b) Default off-nadir look angle (84, fquit = 29°) () Minimum off-nadir incidence angle (8; = 20°)
in NRA orientation. in PRA orientation. in PRA orientation.

Figure 5.8: Three variations of EnVision’s VenSAR standard off-nadir pointing modes modelled in the current attitude model (angles not
to scale).
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The dispatching in Listing 20 is used in a general attitude update function in Listing 21. The function extracts
the pointing mode from the SciOps timeline, checks if the mode is recognized, and calls the corresponding
function to update the attitude of the spacecraft.

from envision_config import EnVision, SciOps

def update_attitude(pointing_id: str | None =None) -> None:
# Get pointing mode from SciOps timeline or input argument (manually setting possible)
if pointing_id is None:
pointing_id = SciOps.get_pointing(sim.et)
# Check if pointing mode is recognized:
if pointing_id in POINTING_METHODS:
POINTING_METHODS[pointing_id]() # Call corresponding pointing function
else:
print(f"Warning: Pointing mode ({pointing_id}) not recognized.")
point_nadir() # Default to NADIR

# Store pointing mode
EnVision.pointing_mode = pointing_id

Listing 21: Attitude update function in the EnVision SS attitude generator.

To point EnVision in the EARTH communication pointing mode ( in Listing 20), first an initial
orientation is calculated. Following the power-optimized constraint in Figure 5.7, a plane is defined between
the Sun ( ) and Earth ( )- The +Y body axis is aligned

perpendicular to this plane. To complete the initial orientation, the +X (or +Z) body axis is defined by
rotating the Earth direction vector by the HGA tilt
angle around the +Y axis using Rodrigues’ rotation

formula (see Equation 5.1), where Y is the +Y body

axis, X, the +X body axis, and Vs, and Teqrey are the b)
Sun and Earth direction vectors respectively. x4 is

the HGA tilt angle w.r.t the +X body axis. The right-

handed body-fixed frame can then be completed.

Figure 5.9 illustrates the geometry of the initial orient-
ation. EnVision is positioned in the power-optimized
plane (the page), with the HGA pointing towards
Earth. The figure shows four cases of the Sun’s
position that contribute to the second step in de-
fining the final orientation; the constraint handling.
The initial setup has two potential orientations sat-
isfying the Earth-pointing requirement, as well as a
power-optimized orientation, namely one that flips
the spacecraft by 180° around the HGA axis (transpar-
ent in Figure 5.9). Selecting whether the spacecraft
should be flipped is done by following a constraint
handling procedure. As mentioned before, the cold

face (in blue) of the spacecraft should desirably not
have anv sun impingement; case 0 in Figure 5.9 Figure 5.9: Two power-optimized orientations of EnVision during
Y ’ : Earth-pointing communication, with four different Sun positions.

would naturally .need a ﬂipped §pacecraft to satiSfy The cold face is shown in blue, the communication exclusion zone in
the cold constraint. However, in case d), the cold  red; with Sy¢4 the tilt angle of the HGA w.r.t the +X body axis.

constraint cannot be satisfied in both orientations.

For this reason, a communication exclusion zone (in red) is defined, which ensures a preferred orientation is
always possible during Earth communication modes. Case b) clearly does not violate any constraints, and can
remain in the initial orientation. Case a) shows the Sun is in the communication exclusion zone, but the cold
constraint can be satisfied. In this case, the spacecraft is flipped to satisfy both.

d)
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The constraint checking procedure is shown in the flowchart in Figure 5.10. The procedure first checks if the
cold constraint can be satisfied, if not, flips the spacecraft and checks if in the new orientation, both constraints
are violated. If so, the spacecraft is flipped back to the initial orientation, having violated the cold constraint,
but satisfying the communication exclusion zone constraint. When the cold constraint can be satisfied in the
initial orientation, the procedure checks if the Sun is in the communication exclusion half-space. If this is the
case, the spacecraft is flipped to satisfy both constraints, if not, it remains in the initial orientation. The cases
illustrated in Figure 5.9 are indicated in the flowchart as well.

Initial orientation

Cold Face hit

Cold Face
AND
Excl. Zone
hit

Exclusion Zone hit

a) b) ) d)
Flipped orientation Initial orientation Flipped orientation Initial orientation

Figure 5.10: Constraint handling flowchart for EnVision Earth-pointing communication mode. Four sun-constrained cases (a, b, ¢, d) are
illustrated in Figure 5.9.

PAS3 offers some convenient functions to support vector operations to set up body rotation matrices. Examples

are: to rotate a vector around an arbitrary axis,

to normalize a vector, and to geta

vector orthogonal to a fixed vector, but as close as possible to a reference vector (used to get along-track

directions). operations present in are used directly in the scripts (like and

Some functions are replaced by utility functions as they have a slightly lower performance (shght

improvement in simulation time). Examples are replaced by , and
replaced by

Using the same procedure as above (i.e. setting up an initial orientation, then handling constraints), the other
pointing modes are modelled as well; using the PAS3 utils functions andSpacecraft and CelestialBody state
attributes. It is recognized that the attitude model can be improved by the use of quaternions, and/or a more
sophisticated analytical method of linking pointing and constraints, instead of using conditional constraint
checks of the spacecraft orientation. For example: it was later realized, using the visualization results in
chapter 6, that current pointing constraints can be reached by defining the +Y body axis as the cross product

between the Sun and Earth direction vectors (17 = Usun X Deartn), having a dynamic initial orientation and
automatically satisfying the sun exclusion zone. This is only possible due to the symmetry of Sun exclusion
zone w.r.t the Earth direction. The more stepwise constraint approach from Figure 5.9 was used first to increase
readability and ease of understanding of the pointing logic. If at a later point, the exclusion zone becomes
asymmetric or changes shape (see subsection 4.4.5), the constraint handling procedure can be reintroduced.
The importance of this section is to illustrate the approach taken, as an analogy to the pointing and constraint
handling in other modes.

Within the project, a more precise reference attitude profile is being built in the form of SPICE CK kernels by
the SOC, which will replace the current steady-state attitude model in the future. However, the current model
can still be used when operational timelines are changed, instrument accommodation (and thus pointing
requirements) changes, or the pointing mode needs to be altered during runtime (for example safe mode
injections).
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5.3.3. Attitude Model Verification

In order to verify the attitude model, every pointing mode from Figure 5.7 was verified individually by running
short simulations (one orbit) in a fixed pointing mode. To check the correctness of the modelled spacecraft
attitude, the Geometry classes were used, together with their method,
and the environmental (body-fixed) direction vector attributes from the Spacecraft actor. As shown in the
EnVision PAS3 configuration in section 5.2, half-space geometries were configured for every panel of EnVision
using the body-fixed axes as their plane normals. The choice of using the geometry classes for verification is
made because their method outputs depend on the correct implementation of the spacecraft attitude. This
ensures the verification does not simply reverse-engineer the steady pointing logic described in section 5.3, but
rather checks for the correct implementation of attitude within the overall toolkit.

The verification orbit performs three consecutive checks. First, the pointing requirement is checked (for
example: does the axis of the instrument point towards the desired target?). If the correct axis points towards
the desired direction, the spacecraft has a rotational degree of freedom around this axis. The second check
verifies if the correct roll angle is implemented (for example: is the along-track direction aligned with the +Y
body axis?). Finally (optionally), the constraints are checked (for example: is the cold face not illuminated by
the Sun?). The checks per pointing mode are summarized in Table 5.2.

Table 5.2: Verification checks per pointing mode.

Pointing requirement Roll definition Constraint checking
NADIR X Opadir = 0° LYsTorpit = 90° Usun out of Cold Face half-
space
EARTH £LZ40earth = 90° — dpga LY+T0sun =90° No Sunlight in the Sun-
LX 4 Doarth = SHGA exclusion zone
Ray Geometry for the HGA
intersects the Earth Celesti-
alBody actor.
ALTIMETRY LX Dnadir = QVenSAR LY sHorpit = 0° Dsun out of Cold Face half-
space
NRA_MAX 9; =40° LYsTorpit = 90° LZ+0padir > 90°
PRA_MIN 9; =20° LYsTorpit = 90° LZDpadir > 90°
PRA_DEFAULT Z)_C)Jrﬁnudir =29° — 3V enSAR 1]74.170,,;;” =90° zZ-z?mdi, > 90°
SUN LX Dgun = 0° LY+Opadir = 90° LZ D padir > 90°
Z]7+7_55un =90°
DARK lf+5nadir = ZJ_C)+Z_55un Z]_/)+55u11 =90° Zg+5nadir > 90°
LY+0sun > 90°
No VenSpec FOV Sun im-
pingement
SRS Az+5nadir = SSRS ZJ_éir_iorbit =0°

For every iteration, first the all the body axes (X4, Y+, Z+) expressed in the J2000 inertial frame are checked for
orthogonality and right-handedness as per Equation 5.2. The + or - suffixes below the axes vectors means the
positive or negative direction respectively (the + suffix in Table 5.2 represents the axis itself). Then, external
vectors like nadir direction (7,,44iy), Sun direction (¥, ), Earth direction (T.,,¢1), and the orbit normal vector
(#1orpit) are extracted from the Spacecraft actor (EnVision) expressed in its body-fixed frame using methods like:
The angles between the body axes and these vectors are calculated and checked with the expected values
from Table 5.2. For example, checking if the +X body axis points towards nadir, the incidence angle on the
+X panel geometry is calculated using , with PX the +X
panel half-space Geometry, attached to the PAS3 Spacecraft representation of EnVision. The expected angle is
0°. Constraint checking is done by either checking visibility of instruments / geometries towards celestial
bodies, or more abstract angle checks; for example, £Z.0,44i, > 90° is equivalent to checking if the -Z panel (or
cold face) is pointed away from Venus. The three STD. SAR attitudes are verified by checking the VenSAR
boresight incidence angle (9;) on the surface on Venus (using the PAS3 VenSAR plane abstraction Geometry
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function ) for all but the default mode. The default mode is defined by a look angle w.r.t.
the nadir direction (as seen in Figure 5.8) and VenSAR pointing can be verified more directly by checking if
the +X body axis makes the correct angle with the nadir direction vector (taking into account the VenSAR tilt
angle). Standard VenSAR observations are done with the +Y axis along-track (which is the roll definition)
and the PRA and NRA constraints are checked by verifying if the correct Z panel is pointed away from nadir.
Common roll definitions are £ij,7i,sbit = 90° for +Y along-track, and Zyj+1orpir = 0° for +Y pointing cross-track.

f+'§+=0
P+ 2+ =0 (5.2)
J_C)+'(§+><E+):1

These verification orbits with fixed pointing modes were run for 100 uniformly distributed random start epochs
within the SciOps coverage period (August 2034 — August 2038) with a time step fidelity of 5 seconds. While
most could be verified using the incidence angle methods of the side panels (VenSpecs have the same LOS as
the +X axis), some instruments are not aligned with the body axes (VenSAR, SRS and the HGA). Their tilt
angles (Svensar, 9HGA and 9sgrs) are used in combination with body axes in the verification assertions. In
the constraints column, representations of the cold face and communication exclusion zone constraints (see
Figure 5.9) are used, as well as the VenSpec FOV geometries to check for Sun impingement during DARK
calibration mode. The relevant tilt angles and body axes are illustrated in Figure 5.6, while the constraining
half-spaces can be seen in Figure 5.9.

With this verified attitude model, the attitude generation can be implemented in the EnVision PAS3 configuration
as a custom model using the method of the Simulation class (shown in subsection 4.4.1).
The attitude update function from Listing 21 is called at every time step, updating the spacecraft’s attitude based
on the SciOps timeline. With this attitude representation, the consequent subsystem models automatically
receive the correct spacecraft orientation during simulation runtime, without the need of importing this
attitude module and calling it manually. The model is added in as follows:

from attitude_generator import update_attitude
sim.add_custom_model (update_attitude)

Outputs:

Registered custom model: 'update_attitude'
Additional keyword arguments: ['pointing_id']

Listing 22: Adding the attitude update function as a custom model in the EnVision PAS3 configuration.

The keyword argument is an optional string that can now be inserted into the update functions
( and ) to manually overwrite the pointing mode inside the simulation loops (this will
mainly be used in thermal models in section 5.4 and the visualization application in chapter 6). If not provided,
the function extracts the pointing mode from the SciOps timeline as described in Listing 21.

5.4. Thermal Modelling

The aperiodic pointing profile of the multi-instrument EnVision mission brings uncertainties in the modelling
of sizing cases that are highly dependent on the spacecraft attitude. In the proof-of-concept implementation of
the PAS3 toolkit for EnVision, it was chosen to build thermal and power models which can extract full-mission
attitude-dependent analysis. With the verified steady-state attitude model from section 5.3 added to the
EnVision PAS3 configuration in section 5.2, the creation of these subsystem models can start.

This section will describe the thermal modelling efforts performed. For the EnVision mission, two thermal
analyses were requested:

1. VenSpec (& VenSAR) fluxes — The EnVision project team requested an update on previous thermal
analysis for the VenSpec instruments” accumulated fluxes within their FOV’s over the mission lifetime as
a requirement for the instrument teams. Previous analysis was done with a more analytical approach. A
simulation-based analysis was desired.

2. Thermo-optical degradation of MLI — The spacecraft thermal department requested an analysis of the
accumulated flux on the spacecraft panels over the mission lifetime. This analysis is to be used to verify
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the current assumptions made on the expected thermo-optical degradation of the MLI blankets on the
spacecraft bus’s side panels.

Note that for both these cases, the desired output of the analyses are the accumulated Equivalent Sun Hours
(ESH), which is defined as the equivalent number of hours a surface is exposed to 1365 W/m? of solar radiation
[69]. This measure is commonly used in spacecraft thermal design to estimate the degradation of thermo-optical
properties of surface materials (or optical instruments) over time due to solar exposure (both direct and albedo)
[70].

Two different approaches were taken for both of these thermal analyses. For the VenSpec analysis, the
established equations and assumptions from the previous analytical ESH analysis were implemented, but with
a PAS3/VESPA-backed simulation. This is a lower-fidelity model, but offers a conservative approach to the
ESH sizing, while keeping the simulation time manageable (this will become apparent in subsection 5.4.1). For
the spacecraft panel flux analysis, a more complex numerical thermal model was built. A requirement on
fidelity was not provided directly by the thermal department, giving the opportunity to implement a more
complex, numerical model as a proof-of-concept of the PAS3 toolkit capabilities. Both models will be described
in the following subsections.

5.4.1. VenSpec ESH Analysis

EnVision’s VenSpec suite consists of three spectrometers (VenSpec-U, -H, and -M) each with a different FOV.
The FOV’s are rectangular cone-shaped with their axes aligned with the +X body axis of the spacecraft. These
FOV’s were already initialized following their design specifications stored in the EnVision SPICE kernels
in EnVision’s PAS3 configuration in Listing 16. They are also illustrated in Figure 5.11a. Additionally, each
instrument has an Unobstructed Field of View (UFOV), which is a larger region representing the maximum
possible view angles of the instrument without any physical obstructions. Besides, VenSpec-U also has a
region defined by a Contamination Rejection Angle (CRA), which is an even larger FOV representing the area
in which light contamination from stray light sources can enter the instrument.

(a) VenSpec FOV’s (b) VenSpec UFOV’s (c) VenSpec-U CRA

Figure 5.11: Current VenSpec FOV’s, UFOV’s and CRA rendered on the EnVision spacecraft model. Smallest to largest cones in (a):
VenSpec-H (blue), VenSpec-U (green), VenSpec-M (yellow).

These regions were added manually to the EnVision IK file. They could have been initialized as a PAS3
CustomInstrument, but as the FOV angles are not expected to change often, manually adding the UFOV and
CRA descriptions inside the SPICE IK was preferred (keeping clarity in the config.py file). Their PAS3
initialization in the EnVision configuration file is shown in Listing 23:

# UFQV's:
VenSpec_M_UFOV = p3.Spicelnstrument(EnVision, "ENVISION_VENSPEC_M_UFOV")
VenSpec_H_UFOV = p3.Spicelnstrument(EnVision, "ENVISION_VENSPEC_H_UFOV")
VenSpec_U_UFOV = p3.Spicelnstrument(EnVision, "ENVISION_VENSPEC_U_UFOV™)
# CRA:

VenSpec_U_CRA

p3.Spicelnstrument(EnVision, "ENVISION_VENSPEC_U_CRA")

Listing 23: VenSpec UFOV’s and CRA initialization.

As was mentioned before, the same equations for solar and albedo fluxes from earlier ESH analysis was
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implemented. The maximum solar flux is calculated very straightforwardly in Equation 5.3, with I the solar
constant at 1 AU (1365 W/m?), and r the current Sun-spacecraft distance in AU. Note that the incidence angle
of the sun inside the FOV is not considered in this very conservative approach.

(5.3)

1AU\?
T

Gsol :I(

Within the PAS3 Spacecraft object, this can be accessed as the property: . The simulation-
wide solar constant [ is configured in the Simulation object as seen in Listing 13. The solar flux equation is
standardized enough to be implemented in the base Spacecraft class of the PAS3 toolkit without violating the
mission-agnostic philosophy.

With all VenSpec FOV's initialized, they can be imported into the analysis script and a full-mission simulation
can be run very straightforwardly as seen in Listing 24. At every time step, the solar ESH is calculated by
normalizing the current solar flux w.r.t. the solar constant, multiplying it by the time step in hours. Then,
for every VenSpec instrument, it is checked whether the instrument sees the Sun using the

method of the Instrument class. If so, the solar ESH is stored.

from config import sim, EnVision

# Store accumulated solar ESH per VenSpec instrument
solar_esh_dict = {name: [] for name in EnVision.instruments if name not in
— ["ENVISION_VENSAR", "ENVISION_SRS"]1}

# Main simulation loop
DT = 60x2.5 # Time step of 2.5 minutes in seconds
while sim.active:
sun_esh = EnVision.solar_flux / sim.solar_constant * DT/3600 # ESH
for instrument in EnVision.instruments.values():
if instrument.sees_the_sun(): # Add solar ESH
solar_esh_dict[instrument.name].append(sun_esh)
else: # No sun in FOV
solar_esh_dict[instrument.name].append(0.0)

sim.advance_time(DT)

Listing 24: Solar ESH simulation

1 3
VenSpec-M FOV 1 _) !

1)

Sun Visibility

2)

0 T T T
/ 02:25 02:30 02:35 02:40
(a) VenSpec-M FOV in “NRA_MAX"” mode with occasional Sun impingement (not to scale). (b) VenSpec-M PAS3 Sun visibility output.

Figure 5.12: Maximum SAR incidence angle in NRA orientation can cause sun impingement for large FOV’s.
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Remember that the spacecraft attitude is fully encapsulated by the object in the previous section. Below
the surface, EnVision’s attitude follows the VESPA operations, and this attitude (as well as the Spacecraft
occultation calculations) directly determines if the VenSpec objects’ Sun visibility functions return or

. By default, the standard SAR pointing mode is configured as “"NRA_MAX" (see Figure 5.8a). In this
orientation, the likelihood of Sun impingement in the VenSpec FOV’s by the sun during a VenSAR observation
is maximized due to the FOV potentially exceeding the limb horizon. This is shown in Figure 5.12a. For albedo
flux calculations, the worst case scenario is the “PRA_MIN" mode (see Figure 5.8c), as this orients the VenSpec
FOV’s more towards the planet, maximizing the albedo reflection. This will be covered below.

Modelling the albedo flux is a lot more ambiguous;
there exist many ways to model it with different levels \
of fidelity. Therefore, no standard albedo model is A
included in PAS3. The user is expected to create 3
the model using the PAS3 functionalities. The ESH '
analysis used a simplified albedo model, expressing \
the albedo flux as a function of the solar flux, a \
(constant) albedo coefficient of Venus, a view factor, )’
and the elongation angle of the Sun w.r.t. Venus as
seen from the spacecraft. This results in Equation 5.4,
with p the albedo coefficient of Venus (0.76), gs,; the
solar flux on Venus, F1; (A, ar) the view factor, and
95 the elongation angle. They are also illustrated in
Figure 5.13.

alb (9s, A, aL) = QSolpFu (A, ap) cos(ds) (5.4)

The view factor was newly added, as this attitude-
dependent factor could be calculated straightfor-
wardly using the PAS3 simulation functionalities.
An analytical model for a planar to spherical view Figure 5.13: Geometry for albedo flux calculation, with A the angle
factor from ECSS-E-HB-31-01 was implemented to between nadir and boresight, 95 the solar elongation angle, and ay,
. 11 .. the limb half-angle.

account for self-shielding of the visible cap of Venus

at low altitudes (like that of EnVision’s) [71, 72]. Note

that this approach is still a simplification, as the FOV geometries are not planar, but conical. However, this
approach is very conservative (partial shielding of a planar geometry is always less than that of the infinite
conical geometry of the FOV) while ensuring no wide overestimations of albedo fluxes at low altitude.

Fip = By + B1cos(A) + Bacos?(A) + Bzcos3(A) + Bacos®(A) (5.5)

with the coefficients defined as:

_ 2 |577 2 0s3(ar) = 2c0s® 2 057
0= [105 7cos(ar) + 3608 (ar) 5Cos (ap) + 7C0s (ar) (5.6)
1
By = Esinz(aL) (5.7)
B, = % [cos(aL) —2co0s3(ar) + 4cos>(ar) — 3cos7(zxL)] (5.8)
B3 = 4 —cos(ar) + @cosa'(ozL) - %0055(0@) +18cos”(ay) (5.9)
7T 3 3
8 3 5 7
By = n [5cos(aL) —35c0s°(ar) + 63cos’(ar) — 33cos (aL)] (5.10)

The VenSpec FOV’s, as well as their UFOV and CRA representations can then be imported into the thermal
model script, as well as the EnVision Spacecraft and Simulation objects. Built-in geometrical properties
from the PAS3 Spacecraft class are used to fill the necessary parameters in Equation 5.4, like 95 with
, A calculated with accessing the instrument’s boresight and the property
,and «aj with . The solar

flux g5, is accessed the same way as in the solar flux model, but only centred at Venus using



10

11

12

13

14

16

17

18

19

20

5.4. Thermal Modelling 68

Equation 5.4 was turned into a function albedo_flux(coeff), taking the albedo coefficient p as input. Inside,
Equation 5.5-5.10 are implemented, taking their variables from the PAS3 actors. Unlike the solar flux case, the
worst case albedo flux inside the VenSpec FOV’s during SAR observations is not during “NRA_MAX"” mode,
but during “PRA_MIN" mode (see Figure 5.8c). Therefore, the simulation loop checks if the current pointing
mode is a SAR observation, and if so, temporarily overwrites the attitude to “PRA_MIN" using the keyword
argument functionality of the attitude update function from Listing 22. This ensures that the worst-case albedo
fluxes are captured during SAR observations. This is shown in Listing 25.

from config import sim, EnVision, SciOps
from albedo_model import albedo_flux

# Store accumulated solar ESH per VenSpec instrument
albedo_esh_dict = {name: [] for name in EnVision.instruments if name not in
— ["ENVISION_VENSAR", "ENVISION_SRS"]1}

# Main simulation loop
DT = 60x2.5 # Time step of 2.5 minutes in seconds
while sim.active:
# Overwrite attitude to PRA_MIN during SAR observations for worst-case albedo
if SciOps.get_pointing(sim.et) == "SAR_NRA_MAX":
sim.set_time(sim.et, pointing_id="SAR_PRA_MIN") # update the sim
albedo_esh = albedo_flux(coeff=0.76) / sim.solar_constant * DT/3600 # ESH
for instrument in EnVision.instruments.values():
if instrument.sees_central_body(): # Add solar ESH
albedo_esh_dict[instrument.name].append(albedo_esh)
else: # No Venus in FOV
albedo_esh_dict[instrument.name].append(@.0)

sim.advance_time(DT)

Listing 25: Albedo ESH simulation

In this case, the albedo ESH is stored only if the instrument sees Venus using the sees_central_body () method
of the Instrument class. With both solar and albedo ESH simulations implemented, a full-mission simulation
can be run to extract the accumulated ESH values for all VenSpec instruments over the mission lifetime. The
results for the VenSpec UFOV’s accumulated solar and albedo ESH are shown in Figure 5.14.

le2 le3
2.54|—— VenSpec_U —— VenSpec_U
VenSpec_M 6 1 VenSpec_M
—— VenSpec_H —— VenSpec_H
2.0 5 ]
I
L n 41
m 1.54 L
= )
o D 31
o) 1 e
wn 1.0 =
2 -
0.5 1 11
0.0 1 01
2034-08 2036-08 2038-08 2034-08 2036-08 2038-08
(a) Solar ESH (b) Albedo ESH

Figure 5.14: VenSpec UFOV solar (a) and albedo (b) ESH simulation results.

With the aim of writing a general requirement, the team requested the accumulated ESH as a function of the
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import pas3 as p3
import itertools
from config.envision_config import EnVision

def rectangular_cone_vertices(ref, cross):
"""Returns unit vertices binding the rectangular FOV cone given referenc & cross angle.

nnn

# Get combinations of reference and cross angles
angles = [1, 5, 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165, 179]
angle_combinations = list(itertools.product(angles, repeat=2))

for reference_angle, cross_angle in angle_combinations:
name = f"FOV_{reference_angle} {cross_angle}"”

vertices = rectangular_cone_vertices(reference_angle, cross_angle)

p3.CustomInstrument (EnVision, name, vertices, "RECTANGLE")

Listing 26: Creation of 196 custom instruments with varying rectangular cone FOV angles.

FOV angles. The rectangular FOV cone shape can be defined by two angles: the reference angle and the cross
angle. In SPICE terminology, the reference angle is the half-angle around a chosen reference axis, with the
cross angle perpendicular to it. The rectangular cone is then defined in the direction of a given boresight. In
our case, the reference axis is the +Y body axis, the cross axis the +Z body axis (with the boresight pointing in
the +X direction). Henceforth, when referring to the reference and cross angles, the full angle is meant (so a
reference angle of 30° means a half-angle of 15° around the +Y axis in the +X direction).

To extract the relationship between reference and cross angles and the accumulated ESH, custom instruments
were created with a grid combination of reference and cross angles varying from 1° to 179°. This results in 196
virtual VenSpec instruments attached to the EnVision Spacecraft object. They are initialized as per Listing 26.

The same simulations as before can be run with these custom instruments, only storing the total accumulated
ESH at the end of the simulation. This results in heatmaps of accumulated ESH as a function of reference and
cross angles, shown in Figure 5.15.

179° 1 179°
165° 1 165°
150° 1 150°
135° 4 135°
120° 1 120°
105° 105°
90° 1 90°
75° 1 75°
60° 1 60°
45° 4 45°
30° 1 30°
15° 15°
5° 1 5°
(a) Solar ESH (b) Albedo ESH

Figure 5.15: accumulated VenSpec solar (a) and albedo (b) ESH as a function of FOV reference (x-axis) and cross (y-axis) angles for the full
EnVision mission lifetime.

Using a polynomial least squares regression of degree 3 with the obtained summed total results, a general ESH
expression can be generated as a function of reference (39) and cross angle (¢). The resulting Equation 5.11 has
a coefficient of determination R? of 0.993 and a root mean square error (RMSE) of 566 ESH, which is acceptable
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given the total ESH values in the order of 10* ESH.

ESHiota1(9, ¢) ~ag + a1¢ + azp? + a3p> + as9 + as9¢ + agd¢* + a7 9 + ag 9 + a9 9° (5.11)
With coefficients:
ap= 7.6x10° a5= 38x107"' a3 = 22x107' 4= -13x1073

1.8x10° a3= 1.35%x107°% ag= 1.6x1073
6.0x 1073

-34x1071 a4y
-84x1071 a9

az
as

This allows the EnVision project team to provide the instrument manufacturers with a design constraint
depending on their FOV specifications. This section showcased nicely how existing analyses can be implemented
in a simulation-based approach once a PAS3 configuration of the mission is built. The modular approach of the
configuration file, allows for quick reiteration of models like this ESH analysis, updating the acquired sizing
results. A future change in the operational timeline (VESPA Data) or spacecraft attitude model (future SPICE
CK files) would be automatically reflected in the ESH results without touching the analysis script itself.

5.4.2. VenSAR ESH Analysis

As an addition to the VenSpec ESH analysis, the project team requested a similar analysis on the VenSAR
reflectarray as well. Due to uncertainties in EnVision’s SAR acquisition, a clear ESH estimation is required as a
relationship of the array’s tilt angle. This subsection will be brief, as the model is very similar to the VenSpec
ESH analysis.

The reflect-array is a panel with its normal vector at a tilt angle Sy.,s4r w.r.t. the +X body axis. Running
a similar simulation as in subsection 5.4.1 with only a half-space VenSar panel geometry would ignore the
shielding effect of the Spacecraft bus on the panel. As covered in subsection 4.4.5, more complex geometrical

regions can be created as PAS3 objects by using the / classes. This
way, illumination conditions on more complex geometries can account for self-shielding effects of other physical
parts of the spacecraft. Therefore, an representing the VenSAR panel was created using

a half-space for the panel itself as the reference geometry (MAIN geometry) and the -Z panel added as AND
geometry. This basically abstracts illumination on the array as only being possible if the illumination is present
on the panel AND on the -Z spacecraft panel. This is illustrated in Figure 5.16. The is
created in Figure 27.

import pas3 as p3
from math import cos, sin

# VenSAR panel normal vector:
boresight = [cos(PANEL_TILT), @, -sin(PANEL_TILT)]

Panel = p3.Geometry(
spacecraft=EnVision,
name="REFLECT_ARRAY",
vertices_in_body_fixed_frame=[boresight],
shape="HALF_SPACE"

)
N

AssembledSAR = p3.AssembledInstrument( | e H]

MAIN_geometry=Panel, # Assembled reference / """""""""""""""""""

— boresight is from MAIN geometry

AND_geometries=[NZ], # Add -Z panel to Spanel

— account for self-shielding
)

Figure 5.16: Two half-space geometries combined
Listing 27: VenSAR assembled instrument creation in . for VenSAR illumination conditions.

Using the AssembledInstrument class, more geometries (like the side panels of the reflectarray, visible in
Figure 5.3) could be added to the VenSAR panel visibility region (as OR or NOT geometries). In this case,
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Figure 5.17: Accumulated VenSAR ESH as a function of reflectarray tilt angle over the full EnVision mission lifetime.

they were not included to keep the model simple and conservative. In the same fashion as the VenSpec ESH
analysis, a full-mission simulation was run, rotating the reference panel normal vector using the Geometry
method to rotate the panel by a new tilt angle and updating the attitude accordingly.
The accumulated ESH on each tilt angle was stored. The results are shown in Figure 5.17.

Fitting the results with a polynomial regression of the third degree results in the following general ESH
expression as a function of panel tilt angle Spgy,;:

ESH(Spaner) = (5.9 1072) 93

Panel

—(6.1) 95,01 + (7.6 X 10) Spaper +7.34 X 10° (5.12)
The assembled instrument, while representing a more complex geometry, is a subclass of the simple geometries
and thus, when initialized correctly, uses the exact same methods and attributes as those simpler objects. The
straightforward object-oriented initialization of geometries that abstract regions of interest for the spacecraft
instruments, allowed for quick reuse of previously built models with more complex geometries without
changing the underlying model structure. It also allowed for a fast setup of analysis in the context of a
VenSAR-related CDF study, studying different SAR allocations on the spacecraft. The effect of different SAR
orientations was quickly studied by reusing the same thermal models as before.

5.4.3. MLI ESH Analysis

For the second thermal analysis, the spacecraft thermal department requested an estimation of the accumulated
fluxes on the spacecraft panels over the mission lifetime. The accumulated ESH is used to have a better idea of
the MLI's thermo-optical degradation over time in the harsh thermal environment around Venus. Unlike the
previous VenSpec and VenSAR thermal analyses, a more complex numerical thermal model was built to serve
as a proof of concept of how PAS3 can help build higher fidelity models as well.

In the previous analyses, a straightforward analytical approach was taken. The solar fluxes will remain pretty
similar (the directional light source of the Sun requires no further complexity), the difference lies within the
modelling assumptions made for the Venus albedo. While the VenSpec ESH model did implement a finite
polynomial (Equation 5.5) to form a view factor attempting to account for self-shielding, it fails to account for
more complex geometrical effects like: variability in albedo reflection on the visible cap of Venus, and the
lack of Sun reflections behind the terminator line. This approach sufficed as a conservative analysis and kept
the computational load (for the 196 custom instruments) manageable. Creating two external flux models, a
straightforward analytical and a more complex numerical model, will showcase the intended versatility of
PAS3 and its agnostic nature as toolkit for model creation.

To calculate reflected albedo flux on a planar surface of the spacecraft at arbitrary orientation and position, a
solar reflection model from a NASA technical note (D-1842) was consulted [73]. Although this report was
published in 1963, it is still referenced in modern thermal design literature [74]. The model divides the visible
cap of Venus into a polar grid of small surface elements, each reflecting a portion of the incoming solar flux
towards the spacecraft panel.
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The reflected albedo flux received by the panel can be calculated by integrating the reflected solar flux from
infinitesimal surface elements (dX) over the visible cap of Venus at the current spacecraft position. The visible
cap is illustrated in orange Figure 5.18, right below the spacecraft panel with its boresight vector b. The integral
is shown in Equation 5.13, with assumed constants: g,,; the solar flux at Venus, p a constant albedo coefficient,
and R Venus’s radius. 9 and ¢ the local colatitude and longitude of the surface elements in an arbitrary
reference frame aligned with the spacecraft position (ijk in Figure 5.18).

Smax 2m
Gatb = qsolp/ / cos (17) cos (5) cos (.B) RZSii’l (\9) dqde (513)
0 0

nS2

Three cosines are included; they account
for reduction in solar reflection / absorp-
tion at different incidence angles. The
angle & is the angle between the local sur-
face normal (71) of the infinitesimal sur-
face element and the direction towards /e
the spacecraft panel, § the angle between

7 and the direction vector towards the Sun
(Tsun), and 1) the angle between the panel
boresight vector b and the direction vector
towards the surface element.

Ul
—

Finally, S is the distance between the sur-
face element and the spacecraft panel. It
follows the unit vector 95 that points to-
wards the surface element from the panel.
Imax is the half-angle of the visible cap
cone centred at Venus’s centre; it is there-
fore also the upper limit of the outer in-
tegral in Equation 5.13.

Equator

In order to numerically solve the integral,
the visible cap is discretized into a polar
grid of Ny X Ny surface elements, with
uniform angular segments:

Self-Shielding

A9 = 8yax/Ns (5.14)
A¢p =21 / N¢ (5.15) Figure 5.18: Geometry of the albedo flux model with variables for integration.

The integral can then be approximated as a double sum over all surface elements:

No No o5 (n; 1) cos & i) cos (Bii
Qatb  Gsotp ), Y. (1) néz”’ Jeos (Big) (5.16)
i=1 j=1 ij

with the area of every surface element defined as:

AA; = R*sin(9;)ApAS (5.17)

The area of the surface element at grid position (i, j). The angles 7; j, &; ;, and B; , as well as the distance S; ;
are calculated for every surface element. Additionally, only surface elements that are illuminated by the Sun
and visible from the spacecraft panel are considered in the sum. Depending on the direction of the Sun and
the panel orientation (i.e. spacecraft attitude), some integrands should be zeroed out (otherwise the cosines
might become negative). The Sun shadowing on Venus behind the terminator line and self-shielding of the
panel is also illustrated in Figure 5.18 by the darker areas on the visible cap. Recognizing that all cosines can be
expressed as dot products between the unit vectors involved, the following conditions apply:

cos(Bi,j) = Osun - > 0 (surface element illuminated by Sun) (5.18)

cos(n;j) = bs - bh>0 (panel illuminated by surface element) (5.19)
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It should be noted that this model also applies for IR fluxes, replacing the solar flux g,,; and albedo coefficient
p with the IR flux at Venus qig = oT*, with ¢ the Stefan-Boltzmann constant and T Venus’s blackbody
temperature (226.6 K). In this case, the Sun reflection factor (cos (ﬁ )) is omitted [74].

Now, how does PAS3 help in implementing this geometrically complex model? We see that the essential
equations are already set up, they can be easily integrated within a custom thermal model of the EnVision
panels. The non-trivial part is accessing all necessary geometrical and dynamic variables. The approach of
integrating PAS3 objects in the custom thermal model will be covered below.

The first step is to create a custom spacecraft Face class inside the sub-script. For pure ESH
analysis, only the PAS3 Geometry of the outward-pointing half-space is strictly necessary. In the custom Face
class initialization shown in Listing 28, additional properties of the panel are also included, like area, mass,
specific heat, absorptivity, emissivity and starting temperature. These properties will be useful when extending
the model to a full thermal balance calculation.

import pas3 as p3

class Face:
def __init__(self, geometry, area, mass, cp, absorptivity, emissivity, starting_temp):
self.geometry = geometry: p3.Geometry
self.spacecraft = geometry.spacecraft: p3.Spacecraft

self.central_body = geometry.spacecraft.central_body: p3.CelestialBody

Listing 28: Custom Face class for EnVision bus faces in the thermal model sub-script using the PAS3 Geometry class as building block.

Within this custom Face class, a method can be created which will compute the numerical equation in
Equation 5.16. First and foremost, the PAS3 Geometry method is called to check if Venus
is within the half-space geometry of the panel. If not, the albedo flux is zero and the method returns early
(omitting unnecessary calculations).

If Venus is visible, the polar grid of surface elements on the visible cap is created. The uniform angular segments
Ad and A¢ are defined by taking the number of angular divisions (Ny and Ny) as input parameters, and
accessing the maximum colatitude 9,4 from the PAS3 Spacecraft method: .
Using , the polar grid of colatitude and longitude values is created. Converting from spherical
to Cartesian coordinates gives the unit normal vectors #i of all surface elements in the mesh grid. For the grid
definition, PAS3 only helps in accessing the maximum colatitude 9,,,,; dividing the grid and accessing the
surface element vectors (v_surface_element below) and acquiring the element area (AA in Equation 5.17) is
done with standard operations. The remaining variables from Equation 5.16, 5.18 and 5.19 were accessed
using the PAS3 toolkit as per Table 5.3:

Table 5.3: PAS3 variable access to complete the numerical albedo flux model.

Variable | PAS3 access method in the albedo_flux() Panel class function

Siax: pi/2 - Panel.spacecraft.central_body_limb_half_angle()

Ds: pas3.utils.normalize(v_surface_element - (Panel.spacecraft.position * 1000))
S: (norm of 9g)

b: Panel.spacecraft.from_body_fixed_frame(Panel.geometry.boresight)

Dsun: self.central_body.sun_direction

To get an idea of the numerical integration applied, a snapshot was taken of the visible cap mesh and
the resulting integrands for every surface element at 2034/09/03 17:58:20 (UTC) during an EnVision Earth
communication attitude for the +X panel. Both Albedo and IR integrands were computed and are shown in
Figure 5.19. Both show the upper half without any integrand values due to self-shielding of the panel. The
albedo integrands in Figure 5.19a clearly show an additional shadowed region behind the terminator line,
where no solar illumination is present on Venus'’s surface elements to be reflected to the panel. This snapshot,
however, only gives a qualitative idea of the integration process. A full verification campaign of the model was
performed, comparing results with literature values in subsection 5.4.4.
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Figure 5.19: Albedo (a) & IR (b) model integrands for EnVision’s +X panel distributed over the visible cap mesh at 2034/09/03 17:58:20
(UTC) in Earth communication attitude.

Inside the custom Face class, the solar flux is modelled using PAS3 methods as well. First, the sun visibility is
checked using the sees_the_sun() method, then received solar flux is calculated using the solar irradiance
at EnVision’s position and the panel incidence angle (angle_of_incidence_in_rad() method). The resulting
method is shown in Listing 29.

def solar_flux(self): # Watt/m?

if not self.geometry.sees_the_sun():
return 0.0

else:
incidence = self.geometry.angle_of_incidence_in_rad(

-self.spacecraft.get_sun_direction_vector_in_body_fixed_frame()

)
solar_flux = self.spacecraft.solar_flux
return solar_flux * max(@, np.cos(incidence))

Listing 29: Custom Face class method to calculate solar flux on the panel using PAS3 methods.

Eventually, the goal of this analysis was to get a full-mission accumulated ESH on every spacecraft panel.
Therefore, a PAS3 simulation loop was performed, similar to the ones in subsection 5.4.1 and 5.4.2. 6 Face
objects were created for every main bus panel, each with their own half-space Geometry from the EnVision
PAS3 configuration (PX, NX, PY, ... in Listing 18). Inside the simulation loop, every face’s solar and albedo
flux is calculated and converted to an ESH value, automatically updating the spacecraft attitude and position
with every time step.

This analysis resulted in the following ESH accumulation plots in Figure 5.20. These plots result from a
full-mission simulation with 5-minute time steps, using a polar grid of 300x180 surface elements for the albedo
flux integration. The plots show that the cold face (-Z) nicely avoids direct solar illumination due to the
cold-constraint handling in subsection 5.3.2; however, it still receives a significant amount of albedo flux over
the mission lifetime. This is to be expected, as the simulation ran with default SAR orientation of “NRA_MAX”,
which exposes the -Z panel towards Venus during all standard SAR observations. The +Z face receives the
highest ESH of all panels, as in the attitude model, it is often the face which is deliberately pointed towards the
Sun to keep the cold face shadowed.

While the presented approach focuses mostly on implementing the albedo & IR flux model as described
in literature, the mission-level dependencies (such as time management, orbital ephemerides, spacecraft
attitude, and reference frame transformations) are handled by the PAS3 toolkit. This abstraction allows
variables that depend strongly on the simulation state (see Table 5.3) to be accessed directly, without the need
for spacecraft state modelling inside the thermal script. Consequently, the effort required to implement a
given model is determined entirely by the model’s own intrinsic complexity rather than by the surrounding
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Figure 5.20: Accumulated ESH on EnVision bus panels over the full mission lifetime.

simulation framework. This way, PAS3 removes the underlying barriers of mission simulation (by offering an
object-oriented configuration) and enables the system engineer to focus exclusively on implementation of the
model itself.

5.4.4. Thermal Models Verification

This subsection will describe the verification campaign that was performed to verify the thermal models
presented in subsection 5.4.1, 5.4.2 and 5.4.3. Two types of models were implemented for two different use
cases. The first two models were straightforward analytical models to get a quick estimation of accumulated
fluxes on the instruments, while the last model was a more complex numerical model. Both will be verified
separately below.

The first thermal flux model was taken from an established analysis document, the only addition being the
implementation of a geometric view factor Fqp. As the view factor implementation is the only new addition
to the model, a verification run was performed to check if the implemented view factor behaves as expected.
This is done with the knowledge that the used Spacecraft and Geometry FOV visibility methods have been
verified extensively in previous chapter (section 4.5), as well as the underlying attitude model (subsection 5.3.3).
The ECSS thermal handbook, where Equation 5.5 is taken from, provides reference plots of the view factor
as a function of the angle between nadir and the panel boresight vector A (see Figure 5.13) for different
non-dimensional altitudes (H), which is the altitude divided by the central body radius [71]. As errors can
be made quite easily in the expressions for the coefficients in Equation 5.6-5.10, resulting view factors from
the implemented model were compared with the provided plots. The results are shown in Figure 5.21. They
match closely, validating the implementation of the view factor in the VenSpec ESH model.

The second thermal flux model, used for the EnVision panel ESH analysis, was newly implemented based on
literature [73, 74]. Therefore, a more complete verification campaign was performed. The NASA technical note
included the model to calculate albedo fluxes incident on arbitrarily oriented spinning plates around the Earth.
It concludes with numerous plots of albedo fluxes as a function of the actual altitude of the spacecraft and the
same A angle as above. Every plot is assigned to a different solar elongation angle 9 (see Figure 5.13), which is
the angle between the Sun direction vector and the spacecraft position vector.

In order to produce the same plots with the custom Face object albedo function from subsection 5.4.3, Faces were
initialized in the correct rotation around the nadir vector (on the Spacecraft vector) with Earth as CelestialBody.
Then, albedo fluxes were accessed for different relative Sun directions. For the case §; = 0 (i.e. the spacecraft
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Figure 5.21: Verification of the implemented view factor in the VenSpec ESH model against ECSS reference plot.

is between the Earth and the Sun), the process is quite straightforward; the albedo is computed at different
altitudes, resulting in the comparative plots in Figure C.1 in Appendix C.

The verification for other elongation angles required an additional step. The shadowing symmetry on the
visible cap at 9; = 0° dos not apply at different sun orientations. As the reference paper only considers results
for arbitrarily oriented spinning plates only, the orientation of the custom Face object had to be rotated around
the nadir vector (i.e. changing the direction of the boresight vector b) for every altitude. Averaging the albedo
fluxes obtained at discretized steps of a full 360° rotation, resulted in the comparative plots shown in Figure C.4
for 95 = 90°. The results match closely again, verifying that not only self-shielding effects, but also the Sun
shadowing on Venus behind the terminator line are implemented accurately.

All verification plots (from 95 = 0° to 90°) are shown in Appendix C. This concludes the verification campaign
of the Create appendix thermal flux models. Two distinct thermal models were developed to address different
use cases within the project team. The results demonstrate that PAS3 is not only capable of implementing both
simple and complex models, but also of producing accurate and verifiable outcomes.

5.5. Power Model

After developing the thermal models for EnVision’s side panels and instruments, the mission performance
team requested to perform a sizing analysis on the spacecraft power system. As seen in section 5.3, the currently
used SciOps timeline of the mission performance team plans observations in arcs of different types (e.g. SAR,
VenSpec science, etc.); some of which, require a very high power consumption (e.g. high resolution SAR
imaging). EnVision’s current solar arrays are oversized and assumed to handle worst-case power consumption
scenarios. However, the mission performance team desires an estimation of the maximum possible generated
power during every arc to compare the power margins in place when accounting for the power consumptions
of the observations.

- @ =
.

] s ]

Figure 5.22: EnVision’s Solar Array Assembly (SAA).
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There is a high interest in the following effects on the power generation capabilities of the spacecraft:

¢ Observation attitude effect on solar array pointing.
* Solar panel steering during observations, being in a sun-tracking or fixed state.

¢ Partial shadowing of the solar arrays by the spacecraft body in certain attitudes / Sun directions.

All of these effects are highly attitude (thus science operations) dependent, but not directly modelled in the
current mission performance team tool chain. This prompted an excellent case study to employ PAS3 in making
a power generation model for EnVision. The power model implementation will be described in the following
subsections. First, a steerable solar panel, and its steering is modelled in subsection 5.5.1. Then, methods
determining partial shadowing of the spacecraft body on the steerable arrays is described in subsection 5.5.2
and results are presented. Finally, a verification campaign is outlined in subsection 5.5.4.

5.5.1. Panel Steering Model

EnVision’s solar arrays are steerable around the Y-axis of the spacecraft body. They rotate symmetrically,
meaning that both arrays rotate with the same angle. The Solar Array Assembly (SAA) is illustrated in
Figure 5.22, with the solar cells coloured in dark blue.

From the previous sections, it was already showcased that PAS3 can initialize panel geometries which will
automatically follow the modelled spacecraft attitude (be it custom, or CK-based attitude), and change incidence
angle calculation results accordingly. However, due to the steering ability of the arrays, an additional degree of
freedom is introduced, which should be modelled. Similar to the ESH analysis on EnVision’s side panels in
subsection 5.4.3, a custom SteerableSolarArray object class was set up:

class SteerableSolarArray:
def __init__(self,
panel_geometry: p3.Geometry, # PAS3 half-space Geometry of the solar array
area: float, # Solar array area [mZ]
fill_factor: float, # Solar cell fill factor [-]
efficiency: float | Callable, # Cell efficiency [-]1 (constant or function)
rotation_axis: np.ndarray, # Rotation axis in body-fixed frame [x,y,z]
shadowing_function: Callable ): # Function to calculate shadowing % [-]
self.geometry = panel_geometry
self.spacecraft = panel_geometry.spacecraft

Listing 30: Custom SteerableSolarArray class initialization, taking the PAS3 Geometry blueprint as main building block.

The power function in Equation 5.20 shall be used to extract power generation of one solar array. Note that this
is the maximum possible power, assuming perfect power conditioning at the cell’s Maximum Power Point
(MPP). This assumption was discussed and agreed upon with the power system engineer.

Pppp =1 (AarmyPF) Neett(-..) cos(9;)(1 = Ssp) (5.20)

Input parameters for power calculations are provided in the SteerableSolarArray class initialization: the solar
array area (Agrqy) and fill factor (FF) to get total cell area, the cell efficiency ()c.11), either constant or as a function

def sun_hits(self):
"""Returns True if the solar array is illuminated by the sun.
# Sun modeled as disk, self.geometry.sees_the_sun() might be True even if AOI is < @°
return (not self.spacecraft.eclipsed and (self.solar_aoi <= pi/2))

nnn

def solar_aoi(self):
"""Returns the solar angle of incidence (AOI) on the solar array in radians.
return self.geometry.angle_of_incidence_in_rad(
-self.spacecraft.get_sun_direction_vector_in_body_fixed_frame() )

nnn

Listing 31: Solar Array Sun incidence methods using PAS3 Spacecraft and Geometry objects.
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of temperature from a thermal model, or lookup table, the rotation axis of the arrays in body-fixed frame, and
(Ssr) a shadowing function to calculate partial shadowing percentage (to be described in subsection 5.5.2). The
class uses the PAS3 Geometry and associated Spacecraft objects to access relevant simulation state parameters.
For example, to check if the panel is illuminated by the sun and to access the solar incidence angle (9;), the
following PAS3-object-based properties were created in the class in Listing 31.

Note that the spacecraft attitude and position (i.e. eclipses) are fully encapsulated in the Spacecraft and Geometry
objects. As long as the dynamic Simulation object is updated correctly, the associated objects in the static power
model will automatically reflect the current simulation state.

But as mentioned, the panel Geometry orientation is not only attitude-dependent, but also depends on the
steering angle of the arrays. Therefore, its normal vector (the “boresight” of the half-space Geometry) must be
updated while sun-tracking, and stay fixed. Two steps were taken:

1. Planning of sun-tracking and fixed intervals: an inherent SciOps timeline property. Dependent on
instrument observation, disturbances by solar array actuation may not be acceptable.

2. Steering of the panel geometry based on the planned intervals. Orienting the panel normal in a fixed
power-optimized direction while not actively tracking.

We start with the planning of the intervals. The mission performance team provided an arc — steering constraint
mapping table, a simplified version is shown in Table 5.4. This shows which arc types require fixed solar array
angles (SAA fixed true) and fixed duration, as well as which arcs can be sun-tracking (SAA fixed false).

Table 5.4: SciOps arc types and associated solar array steering constraints.

Arc Number | Pointing Mode | Description SAA Fixed | Fixed duration
1,3,5,7 NADIR VenSpec observations true Full Arc
2,4,6 Std. SAR VenSpec x VenSAR observations true Full Arc
8 UNREQ Instrument Cool-Down false -
9 Sun Calibration false -
10 DARK Dark Calibration false -
11-20 Std. SAR Different VenSAR observation types true 112-488 sec
21 ALTIMETRY VenSAR Altimetry observation true During Eclipse
22 SRS observation true During Eclipse
23 Radio Science Experiment true 488 sec
24 Earth Communication false -

— miscelaneous arc types — false =
31 UNREQ Rotation Wheel off-loading true Full Arc
32 UNREQ Flip-around manoeuvre false -
33 PERI RAISE Pericentre raise manoeuvre true 600 sec

— additional manouevre arc types — false —

Recall from subsection 5.3.1 that pointing modes are assigned to all arc types and accessed every ephemeris
time using the VespaData class. Using this same architecture, the VespaData class was extended to map the
solar array steering constraints from Table 5.4 to the SciOps timeline. Similarly to its get_pointing() method,
aget_saa_fixed_interval(<p3.Spacecraft>) method was created to extract the fixed interval start and end
times for fixed steering arcs. Within the method, three cases are considered:

e Full arc fixed: returns the start and end times of the full arc.

¢ Fixed duration: Accesses the duration from Table 5.4, takes the midpoint of the arc, and returns start and
end times around the midpoint.

¢ Fixed during eclipse: Uses PAS3’s spacecraft.get_orbit_eclipse_intervals() method to get the next
eclipse interval. Returns this interval.
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Note that an assumption was made for fixed durations to centre them around the arc midpoint. As the
current SciOps timeline has arc-fidelity, and does not implement exact observation moments yet. During the
fixed-array interval, it was decided to put the solar arrays in a fixed orientation that maximizes the time of
optimal power generation at the average relative Sun position during this interval. The inertial position of the
Sun during this (relatively short) interval stays essentially fixed, but the spacecraft attitude changes, and thus
the average relative Sun direction in body-fixed frame must be considered in the interval. These assumptions
were discussed and accepted with the mission performance team. The midpoint duration interval is illustrated
in Figure 5.23

With the planning of fixed and sun-tracking intervals in place, the steering of the panel geometry can be
implemented. A SteeringManager model was put in place. Knowing the steering is dependent on the spacecraft
and the Sciops timeline, and must rotate (multiple) SteerableSolarArray objects, it takes the Spacecraft, VespaData
and list of SteerableSolarArray objects as input parameters:

class SteeringManager:
def __init__(self,
spacecraft: p3.Spacecraft,
SciOps: VespaData,
solar_arrays: list[SteerableSolarArray]):
self.sim = spacecraft.simulation # Access the Spacecraft's PAS3 Simulation object

Listing 32: SteeringManager initialization.

The task of accessing the time-averaged relative Sun direction during fixed intervals w.r.t a spacecraft with
dynamic attitude, sounds relatively complex. Luckily, PAS3 makes this much more accessible. Listing 33 shows
how PAS3’s encapsulation of spacecraft state, attitude and simulation time, makes static functions like this
very straightforward to implement. Requiring (only) 6 lines of actual code to calculate the required result.

def get_average_sun_direction(self, start, end, n):
"""Calculates the average Sun direction vector in
— body-fixed frame over a fixed interval.”"""

# Store time start time:
store_et = self.sim.et

# List to store sun directions:
sun_directions = []

# Divide fixed interval in uniform steps:

for et in np.linspace(start, end, n):
# set time (updating position and attitude):
self.sim.set_time(et)

# store sun direction in body-fixed frame:
sun_directions.append(self.spacecraft.get_sun_
— direction_vector_in_body_fixed_frame())

# reset simulation to the time before function call:
self.sim.set_time(store_et)

# Return normalized average Sun direction:
return normalize(np.mean(sun_directions, axis=0))

Listing 33: PAS3 object implementation of averaging 1 body-fixed Sun directions over a Figure 5.23: Midpoint fixed interval illustration
fixed interval. with n different spacecraft states.

Having obtained an average relative Sun direction vector, the panel geometry can be rotated as close as possible
to this direction around the rotation axis of the arrays; either during sun-tracking intervals, or fixed intervals.
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Within the SteerableSolarArray, a steering method was created, taking an arbitrary (Sun) direction as input. For
power-optimized orientation, the normal vector of the panel geometry must align with the projection of the
Sun direction onto the rotation plane of the arrays. This follows Equation 5.21, with 95, the Sun direction unit
vector and 7 the rotation axis.

Z’)proj = Osun — (Osun - 7) 7 (5.21)

When obtaining a projected direction 9,,,j, The PAS3 built-in Geometry set_vertices(Dpy,;) is called, essentially
resetting the boresight vector of the panel’s half-space to the power-optimized orientation. Within the
SteeringManager, it is only a matter of integrating all dependencies in an update () function, which checks the
simulation time, determines the rotation constraint, averages the sun direction (if necessary), and steers all
assigned SteerableSolarArray objects accordingly. This update () function can then be called every simulation
time step in the main simulation loops. These EnVision-specific models can then be integrated into the
EnVision config.py file.

The correct global panel orientation of the SAA can now be obtained at every simulation time. This means,
9; from Equation 5.20 can now be accessed correctly, accounting for both spacecraft attitude and solar array
steering. The missing S,;, shadowing factor will be described in the next subsection.

5.5.2. Partial Panel Shadowing

Having modelled the correct orientation of the solar arrays, both spacecraft attitude- and steering-wise, the
next step is to determine whether the arrays are partially shadowed by the spacecraft body in certain spacecraft
attitudes. This section will show how creative use of general PAS3 blueprints can be used to implement such a
shadowing function.

To estimate the effect of shadowing on the solar arrays by the spacecraft bus, two circular cone-shaped PAS3
Geometry objects were created for every panel: One outer cone and one inner cone. They can be initialized
as per Listing 10. Both encapsulate the outer edges of the spacecraft bus, but differ in their half-angles (9,
and d,,¢) and positions. The inner cone is scaled in such a way that a Sun incidence vector outside of it, will
always result in the full panel to be illuminated. The outer cone is scaled such that if the Sun incidence angle
is contained by it, the full panel is shadowed by the Spacecraft bus. These cases define the extreme cases:
either total illumination (S5, = 0) or total shadowing (S, = 1). Any Sun incidence angle in between these two
extremes will result in partial shadowing. Both cones are illustrated in Figure 5.24.

Inner Cone

Outer Cone

Figure 5.24: Inner and outer shadowing cones for EnVision’s solar array shadowing model, with 9 the cone half-angles and b their
boresight vectors.

Note that the conditional statements in Equation 5.22 can be reduced to only the partial shadowing case (the
equation includes extrema); The approach aims to showcase the full logic of implementing the PAS3 objects.
In higher-detail shadowing models, the cones may be initialized as non-circular polygonal cones, or even
AssembledGeometry objects to better determine full shadowing cases.
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To determine the partial shadowing factor S, between these two cases, a linear relationship is assumed

between both extrema. The Solar incidence angle 9; is analogous to the angle between the Sun direction

vector and the boresight vector of either cone (l;in or ZSOM t). And can be accessed using the Geometry method
. This results in the following equation:

1.0 (Dsun in outer cone)
S¢n =40.0 (Dsun not in inner cone) (5.22)
(8i = Oin) /(Bout — Sin) (partial shadowing)

Initializing these two Geometry objects for every solar array panel (four cones in total), ensures they remain
fixed w.r.t. the spacecraft body, while the Sun incidence angle changes dynamically with spacecraft attitude.
Recall how the power model integrated in the SteerableSolarArray requires a callable shadowing function
to be provided in its initialization in Listing 30, which should output a Sj; value for its integrated power
model. Using the two shadowing cones and the linear approximation described above, such a function can be
implemented as shown in Listing 34.

THETA_OUT = OuterCone.half_angle_in_rad # 9,,;
THETA_IN = InnerCone.half_angle_in_rad # 9,

def shadowing_function():
if QuterCone.sees_the_sun():
return 1.0 # fully shadowed
if not InnerCone.sees_the_sun():
return 0.0 # no shadowing

# partial shadowing:
angle = OuterCone.angle_of_incidence_in_rad(

-EnVision.get_sun_direction_vector_in_body_fixed_frame() )

return (angle - THETA_IN) / (THETA_OUT - THETA_IN) # linear approximation for Sgj

Listing 34: Shadowing function using PAS3 cone Geometry objects.

This approach to partial shadowing ensures a conservative result; it overestimates shadowing as the circular
cones extend to the outer corner points of the spacecraft bus (and therefore have larger regions of partial / full
shadowing). This was discussed and accepted internally with the lead power systems engineer. Shadowing by
the HGA, VenSAR array and SRS were not considered. The intended use case is a high-level power sizing
analysis; complex shadowing effects are better determined using dedicated ray tracing software.

5.5.3. Power Sizing Simulation

With the Panel properties initialized in Listing 30 (panel area, & fill factor), the solar irradiance accessed by
the Spacecraft PAS3 object, and custom models set up for steering and shadowing (resulting in 9; and Sj,),
the only mission variable in Equation 5.20 left is the solar cell efficiency 7..;;. A choice could be made to use
a constant efficiency value, or a temperature-dependent function. Initially, it was planned to integrate the
panel thermal model from subsection 5.4.3 to extract panel temperatures, and use a temperature-dependent
efficiency function. However, due to time constraints, and with the agreement of the power systems engineer,
the model was simplified to consider a sub-optimal power scenario for this first sizing iteration. Equation 5.20
was divided in two pieces: a constant power level at optimal irradiance (i.e. fully lit, at 0° AQOI), and a geometric
scaling factor dependent on incidence angle and shadowing. The constant power level is set at the worst-case
efficiency; coinciding with hot panels right before entering eclipse (panel efficiency is much higher when cold,
coming out of eclipse). This results in the following modified power equation:

Pppp = 1 (AarrayPF) Neelr €05 (9;) (1 = Ssp) (5.23)

P,in=5400 [W]  geometric scaling factor

Using a constant worst-case power level Py,;, of 5400 W at optimal irradiance, the power model can now focus
on the geometric scaling factor only (which was the driving focus of the analysis). The power model is however
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set up in such a way that integrating the thermal panel model (and a callable efficiency / degradation function)
is compatible in future iterations.

With the power model set up, it can be implemented in a PAS3 simulation loop. The main goal of the power
sizing simulation was to add an extra layer of power budget to the existing SciOps timeline. This was performed
successfully, but unfortunately, due to the nature of the results, they are not very presentable to be included
in this work. As the power is simulated in relatively small time steps, over 4 years (6 Venus cycles), with
numerous arcs (+45 minutes), at different attitudes, and periodical eclipses, the full result has the appearance
of noise, rather than clear trends. The inclusion of a battery storage model and power consumption at every
arc was not initialized yet, so critical power deficits could not yet be identified as clear results for this report.

However, During the development of the visual tool of chapter 6, and visual identification of the implemented
shadow zones, the power lead systems engineer noted that the shadowing cases might not have been considered
in current low-level array modelling. This might lead to an underestimation of generated power for high-
consumption VenSAR arcs at low beta-angles in the current SciOps timeline. This gave the opportunity to
perform a power analysis on an arc-to-arc level, resulting in more presentable results.

from envision_config import EnVision, SciOps, PY_halfspace, NY_halfspace
from thermal_model import SteerableSolarArray, SteeringManager

# Setup custom solar array & steering manager objects (see Listing 3@, Listing 32):

PY_SAA = SteerableSolarArray(..., PY_halfspace, [0, 1, 0], PY_shadowing_function) # +Y panel
NY_SAA = SteerableSolarArray(..., NY_halfspace, [0, 1, @], NY_shadowing_function) # -Y panel
Steering = SteeringManager(EnVision, (PY_SAA, NY_SAA), SciOps)

# Main simulation loop over VenSAR high-res arcs at low beta-angles:
DT = 1
for et in arc_start_times:
sim.set_time(et)
arc_type = SciOps.get_arc_number(sim.et)
if arc_type == 19 and abs(EnVision.beta_angle_in_deg) < 1: # ONLY VenSAR high-res, low f

_, end_of_this_arc = SciOps.get_arc_start_end_time(sim.et)
while sim.et < end_of_this_arc:
Steering.update() # Steer panels

PY_power = PY_SAA.approx_power_generated(min_power=5400)
NY_power = NY_SAA.approx_power_generated(min_power=5400)

# Store data:

sim.advance_time(DT) # Advance time with small timestep

Listing 35: Focused PAS3 simulation loop for power generation on VenSAR high-resolution observation.

Note how Listing 35 shows a focussed simulation loop over only VenSAR high-resolution arcs (arc type 19) at
low beta-angles (< 1°)!, taking small time steps (dt = 1 second) using the Simulation method.
This allows the simulation to capture only what’s relevant for this analysis. On the other hand, the

method allows for “discontinuous” time jumps (even backwards in time if needed like listing 33) to very
specific times. This highlights the deliberate decision of not including dedicated “run simulation” methods in
PAS3, giving the user full flexibility and agency in setting up the architecture of their simulation. The approach
taken in Listing 35 drastically reduces the total simulation time; what could have taken many hours with fixed
time step, took about a minute with selective time stepping.

In Figure 5.25, the power generation of arc no. 22,111 at minimum beta-angle of —0.03° (2036-07-31) is shown
over the whole arc duration. Both individual panel powers are shown, as well as their sum. Due to the
uniform rotation of both panels, their solar incidence angles are identical, and thus their power profiles overlap

IThe upper bound of the beta-angle is arbitrary; partial shadowing will occur in “Std. SAR” pointing at ] < 8;,. 1° was taken for the
purpose of plotting the worst-case scenario.
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when not shadowed. The plot can be more easily interpreted by looking at Figure 5.23, which shows the
along-track orientation of the panels during a “Std. SAR” arc. The plot starts at the very top (shadowing
one panel completely), and ends at the very bottom (shadowing the other panel completely). The small edge
discrepancies at the start and end of the arc are due to the arc start and end times not perfectly aligning with
the geometrical “top” and “bottom” orbit positions.
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Figure 5.25: Maximum power generation with shadow losses from both solar panels during VenSAR high-resolution at a beta-angle of
-0.03° (2036-07-31).

Note that in a realistic scenario, the total power throughput of the panels will be capped at a fixed power
conditioning limit; this is not portrayed here. Nevertheless, the plot clearly shows the effect of partial shadowing
on both panels during this arc. The power loss due to shadowing for the whole arc is about 7% (369 kWh).
However, the losses are greatest near the poles, possibly affecting VenSAR high-resolution imaging of polar
regions of interest. The significance will be further investigated by the team in the future.

5.5.4. Power Model Verification

In order to verify the implemented power model, a verification campaign was started to check the correct
functioning of the solar panel’s steering and shadowing functions. To obtain predictable results, the same
circular orbit around Venus from section 4.5 was used, only with a non-disturbed Keplerian orbit perpendicular
to Venus’s orbital plane. This orbit will be refered to as the “Polar” orbit (even though strictly speaking, it is
not polar w.r.t Venus itself). This orbit setup ensures conditions where the spacecraft’s orbit beta-angle shall
become exactly 0° and 90° at predictable times. The orbit parameters are shown in Table 5.5. The orbit is
initialized to start at a 90° beta-angle (i.e. perpendicular to the Sun-Venus line) at 0 TDB (01/01/2000 11:58:55.8
UTC).

Table 5.5: Power verification orbit parameters expressed in the J2000 (ICRF) reference frame at 0 TDB (01/01/2000 11:58:55.8 UTC).

Venus Verification Polar Orbit
Position Vector [km] x: 374.52; y: -2662.38; z: 5917.89
Orbit Radius [km] 6500.0
Velocity Vector [km/s] vx: 0.31; vy: -6.43; v,: -2.91
Velocity Magnitude [km/s] 7.07
Orbit Period [hh:mm:ss] 1:36:17
Eccentricity [-] 0.0
Inclination [°] 91.96

For the verification setup, two SteerableSolar Array objects were initialized equivalent to EnVision’s solar arrays,
with rotation axis along the spacecraft Y-axis; the shadowing cones were also included, but with more rounded
half-angles of 9;, = 50° and 9,,; = 25° to better identify partial shadowing modelling. The SteeringManager
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was initialized with both panels and a custom VespaData object was created to handle the fixed /sun-tracking
intervals (EnVision’s timeline did not apply here).

For spacecraft attitude, an along-track nadir-pointing mode (equivalent to EnVision’s “NADIR” mode) and
a cross-track nadir-pointing mode (similar to EnVision’s “ALTIMETRY” mode, but without VenSAR'’s tilt
considered) were implemented. These essentially point the spacecraft body X-axis towards nadir, with the
Y-axis (the solar panels’ rotation axis) either along-track or cross-track. Combining these two attitudes with an
orbit at 0° and 90° beta-angles, results in four distinct symmetrical cases allowing to cleanly verify both panel
orientation and shadowing factors separately. This verification campaign will verify the geometric scaling
factor from Equation 5.23 only, the power in the results shown in subsection 5.5.3 are generated with a constant
worst-case power level, meaning the only variability is due to geometry. The coming verification plots will
show these factors only, with:

Faoi =c0s(9;) with (0 Fupi £1) (5.24)
Fep. = (1= Ssp) with (0 < Fgp,. <1) (5.25)

The plots will indicate results for the +Y panel in dark blue, and the -Y panel in light yellow. The solar
incidence factor F,,; will be shown with solid dashed lines, and the shadowing factor F,j, with dotted lines.
The x-axis will indicate elapsed arc time in minutes.

The verification started with the 90° beta-angle case. This meant that for the full arc, The Sun direction vector
(0sun) is perpendicular to the orbital plane of the spacecraft (with orbital plane normal vector 71,,4). The
following condition applies: 20,7, = 0°. Of course, while the arc is running, the beta-angle will slightly
deviate from 90° due to the motion of Venus; small disturbances are to be expected. In this orientation, it
is expected that both panels are fully illuminated in along-track nadir-pointing mode, while one being fully
shadowed in cross-track nadir-pointing mode. In the following cases, both panels are sun-steering during the
full arc.

The results for the 90° beta-angle case are shown in Figure 5.26. As expected, these plots are very monotonous;
in the along-track attitude, the spacecraft solar panels are perfectly perpendicular to the Sun, resulting in both
panels being fully illuminated at optimal incidence angle without any shadowing (all factors equal to 1 in
Figure 5.26a). The opposite is true for the cross-track attitude; Now the panels are parallel to the Sun direction,
resulting in the +Y panel being fully shadowed by the spacecraft bus, and the —Y panel being fully illuminated,
but at a 90° incidence angle. This means that all factors but the shadowing factor of the -Y panel are equal to
zero, as shown in Figure 5.26b.
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(a) Along-track nadir-pointing mode, sun-tracking panels. (b) Cross-track nadir-pointing mode, sun-tracking panels.

Figure 5.26: Geometric scaling factors for AOI (F,,;) and shadowing (F;j,.) during 90° beta-angle orbit arc for along-track (a) and cross-track
(b) orientation of the panels.

However, solar incidence factors were not exactly equal to 1 or 0, but rather oscillated slightly near these values.
This is due to the small deviations from the perfect 90° beta-angle during the arc. Assertions in the verification
window were placed to assure that these deviations stayed below the recorded beta-angle deviations from 90°,
ensuring no modelling mistakes of the sun-tracking behaviour.

Disabling and enabling sun-tracking of the panels during this beta-angle will not show any interesting results.
Due to the perpendicular Sun direction, the average relative Sun direction will stay fixed in both attitudes.
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This also causes the shadowing factors to remain constant. To have a better verification case on the steering
and shadowing models, the 0° beta-angle case was considered next.

For the 0° beta-angle case, again, both along- and cross-track attitudes were considered. However, it was decided
to only make the +Y panel sun-tracking, while the —Y panel was assumed defective with a fixed alignment
with the —X axis. This allows to see the effect of sun-tracking vs (partial) fixed panel orientations more clearly.

The initial results for both attitudes are shown in Figure 5.27.
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(a) Along-track nadir-pointing mode, sun-tracking +Y panel. (b) Cross-track nadir-pointing mode, sun-tracking +Y panel.

Figure 5.27: Geometric scaling factors for AOI (F,,;) and shadowing (Fsj.) during 0° beta-angle orbit arc for along-track (a) and cross-track
(b) orientation of the panels.

Figure 5.27a is analogous to the illustration in Figure 5.23. At first, the —Y panel is fully shadowed (F;j,. = 0),
while the +Y panel is fully illuminated (Fs;. = 1). Later on (after about 9 minutes), the sun exits the outer cone
of the —Y panel, resulting in partial shadowing until exiting the inner cone after about 11 minutes. Nearing the
other pole, the situation reverses. Even if both panels are steering, the along-track attitude prevents optimal
solar incidence angles (due to the Y body axis being aligned with the sun direction near both poles).

In Figure 5.27b, the cross-track attitude allows the +Y panel to achieve optimal solar incidence angles (i.e.
Fa0i = 1) when steering, while the fixed —Y panel experiences similar incidence losses as in the along-track
case. Also, in this orientation, both panels experience full illumination throughout the arc (the sun is in the
spacecraft’s XZ plane). As this orientation nicely shows the effect of the sun-tracking algorithm, this exact
condition will be used to verify the partial tracking behaviour of the SteeringManager.

Three cases were set up, each with different fixed-interval durations for the +Y panel. First, an observation
(i.e. fixed panels) is planned in the first half of the arc, then a second observation in the middle of the arc,
and finally an observation in the last half of the arc. For each fixed interval, the SteeringManager calculates the
average relative sun direction over the interval, and freezes the panel orientation accordingly. The results of
these three cases are shown in Figure 5.28.
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(c) Fixed-panel interval in last half of the arc.

(a) Fixed-panel interval in first half of the arc. (b) Fixed-panel interval in the middle of the arc.

Figure 5.28: Geometric scaling factors for AOI (F,,;) and shadowing (Fs,.) during 0° beta-angle orbit arc in cross-track nadir-pointing mode
with the +Y panel fixed for the first (a), middle (b) and last (c) half of the arc. (-Y panel permanently fixed along —X spacecraft axis)

Note in the figures how the maximum solar incidence factor F,,; aligns with the average Sun direction during
the fixed intervals (i.e. the midpoint of the interval). The fact that the average Sun direction coincides with
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the midpoints of the intervals is expected, as verification orbit is circular (and therefore symmetric on every
interval). In Figure 5.28b, the average Sun direction in the Spacecraft body frame is the —X direction, resulting in
the +Y panel being fixed with the (defective) -Y panel during its fixed interval. The average Sun direction during
the other two fixed intervals is < cos (45°),0, —cos (45°) > for the first half, and < —cos (45°),0, —cos (45°) >
for the last half (as expected with the circular orbit). The instantaneous jumps in fixed- and tracking-mode
are present because the SteeringManager does not consider maximum rotation speed limitations yet; this was
accepted internally for the first implementation, and might be added in future iterations.

Lastly, the shadowing functions were verified in more detail as well. This was done with a slightly different
approach. Instead of running the PAS3 Simulation of the verification spacecraft, the spacecraft was fixed in
space and rotated manually to check the shadowing factors at different attitudes. The spacecraft was set to the
along-track nadir-pointing mode, again with +Y sun-tracking and -Y fixed in the —X direction. The orbit was set
during a 0° beta-angle arc. The spacecraft was then rotated around its X-axis up to 180° using the PAS3 utility

function . The results are shown in Figure 5.29.
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Figure 5.29: Geometric scaling factors for AOI (F,,;) and shadowing (Fsy,.) for both solar panels at 0° beta-angle with spacecraft in
along-track nadir-pointing mode, while manually rotating the spacecraft around its X-axis.

As the rotation was started at the pole of the orbit, the -Y panel (being fixed in the —X direction, which is nadir
pointing) is looking directly at Venus with the Sun perfectly in-plane (i.e. 90° incidence angle). The +Y panel is
sun-tracking, but due to the spacecraft rotation, cannot maintain a 0° incidence angle, resulting in increasing
/ decreasing behaviour of its F,,;. The interesting part is the shadowing factors. Their behaviour matches
perfectly the expectations from Figure 5.26a, but now the underlying model is clearly visible; the linear partial
shadowing relationship falling perfectly between the initialized inner and outer cones’ half angles.

This verification campaign successfully verified the correct functioning of both the steering and shadowing
models implemented for EnVision’s power sizing analysis. It is recognized that the instantaneous steering
behaviour and the linear shadowing approximation are simplifications, but their behaviour shows to be
correctly implemented. While the thermal modelling chapters in section 5.4 proved PAS3’s application in
mission-wide (sub)system analysis (spanning years), this section proved the toolkit’s ability to zoom into
analysis on a minutes-scale as well.



Mission Visualization

Within the context of the internship, during which this
thesis is written, the primary deliverable was a mission visu-
alization tool to support contextualization of the complex
EnVision mission during design and analysis activities.

This was identified as a general need in the development
of interplanetary missions in section 2.2. The state-of-the-
art analysis in section 3.1 initially placed much emphasis
on this use case, evaluating existing tools based on their
simulation and visualization capabilities. Eventually, it
was decided to separate the visualization aspects from
the simulation toolkit itself in section 3.2; the outdated
approach of monolithic applications was identified and
rejected in favour of a modular toolkit/package that users
can employ within their own specific implementations.

Although the majority of this thesis revolves around the
simulation toolkit package itself, the visualization tool is
an important deliverable to address the identified needs Figure 6.1: WebVision repository logo.!

of the system engineer. It also serves as an opportunity to

demonstrate the extensive flexibility in implementation of the agnostic simulation toolkit; showing it is not
limited to pure numerical analyses in chapter 5, but is also capable of supporting a wider range of external
integrations in new applications.

This chapter will cover the developed visualization tool. First, section 6.1 establishes the requirements of the
application, gathered through interviews with the end-users and the internship’s needs description. Then,
section 6.2 discusses the development of the web application and its architecture (frontend and backend).
Finally, section 6.3 presents the resulting application, discussing its features and verifying its requirements’
coverage.

The resulting application is a web-based 3D mission visualization tool called WebVision. It was developed
using modern web technologies (HTML, JavaScript, FastAPI, Three.js) to ensure cross-platform compatibility,
accessibility, and customizability. The tool interfaces with a PAS3 simulation backend, and is set up to support
interactive visualization of the EnVision mission fully inside the user’s web browser.

6.1. Requirements

The main objective of the application, literally taken from the job description, was:

“The objective of this tool is to allow engineers from the various engineering disciplines to have a better
understanding of the external environment of the spacecraft.”

In this section, the requirements of the visualization tool are established. These requirements were gathered
through the internship’s needs description, and were further refined with interviews with potential end-users
(i.e. the EnVision project team members). Following the software requirements, both functional and non-
functional, ensures the developed application meets the expectations and needs of its users. The functional
requirements are listed in Table 6.1, they sum up what the application should do.

! Al-generated using Microsoft Copilot
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Table 6.1: Functional requirements of the 3D mission visualization app.

ID Description Reasoning
Display:
VIS-F-1.1 The application shall display the EnVision CAD model
in orbit at the correct planned position and orientation.
VIS-F-1.2 The application shall display Venus as central body at
correct orientation.
VIS-F-1.3 The application shall dlsplay the Sun at correct relative Agreed upon elements to be
direction. included in a 3D rendering of the
VIS-F-1.4 The application shall indicate which ground stations spe}cecraft. .
are visible. This ranges from physical model
meshes (Spacecraft, Sun, Venus,
VIS-F-1.5 The application shall display the simulation time of the | FOV’s) and Ul indicators (time,
provided scene. ground stations, operations).
VIS-F-1.6 The application shall display planned operational
modes of the mission.
VIS-F-1.7 The application shall display sensor FOV’s
VIS-F-1.8 The application shall display pointing vectors in the
direction of:
¢ Earth
* The Sun
* Spacecraft Velocity
* Nadir
VIS-F-1.9 The application shall display rendered models in true-
scale.
Interactivity/Controls:
VIS-F-2.1 The application shall allow the user to change the simu- Thgse rgquiremgqts cover the
lation time and speed. dgsued interactivity of the user.
Time, camera movement and
VIS-F-2.2 The application shall allow the user to rotate and pan | rotation allow the user to view
around the following anchor points: desired spacecraft/mission
e EnVision body frame origin elemepts. Anchoring to either
o EnVision or Venus gives a
* The central body origin (Venus) spacecraft- and orbit-centred view
to the simulation.
VIS-F-2.3 The application shall allow the user to change the space- | Requirement from internship de-
craft attitude to different pointing viewpoints. scription.
VIS-F-2.4 The application shall allow the user to toggle vectors | Stems from VIS-NF-3.1.
and FOV displays.
Data Integration:
VIS-F-3.1 The application shall provide an interface to display | This sets the application apart from
simulation data from the rendered simulation scene. visualization-only tools and more
tailored to the design process.

The functional requirements are complemented by non-functional requirements, which define the quality
attributes of the application. These are listed in Table 6.2. In essence, they describe what the application should

be.
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Table 6.2: Non-functional requirements of the 3D mission visualization app.

ID Description Reasoning
Accessibility:
VIS-NF-1.1 | The application shall limit the setup/installation steps | It was determined that having
needed to run, preferably be a press-and-play type | to take many building steps (i.e.
application. cloning repositories, downloading
runtime environments, installing
packages, running code in an IDE)
will drastically limit accessibility
and hinder usage.

Extendability & Customizability:

VIS-NF-2.1 | The application shall be modular in its architecture, | Requirement from internship de-
allowing future additions and extensions. scription.

VIS-NF-2.2 | The application shall be compatible with other missions | Requirement stemming from the
than EnVision. generalized applicability of the

thesis work and the existing in-
terest from other ESA projects.
Additional Use Cases:

VIS-NF-3.1 | Inaddition to supporting mission contextualizationina | Additional requirement that ap-
design context, the application shall be tailored to sup- | peared during the later stages of
port outreach activities and interdisciplinary knowledge | development, recognizing the out-
transfer. reach potential for a scientific mis-

sion like EnVision, and potential to
complement technical document-
s/presentations.

The aim for extendability & customizability in VIS-NF-2.1 is an important non-functional requirement before
the start of development. It ensures the developed application can be adapted to future needs in different
mission development phases. There is future interest in interfacing the tool with external API’s, such as
telemetry or live test data streams. Additionally, the modular and customizable architecture falls in line with
the overall design approach of this thesis work, described in section 3.3 (referring to the approach of “toolkits
for user innovation”).

With the requirements established, the next section discusses the development of the web application and its
architecture. The requirements in Table 6.1 and 6.2 directly influence the decisions made in the development
tools (e.g. programming language, deployment platform, distribution method).

6.2. Visualization Application

This section discusses the development of the visualization application. In order to satisfy the established
requirements in section 6.1, the correct development tools and architecture needs to be chosen in advance.
The initial clear choice was to create an executable application using established game engines such as Unity,
Godot or Unreal Engine. These engines provide powerful 3D rendering capabilities, user interactivity, and
cross-platform compatibility. However, considering requirement VIS-NF-2.1, concerns were raised on the
maintainability and extendability of such engines in the project’s context. Games running on these engines are
written in C# (Unity), C++ or built-in scripting languages (Unreal Engine & Godot), which would require team
members to have knowledge of these languages. Additionally, the roadblocks of even installing the engines on
ESA machines due to security policies, made these engines less favourable when considering the requirement
in question.

While orienting in existing 3D tools, it was discovered that the thermal department at ESTEC had developed
web-based visualization tools for spacecraft thermal analysis using the Three.js JavaScript library. These tools
showed spacecraft temperature distributions on a mesh model from both ESATAN-TMS results and telemetry
data. This led to the decision to develop a web application using Three.js for 3D mission rendering. The
prospect of implementing the established thermal (telemetry) visualization tools was added value to this
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choice. The choice of developing a web application had the following benefits:

+ Increased accessibility to user base as no installation is required; the application backend can be hosted
on a server and accessed on the intranet through a web browser. (VIS-NF-1.1)

+ High customizability and extendability by using a popular web development stack (JavaScript, HTML,
CSS, .. .), with established expertise and tools within ESA. (VIS-NF-2.1)

+ More straightforward implementation within different missions. No monolithic application to adapt and
customize for the mission needs, but rather a code repository to change configuration files and assets.
(VIS-NF-2.2)

+ Increased flexibility in design (bottom-up), by coding directly outside established engine frameworks
(allowing integration with the PAS3 simulation backend through API calls).

After deciding on the approach, the WebVision application was developed. Figure 6.2 shows its architecture
diagram, with the front end and back end components. The backend is responsible for handling the simulation
data through a PAS3 simulation instance and exposing the relevant data through a REST API using the FastAPI
library. Serialized data describing the spacecraft state, environment and mission elements are fed to the front
end to be displayed (VIS-F-1.1 — VIS-F-1.8). The front end is responsible for rendering the 3D scene using
Three.js. The user may control the simulation time, camera position and orientation, toggle visual elements
and request custom attitudes through the Graphical User Interface (GUI) controls (VIS-F-2.1 — VIS-F-2.4). The
front end sends the scene’s time and attitude requests to the backend, which returns the updated spacecraft
state for rendering.

Inside Figure 6.2, the relevant software tools’ logos are indicated in the bottom; from left to right: JavaScript,
HTML, CSS, Three.js, Node.js & Vite (for development and package management), FastAPI (API framework),
Python and the SPICE Toolkit (using SpiceyPy integrated in PAS3). FastAPI was chosen for its high performance,
ease of use, and growing community support. With the intended client size being small (only the EnVision
team), scalability was not a primary concern, and an approach of serialized HTTP requests was sufficient to
meet the current performance needs.
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Figure 6.2: WebVision application architecture diagram.

6.2.1. Back End PAS3 Integration

In order to support running multiple simulations and users, one must ensure the same PAS3 object is not
assigned to multiple users at the same time. The same EnVision configuration from chapter 5 is used, but
wrapped in a data class to keep track of each session’s objects. Instead of importing the same object
as before, initialization functions were set up to dynamically create new instances per client (or browser tab),
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instead of reusing them (e.g. “import sim” is replaced by a “sim = create_sim()” function). Each session
gets a simulation, EnVision object, Venus object, SAA geometry with associated steering manager (to render
rotating panels), and attitude generator (to provide custom attitudes on request). An asyncio lock is used to
ensure thread-safe access to the PAS3 objects (FastAPI is multi-threaded). Additionally, a timestamp is stored
to delete inactive sessions after a certain timeout. The initialization of the data class is shown in
Listing 36.

from dataclasses import dataclass, field
import asyncio
import time

import pas3 as p3
from attitude_model import AttitudeGenerator
from power_model import SteeringManager

@dataclass
class SimSession:
sim: p3.Simulation
spacecraft: p3.Spacecraft
central_body: p3.CelestialBody
saa: p3.Geometry
steering: SteeringManager
attitude_generator: AttitudeGenerator
lock: asyncio.Lock = field(default_factory=asyncio.Lock)
last_used: float = field(default_factory=time.time)

PAS3 simulation instance
PAS3 spacecraft instance
PAS3 celestial body instance
PAS3 SAA half-space instance
Custom SAA steering manager
Custom attitude generator
Asyncio lock

Timestamp of last usage

HOHF OH H H ¥ H

Listing 36: Session data class initialization for PAS3 simulation instances in WebVision.

The session object is created upon client connection and stored in a dictionary with a unique session ID as
key. Every request from the front end includes this session ID, preventing other clients from interfering with
other simulations being run. The backend API then exposes endpoints to get the current spacecraft, central
body, Sun, and visibility states, depending on the user’s requests for time (and attitude). The relevant data is
serialized by FastAPI into JSON format and sent to the front end for rendering.

In Table 6.1, requirements are put to display the Sun direction, Earth direction, ground station visibil-
ity and instrument fields of view. However, GroundStation objects and CelestialBody objects for the Sun
and Earth were not directly provided in the session object. This is because these attributes and objects
are linked to the PAS3 using methods like: , , or
. Accessing these attributes and objects is done inside the API
endpoints automatically.

It can be noted that the SciOps manager from subsection 5.3.1 is not integrated in the session. This is because
this class is a read-only manager that does not hold any stateful data per client. The SciOps manager is
initialized once on the server side, and used by all clients to retrieve planned operational modes at requested
epochs (VIS-F-1.6).

6.2.2. Front End Visualization

The front end of the WebVision application is responsible for rendering the 3D scene and providing the user
with a GUI The Three js library is used for 3D rendering. Three.js is a WebGL framework that simplifies
the process of rendering 3D graphics in web browsers using JavaScript [75]. The library provides a number
of built-in features (like renderers, cameras, lights, geometries, materials, ...) that lets developers focus
on the application instead of low-level WebGL programming. The option of using React Three Fiber was
considered, but due to inexperience with the React framework, it was decided to use plain Three.js for the initial
implementation. The front end follows a standard folder structure as shown in Figure 6.3. The index.html file
is the main entry point of the application, loading the necessary JavaScript and CSS files. The main. js file
contains the core logic and imports all modules from the other directories in the src\ folder.

First, insidemain. js, the modules from the scene\ directory are imported and used to set up the Three.js renderer,
camera, scene, directional /omnidirectional lighting (from the sun). The API client module (getSimData.js)
handles the communication with the backend API, sending requests and receiving serialized data. An
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Figure 6.3: Folder structure of the WebVision front end.

initialization fetch request is sent to create a new simulation session, and return the relevant parameters to set
up the scene. The initialization parameters fetched from the backend are summarized in Table 6.3.

Using the classes from the models\ directory, Three.JS Object3D instances are created with associated meshes

and materials. For example, the

class creates a Three.js Group object containing the EnVision CAD

model mesh (from the assets in the public/ folder in .gltf format), helper vectors and instrument FOV’s.
The class creates a Three.js Mesh object with an ellipsoid geometry representing Venus, scaled
to true size using the shape parameters fetched from the backend, and textures for surface details from the

Table 6.3: Initialization parameters fetched from the backend API to set up the 3D scene.

Parameter Back End PAS3 Method Initialization Use

Simulation start time To set the initial state of the scene.

position Initial spacecraft position vector.

attitude Initial spacecraft orientation.

pointing mode Custom SciOps method Planned operational mode at start time.

nadir vector Render helper vector.

velocity vector Render helper vector.

sun vector Render helper vector + Sun sprite.

earth vector Render helper vector.

central body rotation Set the initial orientation of Venus.

central body shape Ellipsoid parameters for the central
body mesh.

groundstations List assigned ground stations

visible ground stations To highlight visible ground stations at
start time.

Earth visibility Indicate Earth occultations.

active instruments Custom SciOps method Show /hide instrument FOV’s at start

time.
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public/ folder. A separate fetch is done, iterating through the spacecraft’s instrument objects to retrieve their
field of view specifications, names, locations and orientations on the spacecraft body. A Conical mesh using
Three.JS ConeGeometry and EdgesGeometry in the FOV. js module is set up accordingly. Additionally, a sun
sprite is created with the Sun. js module, overlaying a lens flare shader for visual effect. The scene is then
populated with these objects, and the Hipparcos starfield catalogue is used to create a background of stars.

To provide the desired interactivity to the user, the ui/ directory holds modules to dynamically create DOM
(Document Object Model) elements depending on the backend initialization parameters. For example, the
instruments. js module creates toggle buttons for each instrument based on the list of instruments fetched from
the backend. It also indicates which instruments are active during the simulated arc. The timeControls. js
module creates a time picker similarly to the one in Cosmographia, allowing the user to set the simulation
time, or control the simulation with play/pause and speed controls. This sends a front-end stored simulation
time to the backend API to update the PAS3 simulation state.

Importantly, pointing. js provides a dropdown menu to select different spacecraft attitudes supported by the
backend’s attitude generator. By default, the SciOps planned attitude is displayed; however, with this dynamic
DOM element, the user may request custom attitudes that are sent to the backend API as a pointing override in
the attitude generation function (see Listing 21).

While some of the individual modules in the front end only handle specific (and sometimes small) tasks, the
modular architecture allows for future extensions and additions to be made more easily. Ul elements can be
added or modified without having to change the core module. Replacing textures or 3D models is supported
and with the correct backend configuration, different missions can be visualized as well.

6.3. Results

With both the front end and back end developed, the final step was to build the application and distribute it
to the end-users. The front end was built using Vite, bundling all JavaScript modules and assets into static
files (HTML, CSS, JS) that can be served by any web server in production. Within the SCI directorate IT
infrastructure, the process of requesting and setting up a virtual machine (VM) to host the application was
started. This process was not pursued as it required significant development effort, and it did not fall within
the thesis’s scope. Intranet hosting will be considered in future work.

Instead, it was decided to package the entire application into a standalone executable using Pylnstaller. This
approach ensures that the end-users can download the application in the team’s collaborative environment
without the need of any git cloning, package installations or Python setups. The executable was tested on
Windows and macOS systems. When clicking the executable, a local web server is started on the user’s machine,
and WebVision opens in the default web browser.

To allow collaboration and future development, the entire codebase was pushed on a repository within ESA’s
GitLab. To ease development, multiple batch scripts were created for starting a development server, running a
preview server, building the front end, and packaging the application with PyInstaller. Documentation on
how to set up the development environment and use the application is provided in the repository’s README
file and package requirements are added in a requirements. txt file.

Figure 6.4 shows a screenshot of the WebVision GUI, rendering the EnVision spacecraft in orbit around Venus,
with GUI elements annotated in red. In the top left, view controls are provided; these support changing the
anchor point between EnVision and Venus (spacecraft- or orbit-views), as well as the camera following modes.
The camera can be set to “inertial” (i.e. non-auto-rotating) or body-fixed (i.e. rotating with EnVision’s/Venus'’s
orientation). Some options are provided to show /hide visual elements. Below the view controls, the visible
ground stations are indicated with a red or green dot. Earth occultation is indicated by greying out the text.

In the top right, the time controls are shown. Similar to Cosmographia, each time unit (YYYY, MM, DD, hh,
mm, ss) can be changed individually by the arrows above, allowing the user to navigate to a specific epoch.
The play/pause button and speed control buttons are placed below the time picker. The Simulation time
scaling buttons scale the simulation speed by a factor of £10x. Below the time controls, the instrument toggles
are shown. Each instrument FOV can be shown or hidden by clicking the checkboxes. A toggle is present to
automatically show /hide instruments based on the planned operational modes from the SciOps manager; their
activity (like the ground stations) is indicated by green/red dot. Below the instrument toggles, the pointing
mode dropdown is shown. The user may select automatic (SciOps planned) pointing, or select a custom one.
On the right, the planned operational mode is indicated regardless of the overwritten mode.

Additional elements were added for outreach and practical purposes. On the bottom right, a button is added
to generate a high-resolution render of the current scene. This allows users to create images at specific
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Figure 6.4: WebVison GUI showing the EnVision spacecraft in orbit around Venus.

observations/cases for presentations, documentation or outreach activities. Some additional outreach elements
added were: user customization of the FOV colours, a “cinematic” camera mode to slowly pan around the
spacecraft, the ability to hive all clutter and only show the render. The simulation runtime is only limited by
the mission’s duration; the WebVision application was run for a full day during the ESTEC open day, helping to
explain different mission phases, instruments and timescales to visitors. No memory overloads or performance
issues were observed during this continuous runtime.

In the following subsections, the requirements compliance of the application is discussed, followed by an
assessment of the application and potential future work.

6.3.1. Requirements Compliance

In this subsection, all established requirements from section 6.1 will be evaluated against the developed
WebVision application. Every requirement from Table 6.1 and 6.2 will get a “COMPLIANT”, “PARTIALLY
COMPLIANT” or “NON-COMPLIANT” rating, with a brief reasoning. This requirements’ compliance
coverage is included in this chapter, rather than in the Conclusions of this thesis (chapter 7). In this report,
the WebVision application serves as a deliverable to address an identified need, as well as a demonstration
of PAS3’s implementation flexibility; it is treated as a separate entity from the simulation toolkit itself (its
requirements from section 4.3 will be covered in the including chapter).

Table 6.4: Requirements compliance coverage tabe for the WebVision application.

ID Compliance Justification

VIS-F-1.1 COMPLIANT Displayed in Figure 6.4, verified attitude model in subsection 5.3.3.

VIS-F-1.2 COMPLIANT Displayed in Figure 6.4, SPICE frame correctly implemented with
PAS3.

VIS-F-1.3 Spacecraft-anchored views have correct sun direction from PAS3-

backed API, but same relative orientation is given when anchored
at Venus. Not patched due to time constraints.

VIS-F-1.4 COMPLIANT Displayed in Figure 6.4.
VIS-F-1.5 COMPLIANT Displayed in Figure 6.4.
VIS-F-1.6 WebVision displays the current operational mode, but a timeline of

past and future operations is not included yet.
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ID Compliance Justification

VIS-F-1.7 COMPLIANT Displayed in Figure 6.4.

VIS-F-1.8 COMPLIANT Displayed in Figure 6.4.

VIS-F-1.9 COMPLIANT Logarithmic depth buffer was applied in the Three.JS renderer to
support true scales of rendered objects.

VIS-F-2.1 COMPLIANT Time controls displayed in Figure 6.4.

VIS-F-2.2 COMPLIANT View controls displayed in Figure 6.4.

VIS-F-2.3 COMPLIANT Pointing controls displayed in Figure 6.4.

VIS-F-2.4 COMPLIANT Instrument controls displayed in Figure 6.4.

VIS-F-3.1 REJECTED The need for this requirement was filled by the development of EnVi-
sion subsystem models in chapter 5. The analysis and visualization
concerns were separated.

VIS-NF-1.1 | COMPLIANT Executable application was distributed and launched on user’s
machines without the need for additional supporting software
installations.

VIS-NF-2.1 | COMPLIANT Modular approach shown in section 6.2.

VIS-NF-2.2 Activities in the Earth-Observation directorate are ongoing to im-
plement WebVision for the Sentinel-2 mission. Effort was put
in compatibility, but hidden technical debt appeared, showing
EnVision-specific elements in the application. While the application
does not disallow adaptation to other missions, a more organized
agnostic interface is desired to satisfy this requirement fully.

VIS-NF-3.1 | COMPLIANT DOM elements were added to produce specific views, screen renders
and visuals for outreach and documentation purposes (see intro-
duction of section 6.3).

As seen in Table 6.4, WebVision application meets most of the established requirements from section 6.1. The
functional requirements are mostly satisfied, with only two partially compliant requirements (VIS-F-1.3 &
VIS-F-1.6), easily fixable in existing features. One requirement (VIS-F-3.1), which covered the inclusion of
simulation data plots in the GUI, was rejected. This feature was deprioritized during development of the
EnVision subsystem models in chapter 5. Mission analysis and sizing is preferably done over a longer period
in fast succession of time steps. The resulting plots can then be contextualized by navigating to the points
of interest in time. Optionally, the dynamic generation of plots could be added in future work when more
robust interfacing is implemented. The partially compliant requirement (VIS-NF-2.2) arise due to the lack of
interfacing abstractions in the application. This will be addressed in future development work.

6.3.2. Application Assessment and Future Work

The WebVision application was successfully deployed in the EnVision project, giving the systems engineers a
valuable tool to understand the mission and its operational environment more intuitively. Its deployment was
received positively, with team members being able to see what was previously only described in documents and
presentations. In the short time after deployment, WebVision showed its practical use by showing particular
spacecraft orientations in certain mission phases, calling for a deeper analysis for mitigating potential power
concerns (described in subsection 5.5.3). The interactivity in time selection and spacecraft pointing enabled not
only the identification of such occurrences, but also supported discussions surrounding it between payload
and power management.

The application showed its outreach potential during the ESTEC open day event, as well as interest from an
EnVision documentary being produced. Additionally, other departments have shown interest in adapting
the application for their own applications (Sentinel-2 mission telemetry visualization and CDF study mission
design support). The accessibility of web-based 3D visualization makes the WebVision framework very
attractive for these use cases. The current progress of the Sentinel-2 adaptation is shown in Figure 6.5, where
the Sentinel-2 spacecraft model is rendered in orbit around Earth.
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Figure 6.5: WebVision adapted for Sentinel-2 mission visualization (work in progress by Marta Rozycka).

There are several improvements and extensions that can be made to the WebVision application in future work.
The following list summarizes some of these potential improvements:

¢ Implement the timeline of planned operational modes in the GUI (VIS-F-1.6).

¢ Reworking the WebVision repository to a bare framework, with mission-specific configuration files and
assets separated from the core application code with clear interfaces (VIS-NF-2.2).

* Creating an agnostic interface for simulation data plots (VIS-F-3.1).
¢ Integrating WebSockets for real-time data streaming from PAS3 for multi-client serving.

¢ Reworking the SpiceyPy package to support asynchronous calls, improving performance and stability
when multiple clients are connected.

The takeaway from this chapter is the proof of concept of using PAS3 as a generalized simulation backend
toolkit for a wide range of applications. While chapter 4 and 5 focused on the standard methodologies of
building analysis scripts and models in a code environment, this chapter showed how PAS3 integration can be
extended deeper into custom applications. This shows the approach of “toolkit for user innovation” described
in section 3.3, where PAS3 does not offer the tool, but rather the building blocks to create the custom tool
needed by the user. While Python packages exist with built-in mission analysis models and visualization (e.g.
PASEOQS [39] and Basilisk [38]), PAS3’s approach is to offer developers the tools to create their own applications
instead. While this requires more initial effort, and for many projects existing tools may be sufficient, the toolkit
approach fills a niche for projects with specific needs that cannot be satisfied by off-the-shelf software.



Evaluation & Conclusions

The PAS3 toolkit was developed over a 9-month period inside the EnVision project team at the European
Space Agency’s ESTEC. During this time, an assessment was made on the contemporary needs of the systems
engineer in interplanetary scientific missions in the agency. Based on this, a research objective and a set of
research questions were formulated to guide the development of the solution (chapters 2 and 3). Based on
current Modelling & Simulation (M&S) paradigm shift from monolithic software applications to user-made
ad-hoc solutions, a methodology was proposed to develop a toolkit that would enable the systems engineer to
more easily create their solutions. The toolkit development methodology was described in chapter 4, defining
its scope, requirements, architecture and verification approach.

Considering PAS3’s solution space being the creation of models in an ad-hoc System Simulator (SS) context,
rather than their numerical results, the process of implementing the toolkit with such approach was covered
in chapters 5 and 6, with ESA’s EnVision mission as a case study. The PAS3 toolkit is to be evaluated by
its implementation process, and the resulting SS adherence to the defined System Simulator Concept (S5C)
described by T. Nemetzade [21].

This concluding chapter aims to reflect on the developed PAS3 toolkit and evaluate its results. The compliance
of the toolkit with the defined requirements in section 4.3 is assessed in section 7.1. section 7.2 evaluates
the resulting implementation in the EnVision case study (both the resulting SS and Visualization app), and
answers the research questions from section 3.3. Finally, section 7.3 provides an overview of the limitations of
the developed toolkit, and suggests possible future work to extend its functionality and usability.

7.1. Requirements Compliance

In this section, the requirements set in section 4.3 will be reviewed. The assessment of whether they have
been fulfilled is justified by referencing to the relevant chapters and sections that display their compliance.
Based on the assessment, each requirement is classified as “COMPLIANT”, “PARTIALLY COMPLIANT”, or
“NON-COMPLIANT”. The resulting compliance table is shown on the next page, in Table 7.1.

PAS3 provides an object-oriented framework to implement SPICE-based data (and custom models) into a
user-controlled simulation environment. The following class blueprints were created:

Main object loading SPICE kernels, while storing and controlling the simulation
environment (time and global settings). Updates the assigned actors’ states at
time changes.

Spacecraft object representing a spacecraft actor in the simulation. Retrieves its
state (and attitude if applicable) from SPICE kernels.

Celestial body object representing any celestial body defined in loaded SPICE
kernels.

Parent class for ground station objects, with and
subclasses. Assignable to individual spacecraft.

Parent class for geometry objects representing infinite geometrical regions in
space fixed to the spacecraft. Allows for the creation of SPICE-based instruments
( ) or user-defined geometries ( ,

7
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Table 7.1: PAS3 toolkit requirements compliance table.

ID Compliance Justification
TK-F-1.1 COMPLIANT Covered in subsection 4.4.1 with Simulation class initialization in
Listing 13 and demonstrated thoroughly in chapter 5.
TK-F-1.2 COMPLIANT Covered in subsection 4.4.1 with provided Simulation class methods
listing:
¢ loaded SPICE kernels ( , or automatically
at Simulation initialization)
¢ loaded SPICE SPK actors ( )
¢ loaded SPICE CK actors ( )
¢ loaded SPICE reference frames ( )
demonstrated in Listing 3.
TK-F-1.3 Covered in subsection 4.4.1 with provided Simulation class method
extracting simulation coverage automatically
at initialization of the Simulation object. Partial compliance due to
CK and dynamic frame (PCK) coverage not being considered yet.
TK-F-2.0 COMPLIANT Covered in subsection 4.4.1 with the Simulation class and demon-
strated in chapter 5.
TK-F-3.0 COMPLIANT PAS3 supports configurable user-made models in the simulation en-
vironment by the use of the Simulation object’s
method to be used in user’s configuration architecture (see sec-
tion 5.2). Demonstrated in Listing 22.
TK-F-4.0 COMPLIANT Supported SPICE-defined PAS3 objects are:
e Spacecraft (subsection 4.4.4)
e CelestialBody (subsection 4.4.2)
» SpiceGroundStation (subsection 4.4.3)
e Spicelnstrument (subsection 4.4.5)
All objects” usage demonstrated in chapter 6 and chapter 5 (except
SpiceGroundStation). All are verified in section 4.5.
TK-F-5.0 COMPLIANT Supported non-SPICE-defined PAS3 objects are:
e CustomGroundStation (subsection 4.4.3)
® Geometry (subsection 4.4.5)
o CustomInstrument (subsection 4.4.5)
* AssembledGeometry (subsection 4.4.5)
o AssembledInstrument (subsection 4.4.5)
Usage for all is demonstrated in chapter 5 (except CustomGroundSta-
tion) and verified in section 4.5.
TK-F-6.1 COMPLIANT PAS3 Simulation object updates assigned object’s state, attitude,
visibility, and orbital parameters automatically using the core
and methods (see subsection 4.4.1).
Implemented across chapters 5 and 6 and verified in sections 4.5
and 5.3.3.
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ID Compliance Justification

TK-F-6.2 Supported (optional)post-initialization configuration settings:

Spacecraft object:

e NAIF body-fixed-frame ID ( )
e its central body ( )

CelestialBody:

¢ gravitational parameter ( )
* body-fixed reference frame ( )
GroundStationparent class:

e visibility mask ( ,
and )-

Geometry parent class:

e direction/shape ( , , )
® position ( )

Global Simulation settings:

¢ default reference frame ( )

e solar constant ( )

e occultation tolerance ( )

e start time ( )

e end time ( )

Partial compliance for missing global SPICE aberration and light
time correction settings and adding additional occultating bodies
other than the flow down of central bodies.

TK-NF-1.1 NON-COMPLIANT Non-compliance: absence of package wiki or “Read-the-Docs” page.

TK-NF-1.2 COMPLIANT Provided class properties are expressed in the simulation’s default
frame, their equivalent getter functions require a reference frame
as input argument. Methods are long, but descriptive by design
(see Appendix A). All initialization functions of classes have Er-
ror/Warning messages when configuration fails. Input parameters
of methods in Appendix A are type-hinted.

TK-NF-1.3 COMPLIANT Input arguments are minimized, using the global configuration
methods in TK-F-6.2.

TK-NF-1.4 COMPLIANT Tutorial notebooks are provided inside the “examples” directory
in the PAS3 git repository. A summary of all object methods is
provided in Appendix A.

TK-NF-2.0 COMPLIANT No integrated simulation run methods are provided. Simulation

runtime is controlled fully by the user and requires considerable
involvement from the user. Most apparent in Listing 35.

TK-NF-3.0 COMPLIANT PAS3 is written in Python. Its OOP architecture is described in
section 4.4 and demonstrated in section 5.2. The interface is visible
throughout chapter 5.

TK-NF-4.0 COMPLIANT No EnVision-specific models were included. The solution space

from Figure 4.2 was followed. Tutorial notebooks in the repository
use different missions” SPICE kernels as examples. Verification
campaigns in sections 4.5 and 5.5.4 were performed with custom-
tailored spice kernels.
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Their attributes, properties and methods allow for straightforward and elegant integration of a PAS3 mission
configuration file within the mission-specific SS architecture, complying with most of the defined functional
and non-functional requirements.

From Table 7.1, it is clear that some requirements were only partially fulfilled, and one was not fulfilled at all.
The partial compliance of TK-F-1.3 (SPICE kernel coverage assignment utility) is due to CK- and PCK-equivalent
coverage functions to the present SPK one were not yet implemented. This could cause the Simulation object
to not fully restrict the simulation time to shorter configured intervals of CK (attitude) or PCK (dynamic
planetary body frame) data. TK-F-6.2 (configuration settings) is partially compliant due to two absent settings:
configuring the aberration and light time correction flag to be used in the encapsulated SPICE functions, and
adding additional occulting bodies to a spacecraft’s object line-of-sight checks. Strictly speaking, requirement
TK-NF-1.1 (documentation provision) is non-compliant, as no dedicated user-manual or wiki was included yet.
One could argue its necessity, considering this report’s Appendix A and the provided tutorials in notebook
format (TK-NF-1.2).

7.2. Discussion

The PAS3 toolkit was implemented in a System Simulator (SS) for ESA’s EnVision mission as a case study. Its
architecture was described in section 5.2. The intended use of PAS3 is to construct a main configuration file
of the mission, which holds the relevant configured PAS3 objects, as well as mission-specific custom models
(for example: SciOps manager for EnVision). This file is not intended to perform any simulations or analyses
by itself, but rather to be imported in the discipline-specific sub-scripts that perform the actual simulations
and analyses. For the EnVision case study, three sub-scripts were created: a thermal modelling module
(implementing two thermal models), a power sizing module (implementing a single power model), and an
attitude model (modelling a steady-state approximation of the spacecraft attitude during science operations).
Each model can be imported to the main configuration file itself to support cross-disciplinary connectivity (as
done for the attitude model).

As mentioned earlier, the PAS3 toolkit will be evaluated based on its ability to create SS’s that adhere to the
System Simulator Concept (SSC) principles. This evaluation aims to eliminate subjective bias in the assessment,
acknowledging that the toolkit was developed and implemented in one mission (EnVision), in one mission
phase (B2). Note that when referring to “the SS”, the EnVision System Simulator platform (i.e. the collection of
configuration file and analysis sub-scripts) from chapter 5 is meant. Below, every SSC principle is revisited,
and the compliance of the resulting SS to each principle is discussed.

Principle I: Characteristics. “The simulators built according to the SSC are designed to. ..

. belean & adaptive” — Additional PAS3 objects and custom models can be added as needed to the established
configuration file structure.

. be transparent” — Imported PAS3 classes are fully built in Python, allowing the user to inspect the
underlying logic from the IDE they are using. (no inherent C++ or Fortran API black-boxes except for
the SPICE toolkit itself). Transparency in the sub-scripts itself is increased by the readability of their
integrated models and simulation loops (a common baseline of mission objects is imported).

. be easily manageable” — The configuration file structure allows for straightforward addition/removal of
objects and models, managing the down-flow of objects in the sub-scripts.

. be system-focussed, not limited by single disciplines” — The PAS3 objects are generic and can be implemented
in any discipline’s model needing a mission simulation backend (demonstrated for thermal and power
sizing in chapter 5).

include only essential models and functionalities” — The developer of the SS is in full control of which models
and functionalities to include.

. add functionality based on growing user needs” — The modular approach in Figure 5.5 ensures models and
configuration can grow as the mission matures, without the need to change framework.

Principle II: Context of Use. “The primary user of the SCC-based simulator is a systems engineer who . . .

. has limited experience with M&S tools” — Separation of concerns: once the configuration is set up, the
developer is limited by their Python experience in implementing their discipline-specific models. The
developer does not need to have experience modelling spaceflight dynamics, frame transformations, or
SPICE usage.

. works in a highly dynamic environment, with limited familiarization and development time” — Descriptive OOP
architecture and example tutorials allow for quick familiarization and the separation of concerns allows
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for development time only going into the discipline-specific model.
Principle III - a: Simulator Development Approach. “The simulator development must allow for. . .

. continuous implementation of user needs” — The modular sub-script architecture inherently supports this.

. clear and easy interfaces” — The user is in full control of the applied interfaces of their models.
Principle IIT - b: Simulator Scope. “The SSC-based simulator must provide. . .

. a complementing function to advanced detailed discipline-specific simulators” — Demonstrated in the thermal
model (ESH is modelled for thermo-optical degradation estimations to be implemented in detailed
thermal balance models) and power model (geometrical factors and impact are sized to complement
detailed SAA ecosim models).

. allow for modelling cross-connections of subsystem models” — The custom attitude model in section 5.3
showcases cross-connectivity with the sub-script models by being configured as an inherent custom
model inside the PAS3 Simulation (any model can be cross-configured like this).

. focus on fundamental system-level models instead of detailed single-discipline models” — While the models in the
sub-scripts are discipline-specific, they are considered more system-level due to their reliance on the
whole mission configuration. Integrating a detailed single-discipline model is not strictly forbidden, but
would not necessarily reflect the PAS3 configuration use case.

Principle III - c¢: Scheduling of SSC Implementation. “It is recommended to start SSC implementation in the
early life cycle stages” — not applicable to the EnVision case study.

It shows how the resulting SS adheres to the SSC principles, showcasing the toolkit’s projected ability to
develop effective system simulators. This deemed the research objective successfully achieved. With the
newly gained insights from the development and evaluation of the PAS3 toolkit, the research questions from
section 3.3 can now be confidently answered:

“What general functionalities must the toolkit offer, in order for systems engineers to develop effective

system simulators, and which ones should it aim to exclude?”

The answer to this question is dependent on the context of implementation for the toolkit. In the case of
PASS3, the context is in ESA interplanetary science missions’ implementation phase; more specifically, within
the mission’s project team. At this stage, the scientific orbit is mostly defined, and is provided by the MOC
and SOC in SPICE kernel format. This orbit is taken as-is to perform system-level platform and mission
performance analyses. SPICE kernels also hold additional data for celestial bodies (ephemerides, reference
frames), spacecraft (attitude, reference frames), instrument FOV geometries and ground station reference
frames. These are also taken as reference input data for the system simulator.

Following the SSC principles, the toolkit must allow for creating SS’s with accessible agility and flexibility. While
SPICE data can be altered, the SPICE utility tools and kernel formats need considerable familiarization (non-
conformance with SCC). Therefore, for all but the Spacecraft and CelestialBody objects, custom counterparts are
provided to allow the user to create their own objects (instruments, geometries, ground stations) circumventing
SPICE definitions entirely. Planetary bodies” ephemerides are not suspected to be changed by the end user and
are accessible on NAIF’s servers! while custom spacecraft trajectories (for verification) can be created with
SPICE’s utility (keeping its customizability optional, but not natively supported). Spacecraft attitude
is an optional SPICE-based input depending on the mission development maturity.

With the aforementioned objects initialized, the question becomes which methods and functionalities they
should (not) provide. The design philosophy taken was to support ad-hoc model development; the toolkit
should therefore provide only the essential simulation building blocks, while leaving subsystem models to be
implemented by the user. All higher-level models that may be open to interpretation (for example: albedo
models, link budgets, power balances, attitude steering, etc.) are not included. Only strictly unambiguous?
geometrical and physical properties are provided by the objects, with the view of providing simulation-tied
parameters offering separation of concerns in the SS architecture. Examples are: spacecraft position/velocity,
Keplerian orbit parameters, vector frame transformations, instrument intersections on planetary surfaces,
visibility of ground stations and celestial bodies, incidence angles on geometries, as well as global simulation
settings (solar constant, occultation tolerances, default reference frame) and simulation time settings.

1

2Unambiguous in the sense that the context of implementation allows certain inputs to be taken as-is (like planetary ephemerides,
planetary shapes, instrument geometries, spacecraft orbits and possibly attitude).
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“What are the criteria for assessing the effectiveness of a system simulator developed with the toolkit?”

It was recognized that the proposed toolkit would be implemented and evaluated in a single mission case
study in B2 phase. The effectiveness of PAS3 and its resulting SS would be apparent in this specific context, but
not necessarily generalizable to other missions or phases. Therefore, a more generalized evaluation approach
was required (hence the research question).

The chosen approach follows directly from the literature study, which identified the System Simulator Concept
(SSC) as a promising reference framework for assessing system-level M&S tools in space projects. Nemetzade’s
SSC formulates a structured set of simulator characteristics, context of use considerations, and implementation
principles that distinguish effective system-oriented simulators [21]. Because the SSC was explicitly designed
to evaluate whether a simulator supports interdisciplinary systems engineering activities across phases, it
provides a mission-agnostic basis for assessing the effectiveness of the toolkit in supporting the creation of
SSC-adhering system simulators. The principles are listed in subsection 3.2.2 and the evaluation was discussed
above.

“What design choices are key in allowing the toolkit to be implemented in multiple interplanetary mission projects?”

The key design choice in assuring multi-mission applicability is following the “toolkit for user innovation”
strategy. This strategy focuses on providing the necessary building blocks for the user to create their own
ad-hoc solutions, rather than providing built-in solutions that may not fit every mission’s needs. The following
design choices were key in following this strategy:

¢ Providing a standardized initialization data standard: in this case, SPICE kernels were used, which are
commonly supported across scientific planetary missions.

¢ Providing custom initialization methods when (SPICE) data is not yet available.
¢ Avoiding the inclusion of built-in analysis models (see first research question).

¢ Including unambiguous object methods that inherently do not offer analysis, but offer model inputs
instead.

In essence, the mission-agnosticism of the toolkit was ensured by not assuming the analysis needs of one mission
translate to others. Many object methods (in Appendix A) were implemented in PAS3 that were unused in the
EnVision case study, but are sufficiently unambiguous to be conceivably useful in future models. Following
this approach, additional class methods can be added in future toolkit versions as the need arises, without
breaking existing implementations.

“What design choices are necessary to ensure support across multiple mission phases and disciplines?”

In order to ensure multiphase and multidisciplinary support, the resulting SS of the toolkit must be inherently
modular. This allows for a growing working version of the SS with (new) discipline-specific models evolving as
the mission matures. The toolkit may not assume the necessary modelling methods and fidelities, and only
support their creation. Failing in this will lead to a rigid SS architecture that may not be adaptable to emerging
needs.

The approach shown in Figure 5.5 of creating a main configuration file, holding the mission’s objects and
custom models, that can be imported in discipline-specific sub-scripts, supports this. Analysis sub-scripts can
be created depending on the needs of the discipline, at the required fidelity of the development phase. These
sub-scripts can grow, new ones can be added, and new objects can be configured in the configuration without
having to change the SS framework itself. The modular nature of the configuration file approach allows for
even broader implementations outside Python scripts or notebooks in external applications (demonstrated in
chapter 6), showing the flexibility the design choice offers in its solution space.

The multidisciplinary support of the proposed configuration/sub-script strategy is apparent in chapter 5.
Generalized objects like the half-space objects were able to support the creation of a thermal model (spacecraft
faces), a power model (solar panels), and an attitude model (pointing constraints’ identification).

7.3. Future Work

While the PAS3 toolkit shows promising results, some limitations were identified in the current version of the
package. These limitations could be addressed in future work to further enhance the toolkit’s functionality and
usability. The following list summarizes the main limitations and suggests possible future work:
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¢ SPICE DSK Functionality: Currently, the PAS3 toolkit does not support Digital Shape Kernel (DSK)
functionality for detailed surface representations of celestial bodies. Future work could involve integrating
DSK support to enhance the accuracy of surface-related analyses.

* Generalized SPK Actor Class: The currently provided SPK-based actor classes are the Spacecraft and
CelestialBody. A generalized SPK actor class could be implemented to allow for moving objects to be
defined that do not fit this category (for example: rovers, landers, regions of interest, . .. ).

¢ Space-Based Telescopes: The toolkit has not been assessed for missions involving Lagrange-point
orbiting spacecraft, such as space-based telescopes (possibly breaking when no shape is identified for the
central body). Telescopes are a large part of ESA’s scientific missions, and future work could focus on
adapting the toolkit to accommodate such mission profiles.

¢ Ground Station Visibility Masks: the current implementation of ground stations’ visibility masks does
not differentiate between uplink and downlink visibility. Acquisitions of signal for downlink may start
earlier than uplink windows. Future work could involve implementing separate visibility masks for
uplink and downlink scenarios, and update the Spacecraft object’s methods accordingly.

* Spherical Approximations: Currently, most Geometry object intersection methods assume spherical
approximations of celestial bodies. Future work could involve implementing ellipsoidal or DSK-based
intersection methods to increase accuracy for missions where this is critical.

¢ Earth-visibility: Currently, Earth visibility is determined based on occultation conditions, while in
reality, Earth-communication is often not possible during periods nearing solar conjunctions. This should
be a configurable setting in the Spacecraft object in future work.

¢ Additional Simulation Settings: Some simulation settings, such as aberration corrections and occulting
bodies, are currently not configurable in the Simulation object.

¢ Occultations: In the current version of PAS3, boolean occultation checks are provided based on a single
tolerance value. Future work could involve implementing a fraction-based output for percentage of
(partial/annular) occultations. This could increase some custom models” accuracy.

* Documentation: While the package includes method summaries and tutorials, a dedicated wiki would
increase accessibility significantly.

* Automatic Simulation Coverage Extraction: CK and PCK coverage extraction methods could be
implemented to complement the existing SPK coverage method in the Simulation object.

* Asynchronous Simulations: Right now, SpiceyPy inherently does not support asynchronous calls.
Future work could investigate the possibility of implementing thread-safe asynchronous calls to SPICE
functions to run multiple simulations in parallel.

* Better Mission Phase assessment: The toolkit was only implemented in the EnVision B2 phase. While
the SSC principles gave an indication of the toolkit’s effectiveness in future phases, a more thorough
assessment in later mission phases would be needed to say this with certainty.

* Logging: In the current PAS3 version, print statements are used to inform the user of configuration steps
and warnings/errors. Future work could switch over to a logging module to allow better information
control.

Interest was expressed from different ESA projects, ranging from assessing full SS implementations using PAS3
to simply using it as a more accessible interface to SPICE data. It is expected that more shortcomings and
possible improvements will be identified as more users apply the toolkit in their projects.
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PAS3 Class Methods and Properties

This appendix provides an overview of the methods and properties of the main classes in the PAS3 toolkit.
The descriptions are kept brief; for more detailed information, please refer to the class docstrings in the code
documentation at . Class attributes are omitted for brevity. They can
also be found in the code repository.

A.l. Simulation Class

Table A.1: Simulation base class methods and properties.

Class Function Description

Loads one or more SPICE kernels into the kernel pool, lists them, and
unpacks their data into the simulation instance.
Input: path to SPICE kernel.

Checks if a given SPICE kernel file is already loaded in the simulation
instance.

Input: file name.

Returns: boolean.

Callable to list the loaded spice kernels’ types and file names.
Callable to list the loaded SPK actors’ NAIF codes and names stored in
the simulation instance’s SPK data.

Callable to list the loaded CK actors’ NAIF codes and names stored in
the simulation instance’s CK data.

Callable to list the available reference frames’ NAIF codes, names and
type of reference frame stored in the loaded FK files.

Returns the time coverage of a given SPK actor loaded in the simulation
instance’s SPK data.
Input: NAIF name or code of the loaded SPK actor.

Adds an arbitrary function (user-defined model) to the simulation
instance, which will be called at each time change. The necessary
argument’s keyword (if any) is stored and arguments can be included at
time changing functions.

Input: Custom model as a callable function.

Sets a SPICE abberation correction flag for embedded SPICE state
evaluation methods within the simulation instance.

Sets the default reference frame for expressing states of Spacecraft,
CelestialBody, GroundStation instances assigned to this Simulation object.
Input: NAIF name or code of the frame.

Sets the solar constant (in W/m?) for the simulation instance, used in
calculating solar flux at distances from the Sun for objects assigned to
the simulation. When not configured, the solar constant is set to the
default value of 1362 W/m?.

Input: Solar constant in W/ m2.
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Class Function Description
Helper function to add a progress bar using the library based on
a given timestep and (optional) end time. Only works with a fixed
timestep using the method in the user’s external

execution loop loop.
Input: timestep in seconds, optional end time and description for the
progress bar.

Removes the progress bar if one is configured.

Sets the start/end time of the simulation instance. When not specified
explicitely, the start and end times of the simulation are set to the shortest
coverage covered by all loaded SPK actors. The simulation instance
will be set to when the time attribute is outside of the
configured time coverage. Choose between: or

Input: start or end time.

Advances the simulation time by a given number of seconds (dt),
and automatically updates the state of all Spacecraft, CelestialBody and
GroundStation instances, assigned to the simulation. Also calls added
custom models, by passing their keyword arguments.

Input: time step in seconds, optional additional arguments for added
custom models.

Sets the simulation time to a given epoch given in ephemeris seconds
past J2000, and automatically updates the state of all Spacecraft and
Celestial Body instances assigned to the simulation. Also calls custom
models, by passing their keyword arguments.

Input: time to set the simulation to, optional additional arguments for
added custom models.

A.2. CelestialBody Class

Table A.2: CelestialBody methods and properties.

Class Function

Description

Updates the body’s state.

Sets the gravitational parameter (i or GM) of the body in km?/s2. If not
set manually, the gravitational parameter is automatically configured
from the loaded PCK kernel data (if loaded).

Input: the gravitational parameter of the body.

Sets the body-fixed reference frame of the celestial body to a loaded
SPICE frame defined in loaded FK kernel data. If not set manually, the
body-fixed frame is automatically configured to its default IAU frame.
Input: NAIF name or code of the body-fixed frame.

Returns the position vector of the body in the specified reference frame
centred at its central body at the current simulation time.

Input: The reference frame to express the position in.

Returns: The position vector in the given reference frame.

Returns the velocity vector (relative to its central body) of the body in
the specified reference frame at the current simulation time.

Input: The reference frame to express the velocity in.

Returns: The velocity vector in the given reference frame.

Returns the position vector of the body in the specified reference frame
centred at the Sun at the current simulation time.

Input: The reference frame to express the position in.

Returns: The position vector in the given reference frame.
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Class Function

Description

Returns the direction vector from the body to the Sun in the specified
reference frame at the current simulation time.

Input: The reference frame to express the direction in.

Returns: The direction vector in the given reference frame.

Returns the normal vector of the body’s orbital plane in the specified
reference frame at the current simulation time (same direction as the
angular momentum vector).

Input: The reference frame to express the normal vector in.

Returns: The normal vector in the given reference frame.

Returns the body’s spin axis direction vector in the specified reference
frame at the current simulation time.

Input: The reference frame to express the spin axis in.

Returns: The spin axis vector in the given reference frame.

Returns the distance to a given CelestialBody, or Spacecraft object w.r.t.
the body’s centre in kilometres, at the current simulation time.

Input: A CelestialBody or Spacecraft actor.

Returns: The distance in km.

Converts planetodetic coordinates (longitude, latitude, altitude) to rect-
angular coordinates (X, y, z) in the specified reference frame.

Input: planetodetic longitude (deg), latitude (deg), altitude (km), op-
tional reference frame (if none, default body-fixed frame is used).
Returns: The position vector in the given reference frame.

Converts rectangular coordinates (x, y, z) in the specified reference frame
to planetodetic coordinates (longitude, latitude, altitude).

Input: position vector (x, y, z) in the given reference frame, optional
reference frame (if none, default body-fixed frame is used).

Returns: planetodetic longitude (deg), latitude (deg), altitude (km).

Converts planetocentric coordinates (longitude, latitude, radius) to rect-
angular coordinates (X, y, z) in the specified reference frame.

Input: planetocentric longitude (deg), latitude (deg), radius (km), op-
tional reference frame (if none, default body-fixed frame is used).
Returns: The position vector in the given reference frame.

Converts rectangular coordinates (x, y, z) in the specified reference frame
to planetocentric coordinates (longitude, latitude, radius).

Input: position vector (X, y, z) in the given reference frame, optional
reference frame (if none, default body-fixed frame is used).

Returns: planetocentric longitude (deg), latitude (deg), radius (km).

Returns the angle between the vector pointing towards the body’s centre
and apparent limb of the body viewed from an arbitrary observer
position in radians or degrees. “Approximate” because the limb is
assumed to be circular (encircling the real elliptical limb of the body).
Choose between: or

Input: The observer dlstance

Returns: The limb half-angle in radians or degrees.

Returns the elongation angle of a target body as seen from this Celestial
Body in radians or degrees. The elongation angle is defined as the angle
between the Sun direction and the target body direction, as seen from
this body. Choose between: or

Input: A target CelestialBody (or its NAIF name or code).

Returns: The elongation angle in radians or degrees.

(property) Returns the body’s rotation matrix of the body-fixed frame
expressed in the configured default reference frame of the simulation
instance at the current simulation time.

(property) Returns the solar flux at the body’s distance (centre) from
the Sun in W/m? at the current simulation time.
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Class Function

Description

(property) Returns the body’s spin axis direction vector in the con-
figured default reference frame of the simulation instance at the current
simulation time.

(property) Returns the direction vector from the body to the Sun in the
configured default reference frame of the simulation instance at the
current simulation time.

A.3. GroundStation Class

Table A.3: GroundStation object methods and properties.

Class Function

Description

Returns if the given Spacecraft object is visible (based on the
configured visibility condition and Earth'’s visibility from the Spacecraft
object’s state) at the current simulation time, otherwise returns

Input: A Spacecraft object.

Sets a user-defined visibility mask function for the ground station. Input
arguments must be spacecraft azimuth and elevation angles, and return
a boolean operator. Useful for more complex terrain around the ground
station, where default minimum elevation angle condition does not
suffice.

Input: A callable function that takes azimuth and elevation angles as
input arguments and returns a boolean.

Resets the visibility mask to the default visibility mask, which is based
on the minimum elevation angle of the spacecraft above the ground
station horizon.

Sets the minimum elevation angle of the spacecraft for the defaul ground
station visibility mask. The default value is 5 degrees when method is
not called.

Input: Minimum elevation angle in degrees.

Returns the local azimuth and elevation angles of the given Spacecraft or
CelestialBody object from the ground station perspective in radians or
degrees, at the current simulation time. Choose between: or

Input: A Spacecraft or CelestialBody object.

Returns: azimuth and elevation angles in radians or degrees.

Returns the topocentric position or direction vector of the given Spacecraft
or CelestialBody object in the ground station’s topocentric frame of
reference at the current simulation time. Choose between: or

Input: A Spacecraft or CelestialBody object.
Returns: position or direction vector in the ground station’s topocentric
frame.

Returns the position vector of the ground station in the specified refer-
ence frame centred at the Earth centre at the current simulation time.
Input: The reference frame to express the position in.

Returns: The position vector in the given reference frame.
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A.4. Spacecraft Class

Table A.4: Spacecraft object — state methods and properties.

Spacecraft State

Class Function

Description

Updates the Spacecraft’s state and other relevant attributes.

Returns the position vector of the Spacecraft in the specified reference
frame centred at its central body at the current simulation time.

Input: The reference frame to express the position in.

Returns: The position vector in the given reference frame.

Returns the velocity vector of the Spacecraft in the specified reference
frame centred at its central body at the current simulation time.

Input: The reference frame to express the velocity in.

Returns: The velocity vector in the given reference frame.

Returns the distance to the Sun, Earth or given CelestialBody, Ground-
Station or Spacecraft object in kilometres at the current simulation time.

Choose between: , sun, It chosen, the target object
instance must be provided as input argument.
Input: A target object instance (if chosen) and optional reference

frame name.
Returns: The distance in km.

Returns the relative position vector to the Sun, Earth or given Celes-
tialBody, GroundStation or Spacecraft object in the specified reference
frame with respect to the spacecraft at the current simulation time. If no
reference frame is specified, the default frame of the simulation instance

is used. Choose between: , ; L If chosen, the
target object instance must be provided as input argument.
Input: A target object instance (if chosen) and optional reference

frame name.
Returns: The position vector in the given reference frame.

Returns the relative direction vector to the Sun, Earth or given Celes-
tialBody, GroundStation or Spacecraft object in the specified reference
frame with respect to the spacecraft at the current simulation time. If no
reference frame is specified, the default frame of the simulation instance

is used. Choose between: , , , CIf chosen,
the target object instance must be provided as input argument.
Input: A target object instance (if chosen) and optional reference

frame name.
Returns: The direction vector in the given reference frame.

Returns if the Spacecraft can obtain a line of sight to the Sun, Earth

or given CelestialBody, GroundStation or Spacecraft object at the current

simulation time. Visibility depends on the occultation tolerance set in

the simulation instance and, in the case of GroundStation objects, their

configured visibility mask. Choose between: , , CIf
chosen, the target object instance must be provided as input

argument.

Input: A target object instance (if chosen).

Returns: boolean.

Returns vectors expressed in the body-fixed frame of the spacecraft at
the current simulation time. Choose between:
— unit vector pointing towards the Sun.
— unit vector pointing towards Earth.
— unit vector pointing in the nadir direction.
— unit vector pointing towards the sun
Returns: The direction unit vector in the Spacecraft’s body-fixed frame.
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Class Function

Description

Returns the relative position or direction to a given Spacecraft, GroundSta-
tion or CelestialBody object in the body-fixed frame of the spacecraft at the
current simulation time. Choose between: ,

Returns additional vectors expressed in the body-fixed frame of the
spacecraft at the current simulation time. Choose between:
— apoapsis vector of the spacecraft’s orbit.
— periapsis vector of the spacecraft’s orbit.
— eccentricity vector of the spacecraft’s orbit.

— parameters of the limb ellipse of the central body as
seen from the spacecraft (semi-major axis, semi-minor axis, tilt angle in
radians).

Returns: The requested vector or parameters in the Spacecraft’s body-fixed
frame.

General getter functions to access specific orbital vectorial elements of
the spacecraft’s orbit at the current simulation time in the specified
reference frame. Choose between:
— apoapsis vector of the spacecraft’s orbit.
— periapsis vector of the spacecraft’s orbit.
— eccentricity vector of the spacecraft’s orbit.
—normal vector of the spacecraft’s orbital
plane.
Input: optional reference frame to express the vector in (if none, uses
the simualtion’s default frame).
Returns: The requested vector in the given reference frame.

Returns the start and end times of eclipse intervals (when the spacecraft
is in the shadow of its central body, depending on the configured
occultation tolerance in the simulation instance).

Input: number of requested intervals and precision in seconds.
Returns: List of start and end times of eclipse intervals in ephemeris
seconds past J2000.

(property) Returns the altitude of the spacecraft above the surface of its
central body at the current simulation time in km.

(property) Returns the solar flux at the spacecraft’s position in W/m?
at the current simulation time. Value is based on the configured solar
constant in the Simulation instance with

and the spacecraft’s distance to the Sun.

(property) Returns the unit vector normal to the orbital plane of the
spacecraft at the current simulation time in the default frame of the
simulation instance.

(property) Returns the eccentricity of the spacecraft’s orbit at the current
simulation time.

(property) Returns the orbital period of the spacecraft in seconds at the
current simulation time.

(property) Returns the periapsis vector of the spacecraft’s orbit in the
default frame of the simulation instance at the current simulation time.

(property) Returns the periapsis distance of the spacecraft’s orbit in km
at the current simulation time.

(property) Returns the apoapsis vector of the spacecraft’s orbit in the
default frame of the simulation instance at the current simulation time.

(property) Returns the apoapsis distance of the spacecraft’s orbit in km
at the current simulation time.

(property) Returns the inclination of the spacecraft’s orbit in radians or
degrees at the current simulation time. Choose between: or
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Class Function

Description

(property) Returns the right ascension of ascending node (RAAN) of the
spacecraft’s orbit in radians or degrees at the current simulation time.
Choose between: or

(property) Returns the elongation angle between the Sun and the
spacecraft as seen from the central body in radians or degrees at the
current simulation time. Choose between: or

(property) Returns the argument of periapsis of the spacecraft’s orbit in
radians or degrees at the current simulation time. Choose between:
or

(property) Returns the mean anomaly of the spacecraft’s orbit in radians
or degrees at the current simulation time. Choose between: or

(property) Returns the true anomaly of the spacecraft’s orbit in radians
or degrees at the current simulation time. Choose between: or

(property) Returns the beta angle of the spacecraft’s orbit in radians or
degrees at the current simulation time. Choose between: or

(property) Returns the solar right ascension of ascending node (RAAN)
of the spacecraft’s orbit in radians or degrees at the current simulation
time. Choose between: or

(property) Returns the phase angle between the Sun, spacecraft and
central body in radians or degrees at the current simulation time. Choose
between: or

Table A.5: Spacecraft object — attitude methods and properties.

Spacecraft Attitude

Class Function

Description

Sets the NAIF code of the spacecraft vehicle structure platform to which
its instruments’ attitude is referenced. By default PAS3 follows SPICE
convention by adding three zeroes behind the spacecraft NAIF ID (as its
CK body-fixed frame), but other codes are supported by this method.
Input: NAIF code of the spacecraft platform.

If set to , the Spacecraft will use the loaded CK (of FK) file attitude
data (if present) to update its attitude at each time change. If set to
, the attitude will not be updated and the user must provide a
custom attitude description in the form of a custom model using the
method. The default value is

Input: boolean value.

Constructs and stores the spacecraft’s body-fixed rotation matrix in the
default frame of the simulation instance at the current simulation time
based on given axes.

Input: Three orthogonal unit vectors defining the body-fixed frame axes
in the default simulation frame.

Returns the spacecraft’s body-fixed rotation matrix expressed in the
specified reference frame at the current simulation time.

Input: optional reference frame to express the rotation matrix in (if none,
uses the simualtion’s default frame).

Returns: The rotation matrix in the given reference frame.

Converts a vector from the spacecraft’s body-fixed frame to the specified
reference frame at the current simulation time.

Input: the vector in the body-fixed frame and an optional reference frame
(if none, uses the simualtion’s default frame).

Returns: The vector in the given reference frame.
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Class Function Description

Converts a vector from the specified reference frame to the spacecraft’s
body-fixed frame at the current simulation time.

Input: the vector in the given reference frame and an optional reference
frame (if none, uses the simualtion’s default frame).

Returns: The vector in the body-fixed frame.

Table A.6: Spacecraft object — central body methods and properties.

Spacecraft & its Central Body

Class Function Description

Set the central body of the spacecraft to a given CelestialBody object. This
will be the body used to express the spacecraft’s orbit and position with.
The CelestialBody object must be assigned to the same Simulation instance
as well.

Input: A CelestialBody object.

Returns the vector pointing from the spacecraft’s central body origin
to the spacecraft’s ground track on its surface in the specified reference
frame at the current simulation time. If no reference frame is specified,
the default frame of the simulation instance is used.

Input: optional reference frame to express the vector in (if none, uses the
simualtion’s default frame).

Returns: The ground track position vector in the given reference frame.

Returns the parameters of the limb ellipse of the central body as seen
from the spacecraft in the specified reference frame at the current
simulation time.

Input: optional reference frame to express the limb ellipse in (if none,
uses the simualtion’s default frame).

Returns: semi-major axis, semi-minor axis, tilt angle in radians.

(property) Returns the angle between the vector pointing towards the

body’s centre and apparent limb of the body viewed from the spacecraft

in radians or degrees. “Approximate” because the limb is assumed to be

circular (encircling the real elliptical limb of the body). Choose between:
or

Returns the angle between the vector pointing towards the Sun and
apparent solar limb as viewed from the spacecraft in radians or degrees
at the current simulation time. Choose between: or

(property) Returns a tuple of the longitude and latitude of the spacecraft
at the current simulation time, in the central body’s body-fixed reference
frame.

(property) Returns the vector pointing from the spacecraft’s central body
origin in the simulation’s default reference frame to the spacecraft’s
ground track on its surface at the current simulation time.

Table A.7: Spacecraft object — Ground station methods and properties.

Spacecraft & Ground Stations

Class Function Description

Assigns one or more GroundStation objects to the Spacecraft instance. The
GroundStation objects must be assigned to the same Simulation instance
as well.

Input: One or more GroundStation objects.

Returns assigned GroundStation object by its name.
Input: Name of the ground station.
Returns: The corresponding GroundStation object.




A5. Geometry Class

116

Class Function

Description

Returns if at least one assigned GroundStation is visible from the
spacecraft’s perspective at the current simulation time.

Returns a list of GroundStation names that are visible from the spacecraft’s
perspective at the current simulation time.

A.5. Geometry Class

Table A.8: Geometry methods and properties.

Class Function

Description

Checks if the Geometry intersects the central body (assumed to be a
sphere)
Returns: boolean.

Checks if the Geometry intersects the sun sphere
Returns: boolean.

Checks if the Geometry intersects an arbitrary instance of type Celestial-
Body (assumed to be a sphere)

Input: A CelestialBody object.

Returns: boolean.

Checks if the Geometry “sees” an arbitrary instance of type Spacecraft or
CelestialBody, modeled as a point in space.

Input: A Spacecraft or CelestialBody object.

Returns: boolean.

Checks if an arbitrary vector (or ray) points inwards of the geometry.
Input: A direction vector expressed in the spacecraft’s body-fixed frame.
Returns: boolean.

Rotates the geometry around a given axis by a given angle in radians.
This method will update the relative orientation of the geometry in its
assigned Spacecraft body-fixed frame.

Input: rotation axis (3D unit vector) and rotation angle in radians.

Moves the geometry’s position to a given location in the Spacecraft’s
body-fixed frame. This method will update the relative position of the
geometry in its assigned Spacecraft body-fixed frame.

Input: position vector (3D) in the Spacecraft’s body-fixed frame.

Sets the geometry’s half-angle (in radians) if applicable (e.g., for conical
geometries).
Input: half-angle in radians.

Sets the geometry’s vertices (boresight for half-space and conical geo-
metries, and corner vertices for polygonal geometries) in the Spacecraft’s
body-fixed frame.

Input: list of 3D position vectors in the Spacecraft’s body-fixed frame.

Returns the geometry’s boresight direction vector in the simulation’s
default reference frame at the current simulation time.
Returns: The boresight direction vector.

Returns the intersection point of the geometry’s boresight with its
spacecraft’s central body surface expressed in the given reference frame
at the current simulation time.

Input: reference frame to express the position in (if none, uses the
simualtion’s default frame).

Returns: The position vector of the surface hit point in the given reference
frame.
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Class Function

Description

Returns the longitude and latitude of the intersection point of the
geometry’s boresight with its spacecraft’s central body surface in the
central body’s body-fixed frame at the current simulation time.
Returns: longitude (deg) and latitude (deg).

Returns the Angle of Incidence between the geometry’s boresight and
an imaginary unit plane in the origin of the geometry, orthogonal to its
boresight, in radians or degrees. Choose between: or

Returns: The angle of incidence in radians or degrees.

Returns the Angle of Incidence between an incoming ray and an imagin-
ary unit plane in the origin of the geometry, orthogonal to its boresight.
Choose between: or deg.

Input: A direction vector expressed in the spacecraft’s body-fixed frame.
Returns: The angle of incidence in radians or degrees.
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Toolkit Verification Orbit Configurations

This appendix shows the approach taken to set up the verification scenarios for the PAS3 toolkit in section 4.5.
In order to verify the toolkit functionalities, two orbits were defined around Venus and Earth. Section B.1
shows the scripts used to create the orbit SPK files. Section B.2 shows the custom SPICE IK file created to define
the circular, rectangular and triangular verification instruments’FOV’s from subsection 4.5.4. Section B.3 shows
the PAS3 configuration files (similarly to section 5.2) for the tests inside the verification campaign in section 4.5.

B.1. Verification SPK Files

The following code listings show the scripts used to create the verification orbit SPK files for Venus and Earth.
In both cases, a circular orbit is created at low altitude. Listing 37 shows the script to create the Venus orbit SPK
file, while Listing 38 shows the Earth orbit SPK creation script. PAS3 does not natively support orbit creation,

import numpy as np
import spiceypy as spice

### Load necessary SPICE kernels
spice.furnsh('kernels/1sk/naif@012.tls")
spice.furnsh('kernels/spk/de432s.bsp')
spice. furnsh('kernels/pck/pck@0010.tpc")
spice.furnsh('kernels/fk/RSSD0002.tf")

Leapseconds kernel
Planetary ephemeris SPK
Planetary constants kernel
Frame kernel for VSO frame

H oH HF

### Venus as central body
verisat = -1000 # NAIF ID for Verisat

center = 299 # NAIF ID for Venus

frame = "J2000" # Reference frame

start_et = 0.0 # Start time [seconds past J2000]

end_et = 10 * 24 x 3600 # end time [10 days past J2000]

segid = "Circular VSO Test Orbit Venus” # Segment identifier

peri_et = 0.0 # Epoch of the periapse [seconds past J2000]
### Parameters

pole = spice.pxform(”"VS0", frame, start_et) @ np.array([0, @, 1]) # Trajectory pole vector
sun_position = spice.spkpos(”SUN", start_et, frame, "NONE", "VENUS")[0] # Sun position vector

r = 6500 # Orbit radius [km]

peri_vector = -np.array(sun_position) / np.linalg.norm(sun_position) * r # Periapsis vector
p = float(np.linalg.norm(peri_vector)) # Semi-latus rectum

ecc = 0.0 # Eccentricity

j2flg = 0 # J2 processing flag

GM = 0.32486€6 # Gravitational parameter [km*3/s”2]

j2 = 0.9 # Central body J2

R = spice.bodvrd("VENUS", "RADII", 3)[1][@] # Equatorial radius of central body [km]
handle = spice.spkopn(”verisat_venus_test_orbit.bsp”, str(verisat), @) # Create SPK file
### Populate SPK file

spice.spkwl5(handle, verisat, center, frame, start_et, end_et, segid, peri_et, pole,

— peri_vector, p, ecc, j2flg, pole, GM, j2, R)

Listing 37: Creating Venus verification orbit SPK file.
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hence these scripts use SpycePy’s spkw15 routine to create a type 15 SPK defining a continuous ephemeris for
an undisturbed Keplerian orbit at the J2000 epoch covering 10 days.
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import numpy as np
import spiceypy as spice

### Load necessary SPICE kernels

spice.furnsh('kernels/1sk/naife012.tls") # Leapseconds kernel
spice.furnsh('kernels/spk/de432s.bsp"') # Planetary ephemeris SPK
spice.furnsh('kernels/pck/pck@0010.tpc") # Planetary constants kernel

### Earth as central body

r = 6600 # Orbit radius [km]

peri_vector = peri_vector = np.array([r, 0, 0]) # Periapsis vector

peri_vector_j2000 = spice.pxform("IAU_EARTH", "J2000", 0.0) @ peri_vector # Periapsis in
< J2000 (ICRF)

p = float(np.linalg.norm(peri_vector)) # Semi-latus rectum

ecc = 0.0 # Eccentricity

j2flg = 0 # J2 processing flag

GM = 3986004418e6 # Gravitational parameter [km*3/s*2]
j2 = 0.0 # Central body J2

R = spice.bodvrd(”"EARTH", "RADII", 3)[11[0] # Equatorial radius of central body [km]
handle = spice.spkopn("verisat_earth_test_orbit.bsp”, str(verisat), 0) # Create SPK file
### Populate SPK file

spice.spkwl5(handle, verisat, center, frame, start_et, end_et, segid, peri_et, pole,

— peri_vector_j2000, p, ecc, j2flg, pole, GM, j2, R) # Populate SPK file

verisat = -1000 # NAIF ID for Verisat

center = 399 # NAIF ID for Venus

frame = "J2000" # Reference frame

start_et = 0.0 # Start time [seconds past J2000]

end_et = 10 * 24 x 3600 # end time [10 days past J2000]

segid = "Circular equatorial Test Orbit Earth” # Segment identifier

peri_et = 0.0 # Epoch of the periapse [seconds past J2000]
### Parameters

pole = np.array([0, @, 11) # Trajectory pole vector

sun_position = spice.spkpos("SUN", start_et, frame, "NONE", "VENUS")[@] # Sun position vector

Listing 38: Creating Earth verification orbit SPK file.

B.2. Custom SPICE IK File defining Verification Instruments

The following code listing shows the custom SPICE IK text file created to define the circular, rectangular and
triangular verification instruments’FOV’s from subsection 4.5.4. They are set up in such a way that their FOV’s

make a 45-degree angle at their apex at the intersection of the XY-plane (see Figure 4.15).
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\begindata

INS-1000100_NAME
INS-1000100_BORESIGHT
INS-1000100_FOV_FRAME
INS-1000100_FOV_SHAPE
INS-1000100_FOV_CLASS_SPEC
INS-1000100_FOV_REF_VECTOR
INS-1000100_FOV_REF_ANGLE
INS-1000100_FOV_CROSS_ANGLE
INS-1000100_FOV_ANGLE_UNITS

INS-1000200_NAME
INS-1000200_BORESIGHT
INS-1000200_FOV_FRAME
INS-1000200_FOV_SHAPE
INS-1000200_FOV_CLASS_SPEC
INS-1000200_FOV_REF_VECTOR
INS-1000200_FOV_REF_ANGLE
INS-1000200_FOV_ANGLE_UNITS

INS-1000300_NAME

INS-1000300_BORESIGHT
INS-1000300_FOV_FRAME
INS-1000300_FOV_SHAPE

INS-1000300_FOV_BOUNDARY_CORNERS

'VERISAT_RECTANGULAR_INSTRUMENT'

(1.0, 0.0, 0.0 )
'VERISAT_INSTRUMENT'

'RECTANGLE'

' ANGLES'
= (0.0, 1.0, 0.0 )
= ( 22.5 )
= ( 22.5 )

'DEGREES'

'"VERISAT_CIRCULAR_INSTRUMENT'

= (1.9, 0.0, 0.0 )

NAIF_BODY_NAME += ('VERISAT_RECTANGULAR_INSTRUMENT',
— 'VERISAT_TRIANGULAR_INSTRUMENT")
NAIF_BODY_CODE += (-1000100, -1000200, -1000300)

'"VERISAT_INSTRUMENT'

'CIRCLE'
' ANGLES'
(0.0, 1.0, 0.0 )
( 22.5 )
'DEGREES'

'VERISAT_TRIANGULAR_INSTRUMENT'

(1.0, 0.0, 0.0 )

'VERISAT_INSTRUMENT'

"POLYGON'

( 0.92387953, 0,
0.73365688, 0.60778126,
0.73365688, -0.60778126,

0.38268343,
-0.30389063,
-0.30389063 )

'VERISAT_CIRCULAR_INSTRUMENT',

Listing 39: Verification instruments SPICE IK file for the rectangular, circular and triangular instrument FOV.

B.3. PAS3 Verification Configuration Files

The following code listings show the PAS3 simulation configuration files used for the verification campaign in
section 4.5. Listing 40 shows the configuration for the Venus verification orbit, while Listing 41 shows the
configuration for the Earth verification orbit. The PAS3 objects created are directly used inside the verification

tests scripts by importing them.
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import pas3 as p3

sim = p3.Simulation([
"kernels/fk/vso_frame.tf",
'kernels/fk/verisat_coincident_with_vso.tf',
'kernels/fk/earthfixeditrf93.tf"',
'kernels/fk/estrack_ve4.tf",
'kernels/ik/verisat_instruments.ti',
'kernels/1sk/naif@@12.tls"',
'kernels/pck/EARTH_000101_140824_140602.BPC',
'kernels/pck/pck00@10. tpc',
'kernels/spk/de432s.bsp',
'kernels/spk/verisat_venus_test_orbit.bsp',
'kernels/spk/estrack_v@4.bsp',

VSO frame definition

Verisat frame coincident with VSO
EARTH_FIXED alias FK for ITRF93

Estrack station ID's and names + frames
IK for instrument verification
Leapseconds

Binary PCK for ITRF93 frame

Planetary constants

Planetary ephemerides

VERISAT Verification orbit around Venus
Estrack station ephemerides

HOoH OH H H H ¥ HFEH

D

# Bodies and Spacecraft

Venus = p3.CelestialBody (299, sim)
Venus.set_gravitational _parameter(0.32486e6) # km"3/s"2
Verisat = p3.Spacecraft(-1000, Venus, sim)
Verisat.use_spice_attitude(False)

# SPICE Instruments

RectFOV = p3.Spicelnstrument(Verisat, "VERISAT_RECTANGULAR_INSTRUMENT")
CircFOV = p3.Spicelnstrument(Verisat, "VERISAT_CIRCULAR_INSTRUMENT")
TriFOV = p3.Spicelnstrument(Verisat, "VERISAT_TRIANGULAR_INSTRUMENT")

# Custom Instrument counterparts

Custom_RectFOV = p3.CustomInstrument(Verisat, "CUSTOM_VERISAT_RECTANGULAR_INSTRUMENT",
— RectFOV.vertices, "RECTANGLE")

Custom_CircFOV = p3.CustomInstrument(Verisat, "CUSTOM_VERISAT_CIRCULAR_INSTRUMENT",

— [CircFOV.boresight], "CIRCLE"”, CircFOV.reference_angle_in_deg)

Custom_TriFOV = p3.CustomInstrument(Verisat, "CUSTOM_VERISAT_TRIANGULAR_INSTRUMENT",
— TriFQV.vertices, "POLYGON")

# Custom Geometry counterparts

Geometry_RectFOV = p3.Geometry(Verisat, "GEOMETRY_VERISAT_RECTANGULAR_INSTRUMENT",

— RectFOV.vertices, "RECTANGLE")

Geometry_CircFOV = p3.Geometry(Verisat, "GEOMETRY_VERISAT_CIRCULAR_INSTRUMENT",

— [CircFQOV.boresight], "CIRCLE",CircFOV.reference_angle_in_deg)

Geometry_TriFQV =

— p3.Geometry(Verisat,"GEOMETRY_VERISAT_TRIANGULAR_INSTRUMENT" ,TriFQV.vertices, "POLYGON")

# Geometries
Plane = p3.Geometry(Verisat, "verification_plane”, [[1,0,0]1], "HALF_SPACE")
Ray = p3.Geometry(Verisat, "verification_ray”, [[1,0,0]1]1, "RAY")

# SPICE Ground Stations:
Cebreros = p3.SpiceGroundStation(”CEBREROS", sim)
Svalbard = p3.SpiceGroundStation(”SVALBARD", sim)

# Custom Ground Stations:

CustomCebreros = p3.CustomGroundStation(”CUSTOM_CEBREROS", sim, Cebreros.longitude,
— Cebreros.latitude, Cebreros.altitude)

CustomSvalbard = p3.CustomGroundStation(”CUSTOM_SVALBARD", sim, Svalbard.longitude,
— Svalbard.latitude, Svalbard.altitude)

Verisat.assign_ground_stations(Cebreros, Svalbard, CustomCebreros, CustomSvalbard)
# Set minimum elevation to @ degrees for all ground stations

for station in sim.groundstations.values():
station.set_minimum_elevation_angle(0.0) # degrees

Listing 40: Venus PAS3 simulation configuration for verification.
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import pas3 as p3
from math import pi, sqrt
import numpy as np

# Configure the simulation for Earth-based VERISAT
Earthsim = p3.Simulation([

'kernels/fk/earthfixeditrf93.tf", #
'kernels/fk/estrack_vo4.tf"', #
'kernels/1sk/naife@12.tls", #
'kernels/pck/pcke@@10. tpc', #
'kernels/pck/EARTH_000101_140824_140602.BPC', #
'kernels/spk/de432s.bsp', #
'kernels/spk/verisat_earth_test_orbit.bsp', #
— Earth

'kernels/spk/estrack_ve4.bsp', #

D

# Configure the Earth

Earth = p3.CelestialBody (399, Earthsim)
Earth.set_gravitational_parameter(0.3986004418e6) #

# Configure the verification orbit and spacecraft

EarthVerisat = p3.Spacecraft(-1000, Earth, Earthsim)

'kernels/fk/verisat.tf"', # Link Veriisat ID to Name + body fixed frame

EARTH_FIXED alias FK for ITRF93

Estrack station ID's and names + frames
Leapseconds

Planetary constants

Binary PCK for ITRF93 frame

Planetary ephemerides

Verification orbit for VERISAT around

Estrack station ephemerides

km*3/s*2

# Add a theoretical ground station at the intersection between the equator and prime meridian
EquatorialGroundStation = p3.CustomGroundStation("EQUATORIAL_GS", Earthsim, 0.0, 0.0, 0.0)
EarthVerisat.assign_ground_stations(EquatorialGroundStation)

Listing 41: Earth PAS3 simulation configuration for verification.




Thermal Verification Plots

This appendix presents the verification plots for the albedo flux model developed in subsection 5.4.3. The model
is verified against reference plots from NASA [73] for four different solar elongation angles: 3; = 0°,30°, 60°, 90°.
The verification runs were performed as described in subsection 5.4.3, and the resulting incidence flux on
a rotating panel is plotted against the altitude and panel tilt w.r.t the nadir vector (1). The results from the
PAS3-based model runs are shown to the left, while the reference plots are shown to the right for comparison.
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Figure C.1: Verification of the PAS3-based albedo flux model from subsection 5.4.3 against NASA reference plot for solar elongation angle
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Figure C.2: Verification of the PAS3-based albedo flux model from subsection 5.4.3 against NASA reference plot for solar elongation angle
95 = 30.
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Figure C.3: Verification of the PAS3-based albedo flux model from subsection 5.4.3 against NASA reference plot for solar elongation angle
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Figure C.4: Verification of the PAS3-based albedo flux model from subsection 5.4.3 against NASA reference plot for solar elongation angle
95 =90°.
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