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Abstract

This multi-disciplinary project saw the second phase of the WUSAT-4 CubeSat project, which
intends to support the Fluorescent Deep Space Petri Pod, biological payload. This project
progressed from the previous cohort’s work - who worked towards evaluating the feasibility of
the project - with the aim to complete a preliminary design for the satellite; a design iterated
upon by non-physical testing. In terms of The European Cooperation for Space Standardization
Space Systems Engineering, this project progressed from Phase A, to nearing the end of Phase B.
To reach this aim, a concurrent engineering framework was employed, to develop each subsystem
in tandem, to adapt to continuous developmental changes. As the overall aim for this project was
achieved, it can be suggested that a concurrent engineering framework was beneficial for a multi-
disciplinary team. Following work completed this year, it is recommended that the next cohort
focus on finalising a preliminary design and then move towards physical testing/prototyping

(Phase C).
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1 Introduction

This report documents the work contributed towards the development of the WUSAT-4 CubeSat,
in the cohort 2023/24. The evidence within this document will highlight progress made this year,
with open points made at the end of each subsystem to outline the work that the next cohort

should prioritise.

1.1 Project Overview
1.1.1 Project Aim and Scope

As the second team working on the WUSAT-4 project, the main aim this year was to further
develop the design of the CubeSat, aiming to consolidate a preliminary design. When applying
this to the Space Systems engineering phases de ned by the ECSS-E-ST-10C Rev.1l-system
engineering general requirements standard [1], the aim was to work towards the completion of
Phase B, which would see this preliminary design being fully completed. This design would be
a result of simulation and non-physical testing, and iterative improvements to the design. This
also de ned the scope of the project; the project will focus on developing the work completed
by the previous cohort, and aims to use non-physical testing to create a preliminary design for

each subsystem.

Initially, the aim also included working towards Phase C of the Space Systems engineering
phases [1]. This phase would see the team use physical testing to further develop the design.
This secondary aim was soon realised to be a more challenging feat, due to the amount of work
which needed to be done to fully develop a physical prototype. Along with this, challenges
within each subsystem further increased the workload needed to develop the preliminary design.
As a result of this, it was decided to place full focus on aiming towards the preliminary design

(Phase B), with no physical testing to be done this year.

Additionally, this year saw the shift from a 2U to a 3U CubeSat (where U refers to 'unit’, which

is a standardised CubeSat size at: 100 x 100 x 100 mm [2]). The 2022/23 team originally decided
to use a 2U CubeSat, however, nearing the end of Term 1 the current team identi ed a need to
move from a 2U to a 3U CubeSat, with this mainly being driven by the Electrical Power System
(EPS), Structure & Mechanisms and Thermal subsystems - this will be further discussed in each

of these subsystem.



1.1.2 Concurrent Engineering Framework

Throughout this project, a concurrent engineering framework was adopted, meaning that all

subsystems worked in tandem with one another, rather than consecutively [3]. This allowed

each subsystem to readily adapt to any changes from other subsystems, whilst also ensuring

that resources could be allocated more e ciently between sub-teams [3].

1.1.3 Subsystems

Being a multi-disciplinary project, each discipline had a variety of subsystems which needed to

be evaluated. The full list of these subsystems can be seen in Table 1, with a brief description

of their main activities.

Outside of these speci ¢ disciplines, both the satellite trajectory and orientation were also eval-

uated. These can also be seen within this table.

Discipline

Subsystem

Description

Systems

Systems

Systems engineering focuses on the integration betwee
all subsystems and an appreciation for the full opera-
tional life cycle of the satellite. As an inter-disciplinary

project which spans across year groups, systems ef
gineering documents such as a Concept of Operation
(CONOPS) and proper management of the interfaces be
tween subsystems is crucial to ensuring a common under
standing of the satellite operation is carried through each

phase of development.

=]

=}
1

[

N/A

Trajectory

Trajectory focuses on the orbit which the satellite would
follow once in operation, being important for communi-

cations, thermal control and EPS.

N/A

Orientation

The Orientation subsystem is responsible for modelling
the orientation of the CubeSat relative to the Earth and
Sun for EPS (to assist in accurate determination of power
generation), Communications (to assist in accurate de-
termination of downlink times) and Thermal (to assist

in accurate determination of radiation absorbed by the

CubeSat) subsystems.




Electronic

On-board
Data  Handling
(OBDH)

The OBDH is responsible for managing, processing and
routing the data between the subsystems. The OBDH
should gather data from the FDSPP, compress, format
and structure into packets that can be transmitted by the

communications subsystem. Furthermore, the OBDH is
responsible for gathering the data from sensors and other
subsystems and formatting it into housekeeping data to
be transmitted by the communications subsystem. The
OBDH will also act on instruction sets sent from the

ground station to decide when speci ¢ processes will take

place.

Electrical

Communications

The communication system is responsible for establishing
a link between the CubeSat and Ground Station, ensur-
ing e cient and reliable data transfer. By utilising a half-
duplex system, the design of the communication system is
simpli ed by only using one antenna and frequency band
for Telemetry (TM) and Telecommand (TC). Through-
out the operation of the CubeSat, the established RF link
and interference will vary thus altering the performance
of TM/TC, which will be accounted for in the preliminary

Link Budget for WUSAT-4.

Electrical

EPS

The EPS manages all aspects of electri cation within the
CubeSat and is comprised of two main elements. The
Power Conditioning Unit (PCU) is responsible for regu-

lating the power generated from the solar array and ade-
guately storing this energy for use in eclipse. The Power
Distribution Unit (PDU) distributes power from the PCU
to other subsystems through various power buses. By es
tablishing set demands and requirements of each subsys
tem, the WUSAT-4 power budget will be well equipped

for unforeseen changes in power consumption.




Mechanical | Structure and | The structure and mechanisms focuses on the analysi

[2)

Mechanisms and development of CubeSat structural components to

maintain integrity and withstand launch conditions.

Mechanical | Thermal The thermal subsystem focuses on implementing therma
control measures, to ensure that each of the components
will remain within their functional operational tempera-

ture range. Fluctuating between being in sun, and being
in eclipse, the CubeSat will see vast extremities in high

and low temperatures, meaning thermal control must be

designed to withstand this.

Table 1: Subsystem description for WUSAT-4.

1.2 Overview of 2022/2023 progress

The work created by the previous year [4] was used as a basis to understand how to progress
within this academic year. From an initial overview, it was believed that the previous cohort
had managed to complete Phase A of the Space Systems engineering phases [1], leading to
the initial aims de ned in Section 1.1.1. However, when taking a further look at this work, it
was identi ed that some of the work done needed to be reevaluated. This placed a signi cant
workload constraint on the team this year, leading to the shift of aim/scope also specied in

Section 1.1.1.

Regardless, some noteworthy progress had been achieved from the 2022/2023 team, seen listed

below:

The CubeSat was de ned to be a 2U CubeSat, with the aim to integrate and support a

0.5U payload, supplied from external manufacturers.

The CONOPS had been developed alongside a use case diagram, showing the intended

phases of operation from launch to end of life.

The Failure Modes and E ects Analysis (FMEA) conducted led to the identi cation of
a number of failure modes and highlighted some compensating provisions which could be

put in place to mitigate the e ects of these failure modes.

Requirements were established based on the FDSPP data sheet, the NanoRacks CubeSat

Deployer Interface De nition Document (NRCSD IDD), the CubeSat Design Speci cation



(CDS) and the European Space Agency (ESA) Fly Your Satellite (FYS) Speci cation 4.0.
Due to design changes made this year and an updated ESA FYS Speci cation, some of

these requirements were revised this year.

~

The majority of subsystems were working within Phase A, meaning the feasibility, require-

ments and a rough outline were somewhat de ned.

1.3 Payload Overview

On a high level, the main purpose of creating the WUSAT-4 CubeSat is to support its payload:
the Fluorescent Deep Space Petri-Pod (FDSPP). This payload is a combined project, developed
by the University of Exeter (UoE), the University of Nottingham (UoN) and Space Park Leicester
(SPL), with the primary aim to investigate and examine the potential negative impacts that
space travel may impart upon human health [5]. Despite this satellite supporting the payload,
the WUSAT-4 team will not be developing the payload, or anything related to it; the payload

will be delivered as a nished product to the team, with the CubeSat designed to house it.

The FDSPP payload will be a biological experiment, with WUSAT-4 being among the rst
CubeSats to support a biological payload, with a fairly similar mission being the BioSentinal
satellite [6], which is planning to evaluate the e ects that deep-space radiation has on biological
systems. Being among the rst of this type of CubeSat experiment, WUSAT-4 has a key
importance in the development of biological CubeSat projects, potentially even being used as a

standardised platform for future experiments.

As the FDSPP payload is an ongoing development, its properties and design may change
throughout the project's lifetime. Meaning, it is essential to de ne the payload which this
year will be working with. The previous cohort worked with a 0.5U payload, which would have
in-built active heating for the biological components. This 0.5U payload could easily t within

a 2U CubeSat. Alternatively, the payload developers did suggest that a 1U payload could be
used, which would have active heating and cooling for the biological components. However, this
would require moving from a 2U to a 3U CubeSat. CAD models to demonstrate the sizing

di erences, for both 0.5U and 1U payload can be seen in Figure 1 with rough dimensions.

However, the 1U payload is much earlier in its development stage than the 0.5U payload, which
led to large amounts of data being unavailable. Conjointly, the further development of this

payload may see signi cant changes from the current assumptions taken, which may drastically
alter the satellite's design. Regardless, it is integral to de ne initial design assumptions to

continue with the project's development.



Figure 1: Size comparison 0.5U and 1U Payloads

From meeting with the payload developers and reading through the existing payload data-sheets,
a list of basic assumptions were taken (for both 0.5U and 1U payloads) and can be see in Table

2.

Assumption Further Detail

CONOPS Modes of operation in datasheet.

Mass Distribution and Dimen- | For 0.5U payload we have given dimensions, but the
sions 1U payload's bulk properties have been estimated

from information given on the 0.5U datasheet.

The payload will mostly consist | Any optical/physical properties, and thermal opera-
of electronic components. tional ranges will be taken similar to standard indi-
vidual electronic components (e.g. the OBC), to use
as a basis for thermal design, unless speci cally stated
(i.e. biological components).

Active heating and cooling | Assumed that it will be used to maintian biological
methodology. component temperature range, but unsure how oper-
ation will work.

Table 2: FDSPP Payload assumptions.

One signi cant requirement set by the payload developers was the temperature limit. As stated,
the payload could come in dierent sizes, with the 1U having in-built active cooling, but the
0.5U payload - the payload that the previous team began designing for - would not have active
cooling. Without the active cooling, the maximum allowable temperature was set at 10C.
This was primarily to ensure that the Caenorhabditis elegans worms used in the biological
experiment would not die. Further research into other literature did suggest that the worms

could survive up to 40°C, for short periods of time (1-2.5 hours) and are able to grow and
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reproduce at temperatures between 12-26[7]. As the orbital period can be considered to be 90
minutes, this can be considered to not be a large issue provided su cient cooling occurs during
eclipse and excessive thermal loads are not applied to the C.elegans. However, it was ultimately
decided to use the 16C maximum temperature limit set by the payload clients themselves, as
the team wanted to meet their requirements given that the intention was to use their payload.
Consequently, it was decided to use the 1U payload as the basis for WUSAT-4. This contributed
to the shift from a 2U to a 3U CubeSat at the end of Term 1.

1.4 Industry Collaboration

During this project, the WUSAT-4 team worked in collaboration with industry partners and

other organisations with experience in the space industry. Not only did these collaborations
provide integral insights to the design and development of the project, but they also facilitated
the team's personal and professional growth within the industry itself. This section will discuss

these collaborators, and their impact on the project.

1.4.1 Airbus Defence and Space

Every fortnight, the WUSAT-4 Team held a progress meeting with Airbus Defence and Space.
In these meetings, the team would update the Airbus engineers on the current progress of
the CubeSat, and they would provide valuable insights onto any issues the team may have
overlooked, as well as general improvements which could be made. In addition to this, when
facing direct challenges, the WUSAT-4 Team would contact the Airbus engineers to help work
through more complicated issues, for example with developing a power budget for the EPS in

accordance with the operational phases outlined in the CONOPS.

In tandem with these fortnightly meetings, in February 2024, the WUSAT-4 team visited the
Airbus Defence and Space site located in Stevenage. During this visit, the team attended
talks delivered by industry professionals from the satellite industry, was toured around the
Airbus facilities, and listened to/presented to other CubeSat university teams from across the
country. This experience really helped to further the team's knowledge, but also established

new connections with the other university's CubeSat teams.



Figure 2: The WUSAT-4 Team at Airbus Defence and Space.

142 ESA

Throughout the duration of this project, numerous members of the WUSAT-4 team were fortu-
nate enough to be selected to attend a variety of di erent ESA workshops and training courses
including a CubeSat Concurrent Engineering Workshop. These workshops revolved around the
topic of concurrent engineering, which provided a basis and familiarity for its integration into this
project; these workshops highlighted the bene ts of using a concurrent engineering methodology,

especially when designing CubeSats.

Additionally, the workshops saw team members working on the design of satellites for di erent
aims. The rst of these was designing a satellite to observe and detect unidenti ed debris within

a lunar orbit, with the second focusing on the design of 2 CubeSats working in tandem to detect
and analyse space debris using a hyper spectral camera. Both of these workshops provided
a breadth of experience and knowledge to the members who attended, exemplifying practices
and processes undertaken in standard CubeSat development. Along with this, these workshops
brought together students from across Europe, who had direct experience working on satellite
projects themselves, allowing the WUSAT-4 team members to gather advice and general tips for
working on a CubeSat from a student's perspective. These experiences allowed team members
to learn about other satellite missions in addition to presenting WUSAT-4 to other students in

addition to experts at ESA, which raises the prestige of WUSAT and the University of Warwick.

Conjointly, the training courses that were attended also provided detailed insights into specic
areas within the design of CubeSats. The concurrent engineering approach and mitigation
of issues that arose during the concurrent engineering process was explored throughout the

workshops allowing ideas and concepts to employed during the WUSAT-4 mission.

Some pictures of the WUSAT-4 Team at these workshops and courses can be seen in Figure 3.



Figure 3: The WUSAT-4 Team members on various ESA courses.

1.4.3 Space Park Leicester, University of Exeter and University of Nottingham

As stated in Section 1.3, the primary purpose of WUSAT-4 is to support the launch of the
FDSPP payload. This payload was co-developed by both SPL and UoE, and as such, this

project saw the collaboration with the payload's developers from these organisations.

During both Term 1 and 2, the WUSAT-4 team were in close correspondence with these develop-
ers, to ensure that the CubeSat was being designed to t the FDSPP requirements. Along with
this, on many occasions, the team were able to ask the payload developers speci ¢ questions,
leading to the conception of the satellite CONOPS, as well as various mechanical and electrical

developments.

1.5 Link to Teams Portfolio

For an entire repository of work completed throughout this project, a link to the WUSAT-4

Microsoft Teams le can be found below.

https://livewarwickac.sharepoint.com/:f:

[sSIWUSAT-4435/Egbk-selTjtCsrZRGwbvPMUBgrAH2fUgbvCssj7x2VdvVw?e=07hsta



2 Systems Engineering

2.1 Introduction

Systems Engineering plays a vital role in the development of satellite systems and across the
space industry more widely. This is because space systems are typically very complex, with
many integrated subsystems which rely on each other to function e ectively and as intended.
Planning, preparing and managing the veri cation and validation of these subsystems on a
component by component level, and building this up to validate the performance of the fully
integrated subsystems is the responsibility of the systems engineer. These processes typically
occur early on in the project life cycle. Proper planning and ensuring that requirements are
accurate, and veri able is essential to a) mitigate possible errors occurring later in the project,
b) limit scope creep, and c) ensure that subsystems are working towards a common goal. Systems
engineering therefore comprises a number of disciplines, including software, cost engineering and

conducting project reviews [8].

Following a space systems approach, the development of systems engineering deliverables such as
a CONOPS and an Interface Control Document (ICD), and proper maintenance of requirements
and budgets is central to the progress of the project. This ensures that the project accurately
follows the phases used in the space industry, allowing for proper external assessment of the
project's progress from bodies such as ESA. As the aim of this project is to work towards applying
for a launch with the ESA FYS program, compliance to industry standards and procedures is
crucial. These deliverables not only provide a common understanding of the system being
developed, but also demonstrate evidence for design decisions. Given the emphasis that ESA
places on quality assurance and proper documentation to support this process, these deliverables
will be essential not only for future WUSAT teams, but also for progress reviews in the next

phases of development [9].

2.2 Review of 2022/23 Progress

Last year, the team put together a set of requirements using the CDS, the NRCSD IDD, ESA
FYS Speci cation 4.0 and the FDSPP datasheet. However, these requirements were for a 2U
CubeSat, orbiting at a radius of 600km from the Earth and using NanoRacks to deploy from the
launcher. This year, the team redesigned some aspects of the platform, rendering a number of
these requirements redundant and resulting in a new set of requirements being drawn up. These
were based on an updated ESA FYS Speci cation (version 4.1) for a 3U CubeSat, orbiting
at a new radius of around 400km (based on the ISS orbit), and without using a NanoRacks

deployer. These changes were made a) to simplify preliminary calculations relating to the
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trajectory analysis and thus the development of the communications system and b) as it was

assumed NanoRacks would not be necessary given the intention to launch via an ESA vehicle,

speci ¢ to the FYS mission that WUSAT-4 would be selected for in the future.

Complex systems require comprehensive management and systems integration to ensure that

the inter-dependencies that exist between subsystems and the requirements of each subsystem

are met at each stage of the project. This was addressed last year in the systems architecture,

the CONOPS and the Use Case diagrams which were developed. These diagrams were true at

the time of development, but some changes have been made this year to re ect the new team's

design decisions. For example, the use of any Attitude Determination Control System (ADCS)

(even passive as last year's team proposed) has been completely removed at this stage, as further

analysis of the requirements has led to the conclusion that the success of the biological payload is

unlikely to depend on its orientation. Moreover, the decision to use an omnidirectional antenna

has reduced the need for ADCS. Other changes to such diagrams and documents have been

noted in the following sections of the portfolio.

2.3 Subsystem Objectives

1.

Update and maintain the requirements.
Develop the mass and power budgets.
Develop the CONOPS.

Update the system-level architecture.

Develop the ICD.

. Conduct thorough FMEA.

Conduct and document trade-o analyses.

Plan for a project design review at the end of Phase B (PDR).

2.4 Subsystem Outputs

2.4.1 Requirements Management

It was assumed that last year's team completed a Preliminary Requirements Review (PRR)

with the client, allowing the project to progress to Phase A, therefore only new requirements

concerning the increased platform and payload size were altered this year. A few additional

requirements relating to the payload were proposed by the client following further discussions

11



on details around the thermal requirements and imaging requirements. These have been added to
the system-level requirements document, and any new interfaces pertaining to these requirements
have been documented in the ICD. This is an essential part of the systems engineering process as
it ensures all interfaces have been agreed across subsystems so that if they are subject to change

as the project develops, the interface requirements can be referred to and updated accordingly.

The main improvement to the requirements made this year related to the tags and naming
convention, as well and categorising each requirement by subsystem more accurately. The le can
be found in the Teams repository under: Documents, General, 2023-24 Portfolio, Subsystems,

Systems, Final version documents. Or, by following this link: Requirements.

2.4.2 Budget Development and Management

The development of budgets for various subsystems is essential to ensure requirements continue
to be met as designs progress across subsystems. It also helps to inform decision-making and
balance the priorities of dierent subsystems. A mass budget was not developed last year,
and given this year's decision to move to a 3U CubeSat, this document was deemed crucial.
Updating the budget with new components as more decisions are made about the nal design
will allow the team to ensure that the mass remains below the 6kg limit imposed by the ESA
FYS speci cation. It is also vital to ensuring the components are con gured such that the centre

of mass remains within the limits imposed in this speci cation. This document can be found in
the Teams repository, under the following le location: Documents, General, 2023-24 Portfolio,

Subsystems, Mechanical. Or, by following this link: Mass Budget

The power budget developed last year had to be revised this year due to the transition to a
3U platform and the increased power arising from this due to the additional solar panels. The
CONOPS was central to the development of this budget, as the power usage in each phase
helped to inform calculations depending on which subsystems needed to be operational in each

phase. More details on the power budget can be found in Section 7.4.

2.4.3 CONOPS

The aim of a CONOPS is to outline the strategic plans and interconnected activities which
need to be carried out either in parallel or successively in order to achieve the desired project
goals. It should provide an overall idea of the operational phases of the project, and how it
should be operated in its intended environment. In the context of this project, this document
should be ongoing and updated as the project progresses to provide a shared understanding

of the operation of the future system. It should be used in conjunction with the system-level
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requirements to further develop and validate them throughout the course of the project [8].

To build on the CONOPS developed last year, a mode change diagram was constructed, to show
how it would be intended for the CubeSat to move between operational phases, which subsystems
would be on in those phases, and what activities would be undertaken in each phase. Mode
change diagrams are a method of Model-Based Systems Engineering (MBSE), which ESA cites
as a particularly useful tool for space-based applications due to the increased ability to integrate
technology into the design process in order to simplify traditionally very complex systems. This
was especially useful for the power budget as power to di erent components was allocated based
on the operational phase. This was an improvement on last years work as particular attention

was paid to how the satellite would move between phases.

Previously, it was assumed that transitions between phases would mainly take place after instruc-
tions from the ground station were received, with the exception of time dependent operations.
This year, the team decided that more autonomous operations based on states and logic would
increase the chances of a successful mission. For example, automatically transitioning into Safe
Mode once battery levels reach a speci ed level rather than waiting for a command to be sent
to the satellite to force it into this mode would give the satellite a much higher chance of solv-
ing problems in- ight. Furthermore, if any problems relating to the need to transition into Safe
Mode were due to the communications system, this procedure would be impossible and thus Safe
Mode would not serve any purpose in preserving power. Development of the software needed to

facilitate these transitions should be an area of focus for the next year's team.

The diagram below aims to aid with visualisation of the di erent operational phases. It is
envisioned that if the condition for transitioning into Eclipse Mode, Safe Mode or Survival
Mode is met whilst in any other phase, this transition would be possible even if not explicitly

depicted in 4.
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Figure 4: Mode Change diagram to represent the CONOPS
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Launch phase: All subsystems are powered o and the payload is frozen to pause their life
cycle and keep the worms alive, as the temperature is likely to increase dramatically during this

phase.

Deploy and Detumble: All subsystems are powered o. 30 minutes after launching, the
antenna is deployed. As no ADCS is being implemented at this stage, no detumbling activities

will occur during this phase.

Initial Connection Phase: The OBDH, communications system, EPS and payload are turned
on 45 minutes after the antenna is deployed. A heartbeat signal with the ground should be
established as soon as the satellite passes over a ground station. The exact orbit that the
satellite will follow depends largely on the launch vehicle, thus it is unknown at this point how
long after the Deploy and Detumble phase that an initial connection will be established. Risks
associated with this will be mitigated by a a command-loss timer in the OBDH that triggers a
recovery routine if connection with a ground station is not established after a speci ed period of
time. Given that around 20 percent of CubeSat missions fail in this phase, testing should focus

on the procedures necessary for this initial connection to be established [10].

Early Operations Phase: Once a heartbeat signal has been established, housekeeping data
should be regularly requested during ground station pass overs. The OBDH, communications,
EPS and payload should remain on so that readings such as internal temperature, battery level

and solar panel temperature can be taken and transmitted to the ground station.

Commissioning Phase: This phase relies on a request for payload data being sent from the
ground station and being received by the satellite. This should trigger the imaging sequence

required for payload data to be generated.

Processing Phase: During this phase, payload data is processed by the OBDH and packaged
so that it can be transmitted back to a ground station. During this phase the communications

system is not required to be turned on as only the OBDH, EPS and payload are needed.

Transmit Phase: The Transmit Phase requires the communications system to send the pack-
aged data back to the ground station. Housekeeping data could also be sent during this phase

if requested.

Eclipse Mode: If the satellite enters an eclipse, measures must be taken to preserve power
whilst the solar panels are not able to generate any power. For this reason, payload data will
be prohibited from being requested or transmitted, and only housekeeping data will be allowed

to be transmitted. It is assumed that this will only happen once rather then continuously if the
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satellite remains in Eclipse Mode for multiple orbits. This will allow the transition into Eclipse
Mode to be detected, but the transition itself will be autonomous based on power generation

readings from the solar panels.

Safe Mode: If the EPS battery level depletes below a speci ed value (40%), the satellite will
enter safe mode. No payload data will be processed or transmitted, only housekeeping data will
be sent back to the ground station to understand why safe mode has been entered. It is assumed
that this will only happen once rather then continuously if the satellite remains in Safe Mode for
multiple orbits. Power generation will be prioritised such that the battery level can be returned

to normal operating levels.

Survival Mode : In the event of an emergency situation, failure of mission critical components
or operational limits being exceeded, the satellite will enter Survival Mode. In this mode only the
EPS and the OBDH should be turned on to conserve power, and if necessary the OBDH could
be rebooted to try to resolve any software related issues. If recovery is possible, the satellite
should return to normal operation via Safe Mode to ensure power generation is prioritised. If it

is not possible, the satellite should terminate operations.

End of Life: If Survival Mode fails or the mission reaches the end of its intended life cycle, all
the subsystems should be powered o to comply with ESA FYS requirements. The EPS battery
should be entirely depleted, and it is assumed that the satellite would fall back to Earth within

5 years.

2.4.4 System-Level Architecture

Some minor revisions were made to the system-level architecture to re ect design changes within
the Electrical team, and to ensure the architecture provided a clear overview of the interactions

between di erent components and any exchanges of power or data across those interfaces.

The updated architecture can be found in Appendix A.

245 ICD

The aim of an ICD is to e ectively manage the interfaces between di erent elements of the
project to enable e ective integration. Systems Architecture often complements this document
as it outlines all the interfaces which exist across the project. An ICD should further develop on
this and explain how the interfaces work in a hierarchical manner, broken down by subsystem,

and the boundaries between each system should be clearly de ned.

Within this project, a comprehensive ICD is extremely important as there are many indepen-
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dently developed components within each subsystem which depend on each other to function
e ectively. It is also crucial in this context due to the integration of a client payload. Managing

the interfaces between this payload and the platform requires communication between stakehold-
ers and proper documentation of the assumptions and decisions made regarding these interfaces.
For example, collecting and packaging data from the payload requires interfacing the OBC in the
payload with the OBDH PCB, which must then interface with the communications subsystem to
send that packaged data back to a ground station. This involves collaboration across sub teams
to adhere to interface requirements to ensure this procedure can be successfully carried out. An
ICD was not developed last year, but as the project progresses and more is known about the
speci ¢ components and interfaces needed, this document will become extremely useful for both

the team and the client.

The full document can be found in the Teams repository under. Documents, General, 2023-24

Portfolio, Subsystems, Systems, Final version documents. Or, by following this link: 1ICD

24.6 FMEA

FMEA aims to identify potential failure modes at a system, and subsystem level which could
hinder the success of the satellite mission. This is an essential step in the early phases of
the project to ensure that mitigation strategies can be put in place both to try to prevent these
failure modes occurring and to consider what actions may need to be taken if these failure modes
do occur. It helps to raise concerns early, and develop procedures to reduce the risks associated
with them. The idea behind assigning each risk a score, is for this score to be reduced through
testing as the project progresses. This is a particularly important activity for the systems
engineer to complete as the integration of separate subsystems brings about numerous risks.
Furthermore, identi cation of single-points of failure which may prevent mission critical events,

for example, establishing communication with the ground station during the Initial Connection
Phase, will help to inform the veri cation and testing procedures necessary to reduce the risk
of these occurring. FMEA is a preemptive task which can assess risks relating to functional,

design or process aspects of the project [11].

The FMEA conducted last year identi ed many relevant failure modes and raised valid mitiga-
tion procedures. However, many subsystems underwent design changes this year which rendered
many of these failure modes redundant. Additionally, more attention needed to be paid to the
mitigation strategies and how these could be improved, especially for high risk failure modes or

failure modes with very little scope for remediating if they were to occur in- ight.
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The most signi cant change was to introduce a more standardised risk assessment procedure.
A new classi cation was added to the previous years analysis to determine the probability that
a failure would be detected (D). This value was assigned from 1-5, with 5 indicating the least
chance of that failure being detected. This was then multiplied by the probability of failure (P)

and the severity classi cation (S) to generate a Risk Priority Number (RPN).

RPN=P S D (1)

The failure modes were then analysed one-by-one to ensure that failure modes were classi ed
correctly and in enough detail. For example, 'intrinsic failure' was cited as a potential failure
mode for a number of components last year. This was deemed too vague, as it did not specify
what had caused the failure to occur. Physical testing and further investigation of failed tests
would help to identify which element of the component caused the system to fail. However, at
this point in time -without having completed such tests - it was decided that assumptions would
be made based on literature and datasheets, and that these could be updated once more testing
had been undertaken. The aim of specifying the failure modes more precisely was primarily to
improve the compensating provisions and to encourage subsystems to consider how to reduce
potential points of failure, especially those deemed mission critical. The use of the RPN allowed
for more precise classi cation of failure modes such that attention could be given to those with

the highest risk scores. For example, as shown in the excerpt of the FMEA document in 5.

Figure 5. Excerpt from FMEA document.

The full document can be found in the Teams repository under: Documents, General, 2023-24

Portfolio, Subsystems, Systems, Final version documents. Or, by following this link: FMEA
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2.4.7 Trade-o Analysis

Trade-o analysis is a crucial component of systems engineering, especially when a concurrent
engineering approach is being taken. Traditionally, the systems engineer is tasked with managing
the requirements, issues and proposals made by each subsystem, and ensuring that balance
between them is maintained as the design progresses. When all subsystems are developing
concepts simultaneously, managing coherence between them and balancing decisions which a ect
multiple subsystems is essential, and this is where trade-o analysis becomes a particularly useful

tool.

As detailed in the technical report, discussion on the suitability of a 2U con guration formed a
major element of this year's work. Following this discussion, a trade-o analysis was completed

to assess the impact of transitioning from a 2U to a 3U chassis on all a ected subsystems.

Figure 6: Trade o analysis: 2U vs 3U.

Figure 6 highlights the main criteria which were discussed. A weighting value was given to
each consideration to show the importance of that concern, and a scoring system of -1, 0 or 1
was given to each concern based on if the e ect of changing the size of the chassis was overall
negative, neutral or positive. The scores were then multiplied by the weighting values and added
together to generate a total score for 2U and 3U. As shown from these totals, the 3U chassis led
by 10 points across all subsystems. The decision to move to 3U was made after this trade-o
analysis had been completed in full, with every subsystems contributions, and this led to the
discussion with the client of the implementation of a 1U payload, as a 0.5U payload could not

meet requirements set by all subsystems.

A trade-o analysis was also conducted later on in the project when di erent mounting options
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were being considered by the Structure and Mechanisms team, this is discussed further in Section
8.8. This helped to assess which subsystems would be most a ected by each design decision and
provided analysis of each design which could help next year's team when further testing and a

decision about which option to move forward with would need to be made.

2.4.8 Planning for PDR

The aim of following a systems engineering approach and aligning the project's progress to ECSS
phases is to ensure that a standard procedure is being adhered to, and that all the activities
within each phase have been completed before the relevant review is conducted. When working
concurrently this is especially important, as some subsystems may progress faster than others,
or require work from other subsystems to be completed before they are able to progress. The
project management plan was an e ective tool in showing which activities had dependencies on
other tasks, as well as progress meetings each week and presentations to Airbus showcasing each

subsystem's completed activities.

Figure 7: The Vee model aligned with ECSS phases to show development stages with their
relevant review activities [12] [13].

Aligning the traditional Vee model to the key ECSS phases of a space mission shows the future
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stages which will need to be addressed and the review stages which must be successfully com-
pleted before a submission to ESA FYS will be feasible. Last year the team completed Phase
0, addressing the customer needs, concepts of the system and a possible mission de nition.
They also delved into Phase A, identifying risks, validating requirements with the customer and
proposing system solutions to meet the customer needs. This year the team aimed to nish
Phase A and reach the end of Phase B, demonstrating that the proposed solution technically
meets the customer needs and de ning a preliminary approach and set of activities to achieve
the desired goals. The aim of this phase is to reach a System Requirements Review (SRR) and
Preliminary Design Review (PDR), which looks at nalising the concept of operations and val-
idating that each subsystem meets the system level requirements and ultimately, the customer
needs. At this stage some test and veri cation plans should be put in place to validate the
integrated system further down the line, as this will form a major element of the work in Phase

C and D, where a detailed de nition and quali cation of the proposed system will need to be

conducted. Details on how to construct this plan can be found in Section 2.6.

2.5 Subsystem Open Points

There are a number of requirements and considerations which will emerge as key points for the
systems engineer to investigate as the project progresses and subsystems establish more detailed

design concepts. These include but are not limited to:

" Space debris mitigation requirements and analysis of the potential for the spacecraft to
contribute to space debris, violating ESA requirements. This could be conducted using
NASA Debris Assessment Software (DAS), which is an open source software tool which

will allow the team to demonstrate compliance with debris-related mission concerns.

New failure modes arising from design changes, software development, physical testing
results or unforeseen circumstances. As discussed by Grassi et al. in 'Lessons Learned
from AIV in ESA's FYS CubeSat Program' [14], the need to develop software, particularly

for subsystems designed in-house, is often an overlooked source of issues, due to a lot of
focus early on in the project being placed on designing the physical architecture. This
can become a limiting factor during physical testing, and thus emphasis should be placed
on software development as the project progresses through Phase B and C, rather than

waiting until Phase D.

Further development of the ICD as a detailed design is drawn up and subsystems require

a more thorough understanding of their interfaces and interactions with other subsystems.
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2.6 Recommendations for Phase C

Another important aspect of next year's work will be designing an Assembly, Integration, Ver-
i cation (AlV) and testing plan [14]. The AIV plan shall ensure that both sub-system and
system-level tests are planned for, to guarantee that the CubeSat operates correctly upon full

assembly and sub-system integration. The procedure is detailed as follows:

" Assembly of Electrical (FlatSat) and Mechanical (Chassis) components
Visual inspection of engineering model before system level integration

Functional veri cation of Flatsat following tests outlined in the requirements and veri ca-

tion methods

Functional veri cation of the chassis through tests outlined in the requirements and veri-

cation methods

Integration of Electrical and Mechanical subsystems
Integration test and system level functional veri cation
Integration of closing elements

Full Functional Test of Engineering Model

This plan will not only ensure all testing and veri cation activities are accounted for, but will

also present a more structured methodology to ESA upon application to the FYS program. This
is bene cial as these activities are likely to take place during Phase D, with the support of ESA,
so demonstrating a thorough understanding of what is required in this phase will put the team

in a strong position moving forward.
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3 Trajectory Analysis

3.1 Introduction

Orbital analysis is a crucial element of mission planning and the development of the communi-
cation systems on board the satellite. It also plays a vital role in establishing the ground station
requirements needed to communicate with the satellite. There are a number of assumptions and
constraints which should be highlighted at this stage, as many aspects of the orbital trajectory
are out of the control of the current team. Most important of these constraints is the fact that
the exact orbit of the satellite depends entirely on the launch vehicle used, and this is unlikely
to be known until WUSAT-4 is accepted onto the ESA FYS program. Furthermore, for the pur-
poses of this analysis, it has been assumed that a ground station could be developed in-house
by The University of Warwick, and thus placed at this location (with coordinates 52.3793 N,
1.5615 W). The diagram below shows the orbital parameters which need to be established in
order to conduct analysis of the satellite trajectory and determine when the satellite will pass

over the ground station.

Figure 8: Orbital elements of a satellite [15].

i = angle of inclination w = argument of periapsisf = true anomaly = ascending node

Eccentricity and semimajor axis are also orbital parameters which are not labelled here, but are

de ned later.
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3.2 Review of 2022/23 Progress

Last year, the team decided on orbital parameters which were idealised to pass over a ground
station placed at The University of Warwick. These were based on a Low Earth Orbit (LEO),
which is de ned as any orbit at an altitude of less than 1000km from the Earth's surface.
Typically, this means that the satellite makes around 15 orbits around the Earth each day,
with each orbit taking around 90 minutes on average. This is the most preferable type of orbit
for missions of this nature, where scienti ¢ research is being conducted by the satellite, as it
means that regular access with a ground station is more viable. In addition to this, 55% of all
operational satellites are in LEO, meaning it is much more likely that a launch vehicle would

have the capability to send WUSAT-4 into an orbit of this nature [16].

However, looking at the other parameters chosen by the team last year, some guestions were
raised over the feasibility of such a high angle of inclination. The value of 82which was chosen
would infer a polar orbit, which although considered to have useful applications in scientic
research, would be an unlikely orbit for an FYS mission to be launched into. This is primarily
due to the fact that launching into a polar orbit requires much more energy and thus uses more
propellant, as the Earth's rotation does not aid with providing the energy required to reach
orbital speed in the same way as it does when launching into an orbit of a lower inclination [17].
That being said, the most recent university CubeSat to be launched, EIRSAT 1, can be tracked
using SatNOGS data and shows a current angle of inclination of 97[18]. The reasoning behind
this choice of inclination was not discussed in the previous year's work, thus it was di cult
to understand why this value was selected, especially since this work predates the EIRSAT 1
launch. Moreover, the launch vehicle suggested last year, Exolaunch, does not list speci ¢ orbits

that it is capable of sending small satellites into.

Signi cant literature on the popularity of polar orbits for CubeSats could not be found, and
thus it was deemed more suitable to assess which parameters would provide best and worst
case scenarios for the purposes of the communications subsystem development. Also known as
a ‘sensitivity analysis', this year's work aimed to examine how varying the inclination a ected

the access time with a ground station across the entire mission lifetime.

3.3 Methodology

To build on last years' analysis, it was recommended that more feasible parameters based on
the Keplerian Elements of the International Space Station (ISS) were chosen, and a number of

di erent combinations of parameters were tested using the MATLAB Satellite Communications
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toolbox. Using the assumption that a ground station could be set up at the University of
Warwick, the other parameters were selected speci cally to go over this ground station, with
the exception of the angle of inclination, which would be varied to assess the sensitivity of the

access time to changes in this parameter.

This toolbox uses the parameters shown in Figure 8 to determine an orbit for the satellite, and
models the antenna and ground station characteristics to determine the maximum, minimum
and mean access time across the de ned mission length. The satellite antenna was modelled as
an omnidirectional antenna with a maximum viewing angle of 157, as used by last years team.
Decreasing the sample time allowed more granularity of the results, but required signi cant
computational power and time to run the simulation. The same consequence occurred as the
mission length was increased from 1 month to 6 months (6 months being the minimum mission
length for an ESA FYS mission). Given the number of assumptions already being taken to model
the satellite's orbit, a sample time of 60 seconds to analyse a mission length of 3 months was
deemed adequate to collect the necessary data for the communications system. A distribution
of access times could then be collected for each angle of inclination using these parameters, with

no other parameters varied.

3.4 Results and Discussion

Grassi et al. discuss a number of lessons learned through partaking in the AlV stage in Phase
C/D with ESA as part of the FYS program [14]. One prominent point they mention is regarding
the mission analysis and the importance of studying acceptable orbit ranges that the CubeSat
mission is compatible with. As CubeSats rely on piggyback or rideshare launches, su cient
evaluation of the possible orbit types will help to mitigate any future risk with changes in the
orbit when more information is known about the launcher. Setting up a simulation which can
be easily altered for varying parameters and establishing a baseline orbital design are important
activities which were completed this year to prepare and mitigate the e ects of this risk in future

stages of this project.
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Figure 9: Variation of mean access time with changes in angle of inclination.

Figure 9 shows how the mean access time varies with angle of inclination, and the results gathered
to generate this graph can be found in the Teams repository under this le location:Documents,
General, 2023-24 Portfolio, Subsystems, Systems, Orbital Analysis. Or, by following this link:
Orbital Analysis Excel. From these simulations it was concluded that an angle of inclination
between 50-60 would provide the best case scenario with regards to the mean access times
across the full length of the mission. This concurs with the ISS orbit, which uses an angle of
inclination of 51.2 , but contradicts the work undertaken last year using an angle of 81. As
discussed, the reasoning behind this choice was unclear, therefore studying a range of angles of
inclination is more valuable for the preliminary design at this stage to understand how sensitive

this mission would be to di erent future launch vehicles.

Figure 10: Distribution of access times for an inclination of 55 sampled every 60 seconds.
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Table 3: Orbital parameters used for trajectory analysis.

The script used to calculate the access times produced in Figure 10 can be found in the Teams
repository, under le location:Documents, General, 2023-24 Portfolio, Subsystems, Systems, Or-
bital Analysis. Or, by following this link: Orbital Analysis MATLAB. The modelling parameters

used in this script are shown in Table 3

The comparison of inclination angles proved that an angle of 55would be able to provide the
greatest mean access time. This analysis was taken a step further by examining the how the

access time varied across the mission lifetime using this angle of inclination.

Figure 11: Variation of access times across 3 month mission from March 2024 to June 2024.

Figure 11 shows the variation in usable access times across a 3 month period, limited only to
access times greater than 500 seconds. This is helpful as it shows there are no large gaps in
access time for a mission of this length, which is an important consideration for the purposes of
keeping the biological payload alive. This is also useful for the ground station, as it proves that if
these orbital parameters are feasible then frequent communication with a ground station at the

University of Warwick would be plausible. To demonstrate this more visually, a simulation of
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WUSAT-4 orbiting Earth and its communication times with this ground station can be found in
the Teams repository under the following le location: Documents, General, 2023-24 Portfolio,

Subsystems, Systems, Orbital Analysis. Or, by following this link: Orbital Simulation

3.5 Open points

This mission analysis aimed to investigate how sensitive WUSAT-4 would be to changing angles
of inclination and understand how the access time varied as this was changed in order to prepare
and mitigate the e ects of this parameter changing in future stages of this project. Although
full knowledge of the ground station characteristics, the number of ground stations or complete
satellite capabilities are not nalised at this point, generating a simulation which can provide
some insight into possible access times is still valuable to establish a preliminary design. It is
also valuable to highlight areas of risk or further development which could impact this analysis

in future as WUSAT-4 matures. These could include:

Changes to the proposed trajectory due to new information on potential launch vehicles

or ground station developments leading to new orbital analysis needing to be conducted.

Running more computationally expensive simulations, for example sampling more often
for a longer mission length to ensure all frequent communication with a ground station is

possible for longer missions.

Aligning developments in the communications subsystem with any necessary changes to

the predicted orbit and monitoring the e ect on access times.

Developing the simulation to include more details about the antenna or the ground sta-
tion to improve the accuracy of the results, potentially extending this to multiple ground

stations if feasible.

Using a more sophisticated orbital analysis software such as Ansys STK to provide a more

complete understanding of the operational environment and satellite mission design.

Implementing orientation considerations for the CubeSat to improve the accuracy of down-

link times.
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4 Orientation Analysis

4.1 Introduction

The orientation of the CubeSat relative to the Earth and Sun is important in determining
the e ective surface area of the CubeSat (which is directly linked to the amount of radiation
incident on the CubeSat's surface at a given moment in time) where the thermal absorption of
radiation can then be found, in addition to the magnitude of power generation. Additionally,
it is important from a communications perspective as it impacts the duration when data can
be sent and received from a ground station due to the dependency on antenna orientation in

facilitating transmitting and receiving data.

The orientation of the CubeSat is dependent on the frame of reference used. From a communi-
cations standpoint, the position and orientation of the CubeSat relative to the ground station

is important while from a thermal standpoint, the orientation of the CubeSat relative to the
source of radiation is important. From an EPS perspective, the orientation relative to the Sun

is important. As there are multiple sources of radiation (albedo, solar and infrared from Earth),
these must be determined independently. However, as there are many unknowns associated with
the CubeSat's trajectory, an average of the possible values for the e ective surface area will be

used until further details regarding ADCS and trajectory have been determined.

4.2 Review of 2022/23 Progress

The work conducted last year on orientation examined the impact of orientation on power
generation [4] with suggestions to factor in independent rotation around all 3 axes. However,
some issues were identi ed with the work conducted last year as the results seem to exceed the
maximum possible power generation in a given position while not having repeating results every
180 and calculating the values for e ective area and using values from the DHV datasheet [19]
demonstrated that values for power last year were over-estimations. The source of this error
could not be identi ed due to issues associated with clarity of the methodology meaning that it
was di cult to build upon last year's work. Hence, it was required to reassess the feasibility of
using a 2U con guration and build a orientation model from scratch. This year's work aims to
rectify any issues with the work produced last year while clearly documenting the methodology
used for future years and extending the work to cover the impacts of orientation on thermal

control instead of solely on the impact on power generation.
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4.3 Orientation Objectives

The objectives for the orientation subsystem were listed in Table 4. These objectives revolve
around the creation of an accurate orientation model to support the development of other
subsystems (EPS, Communications and Thermal) while allowing alterations and adaptations to

be made to the model to suit the needs of changes in regards to the WUSAT-4 mission.

Objective

Develop a orientation model that allows rotation and tracking of the orientation of the
CubeSat

Ensure that the orientation model is an accurate re ection of the design of the CubeSat

Ensure that the method used for orientation determination is clear and transparent

Update the orientation model to re ect changes to orbital parameters, CubeSat design
and ADCS

Update orientation model to factor in communications coniderations

Table 4. WUSAT-4: Orientation Objectives.

4.4 Orientation Model

A simple model was constructed to simulate the possible e ects of orientation on the e ective
area of the CubeSat which currently lacks AOCS so an average value was computed and used
for calculations. If AOCS is implemented, the calculations should be updated with information

regarding trajectory and attitude control.

As the CubeSat is symmetrical in design, only half of the 6 faces of the CubeSat was considered.
Additionally, only rotations up to angles of 90 were considered due to the cuboid shape and

symmetrical design of the CubeSat.

Setting up the model for the orientation of the CubeSat requires determining the e ective surface
areas normal to the x-direction, y-direction and z-direction. This was used to set up a vector for
the surface area which is shown below in Equation 2. For an average value, this was repeated

using di erent initial orientations. 2 3
Ax

Ay = SA (2)
Az

First, the direction between the CubeSat and the source was de ned using a vectorR. For
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simplicity, the direction was de ned as being aligned with the x-axis as shown by Equation 3.
In a more complex model, the direction for each source should be continuously updated based
on the change in position of the CubeSat and the source. This can be achieved with a Cartesian

coordinate system that de nes the vectors between the radiation sources and the CubeSat.

23

o7 =R 3)

Next, the orientation of the CubeSat was altered. This was achieved by multiplying the surface
area vector by the rotation matrices (Equations 4,5 and 6) as demonstrated by Equation to
rotate the surface area vector around all 3 axes. The angle for each rotation matrix was varied

so the e ects of orientation could be determined.

2 3
1 0 0
0 sin cost
2 3
cos 0 sin
0 1 0 7 = Rotationy (5)

sin 0 cos

Cos sin 0]

sin cos 07 = Rotationz (6)
0 0 1
Rotationy Rotationy Rotationy SA = SAO (7)

Finally, the dot product of jS’A(} and jRj yielded the e ective surface area,Ae, as illustrated by

Equations 8 and 9 where represents the rotational axis around the y-axis and represents
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the rotational axis around the z-axis.

jS‘A% jRj= Ae = jAxcoscos j+ jAysincos |+ jAzsin j (8)

The average value of the function was determined using Equation 9 where represents the angle
around the y-axis and represents the angle around the z-axis.
1 Z 2 Z 2 22 2 2
72 jAxcoscos j+ jAysincos |+ jAzsin jdd = Ax— +Ay— +Az— (9
0 o0
The average relative e ective surface area was given by Equation 10, using Equation 9 and
varying Ax ,Ay and Az with all possible initial combinations where A¢ is the e ective area and

A is the total surface area.

Ae  (22°+ 2)(Ax + Ay + Az) 22+ 2 2241

2 4
= 0:2412 10
A¢ 6(Ax + Ay + Az) 6 3 ( )

The surface areas used for the calculations was listed in Tables 5 and 6.

Surface Ax (cm?) Ay (cm?) Az (cm?)
Solar Panel 60.36 120.72 120.72
Anodised 2.89 38.59 38.59
Aluminium

Frame

Kapton 36.75 67.69 71.36

Table 5: Table of Face Area Values for the 2U con guration

Surface Ay (cm?) Ay (cm?) Az (cm?)
Solar Panel 60.36 211.26 211.26
Anodised 2.89 57.89 57.89
Aluminium

Frame

Kapton 36.75 71.36 71.36

Table 6: Table of Face Area Values for the 3U con guration

45 Results

The frequency of occurrence of the relative surface areas was plotted in Figure 12 using Equation

8 and the average e ective area for both con gurations was determined to be 0.2412 by
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using Equation 10. To produce this gure, the angles and were varied with dierent
initial conditions with increments of 0.5 between angles of 0-90to produce 32,762 di erent
orientation for each initial condition. Only 2 initial condition were considered which was when
the longitudinal axis was aligned with R and when the longitudinal axis was perpendicular to
R. However, alignment with R would occur half as often as the perpendicular case when no

ADCS is considered. Figure 12 contains 98,286 data points for each con guration.

Figure 12: A histogram of the probability of relative surface areas for 2U and 3U CubeSat
con gurations for varied rotations

For all the dierent types of exterior surfaces for the 3U con guration on the CubeSat, the
total surface area, the average e ective surface area, the maximum e ective surface area and

the minimum e ective surface area were determined with the results in Table 7 and 8.

Surface Total Average Maximum Minimum
Surface Area E ective E ective E ective

(cm?) Surface Surface Surface

Area( cm?) Area( cm?) Area( cm?)
Solar Panel 603.60 145.59 181.08 60.36
Anodised 160.14 38.63 54.65 2.89
Aluminium
Frame

Kapton 344.26 83.03 102.54 36.75

Table 7: Table of Exterior Surface Area Values for the 2U con guration
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Surface Total Average Maximum Minimum
Surface Area E ective E ective E ective

(cm?) Surface Surface Surface

Area( cm?) Area( cm?) Area( cm?)
Solar Panel 965.76 244.15 304.80 60.36
Anodised 237.32 57.24 81.91 2.89
Aluminium
Frame

Kapton 344.26 86.57 107.39 36.75

Table 8: Table of Exterior Surface Area Values for the 3U con guration

4.6 Discussion

While the average relative e ective surface areas for both con gurations are the same at 0.2412,
the 2U con guration has a more stable relative surface area compared to the 3U con guration.
The 3U con guration has less reliable power generation but yields a higher maximum power
generation than the 2U con guration suggesting that the 3U con guration would bene t more
from AOCS. Overall, this suggest that there would not be any decreases in e ciency for solar

panels when changing from a 2U con guration to a 3U con guration.

Calculations and derivation of the method are clearly listed throughout the section with results
clearly stated. Additionally, the code with comments used to develop the model is made easily

available to the reader to mitigate against issues that were present during the handover process.

4.7 Open Points

As previously described, the model used can be updated to factor in di erent radiation sources,
trajectory data, updates to the exterior surfaces of the CubeSat and ADCS to improve the ac-
curacy of the model. While the impact of orientation on communication was brie y mentioned
and not developed this year, more exploration is required to determine accurate access times and
should be developed in tandem with the trajectory subsystem. Additionally, ADCS should be
evaluated to determine if implementation of such systems would be bene cial from the perspec-
tives of EPS, Communications and Thermal subsystems. Access to the code used to develop the
orientation model is available with comments through Teams at general (located in the Share-
Point location General/2023-24 Portfolio/Subsystems/Mechanical/Thermal/2. Code/Next Year
Code). As an alternative, use of software packages with in-built orientation analysis could be
implemented, but these o er less user control and use certain assumptions which may not be

applicable for WUSAT-4.
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5 OBDH

5.1 Introduction

This section of the document pertains to the data handling onboard the satellite. This subsystem
intrinsically links to multiple other subsystems such as the FDSPP, EPS, and Communications.
The general purpose of this subsystem is to pull data from these subsystems and process that

data into send-able packages; parsing this data to the communications system for down-link.

5.2 Review of 2022/23 Progress

As mentioned previously, this project is a continuation of the previous 2022/23 teams work and,

as a result, the importance of analysing the previous year's work is of high importance.

As seen from the previous year's portfolio of evidence [4] the main contribution from the previous
years team is the initial creation of the requirements for the OBDH. These requirements gave
an adequate overview of the subsystem as a whole. The main OBDH requirements are shown

below:

" COC-4: The payload shall be interfaced through a Universal Asynchronous Receiver

Transmitter (UART) protocol

COC-6: The CubeSat shall be able to request and store data from the payload
COC-7: The CubeSat shall package images received from the payload
COC-9: The CubeSat shall send housekeeping data to the ground station
COC-13: The CubeSat shall receive telecommands from the ground station

These requirements are very high-level and, as a result, more analysis will be needed to succinctly

represent the OBDH.

Other than the development of these requirements, the previous years team also created an
analysis of storage, communication protocols and OBDH CONOPS. The storage analysis gave
a high-level observation of a few di erent types of storage available - Secure Digital (SD) and
Electrically Erasable Programmable Read-Only Memory (EEPROM). As a continuation of this

analysis, other storage types were analysed and a nal component was chosen as a result.

The communication protocols discussed in the previous year's work didn't consider the needs of
external subsystems that are being communicated with, as only the Payload's communications
interface was stated explicitly. The following subsection discusses a further analysis of the OBDH

to identify and state the objectives of the OBDH.
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5.3 OBDH Objectives

The objectives of the OBDH can be realised by the CONOPS in table 9. Each phase of the
CONOPS has a direct link to requirements for the OBDH hardware and software. Presented
below are the CONOPS phases that have a direct requirement for the OBDH. There are more
CONOPS phases that aren't mentioned, but this is only because they either don't result in the
creation of requirements for the OBDH, or the requirements they do result in are repetitions

from previous phases.

CONOPS OBDH Operation Physical Requirement

Launch Phase | Power o Use of a Remove Before Flight or an Apply Be-

fore Flight pin

Initial Connec-

Send Heartbeat sig-

No special requirements

tion Phase nal to ground station

Early Opera- | Sending Housekeep: Needs to be able to collect, store and process

tions Phase ing Data housekeeping data before sending to the Comt
munications Subsystem

Commissioning| Request Payload| Needs a large enough storage to store payload

Phase Data data and Housekeeping data simultaneously

Processing Process and Package OBDH requires a good enough processing power

Phase Data to handle this

Transmit Sends the processed Potential requirement for source encoding capa-

Phase data to the commu- | bilities

nications subsystem

Survival Mode | Rebooting OBDH OBDH Microcontroller Unit (MCU) must con-

tain a watchdog timer for easy reboot

Table 9: WUSAT-4: OBDH General Functions

Further to an analysis of the CONOPS, it's important to de ne the expected hardware interfaces;
a breakdown of the di erent housekeeping data and an overview of the expected payload data
from the FDSPP.
Housekeeping data:

" Solar array temperature

EPS battery gauge

" OBDH Printed Circuit Board (PCB) temperature
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Payload data:
" A 5MP image
" Temperature of payload

In terms of the hardware interfaces of the OBDH, they can be easily shown with a high-level
block diagram where the types of interface communications are based o of the FDSPP and

choices of EPS and Communications components:

Figure 13: OBDH Block Diagram

From this short analysis of the OBDH there are a few obvious requirements that need to be
added and a few less obvious requirements to add:

" The OBDH shall interfaced with the FDSPP using an Omnetics A28100-015.
The OBDH shall interface with the EPS via Inter-Integrated Circuit (12C).

The OBDH shall interface with the Communications subsystem via UART.

The OBDH Microcontroller Unit (MCU) shall have the processing power to process an

image of up to 15MB in size - Including packaging and source encoding.

The OBDH storage component shall have the ability to store and section data for each

housekeeping data item.

The OBDH MCU shall have a watchdog timer to easily reboot the OBDH when in orbit.
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Another consideration that was raised was the option to use radiation hardened components as
a subsystem requirement. This was later disregarded due to the mission being in Low Earth

Orbit (LEO) and the mission time being of a short duration.

5.4 Hardware Development

When creating a Printed Circuit Board Assembly (PCBA), the MCU is usually the most im-
portant component. Therefore, the choice of MCU should be done with a certain amount of
research. From this, decisions on other Integrated Circuit (IC), passive components and connec-
tors can be made. For a full view of the V1 schematic, and engineering drawings see appendix
B B.

5.4.1 MCU Discussion

Considering the previously mentioned functionality in Section 5.3, the MCU of the OBDH shall

have the following needs:

~

Hardware Interfaces: at least 2 UART interfaces (FDSPP and Communications), at

least 2 12C (EPS and Storage Device)

Program Memory:  Approximately 10kB of program memory to store functional code
Operating Voltage: 3.3V should be ideal in terms of power supply

Price: Should be less thanf10

Manufacturer Lifecycle: Must be "In Production” to ensure that the component is

easily accessible throughout the project lifecycle

As these requirements are all high-level, the chosen MCU will likely be a general purpose MCU
as these tend to have a large number of hardware interfaces, good program memory and good
clock speeds for a relatively cheap price. Further to this, it would be useful if the MCU was a
part of a larger component family to ensure an ease in upgrading if needed, and to ensure that

in-depth documentation of the MCU exists.

From this speci cation, three main semiconductor manufacturing companies were considered.
In neon, Texas Instruments and STMicroelectronics. These companies were considered as it

would ensure that the component is well documented.

The nal decision on the MCU was the F2800132RGZR from the C2000 series from Texas

Instruments [20].
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The speci cation for this MCU is mentioned in [21], and the main reasons for choosing this over

alternatives are listed below:

" There are many programmable pins with many interfacing options to accommodate for

any further changes to the hardware interfaces.

The package is similar for other components within the C2000 family so that upgrading

the MCU can be easily implemented
The component has a large programmable memory of 256kB

The component has dedicated Joint Test Action Group (JTAG) pins for easy programming

and debugging

The component has multiple low power modes for power e ciency

The component has a 120MHz clock making real-time clock calculations easier
The component is well documented to aid design and development.

The component pins can be multiplexed to achieve multiple functions resulting in a very

customisable MCU.

Regarding the pin multiplexing feature of the MCU, the SYSCONFIG software developed by
Texas Instruments [22] makes writing the con guration code a lot easier. With the interfaces
known, all is needed for the software is to input the interfaces required and choose the pins for
multiplexing. The result is a system con guration le, shown in the appendices B, that can be

uploaded to the MCU.

5.4.2 IC Discussion

With the choice of the MCU in place, it is now easier to decide on other components, because

there is now a clear knowledge of the available interfaces.

The most important IC after the MCU would be a storage device to store the data packets in
preparation for transmission. The work from the 2022/23 academic year considered either an

SD card or an EEPROM solution which both have advantages and disadvantages.

Although an SD card solution would be able to have a large storage, the issue with an SD card
is that it may be susceptible to vibrations disconnecting it. Furthermore, an SD card has many

pin-outs which is not ideal for optimising the connections on the MCU.

The EEPROM is fast at data reading and writing, and wouldn't be susceptible to the same
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vibrational issues as the SD card because it's soldered onto the PCB, but this comes at the cost

of a greatly reduced storage size.

With these considerations, the best option would be to choose a di erent memory IC type that
doesn't have the shortcomings of the previously mentioned options while still meeting the needs

of the system.

The rst consideration should be that all volatile memory ICs can be disregarded as the memory
would be wiped during power loss or subsystem restart. This includes all RAM types other than

Non-Volatile Random Access Memory (NVRAM).

The second consideration should be that the storage should have an excess of storage above what
is needed. This is to mitigate the possibility of the storage over owing, and removes NVRAM

from consideration.

The main storage types to consider are NAND Flash or NOR Flash memory. In general, NOR
ash has the bene t of having faster read speeds, but it takes longer to erase and write new data.
Additionally, NAND memory devices have a higher memory capacity. With these considerations

of both NAND and NOR ash ICs, a NAND ash was chosen as the storage type for the MCU.

Choosing a NAND ash that has a 3.3V supply voltage; a large memory capacity; a hardware
interface with minimal pins and can be surface mounted, three popular memory IC companies
were considered - Micron Technology, Winbond and SkyHigh Memory; giving a nal decision of
the Winbond - W25N02KVZEIR [23].

The speci cation for the W25N02KVZEIR is mentioned in it's respective datasheet [23] and the

main reasons for choosing this over alternatives are listed below:

2G-bit memory
" Serial Peripheral Interface (SPI) interface

3.3V power supply

~

50MB/s sequential data transfer

As most of the housekeeping data is being collected by Commercial o -the-shelf (COTS) sub-
systems, the only other IC to consider is a temperature sensor to be placed onto the board itself.
It's important to note that the 2022/23 team considered the use of an Inertial Measurement
Unit (IMU), but this was later disregarded as this would only provide dead-reckoning on the

positioning and would drain power in return for minimal bene t.
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The temperature sensor would be used so that the temperature of the board can be measured
independently of the other systems, giving an indication of the temperature at di erent subsys-

tems. An ideal temperature sensor for this subsystem would have the following properties:

~

The sensor should have a 3.3V power supply.

" The sensor should communicate using 12C.

" The sensor should be able to handle a large range of temperature values.
" The sensor should have a resolution of °C.

With this component speci cation in mind, the chosen temperature sensor IC was the MCP9802A0T-
M/OT. This was chosen as not only does it meet the speci cation stated, but it also has an
"ALERT" pin that will throw a signal when the temperature exceeds a user set value. This
feature doesn't necessarily need to be utilised, but could introduce redundancy to the software

by also making the MCU software create the same alert after reading the sensor temperature.

5.4.3 Passive Components Discussion

The passive components chosen throughout this project can be split into the resistors and
capacitors. These resistors and capacitors are used for many di erent purposes which are all
mostly de ned with the aid of the MCU datasheet [21], MCU hardware design guide [24] and

the MCU technical reference manual [25].

Firstly, the decoupling capacitors were considered as these are needed to Iter voltage spikes/noise.
The values of capacitance and voltage ratings for these decoupling capacitors are given in Section
3.4.1 of the MCU hardware design guide [24]. These were then implemented as seen in Figure
14.

Figure 14: MCU Decoupling Capacitors
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Furthermore, it can also be seen in Figure 14 that the capacitors have been labelled with "Place
near MCU" as this will aid in further reducing noise. This is reiterated in Section 4.3 of the
MCU hardware design guide [24] as it states "Decoupling capacitors placed more than an inch

away from the pins o er poor performance".

This is re ected within the PCB document and, as such, the decoupling capacitors should not
be moved any further away from the connecting pins for future versions of the PCB. Likewise,
the size of the decoupling capacitors are currently a mixture of 0805 (2 mm 1.2 mm) and 0603
(1.6 mm 0.8 mm) standard sizes. These could be made smaller to achieve a more e ective
distance to the connecting pins, but, as the PCB is low density, these sizes have been chosen to

bene t their power rating.

Secondly, the JTAG circuitry was considered. These are a series of pull-up resistors to drive the
JTAG programming/debugging operation. Section 6.11.7 of the MCU datasheet [21] and 3.7.1
of the MCU hardware design guide [24] gave the nominal values for the JTAG circuitry which

were then implemented as seen in Figure 15.

Figure 15: JTAG Circuitry Schematic and PCB Implementation

It's important to note that the JTAG header pins should be less than 6 inches away from the

MCU which is not a problem for this application due to the limit on the PCB dimensions.

It may also be of note to consider a redesign of the JTAG circuitry such that the header pins are
replaced by test points - This type of redesign would save space by removing the header pins,
but would come at the cost of needing a custom test jig for programming and debugging. As a

preliminary design, the current method should be viable enough for V1 testing.

The next passive components to be implemented would be the XRSn circuitry. This is much
simpler as it can mostly be copied from Section 6.11.2 of the MCU datasheet [21]. The only

di erence between the given XRSn circuitry and the implemented circuitry is the introduction
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of a tactile switch to facilitate manual circuit resets during testing. The implementation of this

circuitry is shown in Figure 16

Figure 16: XRSn Circuitry Schematic and PCB Implementation

The boot circuitry is more complicated than the previous passive circuits considered as the
MCU gives multiple options for di erent types of boot modes. The boot mode chosen for this
application is a ash boot - meaning the OBDH would boot up from les contained in the built-

in MCU ash. From Section 4.3 of the MCU technical reference manual [25] and Section 7.6 of
the MCU datasheet [21], it can be seen that to achieve a ash boot, both boot pins should be

pulled up. This implementation can be seen in Figure 17.

Figure 17: Boot Mode Circuitry Schematic and PCB Implementation

Lastly, the 12C circuitry was considered. This circuitry consists of two pull-up resistors which
values need to be calculated for. The calculations needed are highlighted in the 12C Bus Pullup
Resistor Calculation application note document [26]. The document gives a table for parameters

pertaining to the MCU I2C as shown in Figure 10.
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Table 10: Parametrics from 12C speci cations

These parameters can be used in the equations, also given in the document, to calculate the
I12C pull-up resistor values. For standard mode the minimum and maximum values for pull-up
resistor can be calculated as shown by Equations 11 and 12 whekg&c =3:3V,; VoL =0:4 V;

loL =3 mA; t, =1000 ns and Cy, =400 pF.

Vec Vi
Rp(min) = % = 966:67 (11)

_ tr 5.
Remae) = 58473 ¢, = 2:9% (12)

From these calculations, it's important to choose resistors that are not only within the range
of the values, but also have a low enough tolerance so that the resistance doesn't exceed these

limits. The implementation of the 12C circuitry is shown in the Figure 18

Figure 18: 12C Pull-up Resistors Implementation

5.4.4 Connectors Discussion

Using the block diagram in Figure 13, it can be seen that 3 connectors are needed to interface
to the other subsystems, with an extra connector being needed to interface with the JTAG for

programming.
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The rst connector to consider is for interfacing with the FDSPP. This connector is given in the

FDSPP datasheet [27] as the A28100-015 by Omnetics, and subsequently cannot be changed.

The EPS subsystem, Communications subsystem and JTAG programmer all have standard
header pin connections (An example of header pin connectors is given in Figure 19). Because of

this, it seems reasonable to use header pins on the PCB.

Figure 19: Male Header Pin Example
(28]

When deciding on the connector component and placement, two design options were considered

with the second option eventually being chosen.

The rst option is to group pins by type - For example, all power supply pins are grouped
together regardless of which subsystem is being routed to. This has the bene t of easier power

plane management.

The second option that was considered was grouping the pins by subsystem - so that all pins
for a subsystem are grouped together, and the pins for a di erent subsystem are separate. This
has the benet of easy distinguish-ability for pins, and already makes a lot of sense as the
FDSPP connector forces this layout with the given connector. This also has the added bene ts
of cable management as all of the cables running from the OBDH to any one subsystem will be
automatically be grouped together. As this was the chosen option, the implementation of this
is shown in Figure 20 - where each connector is labeled with the J? desginator format; J1 is the
FDSPP connector; J2 is the JTAG connector; J3 is the Communications connector and J4 is

the EPS connector.
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Figure 20: Connector Placement Implementation

5.4.5 General Hardware Design

During design, there are design aspects to consider other than the component choices and place-
ment. The rst consideration is the component library. As this project is an academic project
with multiple handovers between teams, a highly detailed component library is of utmost im-
portance. Further to this, it's also very important to standardise components created in Altium
Designer so that they can be easily navigated and compared to one another. To ensure this con-
formity, a guide document was created [29] (located in the SharePoint location General/2023-
24 Portfolio/Subsystems/Electrical/OBDH/Supporting Technical Documents) containing each
type of component and the parameters that should be included in Altium Designer to de ne

said components. An example of an expected component's parameters is given in Figure 21.
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Figure 21: Library Component Parameter Example: Flash Memory

The next consideration was the number of layers and the via types present on the PCB. Using a
4 layer stack-up, as shown in Figure 22, allows for a number of added bene ts: easier routing of
signal tracks; thermal dissipation within the power and ground layers; dedicated areas for split

power planes and a clean ground plane.

Figure 22: Layer Stack-up and Via Types
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From this there are also considerations for the signal routing. From the MCU hardware de-
sign guide [24], signal traces should avoid being at 98ngles as this leads to changes in trace
impedance leading to power losses. As a result signal traces on the PCB have been angled as

shown in Figure 23.

Figure 23: Proper Trace Signhal Routing
[24]

Further to this, certain signal traces, such as power signals, need to be wider to reduce voltage

drops, power loss and thermal dissipation. As such, this has also been implemented on the PCB.

Another general design consideration is highlighted in the MCU hardware design guide [24]
for Electromagnetic Interference (EMI) and Electromagnetic Compatibility (EMC). A method

to reduce EMI is the addition of decoupling capacitors, which have already been mentioned in
Section 5.4.3. Another method to reduce EMI is to create ground planes on the signal layers and
connecting them to the internal ground plane with a grid array of vias (called via stitching). This
method causes the layers themselves to act as an array of decoupling capacitors and, according
to the MCU hardware design guide [24], the via stitching is ideal with quarter-inch spacing.
Furthermore, this method of EMI reduction has the added bene t of thermal reduction as heat
can dissipate on the outer layer ground planes. This has been implemented as seen in Figure

24.

Figure 24: PCB with Signal Ground Plane and Via Stitching for the Top Layer (left) and Bottom
Layer (Right)
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5.5 Software Development

When designing the software for this subsystem, it's important to take into account both the
connections to other components and also the varying states that the software can be in. The
physical hardware connections can be seen in Section 5.3 and the varying states of the software

can be seen in Section 5.5.1.

A general consideration for the housekeeping data could be to add a few bits before each word

or packet to help identify the housekeeping data when it reaches the ground station.

Using the list of housekeeping data from Section 5.3 a table with identi er bits can be created

as shown in Table 11.

Data Type Identi er
Solar Array Temperature 00
EPS Battery Level 01
OBDH Temperature 10

Table 11: Data Identi er Example

Currently, only the housekeeping data has been considered for this identi er concept as the
payload data format is not currently con rmed in terms of size or if the FDSPP temperature

will be concatenated with the FDSPP image.
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5.5.1 State Diagram

From the OBDH CONOPS in Table 9, the functional states of the OBDH can be inferred and

the creation of a state diagram can be made:

Figure 25: OBDH Software State Diagram

From this diagram, it's important to note that there are values that are yet to be de ned,
such as the battery levels "Safe Mode Region", "Survival Mode Region" and "Nominal Power

Generation".

Another undecided feature is if the data requests from the OBDH should be triggered on the

basis of a timer or if they should be explicitly requested for by the ground station.

Other than these undecided factors, the state diagram has a solid basis for the ow of the desired

software.

5.5.2 Source Encoding Discussion

The images produced by the FDSPP are 2592 1944 pixels in size, and as the image produced
is a JPEG, each pixel will either have 8 bits per pixel (monochrome image) or 24 bits per pixel
(true colour image). A purchase of the camera used - the ZeroCam [30] - would be useful to

evaluate the le size created and see if the camera unit itself compresses the image.
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Making the assumption that the images generated are not compressed by the camera, for the
monochrome case, the total image will have 40,310,784 bits ( 5SMB) whereas the true colour case
will have 120,932,352 bits ( 15MB). As these are quite large le formats, it might be important

to consider compression algorithms to lower this le size.

JPEG compression methods were researched as a preliminary precaution. An overview of the of

the compression steps are shown in Figure 26.

Figure 26: JPEG Compression Steps
[31]

Further research and implementation should be considered, but only after assessing this as a

requirement for the OBDH by testing the ZeroCam camera [30].

5.6 Open Points

This section of the document provides open points for the OBDH to be considered for further

development.

Software Planning - The current decisions on the software need re ning and further devel-
opment. This includes research into the potential need and implementation of JPEG compres-
sion(see Section 5.5.2), as well as the potential to use bit identi ers to di erentiate between data

sources (see Section 5.5).

Software Development - The MCU development board [32] should be purchased and test

code should be written to test individual functions of the software.

Hardware Testing - Simulation testing should be considered using add-ins within Altium
Desginer or Altium approved software to avoid le corruption during export. The preliminary
design for the OBDH should then be manufactured for physical testing. Tests could include:

voltage testing, current testing, thermal testing and EMI/EMC testing.
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Hardware Development - From the testing of the V1 design, identi ed issues should be

recti ed as a V2 design. Design additions in V2 could include layout changes such as changing

the JTAG to test points as mentioned in Section 5.4.4. From the testing, fail solutions may
include:
~ Voltage or Current Test Fail - Implement voltage/current regulators into the design
" Thermal Test Fail - Increase power track widths or add more thermal vias
" EMI/EMC test fail - Add more decoupling capacitors at component/connector pin loca-
tions between the power tracks and the ground plane

Design Standards - All future PCB and component library development should follow the

Component Library Detail Requirements document [29] and use the Mechanical Layer les [33].
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6 Communications

6.1 Introduction

This section assesses the feasibility of establishing a communication link between the satellite
and ground station. With limited to no ADCS, closing a link will be di cult to achieve due

to the lack of control and pointing of the antenna on-board the satellite. Additionally, due to
restricted space within the satellite, viable components are limited, adding to the complexity of
the design of the communication system. Furthermore, the probabilistic and statistical features
of environmental factors such as losses and interference are di cult to account for, as calculating
and assessing these without data of similar ight heritage is almost impossible. Consequently,

solutions and ideas are presented to overcome these issues.

6.2 Review of 2022/23 Progress

As WUSAT-4 is multi-year project, understanding the preceding teams progress was vital to
ensuring a smooth transmission into consequent succeeding phases. Therefore, the discussion
of previous years progress is presented here, to highlight their achievements but also addressing
potential concerns throughout their design. This allowed the progress to be made this year to

be conducted e ectively, preventing repetitive work being carried out.

In summary, last year's team created a preliminary link budget, determining the frequency

of operation of the communication system. They also selected potential components to be
encompassed in the design, and a trajectory analysis to gather the possible access times of
the satellite to a desired ground station. Although, thorough analysis of the previous link
budget raised some concerns. These include some inaccuracy in the analysis due to missing
parameters, unaccounted losses, as well as exclusion of potential interference during transmission.
Furthermore, the predetermined orbital analysis conducted showed some unexpected parameters
as mentioned in Section 3. This orbit was reevaluated to be more realistic to better represent the
possible access times of the satellite with the ground station. Additionally, the communication
link design encompassed a predetermined modulation and channel coding technique, making the
design extremely ine cient, not allowing for the best possible data transmission rate. Moreover,
components selected had issues with mounting of solar panels, due to the restriction of space
and inability for deployment mechanisms to be active. Therefore, some re nements of these

issues are necessary and are shown in this section.
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6.3 Communications Objectives

The objectives for this year were to re ne the link budget, presenting the methodology in a clear
and coherent manner to allow for future teams to use as a basis for design. Due to the uncertainty
of launch, parameters and orbits are expected to change so a clear outlined methodology and
documentation is essential to successful future phases. Furthermore, the link analysis will be
conducted with no predetermined channel coding and modulation technique, allowing these to
be established through given requirements. A channel coding and modulation technique should
be chosen to provide high coding gain and a high spectral e ciency, leading to e cient use and
allocation of resources. Additionally, suggested components are given with reasoning of choice,
showing the thought process behind why each of these components are necessary within the
design. Moreover, the feasibility of the design is to be shown at the end, providing evidence
whether certain requirements from key stakeholders are met. These requirements include the

data to be transmitted is a picture of around 5MB, to be sent and received within 6 orbits.

6.4 Overview of Current Design

The current communication system of WUSAT-4 utilises the UHF frequency band, expecting to
be between 430-440 MHz. Other considerations included neighbouring frequency bands; VHF
and S-Band, but UHF deemed to be the better option as:

UHF and S-Band achieve higher possible data rates, deemed to be necessary to meet the
requirement of sending a 5MB image within 6 orbits. Therefore the VHF band is not

useful for this application.

The use of S-Band is optimal for high data transmission rates, but S-Band antennas are
generally directional, so the lack of control and pointing of the satellite restricts the use

of this.

Researching on other CubeSat projects suggest that UHF frequency bands are commonly
used. Consequently, many COTS products are available to utilise within the design. Ad-
ditionally, UHF bands are able to achieve su cient data transmission rates to achieve the
set requirements. Moreover, antennas within this frequency band are omni-directional,

supporting the feasibility of establishing a communication link with no ADCS.

Therefore, the WUSAT-4 communication system is based on the use of UHF band. To further
simplify the design and reduce occupation of space within the CubeSat, only one communication
system will be used for Telemetry and Telecommand (TM/TC). To ensure this function, a half-

duplex transceiver was incorporated into the design, allowing for the one antenna to receive
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and transmit data/commands. Although, a half-duplex transceiver will not allow TM/TC to
simultaneously be active, ine ciently utilising the access times but using less power overall
during this period. This can be altered to a full-duplex system if the power budget allows for
extra power consumption during the Transmit Phase, as simultaneously having TM/TC active
will consume up to double the power consumption. The half-duplex transceiver chosen by the
previous team is the Endurosat UHF Type 2 [34], and reasoning can be seen in the 2022/23

portfolio of evidence [4]. This is still deemed to be su cient component for choice of transceiver.

Another large part of the communication is the choice of antenna. As previously mentioned,
an omni-directional antenna will be used to accommodate for the lack of ADCS, ensuring a
potential link to be established. Initially, deployable mechanisms were frowned upon due to
extra control measures to be implemented as they have a high chance of failure. However, re-
search suggested that a deployable antenna must be used for this frequency band as the size of
a non-deployable antenna is not able to be integrated within the design, because the e ective
aperture of an antenna is inversely proportional to the frequency of operation - the lower the
frequency the larger the antenna. The 2022/23 team decided on using the NanoAvionics UHF
Antenna system, which is a circularly polarised turnstile antenna with a burnwire deployment
mechanism [35]. Although, the NanoAvionics Antenna presented issues to solar panel mount-
ing as its deployment mechanism hindered the position of mounting locations between the two
components. Additionally, the stowage of the turnstile antenna poles did not seem to t within
the FYS regulation of protruding components - stowage of this type does not satisfy the require-
ment and protrudes over the limit during launch. Thus, it was decided to use the Endurosat
1U Antenna [36] instead. This is bene cial as the integration between this component and the
Endurosat transceiver is simpler, the compact form-factor solves the issue of mounting space
and allows for solar panels to be attached to the top panel, as well as satisfy the requirement
for antenna stowage during launch. It also has a better deployment mechanism and generally

good electrical/antenna parameters for the link budget.

6.5 Link Budget Analysis

All formulas used in this subsection are taken from Chapter 5 of 'Satellite Communication
Systems' [37] and 'Small Satellite Link Budget' document [38]. The ultimate goal of the link
budget is to con rm that the end-to-end carrier to noise is greater or equal to the required
energy per symbol per noise spectral density, as shown below. This statement must be adhered

to for the link budget closure.
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N (13)

Where C/N is de ned as:

C _Es _ EsRs

N No N

(14)

The design of a communication system link generally revolves around the signal or carrier to
noise ratio (SNR or CNR) of the link trying to be closed. SNR is de ned as the ratio of powers
between the received signal and received noise. The SNR of a transmission link will dictate the
achievable data rate of a system. The theoretical maximum datarate that can be transmitted

through a channel is de ned by Shannon-Hartley Theorem:

S

C=B log 1+N (15)
C

C=B log 1+W (16)

Where C is the channel capacity, de ned as the amount of information transmitted by the system
per second, and B is the bandwidth of the signal, de ned as the proportion of the frequency

band used to transmit the information.

Although, the achievable datarate will be dependent on the modulation technique and channel

coding implemented. The actual data rate will become:

Rp= R (17)

Where s the spectral e ciency which is de ned as the data rate that can be transmitted over

a given bandwidth. Rs is the symbol rate, which is de ned as:

B
Rs= (18)

Where is the roll-o applied to the raise cosine pulse.
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6.5.1 Link Budget Theory

The overall link budget is dictated by a variation of the Friis formula, as shown below. The
Friis formula is used for transmission between two antennas when the transmit power, received

power, transmit antenna gain, receiver antenna gain, and frequency of operation are known.

E — F)TxGTxC':‘rx — EIRP sater (19)
No  Linear (down) KT L down KT L down

C

— = EI RP sat + er kT I—down (20)
No dB (down)

Where Pty is the transmit power, Gty is the transmitter gain, Ggry is the receiver gain, k is
the Boltzmann constant, T is the noise gure of the system (sometimes referred to as noise

temperature) and L gown IS the losses during the downlink.

Noise power density is converted to noise power by:

1
= SRS (21)
N Linear (down) No Rs
< = & R (22)
N 48 (down) No
Therefore:
E — IDTXGTxer — EIRP sater (23)
N Linear (down) KT L downRs KT LdownRs
C
N = EIRPsat+ Gix KT  Lgown Rs (24)
N dB (down)

System interference plays a large role in a communication link as it will a ect the magnitude
of useful signal received. It is vital to take this into account when designing a link budget
as interference cannot be avoided, it will come from a variety of sources such as neighbouring
transmitters, electromagnetic interference (EMI) of close-proximity components, or variations
in signal propagation around the receiver end. The signal to noise and interference ratio (SNIR)

is de ned below:
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n #1
1 C 1
T

C
N + 1

Zl0

(25)

Linear Linear Linear

Therefore we have, which is dictated by the Shannon bound, the maximum rate at which error-

free information can be transmitted over a communications channel for a speci ed bandwidth:

C

R,<C =B lo 1+
b (07) N + |

(26)

Linear (T otal)

Generally, the downlink SNIR is the bottle-neck of the end-to-end link so it can be assumed

that:
C — C - EIRP sater - EIRP SatGl’X (27)
N+ 1T Linear (Total) N+ 1 Linear (down) KTLdownRs + | KT L down 1% + 1
Finally, the overall simpli ed Shannon-Hartley formula is:
I 0 1
C=B log 1+ c =B log, @1+ EIRP satGre  p (28)
N+ 1 Linear (down) KT L down 1% + 1

6.5.2 Satellite Range

To start establishing a communication link, it is necessary to evaluate the possible distances
of a satellite from a ground station when in a predetermined orbit. The distance of a satellite
will vary when coming across the horizon, due to the change in elevation angle from the ground
station point of view. This parameter is vital because the distance of the satellite from a ground

station will dictate the largest loss contribution - the free space path loss.
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Figure 27: Satellite Slant Range [39]

Figure 27 can be used to derive an equation to show how the distance from a ground station
varies with elevation angle, which is shown below and is taken from [39]. These parameters are

de ned in Table 12

L =" (Re + Hos)2Sin( )+ 2(Ho Hos)(Re + Hes)+ (Ho Hos)? (Re + Hes)sin()
(29)

It was agreed that to model these calculations appropriately, an ISS orbit will be used. This
orbit will allow for representative values to be used for when a possible launch trajectory has
been determined.Hgs represents the altitude above sea level for a ground station positioned at

the University of Warwick. These values are shown in Table 12

Slant Range Parameters
Earth Radius (Rg) 6378 km
Circular Orbit Height ( Ho) 420 km

Ground Station Height (Hgs) | 0.08 km

Elevation Angle () 0-90

Table 12: WUSAT-4 Slant Range Parameters

Figure 28 shows that with increasing elevation angle up to 90, the distance between the satellite
and ground station decreases. Consequently, since the orbit is circular and therefore somewhat

symmetrical, the distances will increase again to the original value up to when the elevation

59



angle is 180. The maximum distance of the satellite is when the elevation angle is 0(and thus
180 ), corresponding to 2352 km. The minimum distance is when the satellite is directly above

the ground station, at 90 , corresponding to the orbital height of 420 km.

These values will become signi cant in the next section, when used to determine the free space

path loss of the transmission channel.

Figure 28: Distance of Satellite at varying Elevation Angles from Ground Station

6.5.3 Sources of Losses

Path loss results in the attenuation of power of an electromagnetic wave as it propagates through

a channel, and is considered a critical component in the analysis and design of a communication
system link budget. Path loss is closely related to the environment where a transmitter or receiver

is located, as environmental factors and losses vary across Earth. Models can be developed using
numerical methods and empirical approximations of measured data collected during experiments,

or a combination of both [40], some of which are shown in this section.

Free Space Path Loss
Free-space path loss occurs due to impairment of the propagating signal, likely due to attenua-

tion, di raction and absorption of the signal throughout the channel. The transmission channel
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is governed by free-space path losses, due to the link distance R. Thus the analysis previously
conducted on satellite range will become useful here. Using the values from Figure 28 and the
equation below, the free-space path loss encountered throughout the transmission channel for

the WUSAT-4 communication link can be determined.

2 4Rf 2

L¢s(dB) =10log 4R =10log (30)

Where R is the distance of the satellite from the ground station and f is frequency of operation.

In addition to the values previously calculated in Figure 28, Table 13 shows other parameters
that are required to carry out this analysis. The roll-o factor was assumed to be 20%, as the
antenna datasheet [36] does not mention a speci ¢ value. Generally, 20% is considered high so

a worst case scenario has been implemented.

General Data
Bandwidth 10 kHz
Frequency 430-440 MHz
Modulation TBD
Apogee 420 km
Roll-o Factor 20%

Table 13: WUSAT-4 General Link Parameters

Figure 29 shows that the free-space path loss increases as the distance of the satellite from
the ground station increases. The maximum free-space path loss is 152.74 dB at a distance of
2352 km. The minimum free-space path loss is 137.77 dB corresponding to a distance of 420
km. To establish a satisfactory link budget, the higher free-space path loss value will be used,

corresponding to the lowest elevation angle.
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Figure 29: Free Space Path Loss with Corresponding Satellite Distances from Ground Station

Atmospheric Losses

Signals are perturbed when passing through the atmosphere due to various phenomena, such as
atmospheric molecular absorption and scattering [39]. Several criteria account to the total atmo-
spheric losses including gaseous attenuation_(as), rain attenuation ( Lrain ), cloud attenuation

(Lcloud) @nd scintillation losses (L scint ). These will be discussed in detail below.

Lat = Lgas*+ Lrain + Lcioud + Lscint (31)

Gaseous attenuation is generally only signi cant for operation of frequencies above 22 GHz.
Although, a small amount of attenuation is still present at around 0.5 GHz. To get an accurate
representation for this loss, the ITU-R P.676-10 regulation for attenuation by atmospheric gases
was used [41]. Figure 30 shows the specic attenuation due to atmospheric gases at di erent
frequencies. Linear interpolation of this provides an extremely low number, in the order of 102.
Multiplying this value by the maximum distance between the satellite and ground station will

provide a satisfactory value of gaseous attenuation to be used.
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Figure 30: Specic Attenuation due to Atmospheric Gases [41]
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Rain attenuation was calculated using the speci c attenuation and e ective rain path. Specic
attenuation r is computed with the rainfall rate R, (mm/h) exceeded for more than 0.01%
of the average year [37]. The e ective path is computed including the e ect of the height of

terrain, elevation angle, longitude and latitude.

Lrain (dB) = RLe (32)

Where g is de ned as:

R = K(Ro:01) (33)

Where k and are coe cients determined as a function of frequency shown in ITU-R P.838-3
[42].

Le(dB) = Levooz (34)

Where vg.01 is the vertical adjustment factor [37].

Coe cients, values and maps can be used to determine the speci c rain attenuation at a given
location on Earth and are summarised in Chapter 5 of [37]. For simplicity, values from the
'HUMSAT-D' CubeSat mission [38] have been found. Due to the similarity of frequency of op-
eration of 'HUMSAT-D' to WUSAT-4, these values are a good estimate for the rain attenuation

model.

Calculating cloud attenuation is shown in the ITU-R P.840-3. To avoid repetition, visit [43] for
more information. The general idea is that by assuming cloud and fog form of small droplets,
the Rayleigh approximation is valid for frequencies below 200 GHz allowing for an expression
in terms of water content per unit volume to be determined. The speci ¢ attenuation of cloud

and fog can be expressed and is identical to that of the attenuation of rain.

Scintillation losses are created by uctuations of the refractive index, caused by inhomogeneities
in the channel medium. E ects of scintillation are important for signals below 3 GHz and are

high when a communication link is established at a low elevation angle or at high latitudes [38].
Values for scintillation losses are gathered from the 'HUMSAT-D' CubeSat mission [38], which

utilises an identical frequency of operation.

Depointing Losses
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The radiation pattern of an antenna generally has a main lobe (can be slightly skewed or at
a perfect 0 angle from pointing direction) with subsequent fallouts either side of the main
lobe. Imperfect alignment of the transmitting and receiving antennas result in a depreciation
of the antenna gain with respect to the maximum gain on transmission and reception. These
depointing losses are a function of the angle of misalignment between the two antennas and the
3dB beamwidth [37].

Lr(dB)=12 T (35)
3dB
2
Lr(dB)=12 R (36)
3dB

The parameters in the equation above are represented and shown in Figure 31

Figure 31: Diagram of Antenna Misalignment

As the transmitting antenna used is omnidirectional, the depointing losses are expected to be
low. Although, the ground station is still yet to be determined, thus preventing an actual value

to be calculated. Therefore, an estimate must be used.

Faraday Rotation and Polarisation Loss

Polarisation mismatch is observed when the receiving antenna is not oriented with the polar-
isation of the received wave. A link with circular polarisation, the transmitted wave is only

circularly polarised on the axis of the antenna and can become elliptical o the axis. Propaga-
tion through the channel can also cause this e ect. A linearly polarised wave can be rotated o

its plane as it propagates through the atmosphere. Additionally, the receiving antenna may not
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have its plane of polarisation aligned with that of the incident wave. Due to the uncertainty of
ground station antenna polarisation, this is di cult to determine. Therefore, high polarisation
can be assumed for a worst case scenario - either when a circularly polarised antenna receives a

linearly polarised wave, or a linearly polarised antenna receives a circularly polarised wave [37].

Total Loss
A summary of the total losses considered are shown in Table 14. This data has been gathered

through calculation, empirical approximations and ight heritage data.

Communication Link Losses

Free Space Path Loss Varies with Satellite Elevation
Angle/ Distance from Horizon

Gaseous Attenuation 0.2 dB

Rain Attenuation 0.1dB

Cloud Attenuation 0.4 dB

Scintillation Losses 0.4 dB

De-pointing Losses 1dB

Faraday Rotation and Polari- | 3 dB

sation Losses

Table 14: WUSAT-4 Communication Link Sources of Loss

6.5.4 Ground Station Analysis

A comprehensive ground station analysis was conducted by the previous team [44], nding
possible systems to be used for the project. Their ndings are presented below.
Ground Station Components
Ground Station Name C3s Alen Dhruva ISIS-Space
Gain (dB) 23.8 10-25 16.3 15.5
Receiver Noise Figure (dB) 1 0.7-1 N/A 2.6
Pointing Accuracy ( ) <0.1 0.3 N/A <0.2

Table 15: WUSAT-4 Ground Station Analysis [44]

As the project progressed, potential collaboration with Warwick Aerospace has become appar-

ent. Their idea to design a ground station at the University of Warwick will allow WUSAT-4 to

utilise this. Therefore, actual ground station parameters cannot yet be determined as Warwick

Aerospace are in very early days into their ground station design. Therefore, an analysis into



using several ground stations is conducted, showing the performance of the WUSAT-4 commu-

nication link with di erent ground station parameters.

6.5.5 Interference

Due to the statistical and probabilistic e ects interference has on a communication link, it was
di cult to determine exactly how interference will alter the performance of the WUSAT-4 link
budget. Interference will come from a variety of sources such as neighbouring transmitters, EMI
of components, or variations in signal propagation around the receiver end. Therefore, it has
been advised by Professor Gan Zheng from the University of Warwick School of Engineering to
apply a safety margin to the signal to noise ratio throughout the communication channel. A

20% margin will be used, accounting for high potential interference during data transmission.

6.5.6 Results and Discussion

Using the parameters given in Tables 13, 14 and 16, results are obtained to assess the feasibility
of a communication link with various transmitter antenna and ground station parameters which

are shown and discussed below.

For context, the di erent coloured lines represent the transmitting antenna gains and are in-
dicated by the legend in the gure. Each separate group/bundle of dierent coloured lines
represents the di erent ground station antenna gains, with each bundle of 3 lines representing
one ground station antenna gain. For example, the three bottom-most lines represent a ground
station antenna gain of 5dB, the bottom-middle bundle represents a ground station antenna
gain of 10dB, the top-middle bundle represents a ground station antenna gain of 15dB, and the
top-most lines represents a ground station antenna gain of 20dB. These are also representative

of Figure 33 and 34.

Satellite Data

Transmitter Power (Pry) 1-2 W

Transmitter Antenna Gain ( Gty) 0dB, 1dB, 2dB
1, 1.26, 1.58

Ground Station Data

Receiver Antenna Gain Grx) 5dB, 10dB,, 15dB, 20dB
3.16, 10, 31.62, 100

Noise Figure/ Noise Temperature 2dB =170 K

Table 16: WUSAT-4 Satellite and Ground Station Data
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Figure 32 shows the carrier to noise ratio (CNR) of the communication link without accounting

for interference throughout the channel. The gure suggests that as either the transmitting

or ground station antenna gain increases, the signal to noise ratio of the communication link
increases. Consequently, higher antenna gains are preferred to be used to establish a good com-
munication link. Additionally, the signal to noise ratio of a given communication link varies with
distance between the satellite and ground station. The lowest CNR of the communication link

is 14.25dB when the distance between the satellite and ground station is 2532km (corresponding
to an elevation angle of 0), the transmitting antenna gain is 0dB, and ground station antenna

gain is 5dB.

Figure 32: CNR of Communication Link with Varying Transmitting and Receiving Antenna
Gain

Figure 33 shows the carrier to noise ratio (CNR) of the communication link when accounting for
interference throughout the channel. The general shape of the graph in Figures 32 and 33 are
identical, with the major di erent being the magnitude of the CNR at corresponding distances.
As previously discussed, interference has been taken into account by applying a 20% margin to
the CNR of the link because it is extremely di cult to determine without ight heritage data

or accurate empirical models. The lowest CNR of the communication link when accounting for

interference is 11.40dB which is taken as the worst case scenario.
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Figure 33: CNR of Communication Link with Varying Transmiting and Receiving Antenna with
20% Margin for Interference

Figure 34 shows the maximum theoretical data transmission rate dictated by the Shannon-
bound. Taking into account the worst case scenario, the maximum theoretical data rate that
can be achieved by the WUSAT-4 communication link is 44.75 kbits/s. Although, it must be
considered that the channel coding and modulation technique has not been implemented here.
Therefore, the actual data rate will be lower due to the symbol rate of the modulation type, as

well as the coding gain when a forward-error correction technique has been implemented.
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Figure 34: Maximum Theoretical Channel Capacity of Communication Link with 20% Margin
for Interference

Figure 9 in the trajectory analysis (Section 3) indicates that the minimum access time of a
given orbit is 7 minutes. Although, some of this access time is used for telecommand (TM) to
the satellite and thus the time for telemmetry (TM) is lower. It will be assumed that the TM
time is 5 minutes. Therefore the total amount of data transmitted in this given amount of time

is 1.67MB. Consequently, 3 orbits or ground station pass-overs are needed to send an image
of 5MB as per stakeholder requirement. However, as channel coding and modulation has not
yet been implemented to dictate the actual data transmission rate, it will be higher than this.

It is expected that a minimum of 5 orbits is required to transmit a 5MB image when channel
coding and modulation has been incorporated into the design. This meets the requirement of
the stakeholder; to be able to receive at least one image in 6 orbital periods, proving a successful

link can be established with an omnidirectional antenna operating in the UHF band.
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6.6 Progression to Phase C
6.6.1 Channel Coding and Modulation

This year signi cant progress has been made in Phase B showing the potential performance of
the WUSAT-4 communication link budget. Although not yet completed, the main two things to
consider are the channel coding and modulation technique. Some research has been conducted
on this topic but due to insu cient time, a nal decision could not be made. Therefore, this

will need to be decided before going into Phase C.

The main points to consider for this topic, through research conducted this year are as follows:

~

Channel coding and modulation technique should be chosen accordingly, to give a high
coding gain and spectral e ciency. The DVB-S2 modulation and coding system represents
a standard that is regularly used in satellite communications. Although it might not be

required to use, it provides a good understanding of how these two factors complement

one another.

Channel coding is useful for a communication link, to introduce/selectively adding redun-
dant bits to the data transmitted (redundancy), allowing for detection and correction of

bit errors and thus a more robust link to be established. The two main type of codes
are block codes and convolutional codes. Which type of code utilised for the WUSAT-4
link will require further research to be conducted on which code will best improve the link

performance. Simple methods of channel coding are available such as the Hamming code.

~

The bit error rate (BER) of di erent modulation techniques can di er. Therefore, the

BER of di erent modulation techniques should be analysed to see which is optimal.

Additionally, simulations can be carried out to further advance this topic. However, it is nec-
essary to point out that the SoE does not have a high level software capable of analysing the
performance of a satellite communication link, but Simulink may have packages that are able to

aid in this.

6.6.2 Open Points

Following the development of the communication system this year, there were some assumptions

made, or topics that required more time to be fully researched. These are mentioned below:

" Interference plays a large role in a communication link, but a de nite value could not be
calculated this year so a 20% margin was added instead. If possible use simulation, ight

heritage data, calculations or empirical methods to assess the possible interference the link
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will experience.

All the loss values used to calculate the link were gathered using reputable sources. How-
ever, if the ground station location and parameters are more known, these losses can be
speci cally calculated allowing for a more accurate representation of what the communi-

cation link will need to overcome throughout the channel.

It should be pointed out that the Endurosat trasceiver chosen only supports a limited
number of modulation techniques, such as 2GFSK, OOK, GMSK 2FSK, 4FSK and 4GFSK
- a mixture of choices based on Frequency Shift Keying (FSK), On-O Keying (OOK) and
Minimum Shift Keying (MSK).

The channel coding technique implemented directly relates to the complexity of algorithm
required. Therefore, simple techniques may be pre ered as complex algorithms are more

expensive to develop.
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7 EPS

7.1 Introduction

The EPS subsystem is responsible for generating, supplying and regulating power to the other
subsystems throughout its operation. Without ADCS, solar panels are unable to be deployed,
presenting complications with potential power generation. Although mounting solar panels to
each face of the CubeSat is feasible, it limits the amount of power generated throughout an orbit.
Thus it was deemed necessary for a 3U CubeSat to be designed instead of a 2U, increasing the
surface area for solar cell mounting. To assess whether the amount of power generation would
be su cient, an analysis into the power budget was conducted, and subsequently the power
consumption per operational phase relating to the WUSAT-4 CONOPS (see Section 2.4.3).

Some issues with solar panel mounting are addressed, with possible solutions also explored.

7.2 Review of 2022/23 Progress

The 2022/23 team made signi cant progress into the feasibility and preliminary design of the
EPS subsystem. MPPT was selected as the desirable choice of power distribution topology, so
that the voltage output of the solar array would always be set to the maximum possible value,

increasing the potential power generation of the system.

Additionally, work on power generation was conducted for a 2U con guration, but results seem
to be somewhat inaccurate. Therefore, it is necessary to do these calculations again. The
con guration and connection of the solar panels were designed last year. However, as mentioned
later in this report, a decision to move to a 3U chassis meant that the results and conclusion of
the initial 2U design are unusable, although these provided a good foundation for the progression

of the 3U design.

A preliminary power budget had been made but lacked detail and su cient safety margins.
Through all the analysis that had been conducted, a power conditioning and distribution unit
(PCDU) had been chosen as the ISIS-IEPS-A [45]. This PCDU incorporates an integrated bat-
tery and hardware based MPPT, simplifying the overall design of the subsystem. Additionally,

it provided all the necessary power buses to be able to supply the correct voltages and currents
to the other subsystems. Although, it was pointed out that a PCDU could be designed in-house

to minimise cost as well as the possibly reducing space taken up by the iEPS-A module.
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7.3 EPS Objectives

The power budget is vital to understanding the power requirements of the CubeSat. Therefore,

it is crucial to develop a detailed power budget, as well as the power consumption throughout
the operational phases of the satellite. Due to the potential of component changes as well
as changes to the payload size and thus power requirements, large safety margins should be
incorporated into the power budget, maximising the possibility of supplying su cient power to

all other subsystems.

As discussed later in this section, the potential power generation capabilities of WUSAT-4
were reevaluated and the decision to move to 3U was deemed necessary, not only by the EPS
subsystem but also Thermal and Structure and Mechanisms. Additionally, the change to 3U
requires a redesign of the solar panel con guration, altering the buck converter functionality
when stepping down the solar cell voltages and currents to the required values by the iEPS-A

module.

Last year, no work was carried out with regards to cabling and routing of power to the subsys-
tems. This presents a potential point of failure when it comes to integration and packaging, so

a preliminary analysis and design into cabling has been conducted.

7.4 Power Budget

To fully assess the power requirements of the CubeSat, a detailed power budget has been de-
veloped and is shown in Figure 35. The power budget comprises of all the subsystems requiring
power, with the main omission being the Structures subsystem. Although the Thermal subsys-
tem has no components yet, a space has been left in case of potential changes to the thermal
design. Currently, this has only been identi ed as potential need of coolers within the CubeSat.

A large safety margin has been introduced at 20%, for the case of unexpected major component
changes or minor addition of components to relevant subsystems. In summary, the highest power
consuming components are the FDSPP during its power pro le (when imaging takes place), and

the antenna during TX mode.
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Figure 35: WUSAT-4 Power Budget
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7.4.1 Power Budget per Phase

Subsequently, determining the power consumption throughout the operational phases are also
extremely important so a power budget per operational phase, related to the CONOPs, was
created and is shown in Figure 36. A further 20% margin is implemented here as advised by
one of our sponsors, Airbus, to challenge the power budget as extremely as possible. This is due
to being in an early phase of the project (Phase B), allowing for large margins in the case of

component malfunction and inadequate collected component data.

The duty cycle of a particular subsystem indicates the ratio of when that subsystem is on to when
itis 0. The main duty cycle component considered is the time on and o of the communication
system. Due to a half-duplex transceiver being used, receive mode (RX) and transmit mode
(TX) cannot be on simultaneously. Additionally, the possible access times had to be determined
to see the period of time where a communication link can be established by the satellite and
ground station. Thus, an orbital analysis was conducted, and is presented in Section 3. Some
assumptions had to be made here to determine the duty cycle of certain subsystems when in

relevant phases, including:

" All operational phases except 'Launch’, 'Deploy and Detumble' (45 minutes), and 'Imaging’

(30 minutes), use a 90 minute orbit for duty cycle calculations.

The access times used to determine the time for establishing a link and the ground station
is taken from Figure 9, and the value 8.4 minutes is used. Although this is not the same
access time used in Section 6.5.6 to verify the communication link performance, this value

indicates the longest period a link is established thus the most power consuming.

Since the transceiver used is half-duplex (RX and TX cannot be simultaneously on), RX
is assumed to be active for 2 minutes, and TX is assumed to be active for 6.4 minutes of

the 8.4 minute total access time

These assumptions allow for the power consumption in certain phases to be calculated, shown in
Watt-hours (W-hr), to acquire the necessary values for required battery state of charge (SOC)
before being able to enter that particular phase. Additionally, the potential power generation
capabilities will be compared to this to ensure su cient power is generated to support the

CubeSat during its mission.
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Figure 36: WUSAT-4 Power Budget per Operational Phase
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7.5 Solar Array Con guration Analysis

Methods of connecting solar panels together alter the performance of the solar array. Therefore,
it is crucial to design their con guration appropriately taking into consideration the required

input voltage and current into the iIEPS-A module.

Generally, solar panels are connected in series or parallel to either increase the voltages and
currents respectively, of the given solar array. Series panels of the same current rating should be
connected. If the current is di erent the e ciency of the series connection degrades signi cantly

- the smallest current in series is taken as the output of the solar array. Parallel panels of the
same voltage rating should be connected. If the voltage is di erent the e ciency of the parallel
connection degrades signi cantly - the smallest voltage in parallel is taken as the output of the

solar array.

Shown below are the possible con gurations of solar panels, utilising the DHV-Technology 1U
and 3U solar panels [19]. Essentially, due to the assembly of a 3U panel, these are preferred
as they include an extra solar cell compared to 3 1U panels on an X/Y face of the CubeSat,

improving the e ective surface area of solar cell coverage.

7.5.1 Con guration 1

This solar panel con guration incorporates 2 panels of the same type connected in series (either
1U or 3U), with 3 of these pairs connected in parallel as shown in Figure 37. Note that 4 of

these are 3U for the X/Y faces and 2 of these are 1U for the Z faces of the CubeSat.

For the series connections, we combine the voltages of each solar panel while the currents in each
branch stay the same. Therefore, from left to right in Figure 37, the current and voltage for each
branch are 33.6V@0.5A, 33.6V@0.5A and 9.6V@O0.5A. For the parallel connection of these set
of values, combine the currents from each branch. Overall, the lowest voltage from any branch
will dictate the output voltage of the solar array, and the summation of each current branch will
dictate the output current of the solar array. Therefore, the output of the solar array for this

con guration is 9.6V@1.5A.
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Figure 37: Solar Panel Con guration 1

7.5.2 Con guration 2

This solar panel con guration incorporates the 3U panels in a 2x2 con guration (a parallel
connection of 2 series solar panels) as shown in Figure 38. Note that these are all 3U panels to
be mounted on the X/Y faces of the CubeSat. This method was considered as mounting solar
panels on the Z face of the CubeSat presents issues when attaching a solar panel on top of the

antenna. This is discussed in Section 7.6.

The same procedure is undertaken as for Con guration 1 to determine the output voltage and

currents of the solar array. The output of the solar array for Con guration 2 is 33.6V@1.0A.
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Figure 38: Solar Panel Con guration 2

7.5.3 Con guration 3

This solar panel con guration incorporates 2 3U panels and 1 1U panel connected in series, with
an identical branch connected in parallel as shown in Figure 37. Note that 4 of these are 3U for
the X/Y faces and 2 of these are 1U for the Z faces of the CubeSat. Although the same number
of panels and types are used compared to Con guration 1, the way they are aligned will change

the output of the solar array.

The same procedure is undertaken as for Con guration 1 to determine the output voltage and

currents of the solar array. The output of the solar array for Con guration 3 is 38.4V@1.0A.
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Figure 39: Solar Panel Con guration 3

7.5.4 Con guration 4

This con guration incorporates 14 1U solar panels in a 2x7 layout (2 series panels, with 7
identical parallel connections of the series branch). This analysis has been considered to analyse

the bene ts of upgrading to 3U when utilising the same components as a 2U structure.

The same procedure is undertaken as for Con guration 1 to determine the output voltage and

currents of the solar array.. The current and voltage output of Con guration 4 is 9.6V@3.5A.
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7.5.5 Discussion and Decision of Con gurations

A summary of all the results are presented below in Table 17.

Solar Panel Con guration Summary
Con guration 1 2 3 4
Max. Output Voltage (V) 9.6 33.6 38.4 9.6
Max. Output Current (A) 15 1.0 1.0 3.5
Max. Output Power (W) 14.4 33.6 38.4 33.6

Table 17: WUSAT-4 Solar Panel Con guration Summary

The values in Table 17 show that Con guration 1 does not fully utilise the potential maximum
power output of the solar array, mainly due to the mismatch in solar panel type in the parallel
connection. Consequently, there is a loss of installed potential power which makes this con g-
uration impractical for use. Con guration 2 and 4 are able to achieve the identical maximum
power output of the solar arrays. Although since Con guration 2 does not utilise the use of
the Z faces of the CubeSat, it may undergo potential issues when generating power due to the
lack of control and pointing of the CubeSat - the Z faces of the CubeSat may get radiated the
most due to the "barbeque"” e ect of a long cylindrical object in orbit. To accommodate for
this, it was necessary to install solar panels on all of the surfaces of the CubeSat. Therefore,
Con guration 3 is the best option as it incorporates solar panels on all faces, as well as utilising
the 3U solar panels which have 1 extra solar cell on each X/Y face compared to installing 3 1U

panels.

7.6 Solar Panel Mounting Issues

As mentioned in the previous section, Con guration 3 was chosen requiring all surfaces of the
CubeSat to be covered in solar panels. Through the concurrent engineering approach WUSAT-4
takes on, discussion with the Structures and Mechanism sub-team pointed out potential issues
with mounting of the solar panel on top of the antenna, mainly due to exceeded component
protrusion height and lack of space for cable routing to the solar panel connectors. See Section
8.7.2 and 8.7.3 for more detail. Additionally, the FYS requirement of requiring an access panel
adds to this concern. To be able to e ectively reach all components, a 3U solar panel is required

to be removable within certain criteria.
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7.6.1 Solution 1: Employing di erent Z-axis Solar Panels

One solution to overcoming this problem is to change the solar panel employed on the Z face
of the CubeSat. A viable option is to use the Endurosat 1U Z Solar Panel [46], as this is
compatible with the choice of antenna. Endurosat o ers a version of the antenna used in the
WUSAT-4 communication system with an integrated solar panel, preventing the mounting and

cable routing issue from arising.

Although, implementing solar panels from a manufacturer may incur potential problems. As
solar panel Con guration 3 is used, the 1U panels are to be connected in series to 2 3U solar
panels. Generally for solar arrays, components mounted in series are required to have the same
current rating ensuring the minimal potential loss in wattage. However, the Endurosat 1U Solar
Panel Z datasheet [46] shows very similar electrical properties to that of the DHV-Technology
Solar Panels [19]. Consequently, this is deemed a viable option to prevent the mounting and
cable routing issue of the Z solar panels. Although, to fully determine whether this is feasible,

it is advised to purchase the two di erent solar panels and see whether the series connection

provides the expected output current and voltages from theory.

7.6.2 Solution 2: Employing Di erent Antenna

Another solution is to use a di erent antenna. Some research indicated that the ISIS-Space 1U
Antenna System [47] is a viable option to overcome the issue, but also maintaining the antenna

parameters required to establish a successful communication link.

The ISIS-Space 1U Antenna System mounting locations coincide with the screw holes for the
DHV-Technology solar panel. Additionally, this antenna system has a removable top-plate cover
designed to accept di erent solar panels with standardised dimensions. Furthermore, this module
has a 'gap' in the middle, providing space for cable routing to the solar panel as shown in Figure
40. However to assess whether this option is feasible, it would be necessary to purchase the
antenna system module and test whether the removal of the top plate will prevent the antenna

system from working optimally.

83






	Introduction
	Project Overview
	Project Aim and Scope
	Concurrent Engineering Framework
	Subsystems

	Overview of 2022/2023 progress
	Payload Overview
	Industry Collaboration
	Airbus Defence and Space
	ESA
	Space Park Leicester, University of Exeter and University of Nottingham

	Link to Teams Portfolio

	Systems Engineering
	Introduction
	Review of 2022/23 Progress
	Subsystem Objectives
	Subsystem Outputs
	Requirements Management
	Budget Development and Management
	CONOPS
	System-Level Architecture
	ICD
	FMEA
	Trade-off Analysis
	Planning for PDR

	Subsystem Open Points
	Recommendations for Phase C

	Trajectory Analysis
	Introduction
	Review of 2022/23 Progress
	Methodology
	Results and Discussion
	Open points

	Orientation Analysis
	Introduction
	Review of 2022/23 Progress
	Orientation Objectives
	Orientation Model
	Results
	Discussion
	Open Points

	OBDH
	Introduction
	Review of 2022/23 Progress
	OBDH Objectives
	Hardware Development
	MCU Discussion
	IC Discussion
	Passive Components Discussion
	Connectors Discussion
	General Hardware Design

	Software Development
	State Diagram
	Source Encoding Discussion

	Open Points

	Communications
	Introduction
	Review of 2022/23 Progress
	Communications Objectives
	Overview of Current Design
	Link Budget Analysis
	Link Budget Theory
	Satellite Range
	Sources of Losses
	Ground Station Analysis
	Interference
	Results and Discussion

	Progression to Phase C
	Channel Coding and Modulation
	Open Points


	EPS
	Introduction
	Review of 2022/23 Progress
	EPS Objectives
	Power Budget
	Power Budget per Phase

	Solar Array Configuration Analysis
	Configuration 1
	Configuration 2
	Configuration 3
	Configuration 4
	Discussion and Decision of Configurations

	Solar Panel Mounting Issues
	Solution 1: Employing different Z-axis Solar Panels
	Solution 2: Employing Different Antenna

	Power Generation
	MPPT
	Buck Converter

	Connectors, Cabling and Routing
	Progression to Phase C
	Open Points

	Structure and Mechanisms
	Introduction
	Review of 2022/23 Progress
	Subsystem Requirements and Objectives
	Literature Review
	Previous Launch Configurations
	Previous CubeSat Projects

	Preliminary Technical Work
	Materials Selection
	Fasteners Selection

	Assessment of 2U to 3U Structural Changes
	Development of Structural Components
	Preface
	Rails
	Cross-Members

	Development of Component Mounting
	Preface
	Rail-Based Mounting
	Cross-Member-Based Mounting

	Progression to Phase C
	Open Points

	Thermal
	Introduction
	Review of 2022/23 Progress
	Thermal Objectives
	Preliminary 2U Calculations
	Steady-State Calculations
	Thermal Model Analysis

	Preliminary 2U Design
	Design Overview
	Design Analysis
	Steady-State Response
	Material Analysis
	Transient Response

	Preliminary 3U Calculations
	Steady-State Calculations
	Thermal Model Analysis

	Preliminary 3U Design Overview
	Progression to Phase C
	Open Points

	Conclusion
	Subsystem Outputs
	Learning Outcome Evaluation
	Conclusions

	References
	Appendices
	System Level Architecture
	OBC Code, Schematics and Engineering Drawings
	Cross-Members and Rail-Based Component Mounting
	Cross-Member Based Mounting 

