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Abstract

This project aimed to look at the aspects of designing a first iteration of a CubeSat,
housing a biological payload. Overall a model was created, which adheres to all laid out
requirements and system budgets. Though the project was successful there were many
questions laid out at the end as to whether the design is optimal, as such it is left to the
next WUSAT team to further refine the design.
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1 Introduction

CubeSats are a class of nanosatellite that are built to standard sizes and form factors,
known as units (U), and can range from 1U to 12U [5]. They are developed by two profes-
sors, Prof. Jordi Puig-Suari from California Polytechnic State University, and Prof. Bob
Twiggs at Stanford University [6]. CubeSats are typically own as a secondary payload
of other planned missions [1]. To interface between the Launch Vehicle of the mission
and the CubeSat, a CubeSat dispenser known as Poly Picosatellite Orbital Deployer (P-
POD) is used [6]. All the above means a reduction in cost and development time, making
CubeSat more accessible to university students and amateurs. As of mid-2018, more than
2100 CubeSats and nanosatellites have been launched, and the team aims to do the same
with the WUSAT-4 project [7].

All design features and justi cation of the WUSAT-4 preliminary design are detailed
in this design portfolio. The portfolio is divided into subsystems, namely; Systems En-
gineering, Onboard Computer, Electrical Power Supply, Communications, and Chassis
Design. This report will outline evidence of design work carried out by the team, and
highlight the deliverables produced during the year.

1.1 Scope

This project aims to work with Space Park Leicester (SPL) to support their payload of
a biological experiment or Fluorescent Deep Space Petri-Pod (FDSPP), as it is launched
into low earth orbit (LEO). The main mission of the FDSPP is to take images of the
specimens held inside and transmit them back to earth. The WUSAT team aims to
aid in this endeavour through the use of a CubeSat, thus being able to provide power
and communication capabilities to the FDSPP. Utilising the lessons learned from past
WUSAT teams, WUSAT-4 (COCOONSat) will help take another step towards human
space travel.



1.2 Collaboration with Industrial Partners

Throughout the duration of the WUSAT-4 project, the team maintained close collabora-
tion with various industrial partners and organisations. These are essential to the progress
made to the project and they will be discussed in further details in this section.

1.3 Space Park Leicester (SPL) and University of Exeter (UoE)

The aim of the WUSAT-4 project is to integrate and launch a biological experimental
payload, known as the Fluorescent Deep Space Petri Pod (FDSPP). FDSPP is the primary
payload of the WUSAT-4 project and it is co-developed by Space Park Leicester and the
University of Exeter. Therefore, throughout the project, the team has liaised and worked
closely with both SPL and UoE to ensure a smooth integration of the payload into the
designed CubeSat chassis.

For example, review meetings were conducted with the responsible engineers from SPL
and UoE understand the payload requirements, which includes:

A

Power consumptions

~ Communication requirements

" Onboard data handling requirements

" Thermal requirements

" Ensuring dimensions of the FDSPP envelop is compatible with the designed CubeSat

The team also presented design and progress updates to SPL and UoOE representatives
during review meetings and raise any concerns or issues regarding to payload integration.
Moreover, the WUSAT team conducted a day visit to Space Park Leicester meet with
the SPL engineer who is working on the project. This visit was essential as it allowed the
team to observe the physical model of the payload (FDSPP). This improved the team's
physical understanding of the payload, and how it can be integrated into the chassis. An
image of the physical FDSPP model is shown in Figure 1 below. During the visit to
SPL, the WUSAT-4 team also presented the progress made on the satellite design to SPL
engineers, and the following topics were discussed:

" WUSAT-4 systems engineer conducted a review of requirements and concepts of
operations

" WUSAT-4 mechanical engineers presented CAD model of the existing design, ad-
dressed any potential interfacing issues. Ensure compatibility of dimensions between
the payload and chassis.

" Discussion on data handling methods, including requirements for image transmission
and housekeeping data.

SPL engineers provided feedback and technical support for the team to work on and
pointed out potential areas for improvement. This was bene cial as the team was able
to focus on areas that requires further work and queries regarding the payload were also
answered. The team was also able to gain industrial knowledge through SPL engineers,
which was extremely valuable to the team as this is not readily accessible through uni-
versity studies.



Figure 1.1: Image of the physical model of the FDSPP

1.4 Airbus Defence and Space

The WUSAT-4 team also worked closely with Airbus Defence and Space throughout the
duration of the project, engineers from Airbus provided technical support to work of the
team. For example, Airbus engineers reviewed design work completed by the WUSAT-4
team such as the link analysis and project requirements. Feedbacks were provided to the
WUSAT-4 team by Airbus, allowing the team to improve on the quality of work completed,
ensuring that it is technically accurate, and is compliant to industrial practices. The team
also conducted fortnightly progress meetings, where updates and progress made were
presented to the project supervisor (Dr Bill Croft), also raising any technical problems
faced. These meetings were attended by Airbus engineers, again providing the team with
technical support and industrial expertise. In November 2022, the team also conducted
a site visit to the Airbus and Defence and Space located in Stevenage, UK, as shown
in Figure 2. During the visit, the team visited testing and assembly facilities used for
satellite production, such as clean room and thermal vacuum testing chambers. The team
also presented the WUSAT-4 project to various Airbus engineers and received feedbacks.
Most importantly, the team participated in a system engineering workshop, where the
team was required to design a satellite using commercial o the shelf (COTS) products
based on mission requirements set by Airbus. This was bene cial as the team gained
experience and knowledge in using COTS products for CubeSat satellite design process,
which can be directly applied to the WUSAT-4 project. Finally, the team also attended a
lecture on thermal modelling presented by an Airbus thermal modelling specialist. This
was again advantageous to the team as the knowledge gained in this area was applied
when conducting thermal analysis during the design process.

1.5 European Space Agency (ESA) N

In February, 4 members of the WUSAT-4 team attended ESA's weeklong CubeSat Con-
current Engineering Workshop 2023, held in Belgium. Throughout the workshop, WUSAT
members worked under time pressure in di erent subsystem teams along with other uni-
versity students to design a CubeSat mission. The mission was a technology demonstra-
tion for close proximity active debris removal in low earth orbit. This was achieved by



Figure 1.2: WUSAT Team Members at Airbus

designing two 12U CubeSats, a chaser satellite and a target satellite, to demonstrate how
the target can be captured by the chaser. Throughout the design process, WUSAT-4
members worked in a concurrent engineering environment, in di erent subsystem teams,
namely con guration, communication, thermal, and power systems. Team members work
collaboratively to resolve design issues and developed di erent subsystems of the satellite
simultaneously which ful lled the mission requirements. The knowledge and experience
gained through this workshop was applied to the WUSAT-4 project.

As shown in Figure 3, the team also had the opportunity to present the WUSAT-4
project to ESA engineers during the workshop to receive feedback.

Team members also attended lectures on various topics related to CubeSat engineering,
these are listed as follows:

" Concurrent Engineering methodologies

" Reliability, Availability, Maintainability and Safety (RAMS) Engineering. Relevant
RAMs tools such as Failure Mode E ect Analysis (FMEA); Fault, Detection, Isola-
tion, Recovery (FDIR) Analysis; and Hardware and Software Interaction Analysis
(HSIA)

CubeSat Architectures and Technologies

" Fly Your satellite (FYS) Programme

The knowledge gained in these lectures were applied to this project when conducting risk
analysis and mitigation for the WUSAT-4 mission. The team also gained understanding
of the FYS programme which would allow the team to better prepare for the upcoming
application to be accepted onto the programme, further advancing the chance of launching
the WUSAT-4 satellite with the support of ESA.

1.6 UK Launch Services Limited (UKLSL)

As detailed in the week 10 project brief, the original plan of the WUSAT-4 project was to
integrate and launch two experimental payloads. Firstly, the FDSPP developed by Space
Park Leicester and University of Exeter. Secondly, the BEAP (Beacon for Evaluation of

4



Figure 1.3: Team members presenting the WUSAT-4 project

Attitude and Position) developed by the UK Launch Services Limited. However, after
further communication with UKLSL, it was discovered that the technology readiness
level of BEAP is not advanced enough to be incorporated into the WUSAT-4 satellite.
Therefore, it was decided by the team that the FDSPP will be the only payload integrated
of the WUSAT-4 project.



2 Design Overview

As per the classical approach to system design the problem should rst be fully speci ed.
For this mission the main considerations include the CubeSat Design Speci cation (CDS)
[6], the NanoRacks CubeSat Deployer Interface De nition Document (NRCSD IDD) [8]
and the Fluorescent Deep Space Petri-Pod (FDSPP) datasheet, "Design Portfolio Sub-
mission - 6.FDSPP - FDSPP Data Sheet Summary (005).pdf". From each of these sources
requirements need to be derived to ensure that the CubeSat adheres to both ESA and
NanoRacks launchers, thus it can be placed on most launch vehicles.

For clarity in the listing and use of requirements, the following sections were used:

N

Mode, describes the general state the satellite is in where only speci ¢ functions are
performed.

Subsystem, describes the relevant parts needed to adhere to this requirement.

Tags, describes any of the teams which need to know about the requirement, allowing
for easier sorting.

Source, describes where the requirement came from.

Requirement Number, used to specify the requirement uniquely.

Related Requirements, lists any requirements with similar content.

Comments, states any notes to clarify the requirement.

Requirement, an express statement which describes the need for the mission.
Justi cation, describes why the requirement is needed.

Veri cation Method, explains a method to ensure the requirement has been met.

These sections easily allow for traceability of where a requirement came from and
simple sorting using the in-built excel ltering feature. This better helps other groups
only read sections relevant to them, and not waste time by reading every requirement.
The full requirements table can be seen in "Design Portfolio Submission - 9.Subsystems -
9.6 Systems Engineering - Project Requirements-221109 WUSAT-4 Requirements.x{sx"

From the documentation, the CDS and NRCSD IDD requirements were explicitly
stated, though only the potentially relevant requirements towards this mission were chosen
to be added to the table.



Table 2.1: Section of the Requirements Document

The FDSPP requirements were inferred through the datasheet and discussion with
members of Space Park Leicester (SPL). A section of the requirements can be seen in
Table 2.1, illustrating some of the most in uential requirements imposed on the mission.

Additionally, a requirement from the Internation Telecommunication Union (ITU)
stating bandwidth limitations was also included as this body will be used to licence a
frequency, thus it must also be considered.

Once the requirements were de ned a requirements review was done with SPL and each
requirement was con rmed and checked with them to ensure they met their expectations.

2.1 Concept of Operations (CONOPS)

Utilising the requirements laid out in "Design Portfolio Submission - 9.Subsystems - 9.6
Systems Engineering - Project Requirements - 221109 WUSAT-4 Requirements.xIsx" an
idea of the phases that will be used for the mission can be devised.

Pre-Launch Phase This is the point before the satellite is launched, allowing for various
inspections to be done to ensure it adheres to any requirements speci ed. All functions
of the satellite will be usable during this phase.

Launch Phase When launched the satellite will have all powered systems o and not
be communicating with the ground. When being deployed it should utilise a deployment
mechanism to separate from other CubeSats.

Early Operations Phase After deployment, the satellite will begin orbiting the
earth, where it will engage its solar panels, processor, and heater, and then deploy the
antenna. The passive hysteresis system will start detumbling the satellite. At this point,

a connection should be established to the ground station.

Commissioning Phase Once the ground station has been communicated with the
payload will be commissioned and general housekeeping data should be sent to the ground
station.



Processing Phase Once the payload has nished its operation an image will be
requested from it, either at a specic time or the midpoint and either high or low reso-
lution. This image will then be packaged and prepared to be transmitted. Whilst this is
happening housekeeping data will be sent to the ground station.

Additionally, the On-Board Computer (OBC) will process any stored unhandled telecom-
mands at this point.

Transmit Phase The packeted image data will then be sent, along with housekeeping
data to the ground station, upon the next successful heartbeat signal.

Receive Phase After 400s of transmission, the transceiver will begin receiving signals
and thus send any sent telecommands to the OBC to be stored.

End-Of-Life (EOL) Phase At the end of the mission, the CubeSat will receive the
“Kill Command' to kill the worms. After sending back images of this it will deplete its
batteries and then fall back to earth within 5 years.

Safe Mode In the case of an emergency, or unexpected operation the telecommand to
enter Safe Mode can be sent. Whilst in this mode the payload will be placed in standby,
though housekeeping data and telecommands will still be sent and received.

These nine modes make up the method to perform, they are visualised in Appendix
F.

Figure 2.1: Phase Transition Diagram



When put together the links between them can be seen in the Phase Flow Diagram in
Fig ??.

The transition between the Launch Phase and Early Operations Phase, of 45 minutes,
was chosen due to the CDS requirement number 2.4.5 of zero transmission or generation
of a signal earlier than 45 minutes after on-orbit deployment.

To move from the Early Operations Phase to Commissioning Phase initial contact
with the ground station was chosen as the cause. From [9] it can be seen that most
CubeSat missions failed due to lack of contact, to mitigate this the rst contact will be
mission-critical to ensure it occurs. Additionally without commissioning the payload the
chance of error, from other systems is reduced.

After commissioning is nished the satellite waits for the payload to nish its 30-
minute procedure. The end of this procedure is thus the start of the processing phase.
As there could be several orbits without access, after processing the images, transmission
should not begin until a connection is established. This acts to also not waste energy
transmitting into empty space.

The access time for the satellite is dependent on its orbit, thus it must be calcu-
lated accordingly. For the assumed orbit, stated later in the Trajectory Analysis section,
this came to a mean time of 440s (including margin), thus 400s of this time is used for
transmission.

Similarly, the receive time is de ned by the access time of the satellite and uses the
remaining time of 40s. As after the receive phase there could be a telecommand needed
to be processed the processing phase is entered, after receiving telecommands. The Safe
Mode is entered after the "Safe Mode' command is received and only exited after the
"Normal Mode' command is received.

2.2 User Diagram

Utilising the ideas presented in the requirements, CONOPS and phase transitions a user
diagram can be created to show how each "actor' or user of the system can interact with
the satellite. This is illustrated in Fig 2.2.

From the top of the diagram: the ground station can send a command, "Safe Mode',
which would cause a transition into the Safe Mode Phase. In this case, the payload would
receive a StandBy' command from the OBC.

Once the Safe Mode has been entered, sending a command "Normal Mode' would
cause the satellite to enter the commissioning phase. Thus, the payload would receive a
"Normal' command from the OBC.

The ground station can also send a command “Kill Worms', which causes the payload
to receive the same command from the OBC. This causes the OBC to terminate the
worms and thus the satellite would move to the end-of-life (EOL) phase.

Additionally, the ground station can send a command "Send High/Low Resolution
Picture at xx:xx:xx'. Where high or low is chosen and indicates the image resolution of
4608x2592 or 256x256 respectively. "xx:xx:xx' indicates a timestamp for a point during
the mission. This command is sent to the payload, from the OBC, and causes the image at
that time to be sent to be stored and then processed in OBC. After it will be transmitted.

During the Early Operation phase, the ground station needs to be able to receive a
connection from the satellite if it is lost for a longer period of time. If a heartbeat signal is
picked up from the satellite a connection needs to be established where the housekeeping
data of the satellite and payload is sent to ensure correct operation.

For the payload, it needs to be able to send housekeeping and picture data to the OBC
computer both automatically and by request.



Figure 2.2: Phase Transition Diagram

An extended version of Fig 2.2 can be found in G, which further describes the e ects
of each of the actor's actions.

2.3 System Level Architecture

Having now devised the need for the system, the users, and the modes of operation a
diagram of subsystems can be created. The full diagram can be seen in H, though the
general overview will be discussed here. As more was known about each subsystem and
its interconnections, more information was added.

The main subsystem is the payload, as it contains the biological experiment. This can
both send and receive data from the On-Board Computer (OBC). It also requires power
from the Electrical Power System (EPS), used to power its Raspberry Pis and the heaters.

The OBC receives, stores and processes images into packets. The OBC also receives
commands and sends telemetry data to the transceiver. Similarly, it sends commands and
receives images and housekeeping data from the payload. It also receives housekeeping
data from the EPS.

The EPS provides power to other subsystems within the satellite, which are the pay-
load, OBC, communications system and thermal system. It also sends temperature sensor
readings and battery charge states to the OBC.

The Communication System is used to communicate with the ground station, con-
sisting of the transceiver and antenna. It uses packeted data sent to it by the OBC and
sends this out, in the form of a radio frequency (RF) wave, to the ground station. It also
receives telecommands from the ground station, sending these to the OBC for processing.

The Ground Station receives RF waves from the satellite, these contain modulated
information about the housekeeping and packeted image data.
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The Thermal System acts to ensure the satellite maintains an operating temperature,
only requiring power from the EPS.

The Attitude Determination and Control System (ADCS) acts to prevent the satellite
from spinning violently upon launch. The use of a passive hysteresis rod achieves this by
aligning the satellite with the earth's magnetic eld. This subsystem does not require any
inputs, as it is passive.

Excluded from this diagram is the Chassis, as it encloses the whole system, though
it should still be considered as it must adhere to all the requirements laid out above. It
does not require any data or power, though must be physically connected to each system.



3 Trajectory Analysis

Understanding the dynamics of the satellite whilst in orbit is pivotal. If the orbit of the
satellite cannot be predicted devising whether a connection can be established between
the ground station and the satellite is impossible.

Looking at the worst-case scenario the expected orbit height will be 600km, taken
from data on the Exolaunch website, [10] . Thus, the characteristics of an orbit can be
calculated, using this height.

3.1 Parameter De nitions

The semimajor axis is de ned as the largest distance from the centre of the orbit. In this
case, it would be the earth's radius add 600km.

Eccentricity de nes a measure of how elliptical the orbit is, calculated as the division
of the distance from the centre to foci divided by the length of the semimajor axis. In
this case, the orbit is assumed to be circular, thus the value is very small.

The inclination is an angle, comparing the orbit path to a plane through the earth's
equator. An assumption is made that a ground station would be constructed at the
University of Warwick, to allow communication. This is assumed as it could be feasibly
constructed during a future project, as opposed to other ground stations which access
would be less certain. Thus, a large inclination is required to pass over the ground
station.

The Right Ascension of the Ascending Node (RAAN), as the orbit is a geocentric
orbit de ned as the Longitude of the Ascending Node. Thus, this value is de ned as the
starting longitude of the satellite.

Table 3.1: Assumed Parameters for Trajectory Calculation

3.2 Structure and Mission De nitions

To model the orbit of the satellite the, Satellite Communications Toolbox on MATLAB
was used, this provided precise enough information for a rst iteration estimate.

The ground station was modelled as an isotropic antenna placed on the Engineering
Building within the University of Warwick. This has an estimated altitude of 930 meters
above sea level. This is shown in Fig 3.1.

The satellite antenna is modelled according to speci cations from the Communications
subsystem. The main parameter was a maximum viewing angle of 157.25 degrees.

A start time of 1st March 2023 at 12:00:00 and a stop time of 1st June 2023 at 12:00:00
was used. This simulates a three-month-long mission, as this is expected to be enough
time to nish the mission, though this length is heavily subject to change.



Figure 3.1: Ground Station Location

3.3 Simulation

Figure 3.2: Predicted Trajectory of Satellite Compared to Ground Station Location

Utilising the MATLAB code speci ed in | the simulation was run. The result can be
seen in Fig??. The solid yellow line represents the past orbit of the satellite, and the
dotted yellow line the future orbit of the satellite. The pink circle represents the eld
of view of the transmitter and the dotted red line is the connection between the ground
station and the satellite.

Having run the simulation 3.3, showing a section of the access summary of the satellite,
was calculated. The duration is de ned by when the time when the ground station comes
into range of the satellite, and then exits the range. This result shows that the duration
of the access time varies dramatically between each orbit.

Table 3.2: Mean and Total Access Time Over 3 Month Period

From the mission each duration of access was recorded, and the total access time was
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Figure 3.3: MATLAB Access Time Variable

calculated. Over the three months, this gave a total, mean and minimum access time
shown in Table 3.2. It should be noted that the simulation predicts the longest time
with no contact with the ground station to be 38760s, which should be considered before
commissioning the payload if the next predicted orbit has this large gap.

3.4 Analysis

Figure 3.4: Access Time Frequency

Using the results from the simulation, the access times can be seen in Fig 3.4. On
average there are many more longer access times, which would allow larger quantities of
data to be transferred. This brings to question as to the length of the transmit period
being a set time of 400s, if a longer period could be used many more images could be
sent.

Table 3.3: Calculations for Number of Sent Images

Using the assumptions that the data rate of 19.6 kbps can be established, taken from
the communication system, a low-resolution image is de ned as 65536 bits and a high
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resolution as 12 Mbits. Using these assumptions Table 3.3 was created. It can be seen
that many low-resolution images can be sent, though few high resolutions images. This
suggests that a large amount of compression may be needed, or cropping, to reduce the
high-quality image size in order to make it more feasible for transmission.

3.5 Conclusion

This inspection into the expected worst-case orbit has shown that communication of a
ground station based atop the School of Engineering building in the University of Warwick
provides enough access time for the orbit. Additionally, it shows that a UHF antenna is
suitable for connection in this range. Questions should be taken to the payload as to the
resolution and size of the images, as to whether they can be reduced in size, in order to
provide a better outcome of the satellite mission.



4 Telemetry Data

Telemetry data for this mission can be split up into two sections, housekeeping data and
payload image data. Looking at the sensors within di erent subsystems an estimate for
the size of housekeeping data can be established.

" Solar Temperature Sensor { 32bit at 0.2 Hz
" Battery Capacity { 32bit at 0.2 Hz

" Payload Status { 1 Kbit at 0.2 Hz

" IMU Readings { 32 bit at 1 Hz

This gives a total of 244.8 bits generated per second.
Considering the data generated by the FDSPP camera and image is assumed to be taken
at a low resolution and a high resolution. Looking at [11], the high resolution would
4608x2592 pixels and from suggestions by SPL the low would be 256x256 pixels. This
generates images of 12Mbits and 65.5Kbits. Only a small number of photos would be
taken whilst the payload is in operation.
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5 Attitude Control Y

At the very start of the WUSAT-4 project it was decided that the use of Attitude con-
trol should be avoided. Attitude control systems tend to be complicated and require a
lot of technical expertise to get right. As a team of undergraduate students, it would
be a very di cult task to design an attitude control system for the WUSAT-4 CubeSat.
Furthermore, the WUSAT-3 mission was discontinued mainly due to unsurmountable dif-
culties arising from the design and development of the attitude control system. However,
a satellite which has no attitude control system whatsoever has nothing stopping it from
tumbling out of control. Large angular velocities would cause internal forces within the
satellite. The forces arising from spinning might have a negative e ect on the biological
payload of the WUSAT-4 mission. There are many possible ways in which uncontrolled
tumbling could negatively a ect the WUSAT-4 CubeSat. As such, it is the duty of the
engineers designing the CubeSat to do due diligence on whether it is safe and appropriate
for the CubeSat to have no attitude control system. To begin with, it should be estab-
lished what angular velocities the CubeSat can be expected to be subject to during its
operation. The highest angular velocity will most likely be immediately after ejection
from the launch vehicle, as the spring release mechanism will impart momentum upon
the CubeSat. The other event during the satellite mission which could cause the satellite
to spin is if an antenna (like a turnstile antenna) has to be extended. Focusing on post-
ejection angular velocities, Ahmed Khan et al. [12] estimate that a 2U CubeSat that had
just been launched from a launch vehicle could have an indicative angular acceleration of
around 1.2 rad/s. Similarly, Tumisang Ramodimo et al. [13] use 0.8 rad/s around each
axis as an estimate for the 2U CubeSat in their simulations. Alternatively, the Aalborg
University CubeSat team { one of the rst teams to ever launch a CubeSat { estimated a
maximum angular velocity of 0.1 rad/s for their 1U CubeSat [14]. Based on these sources,
it will be assumed that the WUSAT-4 CubeSat will not have an initial angular velocity

of more than 2 rad/s. Thus, it should be established what internal forces this angular
velocity could create within the CubeSat.

5.1 Methods for e ecting attitude control

Attitude control systems can be split into two broad categories, active attitude control
and passive attitude control. Generally speaking, active attitude control requires an input
of energy from the satellite in order for it to function, whereas passive control systems
do not. As such, active attitude control comes along with a host of extra requirements;
it must be paired with sensor data and a controller in order to operate. This also implies
that if there are any faults within the software that enacts the control algorithm, the
sensors which read the pointing direction of the satellite or the systems which actuate the
active attitude control (such as thrusters for example), the whole attitude control system
will fail. On the other hand, passive control does not require a controller or coordination
with attitude determination systems in order to function { this means that it is it is much
less complex, and this is what makes it an appealing choice for a university CubeSat
project. The main attitude control systems available for nanosatellites are as follows:

5.2 Passive Control Systems

" Gravity Gradient Stabilization: this method uses the satellite's mass distribution
and the earth's gravitational eld to stabilize the attitude of the satellite. The grav-
itational eld strength of the Earth decreases along with the square of the distance
from the Earth's centre of mass. As such, for a non-cube satellite, the \lower" part
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of the satellite will have a slightly greater gravitational force acting upon it than the
\upper" part, causing the satellite to align its axis of minimum moment of inertia
with the direction of the Earth's gravitational eld lines.

Solar Radiation Pressure Stabilization: this uses the pressure exerted by the
sun's rays to control the orientation of a CubeSat in low Earth orbit. Solar radiation
pressure is proportional to the surface area of the satellite exposed to the sun and
the solar ux, and results in a force that acts on the CubeSat. The orientation of the
CubeSat can be controlled by changing the surface area exposed to the sun through
adjusting the solar panels or other appendages. However, it is important to note
that SRP is only e ective at controlling orientation for CubeSats in low Earth orbit,
where the solar ux is relatively constant, and may not be as e ective in higher
orbits or for satellites with irregular shapes. This is not an issue for WUSAT-4,
however, since this CubeSat is intended for LEO operation.

Passive magnetic stabilization: this relies on the interaction between a perma-
nent magnet and the Earth's magnetic eld. The satellite's magnetization and the
orientation of the magnetic dipole relative to the Earth's magnetic eld create a
torque on the satellite, which will tend to align the satellite’'s magnetic dipole with
the Earth's magnetic eld lines. The satellite's magnetic dipole will naturally tend
to align with the magnetic eld lines, which will cause the satellite to maintain a sta-
ble orientation relative to the Earth's magnetic eld. The magnitude of the torque
will depend on the strength of the satellite's magnetic dipole and the orientation of
the magnetic dipole relative to the Earth's magnetic eld, so passive magnetic sta-
bilization can be used to help maintain a stable orientation for the satellite in LEO.
This method is relatively simple and low cost, but it has limited accuracy and may
not be suitable for all missions. However, this method can also cause EMI issues, for
instance it inhibits the use of magnetometers as an attitude determination system.

5.3 Active Control Systems

In the case that the satellite is found to require an active control system, it is important

to be aware of the possible options available. Furthermore, it is important for the ADCS
engineers to be aware of all possible attitude control systems as due diligence on the design
of the ADCS.

" Reaction Wheels: these consist of a rotating wheel that can be spun in one
direction or the other, depending on the desired change in the satellite's orientation.
When the wheel rotates in one direction, the resulting angular momentum produces
a torque that changes the orientation of the satellite in the opposite direction. By
controlling the direction and speed of the wheel's rotation, the satellite's orientation
can be precisely controlled. The reaction wheels are mounted on gimbals, which
allow them to be rotated independently of the satellite body. This allows for precise
control of the satellite's attitude, making reaction wheels an e ective active attitude
control method for CubeSats.

Control Moment Gyroscopes: these operate on a similar principle to reaction
wheels. Where reaction wheels control systems use a change in relative spin of the
reaction wheel to create a torque on the satellite, control moment gyroscopes use a
change in the axis of angular momentum in a gyroscope to produce a torque on the
satellite.



" Thrusters: These work by expelling a small amount of propellant in a specic
direction, creating a force that changes the satellite's velocity. This change in velocity
causes the satellite to rotate and alter its attitude. Thrusters are typically used
in combination with other attitude control systems to provide precise and e cient
control of the CubeSat's orientation. The advantages of using thrusters include their
ability to provide a large amount of torque quickly and their exibility in terms of
the direction in which they can apply force. The main disadvantage is that they
consume a limited supply of propellant, so they need to be used judiciously. They
are more appropriate for large satellites which have much greater moments of inertia
than

Magnetorquers: these are devices used to control the attitude of a satellite by
generating magnetic torques on the satellite body. They are typically composed of
a coil of wire surrounded by a ferromagnetic material and a power source. When a
current is passed through the coil, it generates a magnetic eld that interacts with
the Earth's magnetic eld to generate a torque on the satellite. This torque can
be used to control the orientation of the satellite and keep it pointing in a desired
direction. By controlling the current through the coil, the magnitude and direction

of the magnetic torque can be adjusted to achieve the desired attitude. They are cost
e ective, and the small forces they generate are appropriate to control the pointing
of an object with a small mass like a CubeSat



6 On Board Computer

The aim of this document is to cover the thought process that went into the current design
for the microcontroller, its functionality, and how it will be tested before deployment. The
document is intended to be continually updated as the design process goes on and other
teams introduce their requirements to show a full pathway on the design system as well
as inform future teams as to how we arrived at our current decisions.

6.1 The Controller P
6.1.1 ARMCortex M3

Figure 6.1: Pin diagram for ARMCoretex M3 processor [1]

The rst step to guring out how to get a functioning controller in space is, of
course, picking the controller. The ideal controller needs to be able to weather the harsh
environment of space and its temperature uctuations as well as its high levels of radiate,
use minimal power and have enough pins to connect to the multiple sensors arrayed in the
satellite { ideally it should also be inexpensive. All of these are not ever found together
SO a trade o must be done between controllers to decide on one for this project.

Initially when discussing the microcontrollers, we were partnered with an industry
partner who wanted to track position, telemetry and speed. Given this extra complication
to the project and that it would be a 2U CubeSat, the ARM Cortex M3 was chosen for
its excellent functionality by way of the fact that it has an inbuilt transceiver, telemetry
device and clock. Having all these built into the device would increase the robustness of it
as well as possibly increase its functionality and speed. Not only this, but the processing
power is much higher than an Arduino as well as having a better memory. One common
use of the ARM Cortex M3 is that a standard use is biological telemetry [15], proving it
has the legacy ability to optimally measure the telemetry of a CubeSat. The controller
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also has a much larger memory (4GB) as opposed to the Arduino (256kB).

The problem with the ARM Cortex M3 is the functionality is extremely high and so
is the price. The price of the ARM Cortex makes it inappropriate to be a development
board before proper tests and decisions are made.

6.1.2 Arduino Leonardo

Figure 6.2: Pin diagram for Arduino Leonardo [2]

The Arduino Leonardo is a small but powerful microcontroller which is widely available
yet relatively cheap for the performance. The reason it is a good candidate for this
project is that it not only is integrable with almost any system, but it also has a wide
level of support and community that a student project would nd it easy to get any help
required., but the in-built libraries and functions, such as the sleep function, allow for
the best performance with an inexperienced developer. The size and power usage are
minimal making it ideal for space as well as having a wide operating temperature and
input voltage. It does not, however, have the radiation resistance of the other options.
As well as the ease of integrating and programming such a device, and the low cost, there
are other options than the Leonardo that could be changed to with almost zero e ort or
cost if the requirements change. For example, if the size and power output requirements
change, as is likely with the continuation of this project, something like the Arduino Nano
which has a smaller power budget, weight and size but less functionality and a higher cost.
The drawbacks to having an Arduino are that it doesn't have the space legacy or previous
tests that the other microcontrollers possess, as well as lower functionalities, like not
having any radiation hardening. The Arduino also has no inbuilt functions unlike the
ARM M3 meaning that the microcontroller would have to have manufactured accessories
to function, which inherently makes it more susceptible to the vibrations and the damage
of initial take o .

6.1.3 RCA1802

The RCA 1802 is a radiation hardened microcontroller which has been used on space
missions such as the Galileo spacecraft or the plasma wave analyser instrument on the
ESA's Ulysses spacecraft. Given its impressive usage throughout the history of space tech-
nologies we would know it has the functionality and ability to cope in space for much more
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Figure 6.3: RCA1802 pin diagram [3]

complex missions than would be used in WUSAT-4[16]. Not only this but the controller
also has a graphics companion which would allow for the complex computation needed to
adjust pictures coming to and from the FDSPP biological sample. Because the RCA 1802
also has a wide range of operating voltages it meant it would have more versatility for the
beginning of the project when a power supply requirement was still unde ned. As with
all space related microcontrollers, it was vital that the power consumption remains low
especially whilst in modes where most functionality would not be used. The draw backs
to the RCA 1802 are that it could be considered too functional for the purposes of this
project, meaning that the wide range of abilities and high processing speeds may not be
necessary for the aims of the project. There is also a factor of cost and due to the space
legacy of the controller it would not only be a more expensive option, but the guarantee
of working would be less than optimal. With the technology being older, it also means
the compatibility and coding on the system would have to be learned by members of the
team - whilst it can be coded in C which some members know -, the integrability of it is
simply less than for other devices.

Table 6.1: Pugh Matrix for Controller decision

The above, 6.1, shows a Pugh Matrix which helped with the decision of which processor
should be chosen within this process. Ideally, this will be revisited and updated as the
project changes and further requirements are implemented. As this is the beginning of the
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project the belief on getting a functional prototype and testing rig was important which
helped to decide on the most utilisable and cheapest controller to implement. Not only
this, but because the controller will need to integrate with a Raspberry Pi on the FDSPP
rig, it is believed that an Arduino will have the best chance at communicating between
the two devices (other than a Raspberry Pi which comes at a higher cost without much
extra functionality).

6.2 12C t

I2C communication is a protocol by which a master and a slave interface (possibly bi-
directionally) to transfer data using two pins, the SDA and SCL pin. An Arduino
Leonardo naturally has 2 dedicated 12C communication pins but any 2 of its 13 other
digital pins can act to use 12C communication methods [17]. The reason 12C commu-
nication is so vital in the project is almost every sensor o the shelf for CubeSats use
I2C communication so any device such as the communication unit or the IMU in the
solar panels all require the use of 12C. The protocol relies on having the most and least
signi cant byte (MSB and LSB respectively) which help to denote the start and ending
transmissions states for the pin whilst reading or writing to a master or slave.

To use 12C in Arduino is fairly simple as there is a library which can create most of
what is needed when communicating this way. By using the linginclude <Wire.h> at
the start of the code it will include the public domain library that handles all of the 12C
communication methods.

Once this is done the only thing left to do is to set up the pins which are used to
communicate using the function Wire.begin(int) where int is the pin numbers you want to
use. Other functions like emphWire.read() or emphWire.write() are then self-explanatory
to use when you want to read or write for a bi-directional system. Examples of this can
be seen in the test 3 and 4 les within the code scripts.

6.3 External Storage
6.3.1 SD Card

For Arduinos, the most common usage is an SD card to be used as they are cheap, reliable,
long lasting and have been used for countless projects, such as a \lab ina box project” [18]
so have a lot of support. An SD card is often used in for storage devices with cameras and
computers as they can hold large amounts of data for a relatively small device. They do
however su er from limited read and write cycles but for the purposes of this project that

Is not relevant as the number of cycles far exceeds the number required for this project.
To use an SD card with an Arduino it would need not only SD cards but an SD card
reader also. These are fairly bulky units in terms of a CubeSat taking up 32x24mm if
area and having to be connected using 4-5 pins from the Arduino, this is an issue as an
Arduino has only 20 pins for connection and will need to be connected to no less than 5
di erent accessories. There would also have to be some kind of system to ensure the SD
card remained securing in the SD card reader through the intense vibration of take o
when launching the satellite.

6.3.2 EEPROM

On the other hand, EEPROMSs have reduced usability and lifetime as well as being more
complicated to use within the Arduino. They do, however, have the advantage of being
much smaller in mass and dimension as well as having reduced power usage and having
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the ability to be used within a PCB. Given these distinct advantages over the SD card and
the fact that the lifetime of an EEPROM is approximately 1000000 cycles or 10 years this
is easily long enough for this project. A popular EEPROM that is used in combination
with the Arduino Leonardo is the AT24CMO02 which is extra useful as the EEPROM of
this kind naturally saves each \page" of 256kb of data which means we will automatically
have small packages of data that can be sent by the Arduino at a time and thus make it
much easier to pause for part of the sending cycle when the satellite moves out of range.
Also, the size of an EEPROM is 4x5mm making it extremely small and can be added to a
PCB manufactured in the future which will integrate better with the Arduino and make

a much sturdier connection.

6.3.3 Memory Storage decision

Given the pros for the EEPROM in a system where weight, power usage ad rigidity of the
connections are vital for the success of this project it seems like the most logical choice to
choose an EEPROM which will work for our system. Given the size of the images taken
by the FDSPP system it is likely that we will need two as EEPROMS tend to only come in
2Mb sizes at their maximum. A good choice of EEPROM would be the AT24CM02 model
as it is reliable and has good functionality with the Arduino. Luckily when discussing
EEPROMs given their 12C communication functionality it can be recommended that
these are \daisy chained" to each other thereby only taking up essentially what would be
1 Arduino slot.

6.4 Other Accessories

Given the OBC will have to communicate with every sensor on board the satellite it is
vital that the consistent communication of I12C is maintained throughout so as to ensure
ease within both the coding and working generally of the OBC. However, a lot of the
measurement systems will be decided by other factors, for instance, the IMU on board
will actually be in built to the COTS solar panel which is procured. Given this fact
planning for every eventuality and system is impossible but based on the requirements
document we know the OBC will need to communicate with an IMU, power measurement
system, the FDSPP payload, the external storage and the communication unit. It is likely
that the options of these accessories will continue to change as the project moves on so
research into each part and how they connect with the OBC will be vital as the other
subteams come to their decision. Luckily almost every device is set up to communicate
using 12C communications as well as having a 5V or 3.3V input meaning the Arduino is
extremely capable of running these systems.

6.5 Printing a PCB

For the OBC, a rigid connection will need to be established to many di erent systems,
as discussed previously, and the connection will need to be extremely robust. Given this,
it is thought that printing a PCB for all the connections to be set up would be the best
way to assure no connections come loose. Creating a PCB with the External hard drives
connected and soldered into position this will reduce the risk of it being shaken apart
greatly. Along with this the PCB can be rigidly connected to the Arduino and extend
the ports within the Arduino, that would be used for di erent things, and extend them

in separate directions so cable management within the satellite as well as ease of use to
someone who didn't design the system would be much more obvious. Given the support
from the engineering department at the University of Warwick who have o ered to help
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design and manufacture PCBs for this project in conjunction with the team means the
bene ts of the PCB can be brought to the team at zero budget cost. The design for
this PCB has not begun yet as it is still unclear as to what components will need to be
connected, but once this is con rmed design of the PCB can begin.

6.6 Thermal Concerns

According to the Arduino data sheet (see repository) the OBC function at -400C to 850C
which is a temperature range that will not naturally work in space. Given this it is vital
that the thermal team work out a way of ensuring the satellite is insulted against possible
thermal issue, most electrical components will also have issues outside of this temperature
range.

6.7 Modus Operandi K
6.7.1 First orbit

The idea for the rst orbit is the Arduino will wait half an hour after release to begin
transmitting a \heartbeat signal”, which will consist of the Arduino sending a signal every
2.5 minutes (this can be adjusted with the project) so at some point the ground station
can be informed that the Arduino is functioning and working as expected. Between each
signal the Arduino can enter rest mode as this will be the time that the Arduino could be
on its lowest power of the mission, and therefore have the highest chance to fail. From here
the ground station will receive an approximate time at which the Arduino is contactable.

6.7.2 Second orbit

During the second orbit a consistent signal will be sent from the ground station to the
CubeSat with the Arduino going between sleep and receive modes, this should also be
every two and a half minutes. Once the Arduino rst receives a signal it will then remain
on receive until it no longer receives a signal. After this it will enter a sleep phase for
approximately 50 minutes (estimated on random orbit while trying to conserve power,
this may need to be looked at) before turning on to it's receive phase. The Arduino will
then save when it next receives a signal as well as when it no longer receives a signal once
more. Once all this information is combined the Arduino will have the information for
the time period it is in communication with the ground station and the length of the orbit

as a whole, which can be the rst transmission to the ground station, so it has the same
information.

6.7.3 Standard orbit

The send/receive portion of the orbit is the only real concern for the Arduino as it will
remain in rest mode during other times. In this time, it has been debated whether to
send a \start transceiving" and \stop transceiving" signal to the ground station and it
was decided this isn't needed but as the project continues this may need to be revisited.
The Arduino will automatically switch to a receive function so any information from the
ground station can be sent to the FDSPP package. Once a signal is received the Arduino
will read it and follow the instruction expected, for instance if the instruction is to ask
for an image, the Arduino will ask the Raspberry Pi for the image. The only time it
will not switch to receive is if it is interrupted mid communication due to its exiting of
the communication range. In this case, instead of being in receive mode it will send a
signal saying \ready" once it believes it is in range again, then wait for a signal from the

25



ground station before continuing with the transmission. When receiving an instruction,
the Arduino could be asked to retrieve a le from the FDSPP to send back down to the
ground station. In this instance it would be expected that the FDSPP would receive the
instruction from the Arduino before transferring the le to the storage on the Arduino
where the Arduino can then take the data in discrete packages and send the back down
to the ground station. This way the Arduino doesn't need to have a storage the size of
the FDSPP and communication methods should become easier. After the information
Is transmitted the Arduino could then either wipe the data from the storage or tell the
FDSPP to do this.

6.7.4 Possible further options

As extras which could be easily added into the already existing code it may be possible
for a \recalibrate" function to be added which repeats the rst and second orbit routine

in case the orbit of the CubeSat changes in some way over time. However, any extra code
must be carefully considered as the power draw and failure points will increase with the
number of lines of code used within the Arduino so while having many functions may be
useful, they have to be weighed up against the risk of failure that each line represents.
This risk can be mitigated with appropriate testing but the exponential increase of use
case errors means the likelihood of failure could go from low to moderate quickly.

6.8 Testing

Before sending the controller system to space there are some tests that will need to be
performed which are controller speci c. The main tests to be performed are the code, the
hardware, durability and the communications.

6.8.1 The hardware

As a test of the hardware functionality, many mechanical tests can be performed. While
each part comes with a data sheet telling us how capable they are of handling heat and
radiation, this must be tested in their current set up. Unfortunately, as we know the
Arduino as it cannot handle the temperatures of space, other members of the team will
have to be further along with their designs to test the protection to get a better estimation

of what temperatures will be experiences by the Arduino. A testing method could be using
the heat cyclers in the electronic labs which stress test electronics at extreme temperatures
to test their performance. Another test that can be done to test the hardware if to run
the full code while connected to a battery and oscilloscope, by doing this we can measure
the actual power output of the Arduino to be expected in the rst set of orbits as well as

a standard loop. By doing this a much better estimation of power consumption can be
estimated. This can also be used to estimate the e ciency of the sleep mode compared to
regular modes to test whether the extra memory is worth the power consumption. Once
the rig is complete and manufacturing is decided, a vibrational test will also need to be
done to check whether the hardware is likely to break up upon launch. Along with a
space radiation check to see if the Arduino can handle to harsh environment of space. By
performing these tests, we can see how well we are currently performing and the level to
which we are progressing. Updates will be added as the code is con rmed and the tests
are passed or failed.



6.9 Next Steps

As the project continues to develop the functioning code can also develop as well as
the code testing phases. An important start will be quickly deciding on the instruction
protocol for how the ground station will tell the Arduino to do things on board the satellite.
After this, buying the components and testing that each one behaves as expected as well
as ideally getting a prototype FDSPP to communicate with will be vital for ensuring the
success of a launch mission.
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6.10 Testing

Within this test the aim is to check that two Arduino Leonardos can communicate with
each other over a radio frequency to check that the Arduinos function as we expect them
to, the code also veri es the time measurement system of the inbuilt function millis()
within Arduino. The transceiver being used is an NRF24L01 which operates at a 2.4Ghz
frequency with a range of 1000m.

6.10.1 Set up

Figure 6.4: Set up for arduino communication test [?]

The set up of the Arduino will be as shown in the above gure. The pins will be the
same with the Leonardo as the Uno. It is important that the voltage for the transceiver
doesn't exceed 3.6V or below 1.9V or the circuit will be fried. Once this set up is tested a
test code was run to ensure that there was some functionality to the code that was being
written. The code (found in test code 1 and 2 in the microcontroller folder) sets up a
system where two Arduinos would communicate in a similar way to how it would within
the satellite, with one Arduino acting as the satellite and the other acting as the ground
station would. Unfortunately, this will not be the exact communication method used on
the satellite as that would use an external communication unit which talks to the Arduino
using 12C communication methods.

6.10.2 Code

The full code can be accessed at: A B
Both codes begin with the same set up code:
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