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Abstract

The following report details the work performed in the context of a semester
project to create a flatsat for the EPFL spacecraft team. It describes all aspects of
the classical system engineering approach, starting out with defining the requirements
of the test bench. It also includes the creation of a testing plan, the design for the
flatsat as well as the manufacturing and a description of the first tests that were
performed. The flatsat is the first piece of hardware needed for the validation and
verification flow outlined for the CHESS mission of the EPFL spacecraft team. It
allows for a first verification of all the electrical and information interfaces of the
satellite. Additionally it can later be used to conduct end-to-end mission simulations
to verify the operational concept of the cubesat.
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Glossary

EPS: Electrical power system
ADCS: Attitude determination and control system
OBC: On board computer
UHF: Ultra high frequency
CHESS: Constellation of high-performance exospheric science satellites
PCDU: Power control and distribution unit
SDR: Software defined radio
GNSS: Global navigation satellite system
UART: Universal Asynchronous Receiver/Transmitter
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1 Introduction

A flatsat is a vital component in the development of most spacecraft. It consists of the
avionics of the satellite, which are laid out flat on a plate. This allows for easy access to
each component in order to do changes, repairs or reconfigurations. The tests conducted
on a flatsat are usually focused on verifying the electrical and information interfaces of
the spacecraft. However, it can also be used as an end-to-end simulator of the mission
operation concept of a mission. In that scenario, all subsystems of the flatsat are repre-
sentative of the final satellite design. The goal is to make the flight software believe that
the flatsat is actually in space, conducting its mission. For that purpose the sensor data
needs to be emulated. This allows then also to train satellite operators in the operation
of the spacecraft both in nominal and non-nominal situations. This report however de-
scribes work that focuses on verifying electrical and information interfaces. The goal is to
transform this first design into an operations simulator at a later stage. This was part of
the considerations for this first version too.
The CHESS mission is lead by the EPFL spacecraft team. Its goal is to develop a Cubesat
that flys in a sun-synchronous orbit. Two scientific instruments will be on board. The
main payload is a mass spectrometer that measures the ion content of the exosphere. These
measurements have not been done since the 1980’s. Thus the instrument can provide data
of better resolution. Additionally, it is interesting to compare the datasets and study the
effect of climate change in the past 40 years. The second instrument on the CHESS mission
is a GNSS receiver. This payload enhances the data gathered by the mass spectrometer,
as it allows us to know the precise location and velocity at each measurement point.
The other subsystems that are present on the satellite are the electrical power system
(EPS), the onboard computer (OBC), the attitude determination and control system
(ADCS) as well as the UHF and X-band transceiver modules. The EPS, OBC and X-band
systems are manufactured in-house whereas the ADCS and UHF modules are bought from
a supplier.
As of writing the spacecraft has passed its preliminary design review. For the preparation
of the critical design review the spacecraft team is getting support of the European Space
Agency as a part of the Fly Your Satellite Design Booster program.
As the first engineering models of the different subsystems are available now, it was the
perfect moment to start thinking about the flatsat. It marks the first step in the verifica-
tion and validation process of the CHESS mission. This is the case as engineering models
are cheaper and faster to obtain then qualification models used for the later stages of
testing. Additionally, it is important to validate the electrical and information interfaces
first as any issue detected during these tests might result in a redesign of the system. It
is therefore best to detect any potential flaws as early as possible.
The following report will focus on the EPS, OBC, ADCS and UHF subsystems, as these
are the modules for which the spacecraft team already has engineering models.
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Figure 1.1: Validation and Verification process of the CHESS mission
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2 Requirements

The first thing to do in the design process of the flatsat was the creation of the requirements
for it. Initially it was unclear on how to derive or come up with the requirements for the
test bench. However, a solution that worked well and made sense within the context of
the mission was quickly found. The requirements for the CHESS mission are organized
in a tree like manner. At the root of the tree are the mission level requirements. These
are derived directly from the scientific goals of our payload and are formulated in a very
general way. Based on this set of top level requirements, system requirements are derived
for both the satellite and the ground segment. Based on that requirements for all the
subsystems are then derived. These are then further split up into requirements for each
individual component.

Figure 2.1: Requirement structure of the CHESS mission

The requirements for the flatsat can be found in the appendix to this report. In most
cases, they were derived from the subsystem level requirements of the CHESS mission.
The primary task of the flatsat is the verification of requirements from other subsystems.
Therefore the wording in the flatsat requirements is in a lot of cases: ”The flatsat shall
allow to verify that ...”. The requirements derived in that way can be grouped into two
distinct themes. These groups consist of OBC- as well as EPS themed requirements.
This makes sense as the main goal of the flatsat is to verify electrical and information
interfaces, which are covered by these two subsystems. The OBC requirements consist of
requirements that focus on the ability of the OBC to execute commands received from
the ground. Additionally, it is also the task of the OBC to collect and store housekeeping
data of the other subsystems. This helps to ensure that all the modules on the flatsat are
working properly.
The EPS requirements for the flatsat focus on the verification of the EPS system itself.
Further, it is also the goal to verify the distribution of power within the satellite with the
flatsat.
Another set of requirements is specifically made to define the development of the flatsat.
It contains requirements on the modules mounted to the flatsat and the software to be
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used. Additionally, it is required that the flatsat can operate at room temperature and
room pressure.
The last set of requirements is directly sourced from the system level requirements of the
CHESS satellite. This was done when a specific high-level requirement was not adequately
covered by a subsystem requirement. Additionally, some requirements were included that
focus on the validation of the whole mission. The flatsat shall be able to perform end-to-
end mission simulations and requirements need to be put into place in order to ensure this
capability.
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3 Testing plan

The next step in the design process was the creation of tests that would allow the flatsat
requirements to be verified. The testing plan can be found in the appendix to this report.
The testing plan consists of five distinct tests. They are designed to be executed in their
order in the testing plan. This is because the basic functionality tests do not only verify the
functionality of the systems on the satellite but also for the flatsat itself. Therefore, they
should be conducted before the other tests. The different tasks within one test can also be
completed in multiple different tests. However, the order of their execution should match
the order described in the testing plan. Every engineering module is tested extensively in
isolation before putting it on the flatsat
The first test focuses on verifying the functionality of the EPS. The most important item in
this test is to verify that the EPS delivers the correct amount of voltage to each subsystem.
If an incorrect voltage were to be be delivered, the corresponding subsystem could be
damaged. The rest of the tasks focus more on the individual capabilities of the EPS itself.
Once we know that the modules receive the correct amount of power, we can focus on
making sure that they are working properly. By collecting the housekeeping data of each
module in the OBC, we verify that capability of the computer. Additionally, by inspecting
the housekeeping data we get information of the health of each subsystem. If something
is not properly working the housekeeping data might contain the answer as to why.
Test 3 focuses more on the individual capabilities of the OBC. The goal of the test is to
establish a command pipeline between the OBC and the UHF antenna that is in turn
connected to a laptop. Then a command could be sent that updates the computer’s
software and changes it’s memory. This would be a first step in the direction of a test that
focuses on the operational aspects of the satellite.
Test 4 hones in the testing even more on these operational aspects. It would make use of
the Digital Twin of our satellite that is developed in-house. This software would be used
to simulate in-orbit conditions for our cubesat. Like this We can simulate the amount of
power that our solar panels generate and also possible communication windows. The goal
of the test is to verify that the satellite is power positive, meaning that it is able to fully
charge its batteries when it facing the sun.
Test 5 would be to validate the whole operational concept of the mission. The actual flight
software should run on the OBC as it would in space. This requires that all of the sensors
and actuators of the satellite are fully emulated. In the future this platform would also
allow ground operators to train with a representative model of the satellite. It would even
be possible to interject failures in the satellite and train the operators how to respond to
them.
What I noticed while writing the testing plan is that the hardware that is required in order
to complete a test increases with the complexity of the test. Therefore, I proposed to split
the development of the flatsat into three distinct phases. Phase 1 focuses on relatively
simple tasks that can easily be completed just by connecting the different subsystems and
powering them on. It includes the above mentioned tests 1 to 3. Phase 2 consists of test 4.
It would add the Digital Twin and some supporting electronics hardware to the flatsat. Its
main goal is to verify the capabilities of the satellite over multiple orbits. Phase 3 is best
described as the phase where the flatsat stops being used to verify single requirements but
is instead used to validate the whole mission. Everything exposed to the flight software
should be entirely representative of in-orbit conditions.
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Figure 3.1: The three development phases of the flatsat and their timelines
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4 Design

Writing the testing plan helped a lot during the design phase of the project. Specifically
the segmentation of the development into three different phases helped to clear up any
confusion about which parts are included. Additionally, this approach allows us to start
testing with the flatsat even while its later stages are still being developed. The following
designs focus on phases 1 and 2.

Figure 4.1: The design for phase 1 of the flatsat

The design includes engineering models of the OBC, EPS, ADCS and UHF subsystems.
For the EPS only the Power control and distribution unit (PCDU) is used. The other part
which consists of the battery pack is not yet used in this stage. This is both due to the
fact that it is not needed for the tests of this phase and also that an Engineering model
for the battery pack is not yet ready.
For the OBC the Monocan board that is developed in-house will be used. It is a replica of
the current iteration of the flight computer. In contrast to that module it has a reduced
set of redundancies. For the ADCS module the engineering model is supplied by 12 volts
whereas the flight model of the ADCS will be supplied by 8.2 volts. For this reason an
additional PCDU that belongs to the ADCS engineering model will be mounted on the
flatsat.
Power will be supplied by two power bench supplies. One is connected to the ADCS
PCDU and provides 12 volts. The other connects directly to the PCDU of the EPS. It
supplies 8.2 volts and therefore simulates the power that the battery would supply on the
real mission. The EPS then distributes the power to the OBC and to the UHF.
Both the information and the electrical interfaces on the cubesat use the PC104 protocol.
Each subsystem has a set of 104 pins. In the satellite the modules will be stacked in such a
way that all corresponding pins connect to each other. Since for the flatsat all the systems
will be flat on a plate, the pins can not connect in that way. Instead, wires will be used to
link the subsystems. In a later iteration the wires would be replaced by a printed circuit
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board that would be a part of the baseplate of the flatsat. Each connector module in the
diagram represents two sets of linked pins.
An external laptop would be connected to the OBC using its debug pin. With this interface
test operators can inspect the memory of the OBC and observe housekeeping data that
is sent from other subsystems. Another external laptop is connected to the UHF over a
software defined radio (SDR). This device allows the simulation of the transmission of radio
signals over long distances. Therefore we can use the external laptop to send commands
to the UHF transceiver in a way that is representative of the conditions in space.

Figure 4.2: The design for phase 2 of the flatsat

The modules mounted in the second phase of the flatsat are the same as in phase 1. The
one exception is that for the EPS now also the battery is mounted. Instead of connecting
the external power supply to the PCDU, it now serves as a a representation of the solar
arrays of the satellite. The amount of power that is supplied is controlled by the Digital
Twin. The simulation of the satellite would run in real time during the tests and results
would be directly used to change the state of the flatsat. The power bench supply is also
connected to a solar array simulator that was developed in-house. This device transforms
the voltage and current that the power supply provides into a form that would be provided
by the solar arrays. The PCDU still provides power to the other subsystems. Building on
phase 1, it now also provides power to the ADCS system. After testing the EPS in phase
1 and making sure that it works, we can now comfortably use it to power the expensive
ADCS engineering model. As the ADCS engineering model needs to be supplied with 12
volts whereas the flight model will use 8.2 volts, the EPS is not designed to supply it.
However, we can use a power output that is intended for the scientific instrument, which
is powered by 12 volts.
As this version of the flatsat focuses more on the verification of the in-orbit performance
of our system, we will also provide emulated data of the sensors and actuators of the
ADCS. This is intended to be implement in our Digital Twin. Additionally, we would
include systems that accurately draw the amount of power that subsystems that are not
yet present on the flatsat would draw. The implementation of these power consumers
would most likely be with resistors that could be turned on and off by the operator. In
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a later stage they could be replaced by a more automated system that is connected to
the Digital Twin directly. In this phase we would also use the Digital Twin to simulate
communication passes of the satellite. This could be accomplished by having the software
that sends commands to the satellite be adapted based on the current status of the satellite
in the Digital Twin simulation.
After spending time on testing the subsystems in phase 1 and making sure that we could
send and receive data over the UHF link, we would also get rid of the laptop that connected
to the OBC in phase 1. The only way to communicate with the flatsat is by sending
commands over the UHF link. Thus we transition to a more operational mode already in
this stage of the development.
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5 Testing

The stretch goal of having the first test done by this semester came into jeopardy when
the OBC intended for the flatsat was damaged during manufacturing. The only remaining
option to conduct a first test this semester was to use an older version of the OBC. The only
communication interface that this version has is a UART connection. Since the ADCS is
the only subsystem capable of transmitting using UART, the remaining time was focused
on trying to establish a connection between the OBC and the ADCS. Unfortunately, the
UART port on this new version of the OBC appeared to be broken as well. Thus, no test
could be conducted. Nevertheless, the time invested in trying to achieve a first test result
provided some valuable lessons. First, there was a large amount of time needed to set up
and debug this test. It is likely that this time will be needed for every new module that
is added to the flatsat. It is therefore highly likely that an approach where subsystems
are added sequentially, and only after the previous subsystem is fully working, will yield
results faster.
Second, it also showed that the teams that are testing the individual subsystems at the
moment are not yet fully ready to have their system mounted on the flatsat, as a lot of
isolated testing still needs to be conducted. It has therefore been decided to delay the
manufacturing of the flatsat to a later point. When doing combined tests with different
subsystems for now they will be connected with wires but not yet mounted at a fixed
location.
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6 Conclusion

The objective for this project was the design and creation of a flatsat for the spacecraft
team at EPFL. Special care was put into following the traditional system engineering
approach. At the start of the project the requirements were created. Based on them, a
testing plan was produced that would allow to verify all the requirements. After that the
flatsat that would enable to conduct the tests from the plan was designed. In multiple iter-
ations the design was refined to produce the final result presented in this report. While we
ultimately did not manage to conduct a first test during this semester, the work performed
as a part of this project can be seen as foundational. The segmentation into 3 distinct
development phases provides a clear path on how to upgrade the flatsat. Additionally, the
testing plan then informs which tests to conduct in which development phase of the flatsat.
Probably most importantly, people within the spacecraft team from all the different poles
are starting to be aware of the existence of the flatsat and are thinking about how it might
be useful for their specific subsystem.
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Flatsat testing plan

Phase 1

Test 1: EPS functionality
Requirements: 2 FSat 1 01, 2 FSat 1 02, 2 FSat 1 03, 2 FSat 1 04, 2 FSat 1 05,
2 FSat 1 07, 2 FSat 1 16, 2 FSat 1 17, 2 FSat 2 02,

Firstly the Flatsat is turned on. Then the voltage and ampere which the EPS
delivers to each subsystem is measured. This allows us to verify 2 FSat 1 01 and
2 FSat 2 02. The measured power is compared to the EPS’s own measurements. If
they match we have also verified requirement 2 FSat 1 05. After that the Flatsat
power supply turns off. If everything continues to function as before, requirement
2 FSat 1 02 is verified. We also compare the provided power by the power supply to
the EPS’s measurements of that number. If they match throughout the test require-
ment 2 FSat 1 04 is verified. At the end the battery of the EPS gets fully charged
and power continues to be supplied by the power supply. If the EPS evacuates this
additional power as intended (not sure how this is done or how to measure it yet)
then 2 FSat 1 03 is also verified. During the whole test the power line voltage and
current is measured and compared to the expected number. If both values are be-
tween +/- 5 After that the EPS is commanded to cut off the power supply to each
of the subsystems. If this is correctly executed, 2 FSat 1 07 is verified.

Test 2: Housekeeping
Requirements: 2 FSat 1 06, 2 FSat 1 08, 2 FSat 2 01

The Flatsat is turned on. The Flight Software is commanded to start run-
ning on the OBC. After some time we inspect the memory of the OBC, where we
should find housekeeping data of each subsystem. If this is the case 2 FSat 1 06
and 2 FSat 1 08 are verified. Depending on the content of the Housekeeping data
we can also verify if the subsystems correctly process the power delivered to them
by the EPS. Therefore we can also verify 2 FSat 2 01

Test 3: OBC Functionality
Requirements: 2 FSat 1 09, 2 FSat 1 10, 2 FSat 1 11, 2 FSat 1 12, 2 FSat 2 03

The Flatsat is turned on. A command is sent to the OBC either via the UHF
antenna pipeline or directly from a separate computer. The command would be
formulated in a way such that it has an impact on the OBC’s memory. Should
the expected change in memory be detected, 2 FSat 1 09 is verified. After that a
command to update the OBC’s software is sent, with the new software version being
transmitted either over the UHF or directly from a separate computer. The new soft-
ware version should be made in a way such that the previous command is changed.
After the update is complete, we resend the previous command. If everything was
successful, we should observe the expected different data in the OBC’s memory and
have verified 2 FSat 1 10. After that a command to reboot the OBC is sent. If
the rebooting is detected (for example no more heartbeat), 2 FSat 1 11 is verified.
After that sequentially commands to reboot each subsystem are sent. The reboot
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process of the subsystem should be observable in their housekeeping data. If this
process works for each subsystem then 2 FSat 1 12 is verified. additionally we have
also exchanged commands with each subsystem, therefore verifying 2 FSat 2 03

Phase 2

In this phase parts of the input to the Flatsat are no longer static but instead simu-
late in-orbit conditions. Specifically the power input in this phase should match the
expected power input in-orbit. Currently it is planned to use our Digital Twin for
that matter.

Test 4: EPS in-orbit performance
Requirements: 2 FSat 1 13, 2 FSat 1 18, 2 FSat 1 21

While the kill switches were not required for phase 1, they will be added in phase
2. The first test is to turn the flatsat on by releasing the kill switch. If that works as
intended 2 FSat 1 18 is verified. After that the Digital Twin is used to simulate the
power input that the satellite experiences in-orbit. This power is then also given as
input to the EPS (probably with a programmable bench power supply). The EPS
behaviour, especially the battery charge is observed. The subsystems draw power
such that 31 Wh are provided to them in 95 minutes. Should all EPS systems still
be working successfully after 1 orbit (probably should be more than 1 orbit) then
2 FSat 1 13 is verified. Since in that case the EPS has also survived the eclipse,
2 FSat 1 21 is verified too.

Phase 3

In this phase in addition to the power input that is simulated, also the ADCS
sensor inputs and actuators are simulated. This will most likely be done with soft-
ware from the ADCS provider.

Test 5: Full mission simulation
Requirements: 2 FSat 1 20, 2 FSat 1 22, 2 FSat 1 23, 2 FSat 1 24, 2 FSat 1 25,
2 FSat 1 26, 2 FSat 3 08, 2 FSat 5 02 The remaining requirements are all mission
requirements. In order to verify them we need a full simulation of the mission with
conditions being representative of in-orbit conditions. For this test the flight software
will be run on the OBC without any modification, therefore verifying 2 FSat 3 08.
All interactions with the Flatsat during this test are commands sent through the
UHF pipeline with the timing being limited to communication windows. The ability
to communicate and the power generation depend on the performance of the ADCS
system. This allows us to verify 2 FSat 1 26, as a non-functional ADCS system
would result in a detectable problem with the satellite. During this test the satellite
would be commanded to change its mode. If this works as expected we have ver-
ified 2 FSat 1 20. Additionally we can verify the requirements linked to the UHF
pipeline 2 FSat 1 22, 2 FSat 1 23, 2 FSat 1 24. We can do this by observing traf-
fic through the UHF system. If not in a communication window, the satellite must
work autonomously which verifies 2 FSat 1 25. The whole test is designed to verify
2 FSat 5 02 if executed.
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