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Abstract: The Educational Irish Research Satellite (EIRSAT-1) is a 2U CubeSat developed at University
College Dublin. The project aims to build, test, launch, and operate Ireland’s first satellite and
to perform in-orbit demonstrations of three novel payloads developed in-house. To reduce risk
within the mission, the project employs a prototype model philosophy in which two models of the
spacecraft exist: an engineering qualification model (EQM) and a flight model (FM). This paper
presents the verification approach of the functional tests implemented for the EIRSAT-1 project. The
activities of the FlatSat and system level full functional tests of the EQM are presented and the results
obtained during the test campaigns are discussed. Four test anomalies were encountered during
the full functional test campaign resulting in two minor redesigns, and subsequent reassembly, of
the CubeSat. The functional test campaigns highlighted the importance of FlatSat level testing of
CubeSats to ensure compatibility of all subsystems prior to assembly and of thorough documentation
to diagnose any unexpected behaviour of the hardware efficiently. The functional verification of the
EQM proved that the system conformed to its design, verifying 57 mission requirements, and is a
crucial step towards the development of the EIRSAT-1 FM.

Keywords: CubeSat; spacecraft verification; testing; Fly Your Satellite; EIRSAT-1

1. Introduction

CubeSats are miniature satellites developed in the early 2000s [1] and designed using a
standardised CubeSat ‘unit'—a 1U. They conform to a standard size of 10cm x 10cm x 10cm
and a mass less than 1.33 kg per unit [2] with larger configurations of 2U, 3U, 6U, and 12U
possible. Originally proposed to provide space access to the university scientific com-
munity [3,4], the concept of CubeSats has been endorsed by the space industry [5],
with many space agencies and commercial groups adding CubeSat missions to their
fleets of spacecraft [6-9]. Many are being deployed as in-orbit demonstrators or as proof-
of-concept missions to qualify new technologies for space. Their low-cost, fast delivery
timescale, attributed to their standardised design, has resulted in an exponential growth in
their popularity with over one thousand CubeSats launched since their inception [10-12].
However, a large percentage of missions are found to fail on launch or during early op-
erations, particularly missions from university teams rather than those from commercial
groups or space agencies. This is likely attributed to a lack of verification and validation
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(V&V) activities due to constraints on resources, experience, or schedule within these small
scale projects [13,14].

Similar to any large-scale satellite, albeit on a scaled down level, CubeSats should
undergo robust V&V to reduce the risk involved in a space mission. This refers to ver-
ifying that the system conforms to a predefined set of requirements and by validating
that the system can perform the intended mission. Key phases in the life cycle of any
space mission are ‘Phase C-Detailed Definition” and ‘Phase D—Qualification and Produc-
tion’ [15]. During these phases, the development of the system through qualification or
acceptance verification and testing is performed and the preparation for mission operations
is finalised. A core activity during these phases includes functional testing. Defined by
ECSS standard ECSS-E-ST-10-03C [16], a full functional test (FFT) is a “comprehensive test
that demonstrates the integrity of all functions of the item under test, in all operational
modes” whose main objectives are to “demonstrate absence of design manufacturing and
integration error”. It demonstrates the ability of the spacecraft to conform to its technical
requirements and verifies the overall functionality of the system. Therefore, a robust and
detailed functional test, supported by mission, performance, or end-to-end testing, can
lead to increased mission survival rates.

The importance of the V&V process for CubeSat projects is becoming more apparent
among missions, including university projects, and is reflected in the reduced failure rates
of CubeSat missions in recent years and the adaptation of ECSS Standards for CubeSat
missions [17]. Multiple university projects are implementing robust testing methods to
provide reliability to their mission and ensure mission success. One method suggested is
a fault injection technique, implemented by NanosatC-BR-2 [18], whereby software and
hardware faults are injected into the system and subsequently cause a failure from which
it has to recover. Cheong et al. [19] propose a minimal set of robustness tests that were
developed following their experience with a communication failure at the early stage of
the mission that lead to a root cause analysis investigation and recovery of the spacecraft.
Multiple projects [20,21] report using hardware-in-the-loop (HIL) methods to verify the
full functionality of the system while InflateSail at the University of Bristol [22] perform
functional and qualification testing on individual subsystems prior to integration at system
level. A CubeSat team from the Instituto Superior Técnico in Portugal opted to design the
majority of their subsystems in-house for full control over design and test activities and
implement an iterative prototyping approach to verify subsystems at FlatSat level [23]. The
Aalto-1 project, developed at Aalto University, employed a FlatSat-engineering qualification
model (EQM)-flight model (FM) approach given the complex development of in-house
subsystems and payloads within an university project [24]. Implementation of these
methods within university CubeSat projects have and will continue to increase the success
of missions, while educating students on the V&V strategies in the process.

The Educational Irish Research Satellite (EIRSAT-1) [25], shown in Figure 1, is a 2U
CubeSat project led by students at University College Dublin (UCD), with support from
academics and industry partners, that aims to design, build, launch, and operate Ireland’s
first satellite. The project is supported by the Fly Your Satellite! (FYS!) programme [26]
of the European Space Agency’s (ESA’s) Education Office [27,28]. The mission incorpo-
rates three payloads developed at UCD; a gamma-ray detector, the Gamma-ray Module
(GMOD) [29,30]; a thermal coating management experiment, the Enbio Module (EMOD);
and an attitude control algorithm, Wave-Based Control (WBC) [31]. In addition to the pay-
loads, a custom antenna deployment module (ADM) is being developed for the mission at
UCD [32]. These payloads are supported by commercial off-the-shelf (COTS) components
supplied by AAC Clyde Space, such as the communications transceiver, battery, electrical
power supply (EPS), attitude determination and control system (ADCS), on-board com-
puter (OBC), solar panels, and magnetorquers. The on-board software for the mission is
developed using Bright Ascension’s GenerationOne flight software development kit [33].
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Figure 1. Illustration of EIRSAT-1 and the internal printed circuit board (PCB) stack. Labels marked with an asterisks are
commercial off-the-shelf (COTS) components. All other components are designed and assembled in UCD.

The mission has a number of scientific goals and will perform the first in-orbit demon-
stration of the three novel payloads with aims to detect gamma-ray bursts (GRBs) [34],
to demonstrate the efficiency of SolarWhite [35] and SolarBlack [36] thermal coatings in
low Earth orbit (LEO), and to test novel attitude control algorithms [37]. The primary pay-
load, GMOD, will provide an in-orbit demonstration of technologies that could advance
the next generation of spaceborne gamma-ray instruments by incorporating the use of a
CeBrj crystal with a silicon photomultiplier (SiPM) array in LEO [30]. SolarBlack and
SolarWhite thermal coatings have been incorporated into ESA’s Solar Orbiter mission [38]
but EIRSAT-1 will provide the first demonstration of these coatings in LEO by monitoring
the temperature of four coated aluminium panels on the spacecraft throughout the mission.

In recent years, the term ‘lean satellite’ has been developed to describe missions
that take unconventional risks during their development to achieve a low-cost and fast
delivery [39]. The approach focuses on the use of non-qualified COTS components to
achieve a lower cost and shorter schedule, which typically leads to a smaller size. The
inherited risks associated with this concept are accepted, and the reliability of the mission
is superseded by the project cost and schedule. Many satellites fall within the scale from a
traditional satellite (those that follow strict standards and requirements) to a lean satellite,
depending on the level of risk a mission will accept and the budget that a project can
meet. A study on the lean satellite concept showed that university teams tend to avail of
this approach, taking more risk within their missions [40]. Given the complexity of the
EIRSAT-1 mission with three in-house development payloads and a lack of experience
within a student led team developing Ireland’s first satellite, the project implements a
robust verification approach, veering away from the lean satellite concept. It implements a
similar philosophy to that of Aalto-1 [24], whereby an EQM and FM of the system exist
and both undergo rigorous test campaigns. Test plans for the EIRSAT-1 project involve
ambient and environmental test campaigns for both models, which include functional,
mission, vibration, and thermal vacuum testing. In addition, all hardware is functionally
tested in a FlatSat configuration prior to system level integration. This approach aims to
reduce risk and to demonstrate reliability, prior to launch, that the system can achieve its
mission objectives.
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In this paper, the verification and testing approach of the EIRSAT-1 EQM is presented.
In Section 2, the main aspects of the assembly, integration, and verification (AIV) plan of
EIRSAT-1 are discussed and how these aim to reduce risk within the project. Section 3
provides an overview of the main functional tests performed on the EQM, with particular
focus on the FlatSat functional test campaign (Section 3.1) and FFT campaign (Section 3.2).
The key results from both campaigns are presented and the lessons learnt from these results
are discussed in Section 4. Finally, a summary and the plan for future work is given in
Sections 5 and 6.

2. Assembly, Integration, and Verification of EIRSAT-1

Within the FYS! programme, the verification plan (VP) and assembly, integration, and
test (AIT) plan are combined into a single AIV plan, which is also possible under ECSS
Standards [41]. The purpose of this plan is to outline and demonstrate how the objectives
and requirements of the mission will be verified by documenting all AIV activities that
will be performed. Given that EIRSAT-1 aims to fly three complex and novel payloads
developed by a student led team with limited experience, significant risk is introduced
to the project. Various CubeSat projects implement risk reduction processes such as
fault tree analysis (FTA), failure mode and effects analysis (FMEA), failure mode, effects,
and criticality analysis (FMECA), or risk response matrix (RRM) [42—44]. Similar measures
are implemented in the EIRSAT-1 project by maintaining a risk register, whose purpose is to
identify risks, and develop strategies to mitigate them, conducting structural and thermal
analysis, and implementing fault detection, isolation, and recovery (FDIR) methods during
the EIRSAT-1 software development and mission test [45] to manage risks for the mission.
However, the primary modes of risk reduction for project is by two aspects of its AIV plan:
its model philosophy and rigorous test campaigns.

First, EIRSAT-1 employs a ‘prototype’ model philosophy [46] whereby an EQM and
FM of the spacecraft exist [47]. Additionally, development models (DMs) exists for the
in-house developed items, GMOD, EMOD, and the ADM. This philosophy offers the
project low risk, the completion of qualification activities prior to acceptance, and the
ability to use the EQM as a integration spare or an in-orbit debugging tool. However,
it introduces additional costs and lends to a longer schedule as all hardware must be
procured twice over and test campaigns are conducted on both models. As a result, many
university CubeSat teams opt to implement a protoflight model (PFM) philosophy whereby
a single model is produced and flown after it has been subjected to protoflight qualification
and acceptance test campaigns. Typically these projects rely on significant flight heritage
or a robust CubeSat bus so that the associated risk is accepted [43,48,49]. In the case of
EIRSAT-1, the increased risk of the PFM approach was not deemed acceptable due to the
lack of experience among the team.

This model philosophy is illustrated in Figure 2, showing the existence of the three
models at various levels of the spacecraft. All DMs undergo a series of iterations to the final
design, as discussed in Walsh et al. [47]. For the EQM, these components undergo functional
testing following their assembly and an environmental test campaign to qualification
levels [50]. Subsystem level environmental testing is not performed at FM provided the
design of the FM subsystem is within the same structural specification as that qualified
for the EQM. COTS components are assumed to have undergone sufficient testing by the
manufacturer and so are subject to brief functional, or acceptance, testing on arrival at
UCD prior to being integrated into the system.

The EQM of the spacecraft combines the traditional engineering model (EM) and
qualification model (QM) into a single entity and is identical in design of the FM with the
exception of having no solar cells due to cost constraints. Both the EQM and FM are subject
to ambient and environmental testing at system level. The EQM undergoes environmental
test campaigns to qualification levels to provide evidence that the spacecraft conforms to
requirements when subject to the worst case levels predicted of vibration and temperature.
The FM is tested to acceptance levels so as to not induce any additional stress on the flight
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unit while ensuring that the spacecraft can operate when subjected to the maximum levels
of vibration and temperature expected to be encountered during launch and orbit.
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Figure 2. Prototype model philosophy employed by EIRSAT-1 showing the test activities for element, subsystem, and system
level for both the engineering qualification model (EQM) and flight model (FM). Once complete, the EQM acts as an
integration spare and an on-ground debugging tool to support flight operations of the FM. The EQM is tested to qualification
levels while the FM is tested to acceptance levels. No environmental test campaign is performed on the in-house developed

subsystems for FM.

Second, as required by the FYS! programme, EIRSAT-1 will undergo rigorous and
robust system level testing through integration tests, functional tests, mission tests, and en-
vironmental tests. These tests aim to ensure reliability of the spacecraft and to verify
mission requirements. A detailed view of the test campaigns that are executed on the EQM
and FM at system level is shown in Figure 3. This shows three main sections of the system
level AIV plan:

¢ the FlatSat assembly and test campaign,
*  the system level assembly and ambient test campaign, and
¢ the system level environmental test campaign.

The main objective of the FlatSat campaign is to verify the electrical integration of all
subsystems, prior to the system level assembly and integration. The main advantage of
performing this campaign prior to assembly is that all hardware is accessible to test opera-
tors in the FlatSat configuration (see Figure 4), so that anomalies or hardware issues can be
probed with ground support equipment (GSE) and assessed without have to perform a dis-
assembly of the spacecraft. The technique of FlatSat testing can be implemented in CubeSat
projects to provide an initial verification of the system [23,24,51] and is implemented in the
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FlatSat Test Campaign

EIRSAT-1 project for both the EQM and FM. Once performed, the system is assembled into
flight configuration, as in Figure 5, in line with the assembly and integration procedure
(AIP) of EIRSAT-1, described in Walsh et al. [47]. During the assembly procedure, a brief
integration test is performed on the printed circuit board (PCB) stack (Figure 1) once all
major electrical connections of the spacecraft have been integrated. This test verifies the
electrical connections in the PCB stack and that the spacecraft bus is operational, allowing
the power up of all subsystems. The integration test is repeated once the full system
assembly has been complete. The ambient test campaign of EIRSAT-1 consists of two major
tests required within the FYS! programme: the FFT and the mission test [45]. Following a
review of this campaign by the team and by members of the FYS! programme, the project
moves to the environmental test campaign, during which vibration testing and thermal
vacuum testing are performed to ensure the system is capable of withstanding the harsh
conditions of space. Given the required test equipment, this test campaign is not performed
at UCD but at the ESA Education CubeSat Support Facility. Throughout the environmental
test campaign, reduced functional tests (RFTs) are performed, the purpose of which is
to verify the major functions of the spacecraft in a relatively short period of time. It is
performed directly before and after any shipment of EIRSAT-1 and in between thermal
vacuum (TVAC) and vibration testing. The test offers a high degree of confidence that no
damage occurred during intense periods of stress on the spacecraft. In addition, a series
of very reduced functional tests (VRFTs) are performed throughout the thermal vacuum
campaign to ensure the spacecraft remains operational at the hot and cold dwells. Follow-
ing the completion of the environmental test campaign, the spacecraft is subject to another
FFT to verify no damage has occurred during the campaign or the subsequent shipment
from the test facility. The results of this functional test should be identical, within the test
tolerances, to the test performed in the ambient test campaign.

Final Verification

Ambient Test Campaign Environmental Test Campaign

Reduced Functional

Assembly & FT of
GMOD, EMOD, ADM

FT of COTS
components

Test

Full Functional Test

System Assembly

T
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|
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Figure 3. Test campaigns of EIRSAT-1 highlighting the assembly, integration, verification, and test activities to be performed.

FlatSat ‘mini-mission’” tests are performed on the EQM only. As the environmental test campaign does not take place at

UCD a reduced functional test must be performed before and after shipment of the spacecraft.
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Figure 4. EQM of EIRSAT-1 assembled in the FlatSat level configurations. Note: the EMOD Ther-
mal Coupon Assembly and ADM EQMs are not integrated into the FlatSat but represented by
dummy equipment.

.

(a) (b)
Figure 5. EIRSAT-1 EQM system configuration for the FFT campaign. (a) EQM setup in the integration stand. (b) EQM
setup in the attitude determination and control system (ADCS) turntable rig.
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3. EIRSAT-1 Functional Tests

As highlighted in Figure 3, functional tests are performed at multiple stages during
the development and verification of EIRSAT-1. At all stages, these functional tests aim to
verify the functionality and the requirements of the system. There are four key types of
functional tests that occur during the development of EIRSAT-1: the FlatSat functional test,
the FFT, RFT, and the VRFT.

Table 1 lists the functional test activities that are performed during the EQM functional
test campaigns of EIRSAT-1 for each subsystem. The majority of tests—with the exception
of two that are performed at FlatSat level only due to access requirements—are performed
during the system-level FFT of EIRSAT-1. The reduced functional test consists of a subset
of these, primarily focused on hardware functions that are crucial to the mission. The very
reduced functional test executes an even smaller subset of functional tests activities and
provides a functional health check of the spacecraft during the TVAC test campaign. The
activities during the RFT and VRFT are typically shortened compared to the duration of
the activity during the full functional test and FlatSat tests. The test activities envisaged
for the FM are nearly identical to that of Table 1 but with a few minor changes required
due to time and resource constraints during the EQM development. This includes not
performing WBC test activities on the EQM (FlatSat or system), but given that this is a
software payload, the team have accepted the associated risk. Selected battery tests are
performed on the EQM only to reduce the risk of significant battery degradation to the FM.
The ADM and EMOD thermal coupon assembly (TCA) were not available at the time of
the EQM FlatSat test campaign and so were not integrated to the FlatSat but instead were
replicated with ground support equipment. This had implications for the results of the full
functional test which are discussed in Sections 3.2 and 4.

3.1. FlatSat Test Campaign

The FlatSat assembly and test campaign is performed on both the EQM and FM
hardware before assembly and integration of the full system. The FlatSat test campaign
consists of both functional tests from Table 1 and a series of short mission scenario simu-
lations, called ‘mini-mission” tests. The functional tests provide an initial verification of
all subsystems when electrically integrated in a flight configuration and are performed on
both the EQM and FM FlatSats. The mini-mission tests are only performed on the EQM
FlatSat and allow for the initial development of the operational procedures and manual
for EIRSAT-1 [52]. The FlatSat functional test is not a requirement of the Fly Your Satellite!
programme but is performed for the EIRSAT-1 project to reduce risk and to gain experience
interacting with the hardware.

3.1.1. Test Prerequisites

Prior to the FlatSat test campaign, all subsystems must undergo brief functional or
acceptance testing. In the case of GMOD, EMOD, and the ADM, their individual assembly
must be performed at UCD prior to this testing. Once the COTS hardware has been
received and accepted in UCD, each subsystem undergoes a short series of functional
and acceptance tests. Once all subsystems have passed their basic tests, the FlatSat can
be assembled.



Aerospace 2021, 8, 254

90f19

Table 1. The functional test activities of the EIRSAT-1 EQM for the very reduced functional test
(VRFT), reduced functional test (RFT), FlatSat functional test, and full functional test (FFT). All tests
listed are performed during the FFT. Subsets of these tests are performed during the RFT and VRFT.
Some tests were not performed on the EQM FlatSat but will be implemented into the FM FlatSat
campaign. Wave-Based Control (WBC) tests are not included as they are only performed at FM level.

SS Test Activity VRFT RFT FlatSat FFT

Bus voltage and current health check
Send GPS state vectors to ADCS MB
Excite sun sensors (5 CSS, 1 FSS)

MTQs duty cycle drives to 25, 50, 75, 100%
Excite MTMs and gyroscopes

ADCS controller state and output

ADCS sun vector production

ADCS

Charge via PSU and/or solar cells
Over-current protection limit trip
Under-voltage protection function activation
RBF power ON/OFF and timer resets
Inhibit power ON/OFF and timer resets
Essential loads operating at S/C power ON
Voltage measurements of PDMs

X%

EPS/Battery

%

OBC reset upon receipt of DTMF tone
Uplink packets over VHF at 1200 bps
Downlink packets over UHF at 9600 bps
Receive beacon transmission every 90 s
Cease/restart beacon and RF transmissions

Comms

Oldest data overwritten when storage is full
Execute operational mode transitions
Spacecraft power cycle via OBC reset

Read all internal PCB temperature sensors
Read and write spacecraft database parameters
Invoke spacecraft database actions

OBC
N N N N S N RS S S SN N N N NN NN

-+

Antenna deployment via primary resistors
Antenna deployment via secondary resistors
Status of release detection switches on doors
Configure resistor burn times

Low battery voltage deployment

ADM
>x X
-+

Read all RTD temperatures

Configure RTD sampling rate

Poll different combinations of RTDs

Upload and rewrite new motherboard firmware
Payload power cycle

EMOD

Initiate data collection with radioactive source
Configure bias offset value of SiPMs

Perform configuration check

Upload and rewrite new motherboard firmware
Payload power cycle

GMOD
AR AN N NIRRT I S N N N NN R T YN N 3 N NN T T N I TR 0 N N NS N

NX XXX XXCNN ™™ X XXX XX XXX XXX\ XXX
N R N NS AN NN R N N S R N NS SN NE NN

* Performed for EQM only, t Activity was not included in EQM FlatSat campaign but will be implemented
for FM.

3.1.2. Test Setup

Figure 4 shows the EQM hardware of EIRSAT-1 in the FlatSat configuration. It consists
of all EQM COTS components, the EQM GMOD motherboard and detector assembly;,
and the EQM EMOD motherboard. The ADM and EMOD TCA is not present on the EQM



Aerospace 2021, 8, 254

10 of 19

FlatSat but is represented by a FlatSat add-on board of melt-line resistors, called EIRFAB,
and a dummy TCA of temperature controls, respectively. EIRFAB also hosts hand operated
electrical switches to replicate the deployment and separation switches of the system.

To support the FlatSat test campaign, a set of GSE is required. This includes a power
breakout board, an interface to connect a power supply unit and to monitor bus voltages;
a data breakout board, allowing for serial communication with the spacecraft OBC and
for JTAG programming; and Earth Simulator, an in-house developed software that allows
use of realistic in-orbit communication passes and charging cycles. Earth Simulator is also
used to control the inhibit switches and remove before flight (RBF) pin of the spacecraft
through relays to allow remote working during the COVID-19 pandemic.

3.1.3. Test Results

The test campaign tested functions of the battery, EPS, communications system, ADCS
and the OBC are listed in Table 1. No test anomalies were observed during the testing
activities, and the spacecraft behaved as expected with nominal results obtained throughout.
No tests of the ADM and EMOD TCA hardware were performed during the FlatSat
functional tests for the EQM, but instead additional ground support equipment was used
to facilitate software based tests of these systems.

The campaign proved to be extremely educational for the team. It was the first interac-
tion with and use of the system hardware, giving the team experience with its handling and
operation. In addition, it allowed the finalisation of test documentation in preparation for
the system level FFT, which was submitted to members of the FYS! programme to undergo
review and to be approved for use during the ambient test campaign. The tests conducted
proved the reliability of the electrical integration and compatibility of the subsystems
to operate and communicate with each other. Finally, the campaign verified the initial
versions of the flight software and allowed further development of the software while
allowing access to all subsystems for debugging and probing.

3.2. Full Functional Test Campaign

The FFT forms a major part of the ambient test campaign, or Phase D1, within the
FYS! programme and the EIRSAT-1 project. The FFT must be completed before progression
to environmental testing, or Phase D2, can be achieved. The test performs all test activities
listed in Table 1, with the exception of two indicated tests for the EPS and battery system
as they require direct access to the battery header, which is not possible in the flight
configuration. The FFT of the EIRSAT-1 EQM began in December 2020 and closed out in
July 2021.

3.2.1. Test Prerequisites

Prior to the FFT of EIRSAT-1, the system level assembly was completed, as this test
requires the spacecraft to be as configured for flight. An integration test was performed
after assembly to confirm nominal basic operations of the subsystems and their electrical
integration. A mass and dimensions verification (MDV) and visual inspection of the
spacecraft were completed to ensure the system conformed to physical requirements and
did not have any visible defects. The FFT campaign has strict documentation and review
requirements from the team and the FYS! programme whereby a test specification (TSpe)
and test procedure (TPro) must be submitted to FYS! members for review before proceeding
with the test. These documents describe the test in its entirety, including the setup, test
requirements, required personnel, and the step-by-step instructions to complete each
test activity.

3.2.2. Test Set-Up

Figure 5a shows the EQM hardware of EIRSAT-1 in the flight, or system-level, config-
uration. It consists of all EQM COTS components and the EQMs of the in-house developed
payloads, GMOD, EMOD, and the ADM. Test thermocouples are also installed throughout
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the spacecraft, which are used during thermal vacuum testing, and exit the spacecraft
on the —X solar panel through a cut out at the bottom of the panel, which can be seen in
Figure 5.

For the majority of the test, the spacecraft is placed in a vertical configuration in an
integration stand. It is supported by the same GSE as the FlatSat functional test campaign
with the addition of a turntable that is used during ADCS testing (Figure 5b).

3.2.3. Test Results

All test activities in Table 1 were performed during the FFT with the majority of tests
producing nominal results. However, four test anomalies were recorded during the test
campaign. A test anomaly is defined as an unexpected behaviour of the spacecraft and can
often lead to a test failure. Upon occurrence of a test anomaly, a report is produced and an
investigation into the anomaly is conducted. If necessary, design changes are implemented
to the system and functional tests are subsequently repeated if invalidated by the design
change. Given that most test activities were performed nominally, this section will discuss
the test anomalies encountered, the results of their investigation, and the corrective actions
implemented where required.

The first anomaly was encountered during the functional tests of the ADM subsystem.
The ADM has redundant deployment methods whereby the antenna can be released
by individual burns of the primary resistors or by simultaneous burns of the secondary
resistors, which are connected to switchable power distribution modules (PDMs) 1 and
2 on the EPS, respectively [32]. In orbit, deployment by the primary resistor burns are
attempted first, followed by the secondary resistors burns for a duration predefined in the
mission software. The FFT verifies both methods of deployment through resistor burns of
30s duration, during which it is expected that the melt-lines holding the antenna doors
will melt and release the antenna elements.

During the test of the antenna deployment by burning of the secondary resistors,
the antenna elements failed to deploy within the 30s. The burn time was increased to
attempt deployment for burn times of 60 s and 120 s. During these attempts, some elements
were released but not all as expected. This resulted in a fail of the test activity and was
recorded as a major anomaly, subsequently launching an anomaly investigation into the
root cause of the issue. Upon investigation, it was concluded that thermal dissipation from
the secondary resistors due to the design of the ADM PCB was causing the failure.

The secondary resistors were connected directly to the PCB’s ground plane with only
small thermal breaks introduced by the PCB layout software designed to aid the soldering
process. As a result, the secondary resistors had a good thermal conduction into the ground
plane which acted as a heat sink so that the melting temperature of the melt-line was not
reached, subsequently preventing the antenna from deploying. This shortcoming was not
detected during qualification of the deployment mechanism as the heat sink effect was
not significant enough to prevent deployment of the antenna elements in reasonable time
frames even at low temperature. Once the issue had been identified during the anomaly
investigation, the layout of the ADM PCB was redesigned to give much improved thermal
characteristics, greatly reducing the available heat-paths and thermal conduction from the
resistors into the PCB.

The second anomaly occurred during the verification of the release detection switches
and the RBF pin with which EIRSAT-1 is equipped with. The spacecraft has one RBF pin
located on the —X face and three release detection switches, or inhibits, located in the corner
rails towards the —Z end of the CubeSat. These switches ensure that the spacecraft does
not power on when any one is activated, or in a compressed state. Once all switches are
released, the spacecraft powers on, the separation sequence of the mission initiates, an on-
board timer begins a 45 min countdown until deployment can occur, and RF transmissions
are enabled once the first burn attempt has completed. The test aims to verify these
functions of the power system and the on-board timer by reactivating each individual
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switch to ensure that the spacecraft powers off and, once the switch is reactivated, that the
antenna deployment attempts do not happen for a period of 45 min following reactivation.

During the FFT, shortly after RF transmission had been enabled, error messages were
observed in a debug terminal. These messages occurred as the OBC attempted to request
data from the ADM, whose firmware is hosted on the EMOD motherboard, but received
no response. This anomaly did not result in a failure of the test activity, as the objectives
of the RBF and inhibit switches were verified, but a major problem was highlighted.
Again, an anomaly investigation was launched to determine the root cause of the problem.
Reproduction of the anomaly was possible, albeit irregular, when the procedure was
conducted in the same manner as the test. The EMOD motherboard could be recovered by
a power cycle of the payload but communication with the motherboard would soon after
fail again. The failures were found to be coincident with RF transmissions, and a power
cycle of the payload failed to recover it once the transmission power of the transceiver
was increased. It was concluded that an electromagnetic compatibility (EMC) transient
between the ADM PCB and the EMOD motherboard was triggering a failure within the
EMOD motherboard, upon an RF transmission, and preventing the OBC receiving the
requested data from the ADM. This anomaly had not been detected during previous testing
as no tests had been conducted on the EQM with RF transmission turned on. Through
experimentation, it was determined that the transient was only coupled through the two
lines in the ADM harness which connected the two deployment switches closest to the UHF
antenna elements. Furthermore, it was observed that it only occurred when the switches
were not pressed. In the pressed state, the effected lines are grounded through the switches’
normally closed pin. Capacitors were added between the switches” normally open pin and
ground which was found to be effective at decoupling the transient signal and preventing
lock up of the EMOD motherboard. Separately, ferrites were added to the effected harness
lines which was also found to be effective at sufficiently attenuating the transient signal
and thus preventing lock up of the EMOD motherboard.

Following the success of this modification, a prototype PCB was manufactured which
included surface-mounted ferrites which were considerably smaller than the harness-
mounted ferrites and easier to accommodate, requiring no changes to the harnessing
of the spacecraft. This method was successfully tested, and it was decided to include
both the decoupling capacitors and the surface-mounted ferrites on all four of the ADM’s
deployment switches.

These two major test anomalies meant that two redesigns were required to the ADM
PCB: one to resolve the heat dissipation from the secondary resistors and one to reduce
the EMC transient from the ADM to the EMOD motherboard. Both redesigns were im-
plemented into a series of DM PCBs and underwent ambient testing to ensure the issues
were resolved prior to procurement of a new flight quality board. Once the new board
was received and accepted at UCD, it was integrated into the system to replace the old
design. All ADM functional test activities were repeated under ambient conditions and an
additional test on the RF transmissions was performed to verify the new design. The design
will be further verified in vacuum during the environmental test campaign of the EQM.

Two additional test anomalies were recorded during the FFT campaign. Both anoma-
lies were documented as minor as they did not have an impact on any design requirements
of the spacecraft and no test activity failed by their occurrence. The first of these occurred
during the low battery antenna deployment test. The objective of this activity was to power
the spacecraft in a first boot scenario and execute the separation sequence, including an
antenna deployment, with a low battery voltage. During this test, the charging cycle of
the spacecraft was configured to mimic an ISS orbit, so that sun exposure and eclipse were
simulated through a power supply unit (the EQM does not have any solar cells). Overall,
the test objectives were achieved, but the spacecraft under voltage protection function acti-
vated during the test. The under voltage protection is a safety function of the AAC Clyde
Space power system to avoid degradation of the battery by cutting power to the spacecraft
once the battery reaches a voltage of 6.144 V. This meant that the spacecraft powered off
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before the separation sequence reached the 45 min timer to begin antenna deployment
attempts. However, at the end of the simulated eclipse and upon entry into simulated
sunlight, the spacecraft began charging and powered back on. Within the mission software,
if a reboot of the spacecraft occurs at this stage in the mission, the spacecraft reboots into
the failsafe image, a software image that contains only the critical software functions. Once
powered on in the failsafe image, the spacecraft entered the separation sequence once more
and successfully burned the resistors after 45 min, deploying the antenna. This anomaly
was unexpected as it had not been foreseen during the test planning but can not be defined
as abnormal behaviour given that it is an event that could happen in orbit, depending on
the charging status at the time of deployment (i.e., sunlight or eclipse). The test demon-
strated that rigorous test planning is required to foresee all possible outcomes of a test
activity so that they can be captured in the documentation, reducing the need to waiver
from the test procedure. It also proved that in a worst-case scenario, where the spacecraft
is deployed with low battery in eclipse, the separation sequence will be performed within
one orbit but may occur in the failsafe image of the spacecraft.

The second minor anomaly recorded during the test campaign related to data logging
to the OBC’s flash memory, where ADM data recorded over a 35 min period were not
successfully logged to a storage. The issue was thoroughly investigated but could not
be replicated and so no changes to the on-board software were implemented, but given
that the anomaly is not mission critical, its low risk of occurrence has been accepted.
The incident has been documented and remains monitored throughout testing for any
further occurrences.

Overall, the FFT verified 46 requirements of the technical specification of EIRSAT-1
and 11 requirements set out by the Fly Your Satellite! Design Specification (FDS). The
majority of the tests were completed without failure with the exception of the secondary
deployment of the ADM. Four test anomalies occurred during the campaign resulting
in two minor design changes to the ADM PCB. These design changes resulted in a re-
test of the invalidated test activities. Upon implementing the design changes, no further
anomalies occurred.

4. Discussion

The FFT of the EIRSAT-1 EQM demonstrated the first prolonged operations of the
CubeSat in a flight configuration, verifying its electrical design. The preparation involved in
the test campaign, including a review of requirements, the preparation of test specifications
and test procedures, and the scheduling of all test activities, showed the level of verification
that will be required to ensure reliability in the hardware for the flight model.

The test anomalies that occurred highlighted crucial aspects of the EQM verification
process that must be improved for the FM. The first observation is the need to implement
rigorous testing at subsystem, FlatSat, and system levels. As discussed in Section 1, CubeSat
projects implement different testing methods on different configurations, but few perform
their tests on all configurations. This was also true for the EIRSAT-1 EQM FlatSat, where
the ADM and the EMOD TCA were not incorporated into the FlatSat due to schedule and
resource constraints. While the ADM had been tested extensively at subsystem level, both
through functional and environmental tests, the payload had not been integrated and tested
with all other components of the spacecraft. Therefore, no deployment tests of the ADM or
RF transmission tests had been performed with all EQM hardware prior to the FFT. Had
these tests been completed, the related anomalies, and subsequent redesign of the ADM
PCB, may have been discovered before system level assembly. Fortunately, the location of
the ADM on the —Z face of the spacecraft means that minimal disassembly of the spacecraft
was required to correct the issue. However, the redesign, retest, and verification process
had a negative impact on the schedule of the project. This shows the importance of testing
all subsystems at a FlatSat level when access to individual components is not restricted.
Despite the updated design of the ADM undergoing extensive testing at system level for
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the EQM through the functional and mission tests, the ADM FM will be incorporated into
the FlatSat for initial verification prior to system assembly.

Any anomalies that occur during test campaigns inevitably affect the schedule of a
project. While contingency can be built into a schedule, the amount of time required to
investigate and solve particular anomalies, such as ones that require a redesign, cannot be
accounted for accurately. New technologies or in-house developed subsystems inherently
come with a higher risk of associated test anomalies. As seen during the EQM FFT cam-
paign of EIRSAT-1, the major anomalies occurred within systems that have been developed
in-house. Therefore, these subsystems should be the focus of the test campaigns of a
mission wherein additional resources and verification methods are applied, and scheduled
appropriately, to reduce the likelihood of anomalies occurring at crucial or time sensitive
stages in a project. That said, if anomalies do occur during time-sensitive stages of the
project, no tests should be overlooked due to time constraints unless the associated risk
can be accepted.

A comprehensive documentation and product assurance approach was implemented
throughout the test campaign. This allowed anomalies to be reviewed and replicated within
short time periods and facilitated accurate information being passed to FYS! members to
assist with the investigations. Despite this, an unexpected test sequence occurred during
the antenna deployment at low battery voltage test and resulted in a minor deviation from
the test procedure during the EQM FFT. Deviations from the test procedure can result in
a lack of traceability if not properly documented and can introduce anomalies or failures
into the system. Therefore, any ‘red-line’ changes to documentation during the EQM test
campaigns will be officially implemented into the test specifications and test procedures to
reduce any variations from the intended steps for the FM campaign. In addition, thorough
test planning and a verbal walk-through of the FM test procedure will be performed prior
to conducting the test procedure on the FM hardware.

5. Future Work

Following the functional tests of EIRSAT-1, the mission test is performed to verify,
and further validate, mission requirements [45] and to finalise procedures for in-orbit
operations [52]. The campaign is performed for 3—4 weeks to simulate in-orbit operations
over a significant time period to prove the system design conforms to requirements and
to detect any failures in the system not revealed during the functional tests. This cam-
paign, and the FFT campaign, greatly strengthen the reliability of the mission. Following
completion, a full review of the ambient test campaign (functional and mission tests) will
be conducted with members of the team and of the FYS! programme before proceeding
to the environmental test campaign where the spacecraft will be subject to vibration and
thermal vacuum tests to qualification levels. All feedback from each test campaign will be
implemented into preparations and documentation for the FM of EIRSAT-1.

Once launched, EIRSAT-1 will be operated by students at UCD through both auto-
mated and manned operations from an operations center located in the university. Through-
out it’s lifetime, the mission will provide scientific data on GRB detection and performance
data for Enbio’s thermal coatings in LEO and for the WBC algorithm. EIRSAT-1 will
space-qualify a new detector technology for gamma-ray astronomy in the GMOD payload,
providing a proof-of-concept for future gamma-ray detectors that can aid the detection
of GRBs.

The experience gained by the EIRSAT-1 team, from concept and initial design of a
CubeSat to implementation of the AIV plan to qualify a space mission for launch, provides
a foundation to expand the EIRSAT project to additional satellites in the future. These
satellites are likely to include larger CubeSats, such as a 3U or 6U satellite, based on the
lower cost and faster delivery timescale protoflight model philosophy, that could not
be implemented for EIRSAT-1. Their missions are likely to focus on one main scientific
objective that will use the knowledge of EIRSAT-1 and the heritage gained from it and
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others to fly advanced instruments compatible with a CubeSat bus, such as an advanced
gamma-ray detector that builds upon the GMOD payload.

6. Conclusions

The complexity of the scientific objectives of the EIRSAT-1 mission to detect GRBs
with a novel gamma-ray detector, to perform in-orbit measurements of the efficiency
of SolarWhite and SolarBlack thermal coatings, and to test an attitude control algorithm
designed for flexible systems, along with an in-house developed ADM, introduce significant
risk into the mission profile. To combat this risk, the EIRSAT-1 project has developed
and implemented a prototype model philosophy and a thorough verification approach
with functional tests performed on both models of the spacecraft at subsystem, FlatSat,
and system levels.

While the prototype model philosophy has increased costs and time associated with
it, it reduces the risk of a mission by using multiple models of the spacecraft during the
development and verification processes. EIRSAT-1 implements this philosophy through
the use of an EQM and a FM at system level. This approach has been chosen, over the
more popular protoflight approach among CubeSat projects, due to the complexity of the
in-house developed payloads combined with the lack of experience among the team given
that EIRSAT-1 aims to be Ireland’s first satellite.

Both the FlatSat functional test and the FFT of EIRSAT-1 have been completed on
the EQM hardware to ensure reliability and verification of the design and integration
of all components. The test campaigns verified 57 mission requirements, bringing the
EIRSAT-1 satellite one step closer to spaceflight qualification. The FFT of the EIRSAT-1
EQM demonstrated the first prolonged operations of the CubeSat in a flight configuration,
verifying its electrical design. The majority of tests were successful but four anomalies
were recorded during the FFT campaign. Two of these anomalies were recorded as major
and both were related to the design of the ADM PCB. The team conducted an anomaly
investigation into both anomalies and through experimentation were able to pin-point the
causes. The anomalies resulted in a redesign of the ADM PCB, which ultimately lengthened
the duration of the test campaign. The redesign meant that all functional tests of the ADM
had to be performed again to verify the new design at subsystem and system level, which
was successfully completed.

The anomalies highlighted the importance of testing all components and payloads,
in particular in-house developed items, at subsystem level and in a FlatSat configuration
prior to system level integration. In addition, thorough test planning should be imple-
mented to avoid deviations from test procedures. By completing the functional verification
of the EQM, the team gained valuable experience in satellite testing that will be applied to
the remaining test campaigns of the EQM, to the FM, and to future satellites developed
at UCD.
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Abbreviations

The following abbreviations are used in this manuscript:

ADCS Attitude determination and control system
ADM Antenna Deployment Module

AIP Assembly and integration procedure
AIT Assembly, integration, and test

AIV Assembly, integration, and verification
COTS Commercial off-the-shelf

DM Development model

EIRSAT-1 Educational Irish Research Satellite
EMC Electromagnetic compatibility

EMOD Enbio Module

EPS Electrical power supply

ESA European Space Agency

EQM Engineering qualification model

FDIR Fault detection, isolation, and recovery
FDS Fly Your Satellite! design specification
FFT Full functional test

FM Flight model

FMEA Failure mode and effects analysis
FMECA Failure mode, effects, and criticality analysis
FTA Fault tree analysis

FYS! Fly Your Satellite!

GMOD Gamma-ray Module

GRB Gamma-ray burst

GSE Ground support equipment

LEO Low Earth orbit

MDV Mass and dimensions verification
OBC On-board computer

PCB Printed circuit board

PDM Power distribution module

PFM Protoflight model

RFT Reduced functional test

RRM Risk response matrix

oM Qualification model

TCA Thermal coupon assembly

TSpe Test specification
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TPro Test procedure
TVAC Thermal vacuum
V&V Verification and validation
VP Verification plan
VRFT Very reduced functional test
WBC Wave-Based Control
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