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Abstract

University CubeSat programs are often conducted under severe constraints in budget,
personnel, schedule, and knowledge continuity, while still requiring sufficient verification
to support mission success. This paper presents the verification, testing, on-orbit oper-
ation, and anomaly analysis of COSMIC, a 3U university CubeSat developed by Yonsei
University in less than eleven months from project kickoff to launch. COSMIC adopted a
protoflight model approach, prioritized commercial off-the-shelf components with flight
heritage and prior laboratory experience, and concentrated limited resources on subsystem,
FlatSat, system-level, environmental, communication, and scenario-based testing. The test
program is reviewed against the subsequent on-orbit results to identify which verification
activities contributed to anomaly prevention, fault isolation, and recovery. The results show
that system-level integration testing, thermal vacuum cycle testing, and scenario testing
were particularly effective in revealing interface, software, and deployment-related issues
before launch and in supporting early orbit recovery. However, the mission also exposed
limitations in recovery-logic verification, long-duration software testing, communication
robustness, and independent reset paths. Based on these findings, practical recommen-
dations are derived for resource-constrained university CubeSat teams seeking to tailor
verification activities without simply reducing test rigor.

Keywords: CubeSat; lean satellite; resource-constrained; verification and testing; on-orbit
operations; anomaly analysis; lessons learned

1. Introduction

CubeSats have emerged as a key platform enabling universities, research institutions,
and startups to access space, thanks to their low development costs and short development
times. The extensive use of commercial off-the-shelf (COTS) components has significantly
reduced development costs, contributing to an exponential increase in the number of
CubeSat launches over the past decade [1].

Against this backdrop, Cho and Graziani [2] introduced the concept of the Lean
Satellite. A Lean Satellite is developed through a non-traditional, risk-taking approach
that aims to deliver value to stakeholders at minimum cost and in the shortest possible
time. It is characterized by low-cost development, fast delivery, small team size, extensive
use of non-space-qualified COTS components, and deliberate risk taking, and therefore
represents a paradigm distinct from traditional satellite development practices. Cho and
Graziani [2] further provide both quantitative and qualitative criteria for evaluating the

Aerospace 2026, 13, 654

https://doi.org/10.3390/aerospace13070654


https://crossmark.crossref.org/dialog?doi=10.3390/aerospace13070654&domain=pdf&date_stamp=2026-07-20
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0009-0004-2147-0375
https://orcid.org/0000-0001-7383-1145
https://orcid.org/0000-0002-1962-4038
https://doi.org/10.3390/aerospace13070654

Aerospace 2026, 13, 654

2 of 30

degree to which a satellite aligns with the lean development philosophy, encompassing
quantitative metrics such as total cost, delivery time, and team size, as well as qualitative
factors such as risk-taking and risk-mitigation strategies.

The characteristics of lean satellites are particularly pronounced in the university
development environment. However, the mission success rate of university-developed
CubeSats remains notably low. According to Pradhan and Cho [1], the mission success rate
of university-class satellites stands at approximately 50%, lower than the approximately
68% observed for government and private satellites. A particularly important finding
is the counterintuitive trend that mission success rates for university satellites decline
as development time increases, which is attributed to the progressive deterioration of
knowledge transfer and budget margins as projects extend in duration. Based on these
findings, Pradhan and Cho [1] proposed a target delivery time of two years or less, with
an optimistic goal of one year or less. However, only 23% of university satellites in their
dataset were delivered within two years, with those achieving delivery within one year
accounting for approximately 5%.

Verification and testing are critical to mission success, and development teams have
traditionally referred to standards such as European Cooperation for Space Standardization
(ECSS) standard ECSS-E-ST-10-03C [3], National Aeronautics and Space Administration
(NASA) standard NASA-STD-7002B [4], and the Goddard Space Flight Center (GSFC)
General Environmental Verification Standard (GEVS), GSFC-STD-7000B [5]. However,
these traditional standards were developed primarily for large spacecraft requiring high
reliability and are not directly applicable to resource-constrained CubeSat development.
The e-st@r-1I mission illustrates this limitation, where full compliance with ECSS standards
led to a verification process that was overly burdensome, without guaranteeing mission
success [6].

In recognition of these limitations, standards more suited to CubeSat and lean satellite
development have emerged. The European Space Agency (ESA) published the Tailored
ECSS for in-orbit demonstration (IOD) CubeSats document, which provides a CubeSat-
specific adaptation of ECSS requirements [7]. In addition, International Organization for
Standardization (ISO) standards ISO 20991 [8] and ISO 19683 [9] were introduced to address
small spacecraft requirements and design qualification and acceptance testing from a lean
perspective. However, cases in which these standards were applied under actual, extreme
resource-constrained conditions and the resulting decisions were analyzed against on-orbit
operational outcomes remain scarce.

The 3U CubeSat COSMIC, which stands for COmmercial Space innovative Mission
In CubeSat, was developed by Yonsei University and represents a direct example of such
resource-constrained university CubeSat development. COSMIC satisfies the lean satellite
criteria proposed by Cho and Graziani [2] in terms of total development cost, team size,
delivery time, and extensive use of COTS components. The core development team
consisted of twelve members, including a system engineer and subsystem leads who
had prior experience in one or more satellite development projects. The other members
were either first-time participants in satellite development or had limited experience in
leading subsystem-level tasks. This mixed experience level is typical of university satellite
development teams, where a small number of members with prior project experience work
together with members who are new to satellite development. Despite these constraints,
COSMIC achieved launch in less than eleven months from project kickoff, placing it among
the approximately 5% of university-class satellites in the dataset of Pradhan and Cho
[1] that achieved delivery within one year. The structural constraints characteristic of
university satellite projects, including personnel turnover due to student graduation and
restricted research budgets, were equally applicable to the COSMIC development process.
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COSMIC thus represents a rare case study in which the entire development process, from
project kickoff to on-orbit operation, was completed under severe resource constraints.

This paper presents an analysis of the verification and testing approach adopted in
COSMIC, examining which test items were selected and why, and how those decisions
manifested in on-orbit operational outcomes. The testing approach is subsequently com-
pared against ISO 19683 [9] to assess the extent to which it aligns with established small
spacecraft verification standards. The findings aim to provide practical recommenda-
tions and guidelines for university CubeSat development teams operating under similar
resource constraints.

The remainder of this paper is organized as follows. Section 2 describes the mis-
sion overview, development approach, and system configuration of COSMIC. Section 3
presents the implementation and results of the verification and testing program. Section 4
analyzes the on-orbit operational results and recovery process. Section 5 discusses the
effectiveness of the selected verification activities, compares the test program with ISO
19683, analyzes major anomalies and lessons learned, and derives recommendations and
guidelines. Section 6 presents the conclusions.

2. COSMIC Mission and Development

2.1. Mission Ouverview

COSMIC is a 3U CubeSat developed by Yonsei University, South Korea, and was
launched as a secondary payload aboard the NURI (Korea Space Launch Vehicle-1I; KSLV-
II) launch vehicle in its fourth flight. The primary mission objectives of COSMIC were to
provide on-orbit verification of two commercially developed payloads: the Post-Mission
Disposal (PMD) device developed by UZURO Tech., referred to as UZU PMD, and the On-
Board Computer (OBC) and Electronic Speed Controller (ESC) developed by the Unmanned
Exploration Laboratory (UEL).

The UZU PMD is a propulsion device designed to lower a spacecraft’s orbital altitude
by generating thrust, thereby accelerating deorbit and disposal at the end of the mission.
The PMD device is a compact propulsion payload mounted externally on COSMIC, consist-
ing of a nozzle, a propellant tank, and associated electronics. It uses a hydroxylammonium
nitrate (HAN)-based green monopropellant and was designed to perform a short-duration
deorbit maneuver at the end of the mission. The device generates a maximum thrust of
approximately 5 N and a vacuum-specific impulse of approximately 230 s. With approxi-
mately 15 g of propellant, the nominal burn duration is approximately 5.13 s, corresponding
to a total impulse of approximately 51 Ns. Therefore, the PMD operation on COSMIC
was defined as a single short-duration firing sequence for end-of-life disposal. In addition,
to verify whether the PMD generated thrust during operation, a dedicated camera for
monitoring PMD operation, referred to as the UZU camera (UZU CAM), was integrated.
This camera was implemented using a COTS product with flight heritage. The UZU PMD
is shown in Figure 1.

The UEL OBC and UEL ESC are components intended for integration into a lunar
exploration rover currently under development by UEL. Their on-orbit verification mission
aimed to validate their performance in the space environment prior to deployment in a
lunar mission. The UEL OBC and UEL ESC are shown in Figure 2.

The bus system was developed by Yonsei University, while the payloads were devel-
oped concurrently by their respective organizations throughout the bus development period.
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Figure 1. Post-Mission Disposal (PMD) propulsion device developed by UZURO Tech. and externally
mounted on COSMIC for end-of-life deorbit demonstration.

Figure 2. Payload electronics developed by UEL for on-orbit verification: On-Board Computer (left)
and Electronic Speed Controller (right).

2.2. Development Approach

The development and verification approach adopted for COSMIC was determined
based on three key factors.

First, due to the constrained development schedule and budget, it was not feasible to
fabricate separate qualification and flight models and subject each to qualification-level
and acceptance-level testing, respectively. Accordingly, COSMIC adopted a protoflight
model (PFM) approach, in which the flight model underwent environmental testing at
qualification-level test conditions with acceptance-level test durations. This represented
a practical alternative that allowed both design qualification and flightworthiness to be
demonstrated within a single model under the given resource constraints.

Second, compliance with the launch vehicle and deployer requirements of the NURI
(KSLV-II) fourth launch served as the primary driver for defining the minimum scope of
environmental testing. The mandatory environmental tests required for launch vehicle
accommodation were random vibration testing and a thermal vacuum bakeout, both
of which were conducted at PFM-level conditions. In addition, thermal-vacuum cycle
testing, which was not mandated by the launch vehicle requirements, was performed to
more comprehensively verify the satellite’s functional integrity under simulated space
environmental conditions.
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Third, in terms of COTS component selection, a different approach from that advo-
cated by Cho and Graziani [2], which favors the extensive use of non-space-qualified COTS,
was adopted. Instead, COTS components with flight heritage established through the
laboratory’s previous satellite development programs were prioritized. This approach is
consistent with the recommendation of the Tailored ECSS for IOD CubeSats document,
which encourages the use of COTS modules that have already been qualified or possess
flight heritage, and specifies that the verification program for CubeSats should be focused
at the system level, given their high level of integration [7]. The selection of heritage-based
COTS components was therefore a deliberate strategy to minimize the component-level ver-
ification burden and concentrate available resources on system-level integration and testing,
consistent with the recommendation of Pradhan and Cho [1] that lean satellite development
should prioritize system-level integration testing over component-level verification.

2.3. System Configuration

The bus system components of COSMIC are listed in Table 1. In selecting the compo-
nents, COTS parts with flight heritage established through the laboratory’s previous satellite
development projects, CANYVAL-X [10], CANYVAL-C [11], MIMAN [12], HYVRID [13],
and VISION [14], were prioritized. The technology readiness level (TRL) and procurement
lead time of each major bus component are also indicated in Table 1. In this study, the
procurement lead time was defined as the period from quotation to actual delivery to
the project team. The procurement lead times ranged from approximately 3 to 29 weeks,
depending on the component.

As shown in Table 1, flight-heritage COTS were applied to all subsystems except the
SMS, which was developed in-house based on the laboratory’s accumulated experience
from previous satellite development programs. The procurement lead times were consid-
ered in establishing the integration and verification schedule, because the time available
for flight-model integration and system-level testing depended on the delivery of key
COTS components. Among the major COTS components, the UHF antenna had the longest
procurement lead time, approximately 29 weeks, and therefore represented one of the
long-lead items in the development schedule.

In addition to the flight units, one spare unit each of the OBC, PCDU, and battery was
procured because these components were considered mission-critical for satellite operation.
Spare S-band and UHF antennas were also procured to support multiple deployment tests
during ground verification. Meanwhile, an Interface Board was developed in-house to
accommodate the data and power interface requirements between subsystems. Given
its lack of flight heritage as a newly developed component, thorough verification was
conducted. The component layout and pre- and post-deployment configurations of the
resulting COSMIC satellite are shown in Figure 3 and Figure 4, respectively.

Table 1. COSMIC bus system configuration and procurement lead times of components.

Subsystem Component Manufacturer Model TRL Lead Time (Weeks)
CNDH OBC Nara Space NSTOBC 9 12
UHF TRX GomSpace NanoCom AX100UL 9 18
COMS UHF ANT ISISPACE Deployable Antenna System 9 29
S-band TRX GomSpace NanoCom AX2150 9 18
S-band ANT GomSpace NanoCom AM2150-O 9 18
PCDU GomSpace NanoPower P31U 9 18
EPS Battery GomSpace NanoPower BP4 9 18
Solar Array EnduroSat ~ 3U Deployable Solar Array Z 9 14

https://doi.org/10.3390/aerospace13070654


https://doi.org/10.3390/aerospace13070654

Aerospace 2026, 13, 654

Table 1. Cont.

Subsystem Component Manufacturer Model TRL Lead Time (Weeks)

ADCS Module

(RWA & MTQ) CubeSpace  CubeADCS Core Stack-3U 9 13

MMT CubeSpace CubeMag Dep Gen 2 9 13

GNC FSS CubeSpace CubeSense Sun Gen 2 9 13

CSS CubeSpace Coarse Sun Sensor Gen 2 9 13

EHS CubeSpace CubeSense Earth Gen 2 9 13

GPS RX NovAtel OEM719AH 9 11

GPS ANT Tallysman TW1889 9 3

Frame In-house — — —

SMS Harness In-house — — —

UEL ESC Redundancy !
UEL Interface Board >

ADCS Module
(RWA & MTQ)

Interface Board ‘

UZU Interface Board
UEL OBC
UEL ESC

Figure 4. Pre- and post-deployment configurations of COSMIC.

3. Verification and Testing: Implementation and Results
3.1. Test Program Overview

The verification and testing program for COSMIC was established in accordance
with a development approach that prioritizes flight-heritage COTS components, with the
aim of entering the integration phase as early as possible. For COTS components with
sufficient verification heritage, individual component-level testing was minimized, with
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functional and performance verification conducted at the system integration level instead.
For the in-house-developed Interface Board, a more conservative approach was taken, with
individual functional verification performed at the component level prior to integration.

In accordance with this approach, the verification and testing program was carried out
in the following sequence: subsystem and FlatSat testing, ground station communication
testing, assembly, integration, and testing (AIT), and scenario testing.

The environmental test plan was established by considering both the launch vehicle
requirements and the resource-constrained development environment. The mandatory
tests required for launch vehicle and deployer accommodation are summarized in Table 2,
which includes the deployer interface test, random vibration test, and thermal vacuum
bakeout, all conducted at protoflight level. In addition, thermal-vacuum cycle testing,
which was not mandated by the launch vehicle requirements, was performed twice to
more comprehensively verify the satellite’s functional integrity under simulated space
environmental conditions.

Table 2. Mandatory environmental and interface tests required for accommodation on the NURI
fourth launch vehicle.

Test Condition Value

Deployer Interface Test — —

Random Vibration Level +3 dB
(Protoflight) Duration 1 min, 3 axes
Thermal Vacuum Mm.l;F emf-erature Min. 3h d EO ftC tabilizati
Bakeout (Protoflight) uration in. we ?1 er stabilization
Pressure 10~* torr

3.2. Subsystem and FlatSat Test

The COSMIC bus system was configured primarily with COTS components, with flight
heritage established through the laboratory’s previous satellite development programs.
Accordingly, for components with sufficient heritage, individual component-level testing
was minimized, and the integration phase was entered as early as possible, with functional
and interface verification conducted at the system level.

For the in-house developed Interface Board, however, a more conservative approach
was adopted. The Interface Board serves as the electrical intermediary between subsystems
that do not support PC104 connections, providing power supply through harnesses and
enabling data communication with the OBC. Given that the proper functioning of this board
is directly linked to the operability of the connected components, continuity testing was
performed at the component level to verify that there were no anomalies in the electrical
connections, prior to verifying its operation in conjunction with the connected components.

The primary testing activity conducted prior to AIT was FlatSat testing. In this test,
some components were partially configured in a stacked configuration, while the remaining
components were connected via harnesses, allowing comprehensive verification of power
supply to each component, command execution in response to OBC commands, and
corresponding responses and data-reception status. The FlatSat test configuration is shown
in Figure 5, and the components included in the test, along with the verified functions,
are summarized in Table 3. In summary, rather than investing time in component-level
testing, COSMIC allocated relatively more time to the FlatSat test to verify system-level
functionality and interfaces in advance, and to confirm that the flight model was ready to
proceed to the AIT phase.
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PCDU
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Figure 5. FlatSat test configuration used to verify subsystem power, command, telemetry, and

interface functions before full flight-model integration.

Table 3. FlatSat test configuration and verified subsystem functions before assembly, integration, and

testing (AIT).
Subsystem Component Verified Function
- Data interface verification with connected
CNDH OBC components
- Command transmission and response reception
- CAN interface verification
S-band TRX - Parameter SET/GET
- 12C interface verification
S-band ANT - Deployment
COMS
- CAN interface verification
UHF TRX - Parameter SET/GET
- 12C interface verification
UHF ANT - Deployment
- Charge and discharge
PCDU & Battery - Power distribution to connected components
EPS
- Deployment status verification (GPIO)
Solar Array - Deployment
- RS5-422 interface verification
Payload UZU CAM - Image capture

3.3. Ground Station Communication Test

Ground station communication testing was conducted in parallel with subsystem

and FlatSat testing to verify that communication between the satellite and ground station

equipment was achievable prior to launch. In the COSMIC ground segment architecture,

satellite operations were planned to be conducted from the mission control room at Yonsei

University in Seoul, while the ground station antenna, modem, and associated radio-

frequency (RF) equipment were installed at the CONTEC ground station facility in Jeju

Island. Therefore, the test was designed to verify not only the RF communication chain
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between the satellite and the ground station equipment, but also the end-to-end operational
configuration required for remote satellite operations. The test was conducted in two
phases: an RF compatibility test and a far-field test.

3.3.1. RF Compeatibility Test

The RF compatibility test was performed to verify that the COSMIC S-band and UHF
transceivers could communicate normally with the ground station modem. The test was
conducted at the ground station facility, where the satellite-side configuration consisted of
the S-band and UHF transceivers and the OBC, while the ground station side consisted of
the ground station modem and the Yonsei University ground station software. The satellite
transceivers and the ground station modem were directly connected via RF cables.

This test verified that the RF physical-layer settings on both the satellite transceivers
and the ground-station modem were consistent. In addition, uplink commands transmitted
from the ground station software were correctly decoded by the OBC, and downlink data
generated by the satellite-side configuration was correctly received and parsed by the
ground station software. The TCP/IP packet structure used for remote communication
between the Yonsei University ground station software and the ground station modem
was also verified to confirm compatibility with the planned remote operation scheme.
Through this test, the RF physical-layer settings, command and telemetry packet handling,
and remote communication configuration were confirmed to function correctly within the
ground-station communication chain.

3.3.2. Far-Field Test

The far-field test was subsequently performed to verify wireless communication be-
tween the satellite and the ground station under conditions closer to the actual operational
environment. The ground station is located in Sangdae-ri, Jeju Island, and the satellite-side
configuration was installed at Geum-oreum, approximately 3.6 km from the ground station.
The satellite-side configuration consisted of engineering model units, including the OBC,
S-band transceiver, S-band antenna, UHF transceiver, UHF antenna, PCDU, battery, and
UZU CAM. The overall configuration of the far-field communication test is shown in
Figure 6.

During the test, all satellite-side antennas were configured in their deployed state,
and the satellite-side configuration was oriented so that the maximum gain direction of
the antennas pointed toward the ground station antenna. The ground station antenna
was also pointed toward the satellite-side installation. The Yonsei University ground
station software was operated from the mission control room in Seoul and connected to the
ground station modem in Jeju Island via TCP/IP, thereby replicating the planned remote
operation configuration.

The test verified that the ground station could successfully receive and parse beacon
transmissions from the satellite, and that the satellite could correctly respond to uplink
status request commands. TCP/IP communication between the Yonsei University ground
station software and the ground station modem was also confirmed to be functioning
normally. The test demonstrated that both wireless communication between the satellite
and the ground station and remote communication between the mission control room and
the ground station operated correctly under far-field conditions.
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Figure 6. Far-field communication test configuration between the satellite-side engineering model
setup at Geum-oreum and the CONTEC ground station in Jeju Island.

3.4. Assembly, Integration, and Testing
3.4.1. Deployer Interface Test

Upon completion of flight model assembly, a deployer interface test was conducted to
verify that the integrated COSMIC satellite satisfied the dimensional and mass requirements
of the 3U deployer. The test was performed in the laboratory clean room using the deployer
provided by the manufacturer. The mass of the integrated satellite was measured at
4.252 kg, confirming compliance with the 3U CubeSat mass requirement of less than 6 kg.
In addition, the integration and separation procedures of the satellite within the deployer
were successfully demonstrated with no anomalies observed. The mass measurement and

deployer integration test results are shown in Figure 7.

Figure 7. Mass measurement and deployer interface verification of the fully assembled COSMIC
flight model before launch accommodation.

3.4.2. Random Vibration Test

Random vibration testing is a mandatory environmental test required for accommoda-
tion aboard the NURI fourth launch vehicle. The COSMIC flight model underwent random
vibration testing at the protoflight level at the Korea Aerospace Industries (KAI) facility,
with the satellite integrated into the deployer prior to testing. The protoflight-level test
conditions applied are presented in Table 4. The test was conducted with three objectives:
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visual inspection after each axis test to verify the absence of physical damage; resonance
survey before and after each axis test to assess the first natural frequency shift; and OBC
boot count check before and after the entire test sequence to confirm that no unintended
power-on events occurred during testing. Five accelerometers were attached during the
test: two on the test fixture (CON1, CON2), one on the satellite body (MON1), and two on
the deployer (MON2, MONS3), as shown in Figure 8.

The first natural frequency shift measured at MON1, MON2, and MON3 remained
within 10% across all three axes, as summarized in Table 5. Although no specific require-
ment for the first natural frequency shift was defined for the NURI fourth launch, the 10%
acceptance criterion referenced from the SpaceX Rideshare Payload User’s Guide [15] was
applied as a reference standard. The OBC boot count prior to testing was 11, and increased
to 12 following the completion of the test, confirming that no unintended power-on events
occurred during the test. Visual inspection revealed no anomalies, and a manual shake
check confirmed that no internal loosening or rattling was present.

Table 4. Protoflight-level random vibration test conditions applied to COSMIC for NURI launch
accommodation, including the power spectral density (PSD), overall level, and duration.

Frequency (Hz) PSD (g?/Hz) Level (gRMS) Duration (min)
20 0.002
60 0.14
500 0.14 9.76 1.0
2000 0.002

Figure 8. Accelerometer placement during random vibration testing, including fixture, satellite-body,
and deployer monitoring channels.

Table 5. First natural frequency shifts measured before and after random vibration testing for each
test axis and monitoring channel.

Axis Channel Pre (Hz) Post (Hz) Change (%)
MON1 197.51 192.13 2.72
X MON?2 887.97 885.97 0.225
MON3 887.97 885.52 0.276
MON1 124.51 134.15 7.74
Y MON2 255.39 250.50 1.91
MON3 263.27 252.58 4.06
MON1 272.90 289.20 5.97
zZ MON2 259.66 264.00 1.67
MON3 935.84 1022.35 9.24
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3.4.3. Thermal Vacuum Bakeout

Thermal vacuum bakeout is a mandatory environmental test required for accommo-
dation aboard the NURI fourth launch vehicle. It was conducted at the Korea Aerospace
Industries (KAI) facility at protoflight level, with the satellite powered off throughout the
bakeout process, and the conditions are summarized in Table 6. The key requirement for
this test was that the total mass loss (TML) must be less than 1%. The mass of COSMIC
was measured at 4.242 kg prior to the test and 4.241 kg following the test, resulting in a
TML of 1 g (0.024%), which satisfies the TML requirement of less than 1%.

Table 6. Thermal vacuum bakeout conditions used to verify outgassing acceptability for launch

vehicle accommodation.

Contents Value
Bakeout Temperature +73 °C
Tolerance +3.0 °C
Stabilization Condition <1°C/h
Bakeout Duration 3h
Pressure Below 10~# torr

3.4.4. Thermal Vacuum Cycle Test

Thermal vacuum (TVAC) cycle testing was performed twice to more comprehensively
verify the functional integrity of the satellite under simulated space environmental con-
ditions. The first test was conducted at the Korea Reliability Technology Center (KRTC)
facility. At the time of the first test, the payloads had not yet been fully developed and were
represented by dummy models. Accordingly, the first test was focused on verifying the
bus system status and functionality under periodic thermal cycling. The second thermal
vacuum cycle test was conducted at the Korea Aerospace Industries (KAI) facility with the
satellite in its fully assembled configuration, immediately following the thermal vacuum
bakeout conducted in the same session. The test conditions for both tests are summarized
in Table 7, and the corresponding temperature and pressure profiles are shown in Figure 9
and Figure 10, respectively.

The functional verification activities performed during each test, along with their
results, are summarized in Tables 8 and 9. During the first thermal vacuum cycle test, a
software-related anomaly was identified during beacon data collection, in which excessive
OBC central processing unit (CPU) load prevented the software from operating normally.
The anomaly was traced to an edge case in the CubeSat Space Protocol (CSP) library that
was triggered under a specific port configuration when multiple hardware application
tasks accessed the related communication logic simultaneously. At the KRTC test site, the
issue was temporarily mitigated by introducing time separation between the relevant tasks.
After the test campaign, the issue was resolved by modifying the port configuration to
avoid the triggering condition.

One of the significant findings of the second test was the measurement of deployment
times for each deployable component under vacuum and cold state conditions. In particular,
the two solar arrays required approximately 15 s and 40 s to deploy, respectively, with
the latter representing the worst-case deployment time. This worst-case value of 40 s was
subsequently adopted as the burn time for on-orbit solar array deployment operations.
During the second test, two notable anomalies were also identified. First, when power
was applied to the UEL payload, intermittent failures in OBC communication with the
PCDU were observed, occurring in approximately half of the read attempts. In contrast,
when the UEL payload was powered off, beacon data from all hardware, including the
PCDU, were collected successfully. This issue was subsequently addressed by modifying
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the flight software to attempt PCDU data reads up to five times per cycle and use the first
successful response. Second, the UHF antenna deployment in the +X and —X directions
failed because the bottom panel pressed against the antenna cover prior to deployment. This
was resolved by modifying the bottom panel design to provide clearance for the antenna
cover, and successful deployment was confirmed under ambient conditions following
the modification.

Table 7. Thermal-vacuum cycle test conditions for the first KRTC campaign and the second KAI

campaign.
Contents First (KRTC) Second (KAI)
Hot state 40 °C 60 °C
Cold state —15°C —20°C
Pressure Below 104 torr Below 10 torr
Temperature rate Below 2 °C/min Below 3 °C/min
Duration 29 h 28 h
Cycles 2.5 1
T T T T T T T T 120
100 Chamhq Pressure
L‘nnlm‘l Temperature 4100
I'una Can
Top Panel
——MMT 4s0
102 ———S-band Antenna
= Earth Horizon Sensor
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Figure 9. Temperature and pressure profiles measured during the first thermal vacuum cycle test
at KRTC.
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Figure 10. Temperature profile measured during the second thermal vacuum cycle test at KAIL
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Table 8. Functional verification activities, observed anomalies, and corrective actions during the first

thermal vacuum cycle test at KRTC.

Condition

Functional Test

Result

Action Taken

Pre-cycle,

Communication between

All hardware communicated with

Ambient pressure  all hardware and OBC OBC successfully
Pre-cycle, Communication between  All hardware communicated with o
Vacuum all hardware and OBC OBC successfully
Software anomaly observed during CSP-library edge case temporar-
Throughout Bus status monitoring via  beacon data collection due to excessive ily mitigated by time-separating

cycles, Vacuum

beacon data collection

OBC CPU load; beacon data collected
successfully after mitigation

relevant tasks; port configuration
later modified

Cycle 1—Cold

S-band ANT deployment

Deployed successfully (approx. 2 s)

Cycle 2—Cold

Battery heater operation

Heater on/off confirmed at defined
threshold temperatures

Post-cycle,

Communication between

All hardware communicated with

Vacuum all hardware and OBC OBC successfully
Post-cycle, Communication between  All hardware communicated with o
Ambient pressure  all hardware and OBC OBC successfully

Table 9. Functional verification activities, observed anomalies, and corrective actions during the

second thermal vacuum cycle test at KAL

Condition

Functional Test

Result

Action Taken

Pre-cycle,

Communication between

All hardware communicated with

Ambient pressure  all hardware and OBC OBC successfully
Pre-cycle, Communication between  All hardware communicated with .
Vacuum all hardware and OBC OBC successfully
Throughout Bus status monitoring via Intermittent PCDU read failure ob- Flight software modified to attempt

cycles, Vacuum

beacon data collection

served when UEL payload powered on
(approx. 50% failure rate)

PCDU data reads up to 5 times
per cycle

Cycle 1—Cold

S-band ANT deployment

Deployed successfully (approx. 2.5 s)

Cycle 1—Cold

UHF ANT deployment

+Y and —Y deployed successfully
(approx. 4.1 s and 3.8 s), while +X and
—X deployment failed

Bottom panel redesigned to provide
clearance for antenna cover

Cycle 1—Cold

Solar Array deployment

+Y deployed successfully (approx.
15 s), and —Y deployed successfully
(approx. 40 s)

Worst-case deployment time
(40 s) adopted as burn time for on-
orbit operations

Cycle 1—Cold

Battery heater operation

Heater on/off confirmed at defined
threshold temperatures

Post-cycle,

Communication between

All hardware communicated with

Vacuum all hardware and OBC OBC successfully
Post-cycle, Communication between  All hardware communicated with o
Ambient pressure  all hardware and OBC OBC successfully

3.5. Scenario Test

Scenario testing was conducted to verify that the primary operational scenarios of

COSMIC were executed correctly in accordance with the designed procedures. The tests

focused on automatically executed operational modes, including the early orbit mode,
UZURO Tech. PMD mode and communication emergency mode. The power emergency
mode was also verified by intentionally lowering the battery voltage and confirming
whether the PCDU correctly changed the battery state. In addition, single-command
execution and the corresponding telemetry response were verified by confirming that
ground commands were executed and the responses were received by the ground station

modem. Finally, file downlink functionality in communication mode was also verified. The

tests were performed in a near-field RF environment using actual ground station equipment

set up in the laboratory.
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Depending on the test objective, either the fully assembled flight model or an engineering
model configuration was used. For the early orbit mode, an engineering model configuration
was adopted to avoid consuming deployment actuations and the need for partial disassembly
and reassembly of the satellite following each test. For the UZURO Tech. PMD mode, an
engineering model configuration was used as the thruster could not actually be fired during
ground testing. The communication emergency mode similarly required an engineering model
configuration due to the UHF antenna deployment being part of the scenario. For the power
emergency mode, an engineering model was used to prevent degradation of the flight battery,
which would have required intentional deep discharge. The telecommand/telemetry (TC/TM)
tests in standby mode and communication mode were conducted using the fully assembled
flight model. The flight model (FM) and engineering model (EM) test configurations are
shown in Figure 11 and Figure 12, respectively.

The scenarios verified, and their key verification items are summarized in Table 10.
The ADCS-OBC CAN communication failure recovery sequence, which was included in
the early orbit mode scenario, was verified as a recovery-logic verification item. In this
sequence, the OBC first attempts CAN communication with the ADCS to acquire the basic
status information of the ADCS. If communication fails, the flight software executes the
predefined sequence: a hard reset of the entire satellite power system, entry into ADCS
boot mode, a 10 s wait period, execution of the ADCS ENABLE command, and subsequent
CAN communication retries between the OBC and ADCS. The test confirmed that the
designed recovery sequence, including the hard reset, GPIO command outputs for ADCS
boot mode and ADCS ENABLE, and the subsequent communication retry, was executed in
the intended order.

The UZURO Tech. PMD mode was verified from the perspective of bus-side se-
quence execution. The test confirmed that the spacecraft executed the planned PMD
electrical operation sequence, including switch-channel control, GPIO firing-command out-
put, command-duration timing, and switch-channel termination. The switch-channel and
GPIO outputs were verified using a multimeter, and the UZU CAM operation was directly
confirmed to verify that the PMD monitoring sequence could be executed as designed.

All scenarios were successfully verified in accordance with the designed procedures.
These tests confirmed that COSMIC’s major operational scenarios, including automati-
cally executed modes, ground-command-based operations, telemetry reception, and file
downlink operations, could be performed as designed.

'M@}iem Monitoring Window

Figure 11. Flight model configuration for scenario testing.

https://doi.org/10.3390/aerospace13070654


https://doi.org/10.3390/aerospace13070654

Aerospace 2026, 13, 654

16 of 30
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Battery
S-band TRX

Figure 12. Engineering model configuration for scenario testing.

Table 10. Scenario test summary.

Scenario Key Verification Items
- Verification that RF transmission and deployable mechanisms remain inhibited for a specified
duration after power-on per launch vehicle requirements
Early Orbit Mode - Sequential deployment of S-band ANT and Solar Array

Beacon transmission in COSMIC-specific pattern
ADCS-OBC CAN communication failure recovery sequence

UZURO Tech. PMD

Switch channel ON/OFF and GPIO signal output per planned sequence and timing verified
via multimeter

Mode - UZU CAM operation directly verified
- Automatic mode transition upon TC timeout (time-compressed in software)
- - UHF ANT automatic deployment
C t
En?gg};?}l]c&g)éle - Simultaneous S-band and UHF beacon transmission

Return to S-band-only beacon upon TC reception

Power Emergency Mode

Automatic power state transition upon battery voltage decrease (Normal — Safe at <13.0 V; Safe

— Critical at <12.8 V)
State recovery upon recharge (Critical — Safe at >13.0 V; Safe — Normal at >13.3 V)

Standby Mode TC/TM

Hardware configuration command execution and telemetry reception for all hardware via
ground station modem

Communication Mode

File listing from OBC SD card
File downlink verified using UZU CAM image (311,040 bytes, approx. 3 min 11 s)

4. On-Orbit Operation Results
4.1. Initial Contact and Satellite Health Check

COSMIC was successfully launched aboard the NURI (KSLV-II) fourth launch vehicle
and injected into a Sun-synchronous orbit with an altitude of 600 km, an inclination of
97.8°, and a mean local time of the ascending node (MLTAN) of 12:40 p.m. COSMIC was
confirmed to have been ejected from the deployer. One day after ejection, the COSMIC-
specific beacon transmission pattern, which had been verified during ground scenario
testing, was received at the ground station modem, as shown in Figure 13. Although the
received signal strength was insufficient for data parsing, the beacon pattern confirmed
that the satellite had survived launch and was transmitting the signal.

Subsequently, telemetry data were received and analyzed. Analysis of the EPS teleme-
try indicated that the battery voltage had dropped to approximately 12.4 V and the battery
temperature was approximately 1 °C, with the battery heater found to be in operation.
The battery heater was configured to activate at 0 °C and deactivate at 5 °C. These results
deviated from the thermal analysis predictions, which had indicated that the battery tem-
perature would be maintained in the range of approximately 6 to 7 °C, a range in which
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the battery heater should not have been activated. Furthermore, the absence of expected
charging current on the solar array charging lines indicated that the solar arrays had not
been deployed, as shown in Figure 14. The S-band antenna, however, was confirmed to
have been successfully deployed based on the received telemetry.

100 il oo
1 0] 1 2sec @
80 | 80 ]
4 sec 1 ®
60 | 60 ]
] . @ I 4 sEe
1| iE2isEE 1
40 + 40 H
20 © . ]
0 ol ®
T T T T T T T T T T T T T T
-30 006-20 006-10 000 O 10 000 20 000 30 000 —30 006-20 008-10 000 0O 10 000 20 000 30 000
Frequency Frequency

Figure 13. Beacon pattern received by the ground station modem during initial contact, used to
confirm satellite activation and communication availability. The x-axis indicates the frequency offset
from the configured center frequency in Hz, while the y-axis indicates elapsed time in seconds.
Circled numbers denote the repeating COSMIC beacon sequence from 1 to 5.

vboost [mV] i
) v VBATT 12.4V (?onnected to curin[0]
vbatt[mV]: 3 input value: 512 mA

output:
counter_boot:

Battery

Connected to curin[1] %
Temperature

input value: 0 A

Figure 14. Electrical power system (EPS) telemetry indicating undeployed solar arrays through the
absence of expected solar-array charging current.

4.2. Anomaly Analysis and Recovery

Based on the initial status analysis, the immediate mechanism behind the anomalous
satellite state was investigated. Upon checking the satellite boot count, it was found that
the value was continuously increasing at intervals of approximately 40 to 50 s, indicating
that the satellite was repeatedly power-cycling. In the early orbit mode of COSMIC, a
recovery sequence was implemented to address CAN communication failures with the
ADCS, which included a procedure to re-apply satellite power. It was therefore determined
that the ADCS CAN recovery sequence was being repeatedly triggered on-orbit without
successfully restoring communication, resulting in periodic satellite reboots.

The repeated reboot behavior provided an explanation for the anomalous initial
satellite state described in Section 4.1. The inability to sustain continuous satellite power
prevented sufficient internal heat generation, leading to a drop in battery temperature and
the activation of the battery heater. Furthermore, because the early orbit mode could not
be completed normally due to repeated reboots, the solar array deployment sequence was
never executed, leaving the solar arrays undeployed and the satellite unable to generate
sufficient charging current, resulting in a continuous decrease in battery voltage.
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To address this, a ground command was transmitted to terminate the ADCS recovery
sequence, thereby preventing further reboots. Following this command, the boot count was
confirmed to no longer increase, indicating that the repeated reboot behavior had ceased.
However, since the solar arrays remained undeployed, the power issue persisted, with the
satellite operating during dayside passes but powering off during eclipse.

A solar array deployment command was subsequently transmitted with a burn time
of 40 s, reflecting the worst-case deployment time confirmed during the thermal vacuum
cycle test under cold state conditions. Following the command execution, the received
beacon data and EPS telemetry confirmed that the satellite state had been successfully
restored, as shown in Figure 15. Normal charging current was observed on the solar array
charging lines; the solar arrays were indicated as deployed, and the battery temperature
recovered to a trend consistent with the thermal analysis predictions. The battery voltage
was subsequently maintained above approximately 16.5 V during dayside passes and
above approximately 16.3 V during eclipse, as shown in Figure 16.

CCID=0x081A Seq=0xE627 Len=194
Tcode=00 19 CB D@ 11 BS

[SRL] cnt=0, err=0

12C0=7/0, 12C1=7/74, 12C2=7/0
UART=7/0, RS422=7/1928

[RPT] cnt=0/0, q=1/40 boot=21598
time=1690547.3010049232

S: deploy=1 tries=2 | SP: deploy=0 tries=[0] sec=[0,0] | MMT: deploy=0 tries=0 | IsTC=0

[CI] elapsed=0 sec

[TO] emission_mode=2

[SANT] status=1

[AX2150] rssi=-121, bootcnt=22193, cause=0x00000002, rx=5, wdt_cnt=239, wdt_left=48559, temp=164

[UANT] d{
[AX100] .VBATT 16.6V , Cause=0x00000100, temp=143

[P31U] vbatt=16598 mV

output=[0, 0, 1, 0, 0, 0, 0, IS OIN
, 3, 1]

Solar Array Charging Current
wdt_left=0
bootcause=7

battmode=3
SUNNOUMINE Battery Temperature

BP4_Temperature=[8, 8]
[SOLAR] deploy=0

[ADCS] pomamnd
sl Solar Array Deployed

[UZURO_CAM] mode=0
mem=[0, @, 0, 0, 0, 0]
img=[0, ©, 0, 0, 0, 0]
[DEORBIT] adc=[2, 1]

Figure 15. Beacon data received after recovery, confirming restoration of the satellite state following
solar-array deployment.
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Figure 16. Battery voltage trend during dayside and eclipse periods after recovery, showing restored
charging behavior and stable power state.
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4.3. Post-Recovery and Mission Operations

Following the successful recovery of the satellite, telemetry data were continuously
collected to monitor the satellite’s state. Key parameters, including charging current, battery
voltage, and battery temperature, were confirmed to be maintained within normal ranges,
indicating that the power state of COSMIC had been fully restored. The battery voltage
and temperature data collected during subsequent passes are shown in Figures 17 and 18.

However, a subsequent anomaly was observed in which the OBC became unable to
execute ground commands. While the commands transmitted from the ground station were
confirmed to have been received by the transceiver, the OBC did not execute them, and no
response was received, rendering further commanded operations temporarily impossible.
Following an autonomous satellite reboot, the OBC recovered and was able to execute
ground commands again. The UEL mission mode was subsequently performed without a
separate commissioning phase, during which power was applied to the payloads, and data
from the UEL OBC and UEL ESC were successfully received on the ground. Additional
UEL mission operations were also performed, with relevant data successfully received.

The OBC command execution failure recurred during subsequent operations, after
which further operations were temporarily not possible. The OBC subsequently recovered
and returned to normal command execution state following an autonomous satellite reboot;
however, a new anomaly was identified in which the OBC was unable to communicate
with the PCDU. While the power input and output of the PCDU were confirmed to be
functioning normally, the inability to collect PCDU telemetry or execute commands via the
PCDU has prevented switch-channel operations required for additional mission execution,
such as powering on the GPS RX and UZU PMD. The satellite is currently confirmed alive,
and the key timeline of on-orbit operations is summarized in Table 11.

Battery Voltage in Standby Mode
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Figure 17. Battery-voltage telemetry samples in standby mode after recovery, grouped by dayside
and eclipse periods; each point represents one telemetry sample.
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Figure 18. Battery-temperature telemetry samples in standby mode after recovery, grouped by
dayside and eclipse periods; each point represents one telemetry sample.
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Table 11. Key timeline of COSMIC on-orbit operations from initial beacon reception to anomaly
recovery and mission operations.

Day Event Status and Outcome
. COSMIC-specific beacon transmission pattern faintly received at ground station
L+1 Beacon pattern reception L . .
modem, confirming satellite survival
EPS telemetry reception Eattery }\lzoltage aPpr0x1mate1y 12.4 V; battery temperature approximately 1 °C;
L+17 attery heater active
Deployment status Solar arrays confirmed undeployed based on solar array charging line current;
confirmation S-band antenna confirmed deployed
1422 Boot count Boot count continuously increasing at approximately 40-50 s intervals, indicating
anomaly identified repeated satellite power-cycling
L+23 ADCS recovery Ground command transmitted to terminate ADCS recovery sequence; periodic
sequence terminated boot count increase ceased
Solar array deployment command transmitted (burn time: 40 s); satellite state fully
L+25 Solar array deployment restored; battery voltage maintained above approximately 16.5 V during dayside
and above approximately 16.3 V during eclipse
L432 OBC command Commands confirmed received by transceiver but not executed by OBC; further
execution failure operations temporarily impossible
OBC d UEL OBC recovered following autonomous satellite reboot; UEL mission mode per-
L+103 D Tecovery an formed without separate commissioning; UEL OBC and UEL ESC data success-
mission execution .
fully received
L+106 g?siigﬁréﬁegtﬁ%on Additional UEL mission performed; relevant data successfully received
L+110 OBC command execution OBC command execution failure recurred; further operations and mission execu-
failure recurrence tion not possible thereafter
OBC recovery with PCDU OBC recovered and returned to normal command execution state; however, OBC
L+151 . t’y fail unable to communicate with PCDU; power input and output of PCDU confirmed
communication fature normal, but telemetry collection and command execution via PCDU not possible
Satellite confirmed alive; PCDU communication failure prevents switch channel
Ongoing  Limited operations operations required for additional mission execution, e.g., powering on GPS RX

and UZU PMD

5. Discussion
5.1. Test Effectiveness

The verification and testing activities conducted for COSMIC were retrospectively
compared against the ISO 19683 protoflight test (PFT) criteria for small spacecraft to assess
the extent to which the applied approach aligned with established verification practices for
small spacecraft. The comparison is summarized in Tables 12 and 13, which separately list
the required and optional ISO 19683 PFT items and categorize each COSMIC verification
status as performed, partially performed, not performed, analysis-based verification, or not
applicable. Of the 24 system-level test items defined in ISO 19683 PFT, 9 items are classified
as required and 15 items as optional. Among the required items, COSMIC fully performed
6 items, partially performed 3 items, and did not leave any required items unperformed.
Among the optional items, COSMIC performed 2 items, did not perform 9 items, addressed
2 items through analysis-based verification, and 2 items were not applicable as the satellite
did not include any pressurized components. In total, COSMIC performed, partially
performed, or addressed through analysis 13 of the 24 system-level test items defined
in ISO 19683 PFT, with the remaining items either not performed or not applicable. The
effectiveness of the adopted verification approach was evaluated not only by the number of
ISO 19683 items performed, but also by whether the selected tests contributed to anomaly
detection, mitigation, or on-orbit recovery.

Component-level testing was minimized in favor of early entry into the subsystem
and FlatSat testing phase, allowing the development team to proceed to AIT within the
constrained schedule. By prioritizing system-level integration testing, potential interface
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and functional issues were identified at an earlier stage, enabling timely resolution prior
to AIT, including an ADCS-OBC CAN communication issue caused by an internal ADCS
module CAN address scan error.

The mandatory environmental tests required by the launch vehicle—the deployer
interface test, random vibration test, and thermal vacuum bakeout—were all performed
at the protoflight level and successfully completed. These tests confirmed the structural
compatibility and outgassing acceptability of COSMIC, thereby satisfying the launch
vehicle accommodation requirements.

For optional items such as quasi-static load and thermal balance testing, structural and
thermal analyses were conducted as alternatives. Optional environmental tests not required
by the launch vehicle, such as shock, acoustic, and sinusoidal vibration testing, were not
performed; the associated risk was managed through the use of COTS components with
flight heritage.

Beyond the mandatory launch vehicle requirements, thermal vacuum cycle testing was
performed as an additional activity and proved to be one of the most effective verification
activities in the COSMIC program. Over the course of two thermal vacuum cycle tests,
three anomalies were identified and resolved prior to launch. During the first test, excessive
OBC CPU load during beacon collection was identified, revealing a software edge case
that was subsequently addressed. During the second test, the UHF antenna deployment
failure caused by bottom-panel interference and the intermittent OBC-PCDU communi-
cation failure that occurred when the UEL payload was powered on were identified and
resolved through hardware redesign and flight software modification, respectively. In
addition, the worst-case solar array deployment time, approximately 40 s as measured
under cold and vacuum conditions, was directly adopted as the burn time for the on-orbit
solar array deployment command. As described in Section 4.2, this value proved critical
in the successful recovery of the satellite following the initial orbit anomaly, demonstrat-
ing the practical value of thermal vacuum cycle testing even in a resource-constrained
development environment.

Scenario testing was conducted to verify the primary operational sequences of COS-
MIC prior to launch. The early orbit mode scenario, which governs the most critical phase
of satellite survival, was verified end-to-end, confirming that the deployment sequences
and beacon transmission functioned correctly. Additional scenarios, including communica-
tion emergency mode, power emergency mode, TC/TM verification, and communication
mode, were also verified end-to-end, collectively contributing to improved operational
reliability. A limitation of the scenario testing was that extended-duration testing, such
as a day-in-the-life test covering multiple orbital periods, was not performed. As a result,
certain behavioral edge cases, particularly those related to recovery sequence termination
and long-duration system behavior, remained insufficiently verified prior to launch, as
further discussed in Section 5.2.

Table 12. Required ISO 19683 PFT items and COSMIC verification status.

Test Item COSMIC Verification Description
C s System-level electrical and data interfaces verified through FlatSat testing. Addi-
Electrical interface test Performed . . o .
tional interface checks were conducted at each assembly stage during integration.
. Conducted after system integration and before and after each major environmen-
Functional test Performed tal test
Mission test Partially Major operational scenarios verified through scenario testing. Some scenarios

performed performed in engineering model configuration rather than flight model.

Deployment test

Deployment of the S-band antenna, UHF antenna, and solar arrays verified under

Performed cold and vacuum conditions during thermal vacuum cycle testing.
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Table 12. Cont.

Test Item COSMIC Verification Description
Physical property Partially Mass measured as part of launcher interface test. Center of gravity and moment of
measurement performed inertia estimated using a computer-aided design (CAD) model.
Launcher/Spacecraft Physical fit check performed to verify compatibility with the deployer. Mandatory
. Performed .
interface test launcher requirement.
Random vibration test Performed Performed at protoﬂlght level as a mandatory launcher requirement. Structural
analysis conducted prior to test.
Thermal vacuum test/ Thermal vacuum bakeout performed as a mandatory launcher requirement. Ther-
Functional test in Perf d 1 le testi dditionall £ d twi ine functional test i
vacuum /Thermal cycle erforme ma vacuurcrll c]g/c e eis 1ngl; af itiona 1y performed twice, covering functional test in
functional test vacuum and thermal cycle functional test requirements.
Mission operation scenarios verified through scenario testing in near-field con-
End-to-end missi Partiall figuration using actual ground station equipment. Beacon reception and basic
nd-forend mission Y TC/TM exchange also verified under far-field conditions. Extended duration
simulation performed . . - . .
testing was not performed, and some scenarios were conducted in engineering
model configuration.
Table 13. Optional ISO 19683 PFT items and COSMIC verification status.
Test Item COSMIC Verification Description
Total lonizing Dose Not performed  Not performed. Relied on COTS flight heritage.
(TID) test
Single Event Effects Not performed  Not performed. Relied on COTS flight heritage.
(SEE) test
Electromagnetic
compatibility Not performed Not performed. Relied on COTS flight heritage.
(EMC) test
Magnetic field test Not performed  Not performed despite the magnetometer being on board.
Alignment Not performed  Not performed.
measurement

Quasi-static load test

Analysis-based

Verified through structural analysis rather than dedicated testing.

verification
Modal surve Performed Structural analysis performed via CAD model. Natural frequency identification
y conducted through low-level sine sweep before and after random vibration test.
Sinusoidal Not performed Not performed. Low-level sine sweep during random vibration test was for reso-
vibration test P nance survey only and is distinct from sinusoidal vibration test.
Acoustic test Not performed  Not performed.
Shock test Not performed  Not performed.

Thermal balance test

Analysis-based

Verified through thermal analysis.

verification
Cold /hot start test Not performed Cl\éztd}i)teif)f;)gr;i gi sef)if;::f;i etiisftiég.owering on from a cold or hot steady-state
Pressure test N/A Not applicable. COSMIC did not include a pressurized component.
Leakage test N/A Not applicable. COSMIC did not include a pressurized component.
Bakeout and outgas Performed Performed as a mandatory launcher requirement.

5.2. Anomaly Analysis and Lessons Learned

Based on the verification results and on-orbit outcomes discussed above, the ma-

jor anomalies identified during the development, verification, and operation phases of

COSMIC were analyzed from the perspective of observed failure mechanisms, direct or

suspected causes, responses, and lessons learned. This section examines how the selected

verification activities contributed to anomaly detection and recovery, and derives practi-

cal lessons for future resource-constrained CubeSat programs. Table 14 summarizes the
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anomalies and their identified or suspected immediate causes, while Table 15 summarizes
the corresponding responses and lessons learned.

Several anomalies identified during the ground verification phase were resolved or
mitigated prior to launch. These included interface, software, mechanical deployment,
and bus communication issues. In particular, the ADCS-OBC CAN communication issue
(A-02), the CSP-library-related software edge case (A-03), the UHF antenna deployment
failure (A-04), and the intermittent PCDU data read failure (A-05) were all identified
through system-level or environmental testing. These cases indicate that the emphasis
on system-level testing was effective in revealing integration-related problems that may
not have been identified through component-level verification alone. Additionally, the
PCDU debug-line failure (A-01) showed the practical value of selectively procuring spare
units for mission-critical COTS components. This anomaly was identified during the pre-
assembly-and-integration (Pre-A&l) phase, before spacecraft assembly and integration,
when the PCDU debug line failed to communicate. A continuity test confirmed that the
ground (GND) pin of the debug line was not properly connected. Because a spare PCDU
had been procured in advance, the faulty unit was replaced before A&I, thereby reducing
the schedule impact of the hardware anomaly.

S-band communication degradation (A-08) was observed throughout operations, with
telecommand (TC) reception limited to near-maximum-elevation passes and downlink
signals too weak for data parsing. This result was inconsistent with the pre-launch S-band
link budget, which indicated that both the uplink and downlink satisfied the minimum
margin criterion. Because the satellite’s S-band antenna was an omnidirectional antenna, the
analysis assumed an operational condition in which the spacecraft did not precisely point
toward the ground station. The calculation reflected the 600 km operational orbit, actual
S-band frequencies and data rates, satellite and ground station performance parameters,
and relevant loss terms. In particular, a 3 dB polarization loss was included because the
satellite S-band antenna used linear polarization, whereas the ground station antenna used
circular polarization. Under these assumptions, the calculated link margins were 6.5 dB
for the S-band downlink and 17.3 dB for the S-band uplink, both exceeding the minimum
6 dB design criterion. In addition, as described in Section 3.3.2, a pre-launch far-field
communication test was performed, but it was limited to nominal conditions with the
S-band antenna deployed and aligned toward its maximum-gain direction.

Therefore, the on-orbit degradation suggests that the actual S-band link performance
was affected by factors that were not sufficiently represented in the nominal link budget
or the pre-launch far-field test. The suspected causes include S-band antenna deployment
failure, although the deployment status telemetry indicated successful deployment, an
anomaly in the S-band transceiver, or incomplete ground station antenna tracking. Distin-
guishing between these candidate causes would have required more rigorous pre-launch
far-field testing under degraded link conditions. Specifically, the far-field test should have
incorporated path-loss attenuation representative of the actual orbital altitude, evaluated
signal strength under varying ground-station pointing errors, and verified communication
performance with the antenna in both deployed and undeployed configurations. Such com-
prehensive far-field characterization would enable direct comparison among the pre-launch
link budget, ground test results, and on-orbit link performance, facilitating more definitive
fault isolation. Although the underlying cause could not be definitively identified, the
impact was mitigated during operations by lowering the baud rate and utilizing the UHF
band as a redundant communication link.

The most significant on-orbit anomaly involved a cascading sequence of failures that
resulted in an initial battery state inconsistent with pre-launch thermal analysis (A-09).
The battery voltage was significantly lower than expected, and the battery temperature
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was below the predicted range, with the battery heater found to be actively operating.
These conditions were the result of two coupled effects caused by repeated satellite reboots
triggered by an ADCS recovery sequence infinite loop. First, the repeated reboots prevented
the early orbit mode from completing normally, which in turn prevented solar array
deployment. With the solar arrays undeployed, the satellite could not generate sufficient
charging current, leading to a continuous decrease in battery voltage. Second, the repeated
reboots suppressed internal heat generation from the satellite components, causing the
battery temperature to fall below the heater activation threshold. The anomaly was resolved
by terminating the ADCS recovery sequence via ground command and deploying the solar
arrays using the worst-case burn time verified during the thermal vacuum cycle test, after
which the battery voltage was successfully restored. This case demonstrated the importance
of defining clear termination conditions and iteration limits for recovery sequences, and
of conducting thorough systems engineering—flight software (SE-FSW) interface reviews
prior to launch.

OBC command execution failures (A-10) occurred intermittently during on-orbit
operations, with commands confirmed as received by the transceiver but not executed by
the OBC. The suspected causes include a CAN bus anomaly or flight software deadlock,
although the exact fault mechanism could not be determined. As no OBC-independent
hard reset path was available, recovery relied entirely on autonomous satellite reboots.
This highlighted the importance of conducting a day-in-the-life test using the final flight
software to verify that no errors or faults emerge over extended operational periods,
in addition to securing an OBC-independent hard reset path. Subsequently, an OBC-
PCDU I2C communication failure (A-11) was identified, with PCDU status reads returning
invalid values and commands not being executed. The suspected causes include a PCDU
configuration reset or an I2C line anomaly, and no direct recovery path was available. These
anomalies collectively highlighted the critical need for an OBC-independent hard reset
mechanism and a redundant OBC-PCDU data interface in future missions.

Overall, the anomaly analysis shows that system-level testing and thermal vacuum
cycle testing were effective in identifying several critical issues prior to launch and, in
the case of the solar array deployment recovery, provided operational data that directly
supported on-orbit recovery. At the same time, the on-orbit anomalies revealed limitations
in the verification of recovery logic, long-duration system behavior, and OBC-independent
recovery paths. These findings form the basis for the recommendations presented in
Section 6.

Table 14. Summary of analyzed anomalies and identified or suspected immediate causes.

ID Phase Anomaly Identified or Suspected Immediate Cause
A-01 Pre-A&l PCDU debug-line communication failure GND pin anomaly on the PCDU debug line
A . Internal CAN address scan error in the
A-02 A&l ADCS-OBC CAN communication failure ADCS module
A-03 1st TVAC ~ OBC CPU overload during beacon collection CS.P-hbrary.edge case under a specific port configu-
ration and simultaneous task access
A04  2nd TVAC UHF antenna deployment failure in +X and Mechanical interference between the bottom panel
—X directions and antenna cover
A-05 ond TVAC  Intermittent PCDU data read failure when the UEL  Unknown; p:flquad-on condition affected
payload was powered on bus communication
Scenario Actual data downlink time exceeded the Modem synchronization time not reflected in the
A-06 h - R -
Test theoretical estimate initial estimate
Initial Difficulty identifying the satellite object o
A-07 Operations  after ejection Inaccurate initial state vector after launch
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Table 14. Cont.

ID Phase Anomaly Identified or Suspected Immediate Cause
Suspected S-band antenna deployment failure de-
A-08 On-orbit S-band communication degradation spite dgployment sta'tus .1nd1cat1ng success; S—bgnd
transceiver anomaly; or incomplete ground station
antenna tracking
Repeated satellite reboots caused by an ADCS re-
covery loop, leading to two coupled effects: prema-
A-09 On-orbit Battery state inconsistent with pre-launch analysis; ture termination of the early orbit sequence, which
low battery voltage and battery heater activation =~ prevented solar array deployment, and reduced
internal heat generation, which caused battery
heater activation
A-10 On-orbit OBC command execution failure Suspected CAN bus anomaly or FSW deadlock
A-11 On-orbit OBC-PCDU I2C communication failure Suspected PCDU configuration reset or I2C
line anomaly
Table 15. Summary of anomaly responses and lessons learned.
ID Response Lesson Learned
Spare PCDU used; faulty unit sent Spare units should be selectively procured for critical COTS components to
A-01 : . . . .
for repair reduce schedule risk during development and integration
A-02 {j DCS module re.mltlahzed through Interface recovery procedures should include clear termination conditions
- ootloader entry; recovery C
! and be verified before launch
procedure established
A-03 "ljemporarlly.rmtlgated by introducing . Software should be tested under representative multi-task
- time separation between relevant tasks; . s
. . operational conditions
resolved by port configuration change
Bottom panel redesigned to provide
A-04 élearance for the antenna cover; Deployment clearance should be verified after full integration
eployment reconfirmed under
ambient conditions
A-05 E.CDU data read retry logic added to Bus communication should be verified under payload-powered conditions
ight software
Downlink time budgets should account for sufficient margin beyond the-
A-06 Accepted as operationally tolerable oretical estimates; actual downlink duration should be verified through
P P y hardware-in-the-loop testing even after margin has been incorporated in
the design
Candidate objects narrowed through Establishing communication with co-passengers in advance is recom-
A-07 R - mended to support early object identification, although such coordination
coordination with co-passengers :
may not always be possible
UHF used as redundant Link verification should include worst-case antenna configurations, realistic
A-08  communication link; baud rate lowered path-loss conditions representative of operational altitude, and communica-
to improve link margin tion performance with antenna in both deployed and undeployed states
A-09 ADCS recovery sequence termu}a}ted; Recovery logic should include termination conditions, iteration limits, and
8 solar arrays deployed using verified .
: safe fallback behavior
burn time
Waited f ¢ boot: An OBC-independent hard reset path should be implemented and verified;
A-10  Yalted tor autonomous reboot, no day-in-the-life testing using the final flight software should be conducted to
independent hard reset path available : . .
verify absence of errors or faults over extended operational periods
A1l No direct recovery path available A redundant OBC-PCDU interface or independent PCDU reset path should

be considered

5.3. Recommendations and Guidelines

Based on the analysis of the COSMIC verification approach and on-orbit operational
outcomes, system-level integration testing, thermal vacuum cycle testing, and scenario
testing contributed not only to the identification and mitigation of anomalies before launch
but also to the recovery of the satellite during early orbit operations. In contrast, the
anomalies observed on orbit revealed limitations in the verification of recovery logic, long-
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duration software behavior, communication robustness, and spacecraft power reset paths
independent of the OBC.
Based on the COSMIC development and operational experience, the following recom-

mendations are proposed for resource-constrained university CubeSat programs targeting

delivery within approximately one year, as discussed in previous studies on university-

class satellite development [1]. The recommendations are organized into three categories:

development strategy, test items, and system architecture.

¢  Development strategy

(¢]

Prioritize COTS components with flight heritage and prior organizational
experience. For resource-constrained CubeSat programs, the spacecraft should
be configured, where possible, using COTS components with flight heritage. In
particular, components that have already been integrated, tested, or operated by
the development organization should be prioritized. This strategy reduces the
need for extensive component-level verification and enables the team to enter the
integration phase earlier.

Selectively procure spare units for critical components. For mission-critical
components, such as the OBC and PCDU, spare units should be procured when
the budget allows. Spare units should also be considered for deployable compo-
nents when repeated deployment testing is required during ground verification.
Although cost must be carefully managed in resource-constrained programs,
selective spare procurement can reduce schedule risk and support fault isola-
tion during testing and operations. As noted by Pradhan and Cho [1], spare
components should not be regarded as wasted expenditure.

Minimize component-level testing for heritage-based COTS and allocate more
effort to system-level testing. When flight-heritage COTS components are used,
excessive component-level testing may not be the most effective use of limited de-
velopment time. Instead, early transition to subsystem, FlatSat, and system-level
integration testing is recommended. Such testing is essential for identifying inter-
face, software, and operational anomalies that may not appear during isolated
component-level verification.

Maintain practical documentation of AIT, test results, and anomaly responses.
Resource-constrained university CubeSat teams may not be able to maintain the
same level of formal documentation as traditional satellite programs, because a
small team is often responsible for design, integration, testing, troubleshooting,
and operations under a compressed schedule. Nevertheless, AIT procedures,
test results, anomalies, cause assessments, and corrective actions should be docu-
mented in a practical form. Even if the format is not elaborate, such documenta-
tion is essential for preserving development knowledge and transferring lessons
learned to future missions.

e  Testitems

@]

Perform mandatory environmental testing at the level required by the launch
vehicle and deployer. Under severe schedule and resource constraints, the mini-
mum environmental test scope should first be defined based on launch vehicle
and deployer accommodation requirements. In the COSMIC case, the deployer in-
terface test, random vibration test, and thermal vacuum bakeout were performed
at the required protoflight level to satisfy launch accommodation requirements.

Include thermal vacuum cycle testing whenever feasible. Even when not
required by the launch vehicle, thermal vacuum cycle testing should be included
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if schedule and resources permit. The COSMIC case showed that this test can
reveal hardware, software, and deployment-related anomalies under hot, cold,
and vacuum conditions. In particular, deployment-time data obtained under
cold and vacuum conditions can provide worst-case operational parameters that
cannot be reliably obtained under ambient conditions.

Perform day-in-the-life testing using the final flight software on the flight
model. The final flight software should be verified on the integrated flight
model through extended-duration testing, such as a day-in-the-life test covering
multiple orbital periods. This is important for identifying software edge cases,
recovery-sequence issues, and long-duration interactions among subsystems that
may not appear during short scenario-based tests.

Perform far-field communication testing and validate the link budget under
degraded conditions. Far-field testing should be conducted to verify end-to-
end communication between the satellite and ground station. However, nom-
inal far-field communication alone is not sufficient. Link budget validation
should include realistic path-loss conditions, attenuator-based margin tests,
antenna pointing errors, and worst-case antenna configurations such as unde-
ployed or partially deployed antenna states. Signal strength should be measured
and compared across configurations to validate both nominal and degraded
communication performance.

System architecture

[¢]

Secure hard-reset and recovery paths independent of nominal OBC command
execution. CubeSat systems should include practical reset and recovery paths
that do not rely solely on the OBC successfully receiving and executing com-
mands. OBC-independent recovery paths, such as a verified watchdog or a
direct ground-station—transceiver-PCDU reset path, should be considered and
verified during system-level testing. This is particularly important because once
the OBC becomes unable to execute commands, recovery options can become
severely limited.

Consider redundant interfaces for critical subsystem data paths. For critical
subsystem interfaces, redundancy should be considered to improve recoverability
from interface-level failures. In particular, the transceiver—-OBC interface, which
forms the first onboard data path for ground commands, and the OBC-PCDU
interface, which is essential for spacecraft power control and survival, should
be treated as critical data interfaces. Providing redundant communication paths
for such interfaces can reduce the risk that a single interface anomaly prevents
command execution, power control, or mission recovery.

These recommendations are not intended to reject or replace established verification
standards. Instead, they provide practical lessons derived from the verification, testing,
on-orbit operation, and anomaly analysis of COSMIC. In particular, the COSMIC case
shows that verification tailoring for resource-constrained university CubeSat missions
should not simply reduce the number of tests but should concentrate limited resources
on activities that are directly connected to interface verification, operational robustness,
anomaly recovery, and mission success.

6. Conclusions

This paper analyzed the verification and testing approach adopted for COSMIC, a
resource-constrained university CubeSat developed and delivered within less than one year,
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and correlated the selected verification activities with the resulting on-orbit operational
outcomes. COSMIC adopted a protoflight model approach, prioritized COTS components
with flight heritage and prior organizational experience, and concentrated limited resources
on system-level integration, environmental testing, communication testing, and scenario-
based verification.

The results show that system-level integration testing, thermal vacuum cycle testing,
and scenario testing were particularly effective in identifying and mitigating anomalies
before launch. Thermal vacuum cycle testing revealed hardware, software, and deployment-
related issues under hot, cold, and vacuum conditions, and the deployment time measured
under cold and vacuum conditions was directly used to define the on-orbit solar array
deployment command. Scenario testing also contributed to verifying early-orbit operations,
emergency communication procedures, and power recovery sequences. These results
demonstrate that selected ground verification activities can directly support anomaly
response and recovery during early orbit operations.

At the same time, the on-orbit anomalies revealed limitations in the COSMIC verifi-
cation approach. The OBC command execution failure, OBC-PCDU I2C communication
failure, and S-band communication degradation showed that short-duration scenario tests
and nominal communication tests were not sufficient to identify all operational risks. In
particular, the absence of multi-day day-in-the-life testing using the final flight software
limited the ability to detect long-duration software issues, such as flight software deadlock,
time-dependent anomalies, or repeated recovery-sequence behavior. The on-orbit results
also showed the need to verify autonomous fault management logic under persistent failure
conditions and to secure recovery paths independent of nominal OBC command execution.

The COSMIC case also shows that a development and verification strategy based on
flight-heritage COTS components and prior organizational experience has both advantages
and limitations. For resource-constrained CubeSat programs, the use of heritage-based
components can reduce the burden of component selection and verification, allowing
limited resources to be concentrated on system-level integration and testing. However,
this approach may also inherit architectural limitations and system-level constraints from
previous configurations. In the COSMIC case, the on-orbit anomalies indicated that the
system architecture could be improved by incorporating an OBC-independent spacecraft
power reset path and redundant data interfaces between the OBC and PCDU.

Therefore, the effective use of heritage-based components and previous development
experience requires more than simply reusing proven configurations. After each mission,
anomalies, operational responses, corrective actions, and implications for future design and
verification should be systematically analyzed and reflected in subsequent missions. In this
study, the major anomalies observed during the development, verification, and on-orbit
operation of COSMIC were organized and analyzed in terms of possible causes, responses,
and lessons learned. Based on this analysis, practical recommendations were derived for
future university CubeSat missions, including long-duration flight software verification,
autonomous fault management with clear termination conditions, redundant critical data
interfaces, OBC-independent reset paths, realistic communication testing, and practical
documentation of AIT and anomaly responses.

Future work should extend this case-study-based analysis to follow-on CubeSats devel-
oped by the same laboratory or to CubeSats developed under similar resource constraints.
Since this study is based on a single CubeSat mission, a comparative analysis with additional
university CubeSat missions would help improve the generalizability of the proposed rec-
ommendations. In particular, future studies should further clarify the relationship between
selected verification activities and on-orbit outcomes, with emphasis on long-duration flight
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software verification, autonomous fault management under persistent failure conditions,
realistic communication testing, and recovery-oriented system architecture.

The COSMIC case provides an empirical example of how limited resources can be
allocated to verification and testing activities in a resource-constrained university CubeSat
program, and which verification items can be directly connected to on-orbit operational
outcomes. The analysis and recommendations presented in this paper are expected to
support future CubeSat teams operating under similar development constraints in tailoring
their verification strategies and improving the likelihood of mission success.
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ADCS Attitude Determination and Control System AIT Assembly, Integration, and Testing
ANT Antenna CAD Computer-Aided Design
CAM Camera CAN Controller Area Network
CNDH  Command and Data Handling COMS Communication Subsystem
COSMIC COmmercial Space innovative Mission In CubeSat ~ COTS  Commercial Off-the-Shelf
CPU Central Processing Unit csp CubeSat Space Protocol
CSS Coarse Sun Sensor ECSS  European Cooperation for Space Standardization
EHS Earth Horizon Sensor EM Engineering Model
EMC Electromagnetic Compatibility EPS Electrical Power System
ESA European Space Agency ESC Electronic Speed Controller
FM Flight Model FSS Fine Sun Sensor
FSW Flight Software GEVS  General Environmental Verification Standard
GNC Guidance, Navigation, and Control GND Ground
GPIO General-Purpose Input/Output GPS Global Positioning System
GSFC Goddard Space Flight Center HAN  Hydroxylammonium Nitrate
12C Inter-Integrated Circuit 10D In-Orbit Demonstration
ISO International Organization for Standardization KAI Korea Aerospace Industries
KRTC Korea Reliability Technology Center KSLV-II Korea Space Launch Vehicle-II
MLTAN  Mean Local Time of the Ascending Node MMT  Magnetometer
MTQ Magnetorquer NASA  National Aeronautics and Space Administration
OBC On-Board Computer PCDU  Power Conditioning and Distribution Unit
PEM Protoflight Model PFT Protoflight Test
PMD Post-Mission Disposal PSD Power Spectral Density
RF Radio Frequency RS-422  Recommended Standard 422
RWA Reaction Wheel Assembly RX Receiver
SE Systems Engineer SEE Single Event Effects
SMS Structure and Mechanism Subsystem TC Telecommand
TCP/IP  Transmission Control Protocol/Internet Protocol TC/TM Telecommand/Telemetry
TID Total Ionizing Dose TML Total Mass Loss
TRL Technology Readiness Level TRX Transceiver

TVAC Thermal Vacuum
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