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Abstract

This thesis presents the development of a hyperspectral imager comprising of commercial
off-the-shelf components and the associated payloads onboard a 6U CubeSat owned by the
HYPSO project. It serves as a cover for a compilation of technical reports written during the
research period. The reports provide a detailed description of the design, tests, and analyses
conducted to develop and integrate the hyperspectral imager in additional to the supplementary
payloads.

The optical design of the hyperspectral imager was developed by Fred Sigernes, Professor in
Optics and Atmospheric Research at The University Centre in Svalbard. The 6U CubeSat
platform used to host the HYPSO payloads was provided by NanoAvionics.

During the development of the launch- and space-compatible hyperspectral imager a functional
prototype was produced, using an aluminium alloy known as AA6082-T6. The prototype was
successfully assembled, being capable of taking hyperspectral images. Furthermore, the
prototype was tested in various thermal conditions including room temperature as well as hot
and cold extremities. The focus remained stable at room temperature and the tested cold
temperatures, however, started becoming unfocused at 40 degrees Celsius.

Mechanical and thermal analyses were performed on the prototype, indicating that the total
stiffness of the hyperspectral imager payload was above the requirements, while the operational
temperatures present during orbit would necessitate thermal control systems for the payload.

The optical commercial off-the-shelf components used for the hyperspectral imager were
vacuum tested. The results showed signs of contamination of the lenses that had to be further
investigated. Large amounts of grease were found inside the optical components, as part of the
focus and aperture calibration mechanism. Following this, and integration analysis had to be
conducted on the components to make sure optical integrity could be kept in the space
environment.

The technical reports presents proposed design changes and tests needed in order to make the
developed payloads ready for space operations onboard the HYPSO CubeSat.



Abstract (Norwegian)

Denne oppgaven presenterer utviklingen av et hyperspektral kamera bestaende av kommersielle
off-the-shelf komponenter og tilhgrende nyttelast ombord pa en 6U CubeSat eid av HYPSO
prosjektet. Oppgaven fungerer som et cover for en samling av tekniske rapporter skrevet under
forskningsperioden. Rapportene gir en detaljert beskrivelse av design, tester og analyser utfgrt
for & utvikle og integrere det hyperspektrale kameraet i tillegg til supplementerende nyttelaster.

Det optiske designet av det hyperspektrale kameraet ble utviklet av Fred Sigernes, professor i
optikk og atmosferisk forskning ved Universitetssenteret pa Svalbard. 6U CubeSat-plattformen
som vil inneholde HYPSO-nyttelastene, vil bli levert av NanoAvionics.

Under utviklingen av det hyperspectrale kameraet ble en funksjonell prototype produsert, av en
aluminiumslegering kjent som AA6082-T6. Prototypen ble satt sammen vellykket, og var i
stand til & ta hyperspektrale bilder. Prototypen ble videre testet i forskjellige termiske forhold,
som romtemperatur samt varme og kalde ekstremiteter. Fokuset forble stabilt ved
romtemperatur og de kalde temperaturene testet for. Ved temperaturer over 40 grader begynte
de hyperspektrale bildene a bli ufokuserte.

Mekaniske og termiske analyser ble utfgrt pa prototypen, og indikerte at totalstivheten til det
hyperspektrale kameraet var over kravene, mens de operasjonelle temperaturene som var
tilstede under bane rundt jorden trengte termiske styringssystemer for stabilisere nyttelasten.

De optiske kommersielle off-the-shelf komponentene som ble brukt til det hyperspektrale
kameraet ble vakuumtestet. Resultatene viste tegn til kontaminasjon av linsene som matte
undersgkes nermere. Store mengder fett ble funnet i de optiske komponentene, som en del av
fokus- og blenderkalibreringsmekanismen. En integrasjonsanalyse matte gjennomfgres pa
komponentene for a forsikre at optisk integritet kan holdes nar kameraet er i verdensrommet.

De tekniske rapportene presenterer foreslatte designendringer og tester som ma gjennomfgres
for a gjgre de utviklede nyttelastene klare til romoperasjoner pa HYPSO prosjektets CubeSat.
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The structure of this thesis is somewhat unorthodox, centred around technical reports made in
close collaboration with Henrik Galtung and Tuan Tran for the HYPSO project during the thesis
time frame. The delivered reports form the basis of the Results and Discussion sections of this
thesis. This structure was chosen based on consultation with the project advisor Cecilia Haskins
and the HYPSO project leader Evelyn Honoré-Livermore. Table i presents an overview of the
relevant jointly and individually written Reports. Some Reports have indicated a main author,
but will contain significant contributions from the other authors as well.

Table i: Technical Reports

Report Title Author Co-author Appendix
Excerpt from Spesialization Report | Galtung, Kaasa, Tran - Appendix A
HYPSO-ANA-004 Galtung, Kaasa, Tran - Appendix B
HYPSO-DR-003 Galtung, Kaasa, Tran - Appendix C
HYPSO-ANA-003 Galtung Kaasa Appendix D
HYPSO-ICD-001 Galtung, Kaasa Tran Appendix E
HYPSO-ANA-009 Kaasa, Tran Galtung Appendix F
HYPSO-ANA-008 Kaasa, Tran Galtung Appendix G
HYPSO-ANA-006 Kaasa Galtung, Tran | Appendix H
HYPSO-ICD-002 Galtung - Appendix |
HYPSO-TRP-VAC-001 Galtung, Kaasa, Tran - Appendix J
HYPSO-TRP-VAC-002 Kaasa Galtung, Tran | Appendix K
HYPSO-TRP-OPT-002 Galtung, Kaasa, Tran - Appendix L
Test Plans Galtung, Kaasa, Tran - Appendix M
Future Test Plans Galtung, Kaasa, Tran - Appendix N
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1 Introduction

1.1 The HYPSO Mission

The HYPer-spectral Smallsat for ocean Observation (HYPSO) mission will function as a
science-oriented technology demonstration. By utilizing commercial-off-the-shelf (COTS)
components, it will enable low-cost and high-performance hyperspectral imaging (HSI)
capable of fulfilling science requirements in ocean color remote sensing and
oceanography [1].

The concept of the HYPSO mission is to take a HSI design previously intended for
handheld operations to airborne operations and integrate it into a small satellite known
as a CubeSat which will be provided by NanoAvionics [2]. The CubeSat will be launched
into a low earth orbit (LEO) at an altitude of approximately 500 km from the polar
satellite launch vehicle (PSLV) located in India. The orbit will be sun-synchronous,
giving the advantage of passing over any given point at the same local sidereal time,
further allowing the satellite to have a constant amount of sunlight when taking
hyperspectral images [3]. To fulfil the defined science-requirements, orbital elements have
been selected so that the satellite will be on the illuminated side of the earth for at least
about 60% of the orbit [4]. Under these conditions, the HSI will be calibrated for
detection of algae and phytoplankton, and will be able to distinguish between
non-harmful and harmful algal blooms (HAB) with the support of other autonomous
vehicles such as UAVs, USVs, AUVs and buoys with similar ocean characterization
objectives as part of a multi-agent architecture [4], |[5]. HYPSO is prospected to be the
first SmallSat, HYPSO-1, developed at NTNU with a launch planned for Q4 2020, closely
followed by a second mission due sometime in 2021. The NTNU SmallSat vision is to
have a constellation of remote sensing focused CubeSats.

In addition to the HSI payload, a secondary software-defined radio (SDR) payload will be
accompanying the mission. With a separate science-objective, the SDR will be used for
cross-link measurements from the ground to satellite in polar regions [5].



1.2 Organizational

The HYPSO interdisciplinary project team consists of more than 20 master and bachelor
students, 8 PhD and PostDoc participants and several supporting professors. The project
team is structured in smaller branches based in the following work areas: Satellite bus,
Payload software, Ground segment, Attitude Determination and Control, Operations and
HSI Payload Hardware. All project branches work interconnected to ensure the overall
mission progress and proper information flow. A leader is assigned to all branches to
establish proper communication. The project manager Evelyn Honoré-Livermore is
responsible for the overall mission progress and scheduling, as well as being the branch
leader for the mechanics team. The mechanics team belongs to the HSI Payload
Hardware branch, and consists of three members: Tuan Tran head of thermal design,
Henrik Galtung head of architecture and interface design, and Tord Hansen Kaasa head
of mechanical and main payload design.

1.3 Problem Outline

The main goal of the mechanics team is to be able to successfully integrate an HSI
payload along with its subsidiary systems so that they may survive launch and space
conditions while sustaining the required integrity for proper operation. This involves
taking the HSI design created by Fred Sigernes, Professor in Optics and Atmospheric
Research at The University Centre in Svalbard (UNIS), originally intended for rapid
prototyping and drone flight, and adapting it to conform with a 6U CubeSat platform
provided by NanoAvionics while retaining the required amount of structural integrity [2].
Because the design is COTS based components that are not space-certified, further
challenges arise in regards to characterizing their mechanical integrity and viability in
space.

A spacecraft (s/c) launch introduces a number of complications and challenges with
regards to the mechanical requirements of payloads/equipment. Large frequency bands
induced in the s/c from the rocket interface and the acoustic pressure will highly affect
the payload, which must be examined and mitigated during the design process.
Furthermore, the payloads must survive in the environment of space. This introduces
additional problems such as thermal conditions, outgassing, microvibrations and
radiation. Large thermal gradients and temperature variations in the lens assembly are
unwanted as the picture quality and focus can be compromised or ruined. Outgassing
poses a challenge because parts of the lens assembly are not certified for space. All
materials shall be examined according to the outgassing requirements. Because the
satellite is to be decommissioned after its useful life, additional material requirements are
also present. These include melting temperature and mass, as space debris needs to be
accounted for, as described in the NASA published "CubeSat 101”7 [6].



1.4 Project Scope

For the HYPSO mission, the mechanics team was responsible for everything related to
the mechanical integration. Because the project was undertaken during the early stages of
the mission, most systems were either drastically changed or undecided. Changes to the
systems had to be accommodated in the mechanical design and planning. During the initial
period, several potential payloads were added to the HYPSO mission scope, including an
RGB camera and Software Defined Radio (SDR), described in section 2.3.4 and 2.3.3 of the
specialization report, respectively [7]. The SDR has been included during this project due
to the fact that it is flight proven and simple to integrate, the RGB camera, however, needs
a special mounting solution and shielding and has not been considered in the thesis due
to time constraints. The financial aspect of the project was mainly handled by the project
manager through consultation with the mechanics team. This meant that all aspects of
design and available tools were budget dependent.

1.5 Thesis Structure

As outlined in the preface, the structure of the thesis is determined by the various
technical reports and analyses produced by the mechanics team during the development
process at HYPSO. The focus of the thesis is to create a framework where all of the work
produced will be given context and purpose, similar to a compilation thesis.
Furthermore, it is important to stress that all of the work presented as results in this
thesis has been done in collaboration with Tord Hansen Kaasa and Henrik Galtung, as
stated in the preface.

The thesis has been structured into the following sections: Section [2]will give an overview of
the background behind the various elements of the project. Section |3 will briefly outline the
theoretical background that used for the analyses. Section[4]will present the methodological
approaches and tools used throughout the project. Section [5| will introduce the reports
produced during the period of the thesis. Section [6] will focus on discussing the process and
evaluations made along the way resulting in the decisions with respect to implementation.
It will also examine the viability of the analyses as well talk about the work environment
in HYPSO as a multidisciplinary project. Finally, section [7| will summarize the conclusions
derived from the total body of the research.






2 Background

2.1 Specialization Project

As with most master’s theses at NTNU, much of the work and research was done in
the preceding semester in the form of a specialization project. With the thesis being
of the format described in section [I.5] theory and background already outlined in the
specialization report written in collaboration with Tord Hansen Kaasa and Henrik Galtung
will be referenced to as an appendix. The reason for this is to keep the thesis short and
concise, and to allow more focus to be directed towards the scientific work and discussion.

2.2 HYPSO Payloads

This section will aim to briefly explain the function and purpose behind HYPSO payloads
so that they may have the appropriate context when discussed further down the line.

2.2.1 Hyperspectral Imaging Camera

The optical design of the HSI camera that will be used for HYPSO mission is a an upgrade
based on the previous HSI V4 design originally intended for use at shorter distances [2], [§].
Figure [1] shows the V6 prototype built by Professor Sigernes. The optical assembly is
comprised of the following components: (1) front lens, (2) CP12 cage plate, (3) collimator
lens, (4) 3D printed grating holder, (5) camera lens, (6) CP03/M cage plate, (7) steel rods,
(8) 3D printed camera mount insert and (9) iDS CMOS camera head. Of importance to
the optical functionality of the HSI, are the (1) front lens, (3) collimator lens, (5) camera
lens, and (9) iDS CMOS camera head. Two additional components of great importance to
the optical assembly have not been featured in the figure: the entrance slit, and diffraction
grating.

Figure 1: HSI v6 optical design by Fred Sigernes



2.2.2 Attitude Determination and Control System

For the HYPSO mission to succeed, the HSI camera will need to be accompanied by various
additional subsystems to ensure that requirements pertaining to the pointing accuracy of
the HSI are met. For the following reasons, an inertial measurement unit (IMU) and star
tracker (ST) have been added to the payload. The ST and IMU are shown in figures [2ajand
respectively. For the Attitude Determination and Control System (ADCS) components
to deliver high precision measurements with respect to the HSI camera, they had to be
mounted with rigid connections to the camera itself. Both have previous flight heritage, but
still have predefined load and thermal tolerances that will need to be accounted for ﬂgﬂ, .
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Figure 2: ADCS payloads

In addition to the IMU and ST, the RGB camera will also be mounted to the HSI camera.
The intention behind this is to use images of the earth as georeferences, adding another
element of data to the positioning of the camera and satellite. The RGB camera will be
made out of a lens objective and an RGB camera sensor. Unlike the IMU and ST, the RGB
camera will be comprised of COTS components that are not certified for space. Although
the lens objective and camera detector both individually have flight heritage on board
currently orbiting cubesats, it is currently unclear what steps may have been taken during
their integration.

2.2.3 Onboard Processing Unit

The onboard processing unit (OPU) will be responsible for processing the HSI and RGB
data before it’s downlinked to available ground stations. It consists of a COTS PicoZed
77030 processing board and a customized breakout board solution developed by HYPSO.



2.2.4 Software Defined Radio

The SDR will be provided by Alén Space. It has flight heritage in addition to papers
outlining thermal analyses and thermal control solution implemented within the
component [11]. Throughout the projected, the inclusion of the SDR has remained in
question. However, based on the flight heritage and documentation, the integration of the
SDR was expected to require less analysis and testing.

2.3 CubeSats

The HYPSO mission will be using a CubeSat platform to host the payloads. CubeSats
are small cube-shaped satellites conforming to a predefined set of dimensions, shapes and
weight allowing for reduced mission costs and shorter development time [6]. This has
made them increasingly more popular, with more and more academic, research and start-up
communities joining the space race over time [6], [11]. The various sizes and weight capacity
of CubeSats are commonly denoted by the number of units, "U”, where 1U corresponds
to the volume of 1 litre of water and a maximum weight capacity of 1.33kg [12]. However,
for bigger CubeSats the weight capacity per unit may increase [13].

2.3.1 The Satellite Platform

As previously stated, the HYPSO payloads will be integrated into a CubeSat platform
provided by NanoAvionics. Due to the size of the HSI and supplementary payloads, a 6U
CubeSat as shown in figure |3| was chosen. The platform will encompass all baseline systems
necessary to operate the satellite appropriately, with a payload capacity of 7.5 kg and 4 to
5U payload volume [14]. This corresponds with the CubeSat Design Specification (CDS)
detailing that the maximum total weight can be as much as 12 kg for a 6U CubeSat [13].

Figure 3: 6U CubeSat platform provided by NanoAvionics






3 Theory

This section presents the general theory that influences the system components from a
thermal and optomechanical perspective. It will also explain their behavior, such that
decisions and simplifications made in analyses can more easily be understood. As most of
the underlying theory pertaining to the general space environment, thermal, mechanical,
architectural and material aspects has already been outlined in the Specialization Report
and technical reports, this section will attempt to avoid repetition by referring to these
other sources as necessary.

3.1 Space Thermal Environment

For the HYPSO satellite orbit, the most significant sources contributing to the heat flux
aborption in the satellite is the solar radiation, reflected solar radiation (albedo), and
infrared radiation emitted from the earth |15], [16]. This section will briefly outline the
basic behavior and intensity of these sources.

3.1.1 Solar Radiation

The amount of solar radiation absorbed by the satellite is determined by the distance from
the satellite to the sun, as the solar irradiance (SI) is more intense closer to the sun. Because
of the slightly elliptical orbit of the earth, the SI is at its highest when the earth is at the
perihelion point, and lowest at the aphelion point [17]. The effect of this departure from
the mean distance to the sun causes a variation of £3.4 percent. The variation caused by
a satellite orbiting the earth is commonly overlooked. In addition to earth to sun position,
solar flares and cycles also affect the SI. For the following reason, averaged measurements
are commonly used to describe the SI in analyses [17]. Following the worst case scenarios
defined by Space Mission Analysis and Design (SMAD), the HYPSO thermal analysis uses
an SI of 1419 and 1317 W/m? for the hot and cold case, respectively [10].

3.1.2 Reflected Solar Radiation

The albedo is the amount of solar radiation reflected back from the surface of the earth.
The amount reflected depends on the various reflective properties of the surface. Areas
with more snow, ice and increased cloud cover generally increase the reflectively of the
surface [17]. For thermal analyses, bond albedo, is commonly used. Bond albedo is defined
as the ratio of electromagnetic energy reflected by the surface. For earth, this value is
0.306 [18], [19].



3.1.3 Infrared Radiation

Also known as outgoing longwave radiation (OLR), it is the thermal radiation emitted by
the earth in combination with infrared radiation emitted by atmospheric gasses and cloud
tops [17]. The amount of OLR depends on the temperature and cloud coverage of a given
area. According to SMAD, the OLR flux is 69.8 and 58 W /m? for the hot and cold case
respectively [10].

3.2 Orbital Mechanics

In order to simulate transient behavior of a satellite, it is important to understand the
basics of orbital mechanics. This is due to the amount of thermal radiation absorbed in
the system being determined by the position and orientation of the satellite relative to
the sun and earth, as described in section|3.1.1

A satellite orbit and position can be fully described by the six classical orbital elements [20].
They are the semi-major axis a, the eccentricity e, the inclination 4, the right ascension of
the ascending node (2, the argument of perigee w, and the true anomaly ». The orbital
elements can seen in figure 4l For orbital elements of the earth, the plane of reference is
commonly defined as the equatorial plane, with the reference direction V> pointing to the
vernal equinox. 7, {2, and w define the angle of the orbit and position of the satellite, while
a and e together define the shape and height of the orbit.

Celestial body

— .y

Reference
direction

Longitude of ascending node

Plan
e
aF reference
Inclination
£3

A

Ascending node

Figure 4: The six Keplerian orbital elements
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3.3 Pushbroom Hyperspectral Imaging

Hyperspectral imaging refers to the process and end result of obtaining the light spectrum
for each pixel in a given picture . The result can be represented as a 3-dimensional
cube containing spatial data points in one plane, and data points representing the specific
wavelength in another plane. Figure |5/ shows an example of a hyperspectral data cube.

/ o

Figure 5: Hyperspectral data cube
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The pushbroom method is generally one of two methods used in order to obtain
hyperspectral images. For non-hyperspectral images, this is done by scanning wide and
narrow lines representing one dimension, while moving and obtaining the second
dimension over time, essentially creating a 2D image. For hyperspectral pushbroom
cameras, the second dimension is added as spectral data while scanning the narrow line,
when finalized, yielding the 3-dimensional hyperspectral data cube. Figure [6] shows the
concept of hyperspectral pushbroom scanning .

5 2D detector array
i'% o

Linear Variable
Filter

Figure 6: Pushbroom method scanning
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A typical pushbroom HSI camera is comprised of the following elements: an objective optic,
an entrance slit, a collimating optic, a dispersing element, a focusing optic and a sensor
component . The front objective optic focuses the light into an entrance slit, which
then slices the light beam into a narrow line. The narrow line represents the 1-dimensional
spatial image while also containing the wavelength of the specific light. From there, a
collimating optic refocuses the light into a parallel beam which then can be diffracted into
different directions based on the wavelength by a dispersing element. Finally, the focusing

optic makes the diffracted light beams focused for the sensor component.

The optical
concept is shown in figure [7]

Focusing

optics

Collimating
optics

Objective
optics

\/ /
Dispersin
Scan ]iN P ¢

. element
Entrance slit

Spectral —

Figure 7: Optical chain of a typical pushbroom hyperspectral imager

These are the same parts mentioned to be of importance to the optical functionality in
section The same concept can be observed in the optical diagram of the HSI V6

made by Fred Sigernes shown in figure[§| which was referenced for the assembly of the HSI.
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Figure 8: Optical diagram of the HSI v6
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D denotes the effective aperture diameter, f the focal length, L. the f-number, B the flange
focal distance, and X the diffracted light spectrum range which correspond to the sensor
image height for a higher resolution. The design uses three COTS lens objectives of the
same type that can be calibrated into functioning as the objective optic, collimating optic,
and focusing optic. This is done by changing the focal length and aperture diameter of the
lens objectives.
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4 Method and Tools

This section is written in collaboration with Tord Hansen Kaasa and Henrik Galtung. It
gives an overview of the work procedure and tools used by the mechanics team throughout
the project. A more expansive description of the methods and tools used during this project
can be found in the specialization report excerpt found in Appendiz A.

4.1 Development

This section describes the development of the payload integration and the most
important steps in this process. The first step involved mapping of various requirements
and constraints. The team conducted brainstorming sessions before preliminary concepts
were chosen for further development and selection. Analysis and simulation were used to
explore the strengths and weaknesses of each concept. Based on the results, the design
was improved and run through simulations again. When the design had matured
sufficiently, manufacturing and testing of prototypes was incorporated in the
development. The development pipeline shown in figure [9 is a customization and
expansion of Figure 1 found in NASA-STD-5002 [24].

¢ [Both
Mappmg of Selection Congept _ thermal
geomterical design Creation ) and
. Concept of Analysis & .
constraints > - > e > and » of CAD > . mehcancial
brainstorming preliminary simulations
and further models Many
. concepts ) . g
requirements selection iterations
Y expected
A
Design 5 .
| refinement|™ Prototyping

A

Manufacturing

L Testing

A

Integration

Figure 9: Development plan for HSI payload integration
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Throughout the development, the design of the various components went through multiple
iterations. This iterative process was fundamental to the evolution of all in-house designed
components. Earlier designs focused on establishing a functionality, whereas later iterations
aimed to optimize the overall complexity. Concurrently, the selection and analysis of the
COTS components based mechanical and material conditions, evolved the design further.
Appendix A, section 2.1, expands on this methodology and gives a rundown of each step
and how they were intended to function.

4.2 Testing

Physical testing of a design or component is the closest engineers can get to an actual
space environment without launching. While simulations provide good indicators and
sometimes accurate results, the most reliable source are physical tests. Although testing
allows for much higher reliability, the cost and availability of test facilities may become
constraints. This mostly concerns thermal vacuum chambers and reliable vibration rigs
that have limited availability. As a result, these tests were out of the scope for the thesis
work. Figure 10| gives the testing approach used throughout the project. This figure is an
extraction and modification of flowchart 17.1 from [15]. Testing was aimed at characterizing
the performance of the design and various COTS components rather than validating against
success criteria, which is referred to as engineering development testing by NASA [25].

Mapping of
unknown factors » Test Plan > Testing
and research

A

Improvement of

test procedure < Test Report

A

Recommended
design changes

\

Implementation of
changes

Figure 10: Testing Approach
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For the first phases of design iteration, simplified tests were planned using environmental
chambers and vacuum chambers. These design tests were used to gather information
regarding the performance against the respective systems requirements, as well as further
refining said requirements. Additionally, the results from these tests were used to further
improve the reliability of the simulations.

Table [1] lists the performed tests, while table [2] lists the test planned for the future. A
test plan was written for each test, listing all relevant information such that it should be
repeatable in the future. Although Inspection is classified as a different verification
method or a supplementary to tests [15], the disassembly inspections are listed together
with the tests. After each test was performed, a technical report was created presenting
the results in a concise manner to effectively disseminate the information within the
project team and ensure repeatability. Later in the system development cycle, the entire
system will be tested up against validation criteria with all subsystems integrated. The
system must also pass a final acceptance test, subsystem level and system level, to be
able to launch.

Table 1: Performed Test Overview

Test Name Device Under Test Test Description

HYPSO-RP-007
HYPSO-RP-008
HYPSO-RP-009
HYPSO-RP-010
HYPSO-RP-011

Disassembly to uncover potentially

Potential Detectors Please note that these reports
are supplied at the end of Appendix H

50 mm VIS-NIR Objective, | mission harmful materials and substances

50 mm VIS-NIR objective, | Items are exposed to a weak vacuum to

HYPSO-TRP-VAC-001 IMX 174 Detector check for potential damage

Determine the functionality

HYPSO-TRP-OPT-002 HSI Prototype of the HSI Prototype
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Table 2: Future Test Overview

Test Name Device Under Test Test Description

Determine if the materials found during
the Disassembly Tests are within
the outgassing requirements

Material Outgassing Samples of potentially
Test volatile materials

Vacuum Resilience Test showed damage
Cleaning Procedure | 50 mm VIS-NIR objective | on the objective. An objective that has

Vacuum Test (Clean) been through a cleaning procedure
will be vacuum tested

Component Level
Vibration Test

Determine the COTS components

50 mm VIS-NIR objective . o
resistance to vibration

Component Level
Shock Test

Determine the COTS components

50 mm VIS-NIR objective behaviour under thermal loads

Component Level
Thermal Test

Determine the COTS components

50 mm VIS-NIR objective .
resistance to shock

Component Level Determine the COTS components

Thermal Test IMX249 resistance to shock
Vibration Tt HSI Prototype " exanee to vibration
Full Scale HSI Prototype Determine the thermal development

Thermal Test of the HSI system

These tests planned for the future will have to be done to fully characterize the design and
the components within. Unfortunately, there was not enough time for the mechanics team
to run these tests during their project work. However, test plans for the component level
shock, vibration and thermal tests were made. These can be seen in Appendiz N.
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4.3 Software Tools

This section lists all software programs used during the project. Further detail about the
software, as well as other software options that fulfill similar purposes can be found in the
excerpt from the specialization report in Appendixz A, section 2.2.

4.3.1 CAD/CAE Tools

At the beginning of the project, a simple study was done to determine which CAD and
CAE software would be used for the project. It was important to evaluate this properly,
as it would determine much of the work-flow. Furthermore, changes in these kind of tools
at a later state of the project would require rework, as all the CAD files would need
conversion.  This process would also cause loss in data such as underlying sketch
information and material data, which would need additional work to reapply. The choice
of CAD software laid the foundation for the future modeling tool used within HYPSO.
Table Bl tabulates the chosen software.

Table 3: CAD/CAE Software Tools

Software Description
NX 11 Main modelling and simulation tool
NX Nastran FEA simulation Solver tool, structural and thermal

NX Space Systems Thermal | Thermal FEA solver specifically made for satellite development

SolidWorks 2018 Modeling tool, intuitive technical drawing module

A deciding factor when choosing the CAD software was the product lifecycle management
(PLM) capabilities i.e. Team Center, PLM. NX 11 with Nastran, Space Systems Thermal
and Team Center integration was chosen to minimize risk of data loss during exporting and
to ensure a structured work environment for the CAD/ CAE model procedure. SolidWorks

2018 was used to create technical drawings and to convert files provided by NanoAvionics
to NX 11.
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4.3.2 General Software

Table [4] tabulates the general and organizational tools used during the project work. The
General software was shared between the entire HYPSO team. Organizational tools such
as Trello were used throughout the project, however they were phased out as the project
progressed in favor of more in-depth project development software such Eclipse, which is
the ESA recommended program [26].

Table 4: General Software Tools

Software Description
CES EduPack 2018 Material library with MatML XML file support
Slic3r Prepare 3D models for printing
Lucid Chart Free flow chart creator
Google Drive File storage and synchronization service, shared within the entire project
Eclipse Project development tool
Slack Communication and sharing platform
File Server File storage system for larger files
Overleaf Online LaTeX editor, for report writing

4.4 Literature

As this thesis serves as a cover for the package of included technical reports, the literature
list is limited and does not represent the actual amount of literary resources read and cited
throughout this project. All technical reports include a list of the respective references
used, and the main bulk of material collected in conjunction with the research process.
Some sources deserve a special mention; for example, during the research done for this
project, open documents and reports from NASA have been very useful. Their reports and
documents regarding specific space-related phenomenon like outgassing and atomic oxygen
proved to be the best resources for investigating these effects in relation to a CubeSat. It
is also worth mentioning the ECSS, which provides a comprehensive set of standards that
are the result of a collaboration between ESA and national space agencies. It has been
decided that this set of standards shall be followed by the entire HYPSO CubeSat project.
The requirements outlined in the standards are therefore the basis for the design, unless
otherwise stated by the launch provider.
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There are some books that deserve a special mention as they have been paramount in
understanding the space environment and provide a guide to solid space engineering
practise.

e Space Mission Engineering: The New SMAD [10]
e Dimensjonering av Maskindeler [27]
e FEngineering Analysis with NX Advanced Simulation [28]

The use of standards has throughout the project required evaluation of their relevance
and usefulness. The complexity of CubeSat missions differs from conventional larger scale
space missions. It follows that the standards used are limited or omitted. The Tailored
ECSS Engineering Standards for In-Orbit Demonstration CubeSat Projects by ESA
further states that the applicability of the various standards may vary according to the
sensitivity of equipment as well as complexity of the particular CubeSat [29]. Following
this line of reasoning, the optical main payload of the HYPSO mission can be considered
highly sensitive to contamination, thus required a higher level of compliance to the
standards involving contamination assessment [29]. The California Polytechnic CubeSat
Design Specification was also used as a design reference [13]. The specification states the
geometrical limits of the CubeSat in relation to the size of the s/c and max length of
portions. In addition, NASA standards have been used as supplementary documentation.
For creation of mathematical analytical models, the use of NASA standards proved to be
more useful due to the stricter framework when compared to the ECSS standards. All
standards used can are available in section X Bibliography and the respective reports.

21



22



5 Results

This section presents an overview of all the work done in regards to developing and
integrating the hyperspectral and supplementary payloads throughout the HYPSO
project. Figure [11] displays the relationship between the technical reports included.

Future Test Plans

T

HYPS0-DR-003
HSI Payload Design Report

HYPSO-TRP-OPT-002
Functionality Test Repori of HSI

A

TTH Mk1 i
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|
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Vacuum Resilience Test HSI Payload Mechanical — — specifies i
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¥ i
HYPSO-TRP-VAC-002 HYPSO-ANA-00G HYPSO-ANA-003 HYPSO-ICD-001
Objective Vacuum Damage | Analysis of Optical COTS Architectural Laveut Analveis Preliminary SOR Interface
Report components ] Y ¥ Design

HYPSO-ANA-008 )
HSI Payload Thermal Analysis specifies
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!
!
:
i
i
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HYPSO-ICD-002
HSI Payload Interface Control
Document

HYPSO-ANA-004
Payload Material Analysis

Figure 11: Report relationship chart

5.1 Material Analysis

The material analysis was performed in the technical analysis report HYPSO-ANA-004,
appendixz B. The report outlines the analysis and underlying logic behind the material
choice for the HSI platform in addition to uncovering and evaluating the material
composition of COTS components that were selected as candidates for the mission. The
material selected was an aluminium alloy known as AA6082. The report carries detailed
theory about outgassing while providing an explanation of the importance of outgassing
requirements when optical components are involved. Furthermore, it also describes and
evaluates thermal control methods, recommending pyrolytic graphite sheets for control of
heat dissipating elements such as the OPU FPGA chip and IMX249 processing chip.
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5.2 Hyperspectral Imager Payload Design

The HYPSO-DR-003 report, appendix C| outlines the entire design process, touching on
every decision made with respect to the finalized product. It also tabulates all the
requirements defined by the mechanics team in cooperation with Professor Sigernes as
well as relevant requirements defined by the standards. Basic analytical analysis of
mechanical loads and screw torque calculations was performed and documented in this
report. Figure [12shows the final iteration of the design as of this thesis.

Figure 12: Final HSI payload design iteration

5.3 Architecture Layout Analysis

HYPSO-ANA-003, appendiz D, outlines the evaluation process of determining the position
of HYPSO payloads into the CubeSat platform provided by NanoAvionics. It considers
geometrical, mechanical and electrical interfaces and positioning requirements defined by
the HYPSO project to provide multiple layouts. An optimal layout was suggested based
on the aforementioned criteria.
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5.4 Preliminary SDR Interface Design

HYPSO-ICD-001, appendixz E, follows up on the discoveries made in HYPSO-ANA-003,
designing an interface for the SDR for the proposed layout. The SDR interface uses existing
hole interfaces in the satellite bus previously meant for mounting the S-band. It also
contains a mechanical analysis performed on the interface, in addition to outlining the
steps for thermally integrating the SDR.

5.5 Mechanical Analysis

HYPSO-ANA-009, appendix F, contains the mechanical analyses performed on the HSI
payload design to evaluate whether the design would pass the general requirements with
respect to eigenfrequencies and accelerational load cases. With all the payloads mounted
on the HSI platform, the structure has the first eigenfrequency at 1054.53 Hz (free-free)
according to the simulations performed in NX Nastran using the SOL 103 response
dynamics solver. This was well above the required stiffness defined at >135 Hz. It also
suggested that the current platform is overdimensioned to a certain degree, and may be
reduced in mass in future designs. Due to time restraints, mass participation analysis for
said frequencies could not be done. The analysis also looked into the optimal positioning
of the IMU with respect to vibration. The simulations suggested that mounting the IMU
underneath the platform close to the cassette area would contribute most to increasing
the stiffness.

5.6 Thermal Analysis

HYPSO-ANA-008, appendiz G, contains the thermal analysis performed to uncover the
thermal environment surrounding the HYPSO payloads. Figures and shows the
temperature overview for the hot and cold case, respectively. The simulations suggested
that the HSI camera objectives and RGB camera would dip below the required operational
temperatures even during the hot case. For the cold case, this applied to the objectives, the
HSI camera sensor, the RGB camera, and IMU. The report further discusses the reason for
this, while suggesting solutions. One of the solutions was simulated, showing an increase
in temperature for the crucial payloads. Due to the limited time frame, further simulation
of suggested solutions could not be done. Instead, physical testing of these solutions was
proposed.
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5.7 Commercial off the Shelf Components Analysis

HYPSO-ANA-006, appendiz H, outlines analysis and vulnerability mitigation strategies
made for all the COTS components involved in making the optical payloads of the
HYPSO mission. It contains HYPSO-RP-007 to HYPSO-RP-011, which are all camera
sensor and objective disassembly reports outlining the disassembly process and discovery
of potentially unfit components and materials for space. Furthermore, it ties together
HYPSO-RP-004 and HYPSO-RP-005 which are the specific the detector and objective
vulnerability mitigation reports, respectively. The discoveries and recommendations
made in these reports led to the HYPSO mission timeline being pushed back. It also led
to choosing the housing-less IMX249 UI-5261SE-M-GL HSI camera sensor as most fit for
space adaptation.

5.8 HSI Payload Interface Control

HYPSO-ICD-002, appendiz I, outlines all the electrical and mechanical interface that is
relevant for the integration of HYPSO payloads. It also considers the thermal control
components that have been planned, mapping out interfaces for thermal straps.

5.9 Development Testing

This section will present the reports delivered from the development testing process
outlined in section (4.2

5.9.1 Vacuum Resilience

HYPSO-TRP-VAC-001, appendiz J, outlines the discoveries made from a basic vacuum
test of the HSI lens objective and camera sensor. The intention of the test was to
determine whether the camera components could withstand the change in pressure in
addition to develop characterization tests for the HSI camera. Even though the vacuum
exposure was at relative low values compared to what expected in space, tiny bubbles
were found on the lens objectives after the test.

HYPSO-TRP-VAC-002, appendiz K, follows up on the unexpected damage, outlining
possible reasons and further analysis of the objective lens materials. The bubbles were
postulated to be either a result of outgassing, lens cracking, or lens contamination as a
result of the quick recompression that occurred during the vacuum test. The results from
these reports eventually led to disassembly of the COTS components mentioned in
section [5.71
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5.9.2 Functionality Testing

HYPSO-TRP-OPT-002, appendix L, outlines the functionality testing made using the first
HSI platform prototype. It describes the entire assembly process, mentioning problems
met and improvements that could be made. Furthermore, the test showed that the first
prototype is capable of producing spectrograms under normal conditions. The spectrogram
was, however, off-set to the left, suggesting that the theoretical angle of 10.37 degrees had
to be increased.

5.9.3 Basic Thermal Functionality Testing

As part of the thermal analysis described in appendiz M, a basic thermal functionality
test was done. This was done to gain an understanding of the thermal limits of the HSI
camera. The test put the HSI camera in temperatures ranging from -20 to 60°C. According
to spectrogram data generated from the test, unfocusing started occurring at 40°C, while
increasing even more at 60°C. Temperatures below room temperature (25.3°C) down to
-20°C appeared to have no visible negative effect on the image quality. This could however
be attributed to the limitations of the test set-up and manual calibrations done during
assembly:.

5.10 Test Plans

In addition to the test reports, test plans were also produced throughout the project. The
test plans that have been made can be found in appendiz M. Future test plans tabulated
in section have also been included in appendiz N.
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6 Discussion

6.1 Thermal Analysis and Design Considerations

One of the largest difficulties concerning the thermal analysis throughout the project, was
determining whether the thermal analysis results sufficiently represented any realistic
values. This was important to resolve, as the thermal environment surrounding the
HYPSO payloads would determine the thermal control measures. For instance, knowing
that a specific component is prone to dissipating large amounts of heat through usage is
one thing, but from that point determining the solution without knowing the surrounding
factors is another. One could choose to thermally couple the component to the frame of
the satellite bus, but the frame itself could end up being too hot or cold, thus lead to
overstepping the operational temperature boundaries defined by the requirements.
Thermal analysis of the kind simulated during the HYPSO project had not been
practiced at NTNU up to this point, contributing to the difficulties explained. Therefore,
a large amount of time had to be spent on learning about the theory and underlying logic
used by the simulation software.

As outlined in the thermal analysis technical report, the results should have a sufficient
accuracy to be used as an indication of the extreme hot and cold cases. This is based on
the fact that the thermal environment and orbital parameters covered in section and
has been modelled considering all the elements of relevance to thermal analysis in
combination with a close approximation of the mass and heat capacity of the satellite
and its systems [10], [30]. Furthermore, the report suggests adding an aluminium wall
plate to the front of the CubeSat with holes for the optical components to look through.
This was done to stabilize temperatures of payloads at the front of the HSI platform,
which experienced temperatures below the allowed ranges due to thermal radiation
escaping through the front of the satellite. After running a new simulation with the
added wall, temperatures were observed to increase, indicating that the solution worked.

There were a number of weaknesses surrounding the analysis that were unavoidable due
to the lack of information and time. Modelling of thermal conductance between parts was
the most difficult part, as it depends on a number of factors such as surface roughness,
surface thermo-optical properties, material properties, and the tensions between the
connecting surfaces [31], |[32]. Most of the uncertainties could be eliminated, but would
require additional time and resources that was better prioritized elsewhere. Some other
CubeSat missions use thermal vacuum chambers to measure the conductivity between
parts [33], [34]. However, this was unrealistic for a number of reasons. As the first
HYPSO mission, testing facilities and other equipment was not available for most of the
period. Furthermore, the design and prototype of the HSI camera and platform was not
completed until towards the ending of the thesis time frame. At the same time, for
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CubeSat missions, it is important to not spend too much time refining thermal models,
as the low attitude of the orbit leads to low fluctuations of temperature, thus an analysis
that is capable of giving an indication of the temperatures is sufficient [10].

Because several of the payloads were comprised of COTS components not certified for
space nor designed for customization, integration of thermal control solutions was
sometimes problematic. The processing chip located inside the HSI camera sensor
dissipates approximately 2.9 W under usage. To compensate for the lack of convection,
the heat dissipated from this component had to redirected somewhere else so that
overheating could be avoided. However, being designed without consideration for space,
no extra room was given for adding typical solutions of thermal straps. This meant that
the integration of thermal control would either require disassembly and modifications to
encompass thermal straps, or finding thermal straps small enough to access the required
areas while still having a thermal conductance high enough to redirect the heat. As
outlined in the material analysis report, the use of pyrolytic graphite sheets (PGS), which
have an excellent thermal conductance and are available in very thin thicknesses, was
recommended. While the use of PGS would be beneficial in regards to compatibility with
other COTS components, it still needs to be tested. The biggest concern is whether the
material outgasses, and if the outgassed material is capable of condensing on to lens
surfaces and ruining image quality. While PGS in of itself does not outgas, the sheets
that will be used contain tape substrates of either PEEK or polyimide [35], [36]. While
these on their own adhere to the NASA outgassing requirements according to their
outgassing database, they should still be tested in regards to their CVCM, as they are
COTS components and may contain additional materials [37], [38]. Furthermore, PGS of
the same type considered for the HYPSO mission has been used for other CubeSats in
the past, suggesting that they should be applicable [39].

The final point concerns the thermo-optical properties of the HSI platform. According to
the thermal analysis report, it was suggested that the platform was to be anodized so
that the thermo-optical properties would become known, thus controlled. This is because
the thermal analysis had to wuse approximated values for rough aluminum.
Thermo-optical properties for uncoated or unanodized aluminium vary greatly based on
the surface treatment, which could lead to different temperatures than expected. Based
on the results from the basic thermal functionality test, the HSI platform should be
anodized with a coating that has thermo-optical properties with a lower absorptivity to
emissivity, giving a bias towards less hot temperatures than the uncoated or unanodized
aluminium. With the platform at lower temperatures, active thermal control can be
added to the system for higher precision control of the optical train, thus lead to better
image quality. However, further analysis and testing is needed to determine whether this
is necessary or not.
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6.2 Adaptation of Workflow with HYPSO Timeline

Because HYPSO-1 will be the first satellite launched and developed by the HYPSO team,
it is natural that working efficiency and the planning aptitude of project members will be
impaired when compared to projects that have had time to develop larger bodies of
experience and information. As a result, the direction of focus and priorities often times
changed based on new discoveries or realizations. This was particularly true for the case
of the vacuum resilience test, which originally only was intended as a basic vacuum test
to make sure the optical COTS components would not experience optical misalignment of
any kind. Even though the test was defined as destructive for the lens objectives, no one
expected actual damage to occur. Upon discovering the contamination on the lenses,
work was immediately shifted from working on the HSI platform design to inspection of
the COTS components. All optical COTS components considered for the mission were
disassembled, so that potential sources of contamination could be detected. As the
particular COTS components were of critical importance to the design, potential
contamination sources had to be detected early in the process, so that future steps could
be planned around them. Furthermore, being the first generation of the project meant
that time was needed for gathering of basic information and locating facilities for
manufacturing and testing. Finding out what kind of equipment was necessary and where
to get it also consumed time.

To determine the best course of action the mechanics team engaged in discussion on a
daily basis with regards to what should be prioritized during the day, as well as roughly
sketch out the following period. This was found to be more effective than providing
detailed planning, as things often times changed. Even so, some things were planned in
detail, as the plan could be reused at a later date or used as milestones and deadlines.

Even though the main focus of the research was the thermal design, much of the time
was focused on progressing the mechanical design and identification of problems that may
occur with the use of COTS components. This was necessary in order for the project to
succeed. In addition, during the first PDR winter 2018, testing of the HSI camera was
recommended over analysis. This meant that a functional prototype had to be developed,
as the prototype developed by Professor Sigernes comprised of plastic parts. Running
thermal tests on a camera with plastic parts would not be beneficial to the project due to
the large number of error sources which would be included by effects such as increased
thermal expansion and creep. This line of thinking was further supported by
NanoAvionics.
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6.3 Integration of COTS Components in Space

COTS components are a big part of the increasing popularity of CubeSats, as commercially
available parts have become small and reliable enough for smaller platforms [40]. The use
of COTS components, while often times cheaper and easier comes with a risk, thus more
testing is required [40]. The effect of this risk was outlined in section and [6.2] Using
COTS components also introduce complications due to the lack of information available to
the public. Information important to the mechanical and thermal analysis such as materials
and inside geometry is rarely available. Because of this, disassembly and identification of
outgassing materials was necessary. In addition to this, the COTS components also have
to be shock, vibration and radiation tested.

6.4 Material Choice

The choice of material happened early in the project, so that material properties and
machinability could be taken into consideration when designing the HSI platform. Two of
the most appealing materials to use were invar and kovar, due to their low coefficient of
thermal expansion (CTE), which can be over 20 times less than the CTE of aluminium
[41], [42]. The problem with using kovar or invar was their machinability, which require
various form of heat treatment before use [43]. As outlined in the material analysis report,
the materials chosen also had to adhere to the decommissioning requirements. As the
melting temperature of these materials are almost double that of aluminium, this meant
that additional space debris analysis would become required. Furthermore, because the
inside material and geometric properties of the COTS HSI lens objectives were not known,
the mechanical integrity was uncertain. Adapting aluminum COTS components on to a
platform with a considerably lower CTE could lead to thermally induced stresses. This
in turn could lead to unforeseen behaviors such as glass cracking or the optical train
warping. Normally in such conditions, parts would be designed with room for expansion.
However, because of the mechanical threaded interfaces of the lens objectives and optical
schematic imposed by Professor Sigernes, such a design could not be implemented. The
following reasons led to choosing the aluminium alloy AA6061, which was the same as
the mechanical housing of the objective lenses and thereby lowering the thermally induced
stresses. However, because AA6061 is less common in Norway, AA6082 was chosen instead.
An analysis was made comparing the CTE and mechanical properties of the two in the
material analysis report, showing that AA6082 would be an appropriate substitute.
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6.5 Optical Integrity of the Hyperspectral Payload

Characterization of the HSI camera has been an issue throughout the entire project.
While tests characterizing the optical performance were designed, the actual knowledge
to measure and quantify the loss of optical integrity was missing. Furthermore, the team
lacked the time and capacity to become proficient. Without this piece of information, it
was difficult to determine whether a spectrogram taken by the HSI camera in space
would deliver the required image quality or not. This made the development process
somewhat difficult, as tolerances had to be defined arbitrarily based on discussions with
Professor Sigernes. The functionality tests performed by the mechanics team, while
showing a decrease in the optical performance at higher temperatures, suffered from the
same problems of not being able to quantify the loss. Thus, defining a concrete thermal
operating range for the HSI camera was not possible at this time.

6.6 HYPSO Work Environment

6.6.1 Teamwork Environment

Teamwork has been a major factor in the development process at HYPSO. Work was
conducted in a common room together with the other members of HYPSO, meaning results
and discoveries would be shared quickly, thus contributing to high motivation within the
team. In addition to this, the agile engineering practise scrum was adapted to fit the
workflow in the form of weekly stand-ups and monthly sprints [44].

6.6.2 Interdisciplinary Backgrounds

Working in a team with members from different theoretical backgrounds proved to be very
beneficial to the amount of progress that could be made. As most of the HYPSO members
worked in the same room, the flow of information between different sections of the satellite
was quicker. Discussions carried out by the mechanics team would sometimes be picked
up by other interested members and elaborated on. By working together with others with
different theoretical backgrounds, more knowledge could be gained about other systems,
which in turn led to a better understanding, and decision-making.

6.6.3 Documentation and Preservation of Information

Good documentation was important to the mechanics team to establish a good foundation
of information and experience for following generations. Also, keeping documentation is
a recommended practice, and a lot of work was dedicated towards developing formats for
test plans and test reports, as well as planning folder structures.
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7 Conclusion and Contributions

This thesis outlines the mechanical and thermal design process required to integrate
COTS components in to a 6U CubeSat platform through a collection of technical reports.
The thesis describes the thought process behind the decisions that had to be made
regarding the thermal design and analysis. The team conducted functional tests of the
hyperspectral payload in various thermal conditions, but were unable to quantify the
results.

The thermal simulation model created as part of the analysis should have sufficient
accuracy to be used a indicator of what temperatures to expect onboard the satellite
during operations. Thermal control measures were proposed, and one case was simulated,
showing improvements of the temperature gradients experienced. However, further
testing and analysis should be performed to determine whether active or passive control
is necessary for the HSI camera. PGS thermal straps should be added to PCB
components such as processing chips.

COTS components should be possible to adapt for the mission, however, further
investigation in needed. Lens objectives need to be disassembled and cleaned successfully
and vacuumed tested once more.

The collaborative efforts of the mechanics team yielded the following contributions to
academia and the HYPSO project:

e Better understanding of the potential risks of using COTS optical components in
space; shared with the academic community

e Initial concept for development of a housing-less HSI camera mounting for a 6U

CubeSat
e Recommended layout design including preliminary damping solution and layout

e Simulation model for thermal environment and orbital parameters, and
recommendation for thermal control solution

e Experiment design considerations for COTS CubeSat components

e Template for generating robust test plans for CubeSat space components
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7.1 Future work

Even though the development of the hardware on the HYPSO project has come a long way
during the research for this thesis, there is still some work left to be done before it is ready
for flight. The following list summarizes the most crucial areas of work remaining before
flight-readiness:

e Develop and verify a cleaning procedure for the optical COTS components
e Determine whether active or passive control is needed for the HSI camera
e Implementation of the damper solution suggested by SMAC

e Redesign of the HSI according the suggested improvements listed in appendix C, HSI
Payload Design Report

e Execution of the tests listed in the appendix N, Future Test Plans
e Exact planning of wire channels/layout

e Test the HYPSO-1 in accordance with the PSLV environmental testing requirements.
(Under NDA)

Please note that this list is focused on high-level tasks and all the work listed here will
require the completion of extensive low-level groundwork to be achieved.
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1 Background

The following section summarizes the most vital aspects of the specialization project.

1.1 Engineering Practise and Management

To be able to maintain a proper information flow within the HYPSO team, several com-
munication methods and tools outlined in section 2.2.4 were used and the agile engineering
practise scrum [1] was adapted to fit the workflow. A Systems Engineering approach to the
missions requirement management was also retroactively added to filter out non mission
critical, superfluous requirements. Simple Systems Engineering practise had to be learned
and understood by the entire team. An intensive course held by Prof. Fernando Aguado-
Agelet from the university of Vigo on the 4-7 September was attended by the mechanics
team to better understand the Systems Engineering process.

1.1.1 Development Schedule

When designing and developing a CubeSat, a proper development baseline is required to be
allowed to launch. The launching process is expensive, and the CubeSat must be tested and
validated thoroughly to minimize the risk of failure. CubeSats are particularly susceptible
to failures due to the often short and heavily pressured development schedule. It follows
that proper structuring of the available time and resources is imperative. The standard
CubeSat development schedule includes two large delivery milestones, the Preliminary
Design Review (PDR), and the Critical Design Review (CDR). An initial Mission Design
Review was done to achieve funding ahead of the outset of this project. The PDR process
was a significant part of this project delivery.

1.1.2 Preliminary Design Review

Preliminary design review, PDR, is the first design review done in a development period.
The PDR is an assessment of the proposed system to establish that the requirements will
be met with acceptable risk [2].

The HYPSO PDR on the 30th of October 2018 was done in collaboration with Norsk Rom-
senter and several non affiliated Professors and phd students. Design documentation was
delivered one week in advance, giving the reviewers time to add feedback and concerns to
the PDR Review Item Discrepancy (RID). The RID was reviewed during the PDR process
and appropriate actions were suggested. The following items and reports were delivered
for the PDR by the mechanics team and are relevant for the specialization project:



Overall payload and item placement in bus

Preliminary design for HSI payload

Preliminary design for HSI to bus interfacing

Mechanical Analysis Report, ref HYPSO-ANA-001

Thermal Analysis Report, ref HYPSO-ANA-002

Mass budget

The PDR provided feedback on all delivered items via the RID. This feedback was used
to further refine the design. As the scope of this project is focused on the pre PDR
implementation phase, only a limited amount of design changes will be provided in this
report.

1.2 The General Space Environment

Space is infamous for being a challenging environment to design for. There are several
unique factors that must be taken into consideration when developing a design, both in
regards to conditi