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Abstract

A rapidly expanding market for Cubesats encourages companies to explore business opportu-
nities by innovating new solutions for use on small satellites. Cubesat is aimed to be modular
and easily accessible for any who want to launch satellites into space. Cubesats larger than
8U has never been launched before, and even though these are still small satellites, they may
require a more reliable power source than normally accessible on a conventional Cubesat. En-
gineering a solution for power collection and transfer has for larger satellites traditionally been
tailored for each different satellite. Since Cubesat is aiming to standardize components, there
may be a demand for a power transfer system for Cubesats larger than 8U when these become
the norm. This report discusses a solution to a Solar Array Drive Mechanism for Cubesats as
a plug-and-play solution, including power transfer and test bench.
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Chapter 1

Introduction

The scope of this project were separated into two subsystems, a physical prototype of a Solar
Array Drive Mechanism (SADM), and a Diagnostics System (DS). The SADM were developed
for a 16u Nanosat. Its main responsibility is to rotate the solar panels attached to the satellite
so that they always face the sun. The mechanism is also responsible for transferring power
from the solar arrays to the satellite power system. The Diagnostics System is a monitoring
solution complementary to the SADM. It consists of a Human Machine Interface (HMI) and a
physical controller. The combination of the HMI and the controller allow the user to define and
execute different tests on the SADM. During execution, various feedback data is recorded and
visualized in the HMI. This data is used to determine if a given test is considered successful or
failed.

Figure 1.1: lllustration of 1U CubeSat in space. Source: NASA
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Chapter 2

Background

When professors Jordi Puig-Suari of California Polytechnic State University (Cal Poly) and Bob
Twiggs of Stanford University brought to life the idea of creating a compact satellite in 1999, their
goal was to encourage students to increase interest for space crafts by letting them develop a
satellite within 10x10x10 cm for experimenting and to try out new technology. [4]

The concept of CubeSat was originally intended to be a student project, and is now used
by government and companies world wide. A combination of size, light weight and a simple
structure revolutionized the satellite industry by making it more affordable to build and launch a
satellite for new and emerging players. This chapter is describing CubeSat in general.

2.1 What is CubeSat?

A CubeSat is a satellite made up of modular cubes of approximately 10cm on each sides.
The size of one cube is known as 1U (one unit), where the mass is limited to 1.33 kg according
to the CubeSat Design Specification (CDS), also known as the Cal Poly-standard. When a
CubeSat is scaled up to the double of 1U, it is called 2U and so on. Since the limitation of mass
is depending on the deployer that releases the payload from the rocket, the mass can vary from
0.8 kg to 2 kg per unit. [1]

3U
150 1— i

221

SEIEL \ 2U 6U 8U 12U 16U

2263 2263

Th ]

Figure 2.1: The different sizes of CubeSats. Source: ECM-space
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CHAPTER 2. BACKGROUND 2.2. COSTS AND RISKS OF CUBESATS

The general classification for satellites are defined by their mass. A Nanosatellite (Nanosat)
is 1 to 10 kg, and a microsatellite is 10 to 100 kg. The smallest existing CubeSat design is
0.5U and the biggest 27U, making the mass limitation of CubeSats approximately 0.5 kg to
40 kg. A satellite between 0.1 kg and 1 kg is referred to as a picosatellite. A CubeSat is
therefore sometimes referred to as a picosat, Nanosat or microsat depending on the weight.
Smaller satellites exist, called PocketQube and SunQube, but this report will not discuss these
in further detail. [1]

CubeSats are used in low earth orbit (LEO) for earth observations, signal monitoring, com-
munication, scientific application and more. Nanosats are launched into Polar orbit of constella-
tion and make it possible to cover big areas of the Earth with a lower cost than a bigger satellite.
The lifetime of a CubeSat varies, but it can be up to twenty years or more. It will eventually reen-
ter the atmosphere and disintegrate with the help of gravity or thrusters after operational time.

[5]

2.2 Costs and Risks of CubeSats

The cost of building a CubeSat strongly depends on production time and the components
selected for the satellite. This is because components like structures and solar cells have
become off-the-shelf products as there are specifications that define the shape and volume of a
CubeSat. Launching a Nanosat is also much cheaper than conventional satellites as Nanosats
are so small that they can share launch vehicles (LV) with other satellites. Some companies
also offer smaller rockets designed specifically for Nanosats, and NASA even provides free
launches for Nanosats with scientific applications. Therefore most of the costs for building a
CubeSat comes from materials, labor, testing and travel. [6]

F a.sm:mj o f/3ad F
13.8 |
8.5 MIN
b1l i s
o H T 7 c
100.0 72.5 &
3T X +Z ix
¥ = - A 1
L J 0.5 - 7.0—= l‘— 27.0 L ’L" 2X 85.5—>
D 100.0 D
[ 227.0 +0.2—— |

ADDITIONAL NOTES!

&

B

NEN

S.FUR
HECKED BY |J.CAR
PPROVED BY[R . NUG

T —CUBESAT RAILS

A

3003 | NOT TO SCALE

\ DRAR TN
2 I 3 i 4 A = I 5}

Figure 2.2: Specification drawing of a 2U, according to the Cal Poly-standard. Standardization
creates off-the-shelf products that reduces the price. Source: Cal Poly
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CHAPTER 2. BACKGROUND 2.3. STANDARDS FOR CUBESAT

Having constellations in orbit for an operation also reduces the risk in case of technical
failure. If a component in a conventional satellite fails, the worst case is that it could jeopardize
the whole operation. For a group of constellations, a unit that fails can simply be replaced by
another that is launched later. [5]

2.3 Standards for CubeSat

As more people started to build CubeSats, a standard was needed. It was natural for
Cal Poly to take the responsibility for this since this is where it began [7]. The CubeSat Design
Specification (CDS) by Cal Poly is therefore known as the general CubeSat standard. The stan-
dardization is one of the biggest advantages of CubeSat, as this creates off-the-shelf products
like primary structure and solar arrays at a reduced cost compared to custom made equipment.

Figure 2.3: A dummy of a 16U CubeSat and the associated deployer. Deployers are setting
most of the requirements for CubeSats. Source: ISISpace

A big portion of the CDS describes the mechanical requirements to the exterior as it is
aimed towards the interface of the deployer. This is a housing that contains the CubeSats
during launch, and it functions as the interface between the LV and the payload. When the right
attitude is reached, a door opens up and a loaded spring pushes the payload along a series of
rails and releases the payload into space. This is the general mechanical function of a deployer,
regardless of the size.

Some of the most known deployers are Poly Pico Satellite Orbital Deployer (P-POD) by Cal
Poly and ISIPOD by Innovation Solution In Space. What they have in common is that they can
both contain 3U each, meaning the payload can be combinations of 3x1U, 2U+1U, 2x1.5U or
one 3U Nanosats per deployer. Figure 2.4 from the Nanosat database reveals that the most
common sizes of CubeSats are 1U (14,2%) and 3U (46%), when including launched and not
launched CubeSats.
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CHAPTER 2. BACKGROUND 2.3. STANDARDS FOR CUBESAT

Nanosatellite types

0.5U CubeSat [201%
1U CubeSat

1.5U CubeSat
2U CubeSat
3U CubesSat

6U CubeSat
8U (4x2U) CubeSat

12U CubeSat
16U CubeSat
Other nanosats (1-10 kg)
PocketQube

ThinSat
Other picosats (0.1-1 kg)

900 1000 1100

Figure 2.4: fifty-five 16U’s are planned to be launched over the next six years. Facts as of
January 19,2019. [1]

The following table shows the standards for mass and measurements of CubeSats in the
most common sizes and 16U. The SatLight engineering team has not succeeded in finding
standards for 16U. It may seem that there are no standards for CubeSats larger than 6U yet,
as this is less common. Specification drawings are available, usually supplied by distributors of
structures or deployers. Therefore, it seems that the design requirements for larger CubeSat
are determined by the interface of the deployer.

Length | Width Height Mass
1U 100 100 113.5 1.3 kg
2U 100 100 227+/-0.2 | 2.66 kg
3uU 100 100 | 340.5+/-0.5 | 4 kg
16U | 226.3 | 226.3 454 24 kg

Table 2.1: Some CubeSat design specifications

Other requirements by Cal Poly that should be noted are the rails and extrusions. The rails
are a part of the structure and extends from the corners and 8.5 mm in the direction of the
center of the wall. They are designed to slide along the P-POD’s rails and function as the
interface between the payload and the deployer. The fact that these are the only surfaces in
contact with each other, creates a slip in between the payload and the deployer. This allows
extrusions to be up to 6,5 mm from the walls of the CubeSat. This space is usually taken up
by an antenna, solar panels or screw heads [8]. Other developers of deployers have adapted
these rails in their design to accommodate the CubeSat Design Specification, but not all of
them. The use of Planetary Systems Corporation’s deployer requires that the CubeSat has a
tab on two of the faces opposite of each other instead of rails. This differs from the Cal Poly
standard, but the advantage is that they allow almost double of the mass per unit compared to
the Cal Poly standard [9]
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2.4 State of the Art

On May 5, 2018 two 6U CubeSats were launched to Mars, along with a stationary lander
called InSight. The twins are named Mars Cube One (MarCO) A and B. If they make it to Mars,
their mission is to relay information down to Earth about InSight’s descent and touch down, and
to test out new miniaturized technology. This is the first time NASA has sent a CubeSat into
deep space. [10]

Figure 2.5: The 6U CubeSats MarCO A and B are the first CubeSats in deep space. Source:
JPL NASA

CubeSats gets their power from solar arrays, and most small CubeSats have their solar ar-
rays attached on their walls, some CubeSats uses Solar Array Drive Mechanisms. In addition to
DSS - this projects’ stakeholder and comissioner, there are many companies that make these
type of technology, although not many of these companies make SADMs for small satellites
such as CubeSats. On NASA’s Technical Report Server online [11] a report on a design of a
SADM for a CubeSat [12] is available. The company that has written this report is named Hon-
eybee Robotics who are developing space technology, and clearly the technology for SADMs
on CubeSats has been around for a few years due to the fact that the report is from 2010.
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Chapter 3
Project

3.1 The Team and Employers

3.1.1 Team Members

Mechanical Engineering Computer Science Electrical Engineering
Product owner Process manager Requirements manager
Rita Hogstad Thomas Mundal Erica Fegri

ritahogstad@gmail.com thmundal@gmail.com erica.fegri@gmail.com

Mechanical Engineering

. Electrical Engineering Computer Science
Verification manager ,
, Risk manager Document manager
Finance manager . ,
, _ Havar Jstrem Jon Skjelsbaek
Ming Kit Wong , , ,
havar.ostrem@gmail.com skjelsbek@gmail.com

mingkit.wong@gmail.com
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CHAPTER 3. PROJECT 3.1. THE TEAM AND EMPLOYERS

3.1.2 University of South-Eastern Norway

The University of South-Eastern Norway has approximately 18,000 students and 1,600 em-
ployees, spread over eight campuses: Drammen, Vestfold, Kongsberg, Ringerike, Bg, Notod-
den, Porsgrunn and Rauland. USN aims to have a regional foundation, and with eight cam-
puses, they have a strong and clear presence in one of Norway’s most exciting and dynamic
regions. USN was established on 1 January 2016, when Buskerud and Vestfold University
College merged with Telemark University College [13].

Internal Sensor
Karoline Moholth Mcclenaghan
University lecturer, For the University of South-Eastern Norway campus Kongsberg

The internal project sensor’s task is to censor all the bachelor’s theses. Internal project
sensor shall be part of a panel of three persons who will place individual grades on the project
participants. Internal project sensor shall also be a support for internal supervisors during the
implementation of the bachelor’s thesis. The natural thing is that internal sensor is the one who
controls the censorship process.

Internal Supervisor
José M. M. Ferreira
Professor, For the University of South-Eastern Norway, campus Kongsberg

The internal project supervisor’s task is to support and guide the students during the com-
pletion of the actual bachelor’s thesis. Internal project supervisor must also be part of the
panel grading the project participants. Internal project supervisors’ tasks can be divided into
these three groups: project execution, assessment and additional inquiries to / by students. In
addition, the internal project supervisor must be present at the weekly project meetings.

3.1.3 Division Space and Surveillance

Division Space and Surveillance is a division under KONGSBERG Defence & Aerospace.
They are the leading supplier of equipment for scientific satellites, earth observation satellites,
and launchers in Norway. Their expertise is development, qualification, and delivery of prod-
ucts like booster attachments and release mechanisms for launchers, rotation and pointing
mechanisms for solar arrays and antennas, drive and control electronics, and electro-optical
systems [14].
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External Sensor
Aage Vejlgaard Sgrensen
Department Manager, Engineering and Production for KONGSBERG

The external project sensor’s task is to censor the thesis. An external project sensor will
be part of the same panel as the internal project supervisor and internal project sensor. The
external project sensor must be present at all three presentations.

External Supervisor
Eirik Demmo Normann
Project Engineer, for KONGSBERG

External project supervisor’s task is twofold: First, an external project supervisor is a rep-
resentative of those who have initially given the task and are thus a customer. Second, the
external project supervisor is responsible for ensuring that the necessary resources are made
available to the project group. Resources in this case include both equipment / software and
professional information / guidance. The external project supervisor has no direct responsibility
for grading, but he / she is expected to be present at all three presentations and is expected to
participate actively in the evaluation process.

3.2 Process model

The process model used in this project is an agile model based on SCRUM. The complete
model has most of the elements that SCRUM has, but with some modifications. The modifica-
tions made are listed ahead.

* Modified roles
¢ Custom workflow

» Modified terminology

The workflow was inspired by elements of traditional engineering process models. The rea-
son for incorporating a custom workflow is based on wishes from our stakeholders. The reason
for choosing an agile model, is to comply with requirements from the academic institution that
has initialized this project. Utilizing an agile model enhanced cooperation when being a multi-
disciplinary group. Being able to continuously develop prototypes and versions of the product
allowed for continuous testing and validation of concepts introduced in new versions. Validation
of concepts with the internal- and external supervisors was a key aspect in regards to delivering
a product fulfilling the stakeholder needs. The name of this specific process model is SatLight
process model.
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3.2.1 Requirement analysis

An organized list of requirements shall be formed and prioritized according to the specifica-
tion of the product given by stakeholders. The requirements shall be measurable and have a
defined test to verify them, as well as methods for validation. User stories shall be formed from
the requirements, and all tests, validations, risks and user stories shall be traceable back to the
original requirement by referencing an identification for each of these parts.

3.2.2 User Stories

A user story is formed from either a single requirement, or a group of requirements that is
relevant for a single function or unit. User stories shall be written in a "high level” form, so that
all members of the team, including stakeholders, understand what the user story is about.

If the user story is very comprehensive, it can be divided into sub-tasks so that the differ-
ent objectives contained within the story are more clearly defined. The sub-tasks are usually
discipline-specific and can therefore contain a more technical description.

A user story should be traceable back to the parent requirement(s) and tests that should
verify that the work generated by the user story produces a result that is compliant with the
parent requirement. After user stories are formed, they are put in a product backlog.

Only when the user story is verified and validated is the story considered done. If a user
story is not validated or completed before its parent sprint is expired, it should be put in a status
that described where it failed, and transferred to the next sprint. This type of event should be
kept to an absolute minimum.

3.2.3 User Story Workload Estimation

Every user story shall have an estimation of the complexity of the work described. The goal
for estimation is to record and predict how much work the group can do during a sprint.

Estimation of user stories follows this scale, where 1 is the easiest and 10 is the most time
consuming and complex:

1 (3]5|7]10
XS|S|M|L|XL
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3.2.4 User Story Workflow

Every user story should follow a workflow that mainly consist of the following phases:

* Design
» Production/Implementation

« Testing/validation

3.2.5 Epics

An epic is a group of user stories that are used to categorize user stories for internal orga-
nization and tracking progress on a higher level than user story level. If one part of a product
requires a series of user stories to be considered complete, these user stories can be put into
an epic describing the overall functionality of the particular product part.

3.2.6 Sprints

A sprint describes a time-period containing planned work. The time-period for a sprint is
one week (5 work-days, 7 days total). Sprint starts every Monday at 10:00. Sprint ends the
following Monday at 09:00. A sprint evaluation meeting is held every Monday from 09:00 to
10:00 where the previous sprint is finished and next sprint is planned. All user stories in a
sprint should to the best of the teams ability be verified and done before the sprint expires.

3.2.7 Stand-ups

The team shall meet for a stand-up every morning at 09:00 for a time-period of no longer
than 15 minutes. The stand-up shall include the following elements:

» What did you do yesterday
* What will you do today

» Do you have any problems progressing with current assigned tasks?

The aim of the stand-up meeting is to provide transparency in the group, where every group
member is up to date with each others’ progress. If any member has any challenges in pro-
gressing with their assigned tasks, they have the opportunity to tell the group, and request to
discuss potential solutions after the stand-up. There are no discussion allowed during stand-up.
The 15 minutes assigned to this meeting is purely to share information that are important and
relevant for the progress of current work.
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3.2.8 Scheduled Stakeholder Meetings

A meeting with internal supervisor shall be held every Friday at 10:00. A meeting with
external supervisor shall be held every Wednesday at 10:00.

3.2.9 Retrospective

A team retrospective meeting shall be performed at least once every 14 days. The goal of a
retrospective meeting is to improve the work environment within the team. The meeting starts
with a 15 minutes talk which aims to help the team members to prepare for the next step. The
next 15 minutes is silent, where every member writes their inputs on post-it notes. The notes
should not be shared until these 15 minutes are elapsed. There are three categories for the
notes: keep doing, stop doing and ideas/questions. In the next part of the retrospective, one
team member at a time places their post-it notes in the appropriate area on the whiteboard.
Each area should be restricted to notes of a given category. The member puts all their notes
up in one go, and as they do, they have the opportunity to explain the meaning of the note. The
notes that refer to the same or similar things are grouped together. After everyone has placed
their notes on the board, the last part of the retrospective begins: voting. All members get three
votes over all, and can distribute them freely on the notes on the board. The voting process
continues until there are three winners. These are the three subjects that the team collectively
has deemed most important, and the team should act on those subjects.

3.2.10 Process tools

« Jira
Jira is a project management tool made by Atlassian. This is a helpful tool for organizing
agile teams with the use of Scrum board functions [15].

A big part of the process of identifying useful process models was to also find tools that
would be beneficial to incorporate as part of that process model. One of the criteria for
these tools was that it should be easy to use, and easy to incorporate into the process
model that was chosen. After considering several online project management tools, the
systems made by Atlassian proved to be the most useful.

With Jira it is possible to add User stories in the backlog, prioritize and set user story
workload estimation for each user story. When user stories are added to sprint and this
sprint is started, Jira keeps a good overview of what the team members are doing through
the sprint board. This contributed to transparency, something that is a core principal in
the chosen process model.

Information entered and store in Jira can be exchanged with other Atlassian products,
such as Confluence.
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Confluence
Confluence is a team collaboration software provided by Atlassian [16].

Confluence was chosen as a compliment to Jira, and serves as a platform for documenta-
tion and information sharing with stakeholders. Document templates for meeting reports
and product requirements proved to be very useful in this project.

Slack
Slack is the application for communicating that was used internally among the team mem-
bers created by Slack technologies [17].

For a neat communication, different channels were made for each use; each discipline
had its own channel where all members could go in and ask about relevant things con-
cerning the discipline’s discipline. In addition, it was possible to send private messages
between all group members. In addition to the mentioned channels, the group had three
common channels: "To do” - which was a channel where things that had to be done were
written and when it was done, the group members would press green tick on this mes-
sage. In the channel "general”’ notices and general messages related to the project were
written. The third common channel was "random” which served as a channel for less
important things.

As for the written communication with our supervisors and sensors, E-mail was used.

3.2.11 Roles and Responsibilities

The role of each individual team member had to be decided at the start of the project. This
was for the project group to decide, and the selected roles are explained in the sections ahead.

3.2.11.1 Product Owner

Usually the product owner in a Scrum team is the key stakeholder of the project, which can
also be the customer. In our project the product owner’s job is to maximize the value of the
product produced by the development team. The main task of the product owner in the case of
this project is to manage the backlog, which include the tasks listed below [18]:

Clearly expressing Product Backlog items
Ordering the items in the Product Backlog to best achieve goals and missions
Optimizing the value of the work the Development Team performs

Ensuring that the Product Backlog is visible, transparent, and clear to all, and shows what
the Scrum Team will work on next

The product owner remains accountable for these tasks but can also delegate tasks for the
development team. If any of the group members wishes to change a user story or the priority
of a user story in the backlog, the product owner should be addressed, since it is the product
owner’s job to keep track of this. The product owner’s job is to motivate the team with a clear,
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elevating goal [19]. Team members know best what they are capable of, and so they select
which user stories from the top of the product backlog they can commit to delivering during any
sprint.

To keep an overview of the project, the product owner is responsible of making a project
plan.

3.2.11.2 Process Supervisor

The role of process supervisor mirrors the role of scrum master from SCRUM. The respon-
sibilities include making sure the teams adhere to the process, and that the process is used
correctly. Process supervisor is also responsible for educating team members and stakehold-
ers about the process. An additional responsibility added is that the process supervisor should
ensure that the software tools used in conjunction with the process model are used correctly,
and work as intended.

3.2.11.3 Requirement Manager

As a requirement manager the main responsibility is to ensure that the team has a system
for analyzing, formalizing and quantifying the requirements. The requirement manager shall
ensure that the requirements are documented in a way that connected information and trace-
ability is achieved and recorded in a framework. When requirements are changed, removed or
when new requirements arrive, it is the requirements manager’s responsibility to ensure that
these changes are recorded.

3.2.11.4 \Verification Manager

The overall task for the verification manager is to ensure validation and verification of all
the requirements. To do so, all requirements needs to be verified to ensure that the product
will function as intended. Verification and validation will be performed by all the team mem-
bers, but it is the verification manager’s responsibility to ensure that the project test plan and
specifications are followed.

3.2.11.5 Finance Manager
The main task of the finance manager is to ensure proper accounting. The finance man-

ager is also responsible for organizing purchases and to compare the price of our product to
competitors, if possible.
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3.2.11.6 Document Manager

Responsibilities underlying the document manager position are related to general docu-
ment structure in the form of creating templates and defining standards, as well as making sure
hierarchical structure is maintained e.g. in the Google Drive archive. The document manager
also has to make sure that proof-reading is properly conducted before a document is consid-
ered done, and that templates and standards are correctly used. Just like the other roles, the
document manager is not single-handedly responsible for doing all of this, but has to make sure
it is done.

3.2.11.7 Risk Manager

The responsibility of the risk manager is to reduce the likelihood of events that could impact
the scope of the project, the stakeholders and the product itself. It is also the risk manager’s
responsibility to reduce the severity of an impact if possible. All members of the team are
responsible for identifying risks associated with their own work and for reporting it to the risk
manager. The risk manager is responsible for identifying overall project risks and to analyze
all identified risks. Based on the risk analysis, the risk manager shall decide what risk man-
agement strategies should be approached to avoid or mitigate the risk, or whether the risks are
acceptable.

3.2.11.8 Weekly Responsibility

For each week there was one chair person and one referent. Different team members were
assigned to these roles each week in the following order:

1. Erica
Thomas
Rita
Havar
Ming Kit

IR O

Jon

More information about our procedure is available in Appendix A.58.
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3.3 Project Plan

A successful project requires a suitable project plan. It provides a common understanding of
milestones, and helps the team realize the expectations of the project. This section addresses
the overall project plan, events taking place during the project and the intended project time
span.

3.3.1 Gantt

A Gantt chart was made at the beginning of the project to provide an indication of what
the project time-line would look like. Using an iterative process model made it possible to split
the different subsystems into version. There were three versions defined for the physical pro-
totype and six for the diagnostics system. At first, the milestones were defined as the three
presentation. As the concepts and design were determined between the first and the second
presentation, additional milestones were created for the different disciplines. A shortened ver-
sion of the Gantt chart is available at the page ahead, and the original expanded Gantt chart
can be found in attachment A.52.
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Task Name
Project start
Meetings with DSS
4 Before 1. Presentation
I Project planning
Requirement analysis
Test planning
First draft/prototype
Preparation for first presentation
First Presentation
4 Before 2. Presentation
 Concept planning
- Software development
I Prototype development
Second Presentation
4 Before final presentation
- Exams - Time set aside
Easter
4 Final prototype configuration
- Software Development/completion
» Mark 3 / Physical prototype development
I Prepare documentation hand-in
Documentation Submission
- EXPO

I Presentation preparations

Final Presentation

» Duration » Start

26 days

20 days
13 days
8 days
8 days
6 days
3 days
0 days
28 days
5 days
25 days
22 days
0 days
60 days
8 days
6 days
41 days
41 days
41 days
14 days
0 days
0 days
11 days
0 days

03.12.18

07.01.19
07.01.19
16.01.19
16.01.19
18.01.19
30.01.19
04.02.19
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08.02.19
12.02.19
15.03.19

16.03.19
26.03.19
13.04.19
16.03.19
16.03.19
16.03.19
03.05.19
23.05.19
28.05.19
23.05.19
07.06.19

~ Finish
07.01.19

04.02.19
24.01.19
28.01.19
28.01.19
28.01.19
04.02.19
04.02.19

15.03.19
13.02.19
15.03.19
14.03.19
15.03.19

07.06.19
05.04.19
22.04.19
12.05.19
12.05.19
12.05.19
23.05.19
23.05.19
28.05.19
07.06.19
07.06.19

May 19 Jun*19
29 06 13 20 27 03 10 17
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ﬁl—l
1
¢ 04 Feb
1
1
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[
1
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| ]
b
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3.3.2 Presentations and Submissions

During the project, the team had three mandatory presentations for sensors, supervisors
and those who were interested in attending. In addition, the team had a presentation at an
event organized by the students at the University called “Space Night”. Just before the last
presentation, an Expo is held at the school which is a good opportunity to show off the product.

The content of our first presentation described what we were going to do, who we worked
for, how we would proceed, and which process model we were going to use. In the first and
second presentations we had 20 minutes for presenting, which translates to 3 minutes and 20
seconds for each team member. After presenting there was 10 minutes time for questions from
the sensors and the audience.

In the second presentation the goal was to have a more technical focus than in the first pre-
sentation. We chose to give a brief explanation of how our system works, how the subsystem
works and what we had done up until that point. The presentation was wrapped up with the
plan from that point on.

Between the second and the final presentations, students at the school organized an event
called Space Night, where we volunteered to present our project and its background. Two
weeks before the final presentation an Expo is organized by the school. This is a technolog-
ical fair where the bachelor groups can showcase their projects. The fair is a good arena for
technology talk, exchange of ideas and the development of technological innovations.

The final presentation is the final opportunity for us to show off our project and the product
that we have made. The presentation lasts for an hour. 20 minutes is a sales part, the next 20
minutes is the technical part and the last 20 minutes is aside for questioning. On May 23rd, the
main documentation is going to be delivered. The main documentation contains of this report
and its appendixes, and accounts for fifty percent of our grade.

3.3.3 Working Hours

As the team used a scrum-based agile process, the weeks were divided into sprints of one
or two weeks, where a week was preferred. In the period before the disciplines’ respective
exams (total of 13 sprints) we had a core time from 09:00 to 15:00 every weekday except
Tuesdays when we had other courses. This corresponded to a minimum of 24 hours a week.
After Easter, Tuesdays became a part of the core time, which then corresponded to 30 hours
per week.

The total amount of required working hours in the project was estimated to 264 hours before
Easter and 240 hours after Easter, which means a total of 504 hours per team member and a
total of 3024 hours on the whole team. Two sprints prior to Easter holidays were set aside for
studying for exams. During this period, The mandatory presence was repealed.
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3.4 Handling and Understanding the Requirements

The content of this section describes how we developed an understanding of the scope and
context during the project.
The requirements has two fundamental categories: Project requirements and Product require-
ments.

3.4.1 Project Requirements

As students performing a bachelor project, the highest level of preconditions are given by
the context from the university;

» Members of the group. USN requires that the bachelor projects are preformed by groups
of 4-6 students. We are 6 members from three different disciplines in our group.

 Evaluation of the project. The foundation of evaluation are three presentations at differ-
ent stages in the process together with written documentation. The written documentation
consists of both the report and its attachments. The written documentation contains chap-
ters usually not included in product documentation written for a costumer or client. These
chapters are present in the report to fulfill criteria defined by the university.

» Relationship to the commissioner. The company that fulfills the role as commissioner
in this project is KONGSBERG Defence & Aerospace (KDA), division Space and Surveil-
lance (DSS). The three parts - the university, the team of students and KDA, has signed a
contract that commits the parts to fulfill their roles. Appendix A.55. KDA provided a sensor
and several external supervisors who has participated in weekly meetings for supervision
during the project.

3.4.2 Product Requirements
All the requirements that is directly connected to the product belongs to the category product

requirements. These requirements are functional and technical and have been divided into
layers and origin. The hierarchy of this category is illustrated in figure 3.1.
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Product
requirements

commissioner

l Groups ‘ l Subsystem l Groups

Figure 3.1: The product requirements hirerachy.

From Self-defined

Subsystem/version

The main difference between requirements from commissioner and the self-defined require-
ments is that the written requirements from KDA concerns the SADM, and the self-defined con-
cerns the DS. This is a product of the scope from the commissioner. KDA asked for a proof
of concept for the SADM, and in order to include the software students in the group, KDA en-
couraged the team to expand the project’s scope. Therefore, the team has developed all the
requirements for the DS and the scope for this part of the project. These requirements were
continuously validated with the commissioner over the course of this project.

As figure 3.1 shows, requirements were first divided into groups according to their cate-
gory, sorted in a spreadsheet. As an example; Group 2, R2 - are "Functional requirements”
and group 4, R4 - are "Interface requirements”. The spreadsheet design was based on rea-
sonable categories for different requirements, and aimed to standardize the template for every
requirement.

The Requirement spreadsheet is attached in the appendix A.61, and the description for
the spreadsheet with details about the information columns is explained in appendix A.60.
The challenge in this process was to find a suitable template that was creating a universal
understanding, ensure traceability and structure so that every member of the group could use
it as a tool.

Later in the process, the team learned that in order to take advantage of Confluence, the
tools’ ability to implement and list requirements should be utilized as much as possible. Each
requirement in Confluence is traceable back to the Requirement spreadsheet by a requirement
ID. In Confluence, the requirements are categorized by epics and versions. Examples of epics
and versions are "SADM - drivetrain”, "DS - Software Layer version Beta 1” and "SADM - motor”.
This structure simplified dealing with requirement and enhanced traceability.
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Using an agile development process required interpretation of requirements before rewriting
them into user stories in Jira. Doing this made it easier to understand the context and function of
requirements. The intended outcome was to use the user stories created for each requirement
as subjects in the backlog and process one or several stories for each sprint. This process is
illustrated in figure 3.2.

Requirement

Workflow

Figure 3.2: The intended flow for each requirement

The process of handling requirements illustrated in figure 3.2, succeeded for the require-
ments related to the Diagnostics system. For the project requirements given by the commis-
sioner KDA, the team learned that they will not be able to adapt to this system of handling
the requirements. The reason for this is that the team failed to divide the user stories and ad-
ditional subtasks into tasks that were small enough to follow the fast iterative process model
used during this project. Because it was difficult and time consuming to adapt the technical
requirements for the SADM to this model at an early stage, the team decided to discard this
method for the technical requirements.

Another related aspect is the frames given to the requirements for the SADM. The functional
requirements (R2 - see appendix A.61) were set, but for many of the other requirements the
teams’ own assessments was to be taken into consideration. Which requirements this applies
to are marked with colour in the Requirement spreadsheet. Many of the requirements are
technically complex and heavily related to the space industry. Research and learning was
necessary in order to evaluate if these requirements should be taken into consideration during
the project. Incorporating these requirements into an agile process model and fast development
failed at the start of the project. It should be taken into account that in the attempt to fulfill this
flow, the team acquired knowledge and understanding of the prototype they designed.
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After rejecting the requirement handling process for the requirements connected to the
SADM-system, it was decided to frequently develop user stories not directly related to the
requirements. The SADM-requirements were now processed in a more flexible way, illustrated
in figure 3.3. The requirement analysis is inspired by [20, Chapter 2.3].

¢ Research and ¢ |sthe
understanding requirement
achievable?

¢ Cost/benefit

Stakeholder input
KDA requirement

Design

Prototype

or design
model?

* Implement the How can we
solution meet the
physically or in requirement?
CAD-model?

Figure 3.3: The updated requirement analysis.

3.5 The Process of Validation and Verification

These subsections will describe the validation and verification process in the project.

3.5.1 Validation

The definition of validation by ECSS’ standard ECSS-S-ST-00-01C is the process that
demonstrates that the product is able to accomplish its intended use in the intended opera-
tional environment. In other words, validation is the process where you ensure that you are
making a product that works the way the customer intended, and that the requirements are
covering the customer’s needs. This is mostly done after requirement analysis and as a part
of system development. The most certain way to do that is by communication with the main
stakeholders, the customer or users of the product, which in the case of our project is DSS.

Since the design and production of our prototypes utilizes an iterative process, there were
regular changes to the product. The weekly supervisor meetings were used to validate both
the technical and academical work. Prototypes and redesigns were shown during the meeting
to get feedback. Sometimes changes were done based on the feedback.
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Other stakeholders we talked with was DSS’ test engineers. They provided useful informa-
tion on how they test, what they test and current state of the art. When it comes to the DS,
talking with test engineers also confirmed that the team were on the right track when it comes to
the development of the test environment. Later in the project, when the software layer of the DS
was ready for testing, people who were not involved with developing of the DS tested the pro-
gram. This revealed the user friendliness of the program, and changes were made according
to the feedback.

The SADM is meant to be an off-the-shelf product when finished. Therefore, in order to
make the product competitive in the market, it is important to create a design that is cheap to
produce and easy to assemble to reduce the overall cost.

Talking with the machinists and vendors of machine parts gave us insight in how we can
improve our design. An example is the structure of our second prototype, M2. A CAD-model
was sent to Tronrud Engineering for a price estimation for 3D-printing of the part in titanium. The
response from Tronrud Engineering was that the model was not optimized for 3D-printing, which
made it unnecessarily expensive. Thinking this was over budget, even after optimization, the
designers started to redesign and consider other production methods immediately. Discussing
this with the external supervisor, made it clear that it was not too expensive if we have good
arguments for the original design and why we should 3D-print. This validation revealed that
DSS does not necessarily want the cheapest possible product as long as the choices we make
can weigh up for the price.

Spending one day a week at KONGSBERG Innovation Center gave us the opportunity to
use HoloLens and to create physical prototypes for validation rapidly. When changes were
made to the design, the HoloLens was used to get acceptance from our external supervisors
before making a physical prototype.

The most frequently used method for validation turned out to be showing and discussing
around the physical prototypes and CAD-models. This proved to be the most secure way for
communication as it is nearly impossible to misunderstand functional physical parts. Details
about the prototypes are available as appendices.

3.5.2 Verification

This term is defined in ECSS-S-ST-00-01C [21] as a process which demonstrates through
the provision of objective evidence that the product is designed and produced according to its
specifications and the agreed deviations and waivers, and is free of defects.

When the requirements are set and the work to fulfill the requirements is done, the work
or the system needs to be verified. One or several verification measurements are created to
ensure that the work that has been done, is done correctly. This means ensuring that the
system is functioning or performing as intended, documents and drawings are right or the
system is built correctly according to drawings or models. This will prove whether the system
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meets the applicable requirements and whether it is capable of fulfilling its role during the
mission life.

The process of verification begins with registering the requirement that created the work.
This is done in the requirement sheet that is stored in our Google Drive. A requirement should
be formulated in a way that makes it able to be verified. After that, the same requirements need
to be imported to the Verification Management Document A.63, which is another sheet stored
in Google Drive.

The purpose of the VMD is to register how the engineering team is planning to verify the
work that was done to fulfill the requirement, and to make it possible to trace back to previously
verifications. Some of the specifications in the VMD is what requirement it is related to, how the
verification is to be performed and what kind of verification it is.

The verification measurements are categorized in five different methods

» Test - this is the most reliable way to verify the system. It can be used to demonstrate the
functionality and the performance of the system, sometimes in the worst case conditions.

» Analysis - This is verification done by finite element method (FEM), simulations, calcula-
tions or other sorts of empirical evaluation. This is important when testing is not possible.

» Review - Reviewing can be proofreading of documents, or comparing solutions to draw-
ings. This can be done by team members or a supervisor who is not involved in the work
of making the document/drawing.

* Inspection Visually inspect that the solution is produced according to drawings or de-
scription in documents. This may be for example assembly of prototype or circuits.

+ Unit test - This is a method for testing smaller segments of the code simultaneously or
individually.

All requirements need to be verified. This means that every requirement creates at least
one verification, but sometimes it creates several. An example is requirement R2-11 that states:

The SADM shall be able to oscillate or rotate around the X- axis in both directions (CW and
CCW), with a total angular range of minimum +/- 180 degrees

This can be verified with simulations of a CAD-model and by testing of a physical proto-
type. Both methods had to be registered in the VMD where they had separate and unique
verification-1Ds, even when they were related to the same requirement. The right procedure for
the engineering team was to verify with both methods if there is a CAD-model and prototype
available, since testing of the prototype don’t necessarily guarantee a correct CAD-model and
vice versa. The VMD was also stated with how the verification is to be performed.
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After the verification was done, the Pass/Fail-status were updated with the date for when it
was done and the name of the person who did it.

3.6 Project Risk

The Risk management in this project is largely based on a scrum approach. This means
the rapid iterative project sprints contributes to minimize risks by itself [22][23]. However, as
this project is not entirely based on scrum and contains aspects that are difficult to iterate as
rapidly, it also includes more traditional approaches. Nevertheless, no particular risk standards
are uses and is mostly defined by the team, while however, using inspiration from a number of
different standards.

The risk management work in this project uses a risk matrix and a spreadsheet calculating
the impact based on weights of affection. This is a qualitative risk assessment in contrast to
a quantitative risk assessment [24]. Four of the five weights are fairly typical in project risk
management. The weights chosen are project scope, project velocity, project cost, project
quality and project credibility. Where the last of these are concerned with the fact that this is a
student project and thus, it is evaluated on other terms, relative to commercial projects.

3.6.1 Risk Matrix

Risk Matrix

Probability:

Will most cerainly happen 4 4 8 12 16 20 24
High chance of happening 3 3 6 9 12 15 18
Medium chance of happening 2 2 4 6 8 10 12
Low chance of happening 1 1 2 5 4 3 6
Impact: 1 2 3 4 5 6

Figure 3.4: Six by four risk Matrix

The risk matrix in figure 3.4 shows a the risk as a product of impact and probability. Low
numbers means low risk and is colored green. The higher the numbers, meaning higher risk
goes from green through yellow to red. The impact is scaled from one to six, while probability
is scaled from one to four. The reason impact have a longer scale than probability is that the
impact is considered a more important factor than the probability in this project.
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3.6.2 Project Risks

Project risks are concerned with project management incidents that may negatively impact
the project. This can either be an incident that impacts the project management or it may be a
consequence of the project management. For most cases, it is a combination of both.

Proba- |Risk
Risk ID|RISKS Possible causes Impact [bility [Product |Mitigation Action
RP- Project Risks
lliness, Lack of Encourage each other,
motivation, social show appreciation for the
RP-01 |One member quits conflicts 6 2 12| work that is being done
Encourage each other,
show appreciation for the
RP-02 |Several members quits Social conflicts 6 1 6| work that is being done
One member does less liness, Lack of Transparrency is high
work than a minimum of | motivation, social valued in the project,
RP-03 |what is expected conflicts 3 3 9] communicatin is key
Several members does
less work than a lliness, Lack of
minimum of what is motivation, social Meetings and
RP-04 |expected conflicts B 2 12| retrospective
Research,
Requirements Communications and
misinterpreted by the Miscommunication, meetings within the team
RP-05 |team lack of knowledge 4 2 8|and with supervisors
Research,
Communications and
Requirements interpreted meetings within the team
RP-06 |differently within the team | Miscommunication 3 2 6]and with supervisors
Less important
requirements may have to
be accepted. If they are
A few less important Neglectance, too little not acceptable they are
RP-07 |requirements are not met | time, bad assumtions 2 3 6| important

Figure 3.5: Selected project risks

In figure 3.5, one can see a table of a few selected project risks. Project risks all have a
risk ID starting with RP (risk project), followed by a number. The risks are in a chronological
order, for when they were identified. For the complete risks table with additional information,
see appendix A.64.
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3.6.3 Technical Risks

Technical risks are concerned with risks, that may cause, and/or be caused by technical
difficulties, late deliveries, insufficient preliminary work or calculations. As well as aspects
regarding the usage of the products.

Proba- |Risk
Risk ID|RISKS Possible causes Impact |bility Product |Mitigation Action
RT- Technical Risks
Flex radiates too much High current,
RT-01 |heat miscalculated derating 2 3 6|Hard to test and verify
Wires radiates too much | High current,
RT-02 |heat miscalculated derating 2 3 6|Hard to test and verify
High current,
miscalculated
Electrical connections fail | derating, bad
RT-03 |due to heat soldering 2 2 4| Assure good soldering
Too high percentage
of copper,
miscalculated TS
RT-04 [Flex is too stiff geometry 3 3 9| Adjust TS geometry
Miscommunication
Flex does not fit Twist between electro and Tight collaboration
RT-05 |Capsule mech 4 3 12 |between electro and mech
Too much Buy as powerful a motor
resistance/torque, as possilbe, use good
RT-06 |Motor has too little power | wrong ball bearings 2 2 4| bearings
Motor is suspectible to Hard to test, use sufficient
RT-07 [emc noise Bad shielding 2 3 6| shilding

Figure 3.6: A few selected technical risks

Figure 3.6 shows the first seven technical risks. The structure and listing order of this table
is equivalent to the project risks table in figure 3.5. Both tables, with all risks and additional
information can be found in the risk tables in appendix A.64.

3.7 Additional tools

» Cadence Release 17.2-2016
Software package including Cadence CIS for schematic design, Alegro Padstack Editor
for designing padstacks for PCB design, Alegro PCB Editor for designing footprints for
PCB and for designing PCB [25].

+ GIMP 2.8
Image editing tool. Used for logo design [26].

» Google Calendar
Calendar shared between the team members. Used for planning events and meetings.
When there was time for presentations and meetings, Google Calendar was used to send
out meeting invitations where the invited could accept or decline the invitation.
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» Google Drive
Google Drive is a file storage and synchronization service made by Google [27].

The team used Google Drive for documentation storing and share documents. A folder
was created and shared with all team members. An internal folder structure was created
to optimize use of the service. The drive folder was segmented into sections relative
to disciplines, tasks and other major components of the documents and documentation
that was handled. Parts of the drive structure was made available to supervisors with a
shared link. Built in apps included in google drive was used to create spreadsheet for
requirement and verification handling, as well as recording time spent in the project.

» Google Hangouts In some instances there was a need to use Google Hangouts for
supervisor meetings. It allowed for video conference with supervisors when there was
need to communicate remotely.

* Microsoft Hololens
Hololens is a mixed reality device made by Microsoft [28]. This is a physical device, but
libraries related to create content for the device was used in conjuction with Unity to create
the MR prototype.

» Overleaf
Overleaf is an online LaTeX editor that encourage collaborative writing of various kinds
of documents. [29] This report and document templates were made using Overleaf. The
process master contributed a lot towards the structure of the report, as well as simplifying
inclusion of appendices.

» SolidWorks
SolidWorks is a tool for working with CAD models created by Dassault Systemes [30].

Used by mechanical students in the team to 3D-model the prototype designs. All three
prototypes was designed using this software.

» SolidWorks Electrical Solidworks Electrical was used to develop the design and electri-
cal schematics of the control cabinet and the power transfers.

* Visual Micro [31]

The hardware layer of the diagnostics system (section 4.10.2) is controlled by an Ar-
duino [32] MCU [33]. These MCUs are typically programmed using the Arduino IDE [34],
but in this case the Visual Studio IDE turned out to be the better option. The reason for
this is related to some of the statements in the previous section, and are further described
in section 3 of the "HWL decisions” document, appendix A.24. For Visual Studio to sup-
port development of applications targeting Arduino MCUs, the Visual Micro extension is
required. This adds features to the IDE which makes it possible to upload programs to
the MCU.
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+ Visual Studio community 2017
Visual Studio community 2017 is an IDE developed by Microsoft [35]. It is commonly used
for many different applications, and supports various programming languages including
.NET C# and C++ which are used in this project. Visual Studio allow for development
of multiple projects in one solution [36], and as the diagnostics system (section 4.10)
required two different projects, this feature made cooperation between the two much more
efficient.

+ Unity
Unity is a game engine and 3D renderer made by Unity Technologies [37]. The tool was
used to create the virtual prototype and the MR prototype.
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Chapter 4
Technical Work

4.1 Prototypes

The main purpose of a prototype is to achieve proof of design and proof of product. This
is a major part of verification and validation as the prototype will demonstrate the functionality
and performance of the product. Several prototypes were made to test different functionalities
or to validate the concepts. Each prototype was named Mark, followed by a number, to give
every version of the prototype a unique designation, for example Mark1, Mark2, Mark3.

None of the prototypes were made with space grade materials, as this is very expensive and
common material with similar properties will serve the same purpose in the case of a prototype.
A CAD-model based on space graded material will be used to ensure that the design will meet
all the requirements with proper material. This model is also used for simulations and analysis.

The prototypes have also shown to be useful in discussions, inspirations and for the collec-
tive understanding of problems and solutions.

4.2 Concept Development

During the conceptual phase, Lego was used for inspiration to develop ideas for different
solutions. Lego parts were used that matched the main components of SADM to meet the
requirements of the components, i.e shaft, motor, and twist capsule. Bearings are the only
main components that was left out to simplify the model. It was considered unnecessary to
include this because bearings are always mounted on the shaft. Lego solar cells were used to
simulate movement, although the solar cells are not part of the product.
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Figure 4.1: Lego components

Different variations of setup was explored such as several gears, motors or shafts as well
as having the motor perpendicular to the shaft. They all had their advantages and drawbacks
that are reasoned in appendix A.3. Looking into all these configurations was helpful in deciding
the right design for the product.

The product goal is a solar array drive mechanism that is meant to be compatible with any
other cubesats in a certain size, an off-the-shelf product. To be competitive in the market,
the product had to be lightweight, reliable and affordable. Based on these requirements, the
configuration Motor parallel to the shaft was chosen as the proper design. This seems to be
the configuration with the highest reliability and the lowest weight due to few components.

Figure 4.2: Motor perpendicular with shaft
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Using Lego was a simple way of proving the functionality of the concept, but it did not confirm
if it was possible to fit all the components in the limited space inside the SADM. A drawing was
made in 1:1 ratio in addition to building Lego. This was made to get an idea of how to utilize
the space inside the SADM as the space of 2U is only 200 x 100 x 100 mm. The dimensions
of the components were only a rough estimation, and slightly oversized to demonstrate a worst

case scenario of placement inside the SADM envelope.

The drawing became a great way of illustrating where all the parts would fit, because of the
limitations on how large the parts could be. The building of Mark2 was based on this drawing.
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Figure 4.3: Drawing of the inside ratio 1:1

4.3 Concept Model

A concept model is a prototype that represents the product in a simple way. Concept models
are usually not in a one to one size, but advantageous in easily explaining and understanding
the concept. The important thing when it comes to size is that the relationships between the
parts are consistent. The main function of the concept model is to use it for validation and to

help stakeholders and other people to understand the project.
A misunderstanding at the beginning of the project led us to believe that the SADM should

be part of an 8U Nanosat. After showing the model of an 8U Nanosat, it was clarified that it is
in fact the solar array that is in the size of 8U, meaning that the satellite itself is 16U.
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o

Figure 4.4: Concept model of 8U (left) and 16U (right)

This will affect the mass and the center of gravity for the whole satellite, which are crucial
parameters for tests and simulations. The doubling of size of the solar array will also affect the
moment of inertia and finally affect the torque in the system and power of the motor.

By using a concept model for validation at an early stage, a few mistakes was ruled out and
some requirements were clarified.

4.4 Mark1

The first prototype version was made in time for the first presentation. This prototype was
insipired by the concepts that was displayed during the first external supervisor meeting. Re-
quirements regarding the size and functionality of the unit was the main focus while designing
the prototype in Solidworks. Mark1 was made to demonstrate the concept, and requirements
regarding weight and strength was not considered.

The design started with the envelope using measurements dictated by the requirements,
followed by the shaft. All the parts, except for the bearings, are based on materials and produc-
tion methods that were available at the workshops at USN, making it possible to produce the
parts without relying on a third party.
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Exploded view and
assembly of a
preliminarily design. Two
of the walls are removed
at the drawing of the
assembly.

Figure 4.5: Mark1 exploded view

The housing was made in laser cut Plexiglas so that it was possible to see the components
inside the unit. The shaft was made from a 16 mm aluminum shaft procured at the school
workshop. Using a lathe, the diameter of the shaft ends was made smaller to allow the bearings
to be fitted. The bearings was procured from Biltema which worked splendidly for the first
prototype.

The gears were 3D printed in plastic, and in the size ratio of 3,25. A stepper motor was
used to turn the shaft. An Arduino was used to control the motor with a program to turn the
shaft 180°in each direction.

Figure 4.6: The inside of the physical prototype Mark1
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Figure 4.7: Mark1

4.5 Mark2

The second prototype, Mark2, was finalized before the second presentation. The design
was based on an analytic process that identified the most efficient concept. The methods and
techniques for identifying this concept is outlined further into this chapter.

The main purpose of the SADM is to rotate solar arrays so that they face the sun in the
most efficient angle, and also rotate the solar arrays away from the sun when it is saturated
with power. Analysis suggested that the most reasonable configuration is a SADM with one
motor that runs the shaft with two spur gears in parallel. The shaft is hollow, so that the cables
from the solar arrays are coming through the shaft and into the twist capsule where it will be
connected to the flex. The power will then be transferred further into the battery in the satellite.
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Figure 4.8: Mark2

The design of the gears in Mark2 is a modified version of the gears in Mark1. No calculations
were made on either gears or bearings in this version. The motor is based on a Nema 11
Bipolar stepper motor that was considered for Mark2, but was not ordered. A casing was
therefore made which made the previous stepper motor look like a Nema 11 motor.

Figure 4.9: Mark2 without structure
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4.5.1 The Structure

The structure of Mark2 was 3D-printed in plastic in one piece. This is a very expensive
design if it is to be manufactured using conventional manufacturing methods to make the part
in metal, such as milling. To make the structure in one piece by milling, one would have to
start with a solid block that is at least 100x100x200 mm and then remove mass until only the
shape of the structure is left. For aluminum 7075, which is a common type used for parts to
aerospace, the initial mass of the working piece would be 5620 gram. After milling with a CNC-
machine, the final part would have a mass of 146 gram, which is less than 3% of the origin.
What makes it expensive to manufacture this part with milling is that the mass which is removed
is considered waste, and it also requires a lot of time and labor to remove this amount of mass.
3D-printing in metal was therefore considered for Mark3.

External supervisors were highly interested in making the structure in one part, as this will
completely remove the risk of assembling the structure in a wrong way. 3D-printing of the
structure is also state of the art according to NASA’s report about State of the Art of Small
Spacecraft Technology [38]. Tronrud Engineering (TE) was therefore contacted for an estima-
tion of price for 3D-printing the structure in metal, as they claim to be the leading manufacturer
within additive technology in Norway [39].

Figure 4.10: The structure of M2 in the orientation it would have been printed.

The left side of figure 4.10 shows a plastic model of the structure that was used on M2
and a CAD-model of this was sent to TE. The response from TE was that the design was not
optimized for 3D-printing. The design would require a lot of support material that needed to be
removed afterwards, resulting in higher cost. This was known to the team, as 3D-printing in
plastic is almost the same process as in metal.

The yellow areas in middle picture of figure 4.10 visualizes some of the support material
needed to 3D-print the structure. The machinist suggested that supporting walls should be
added 45 degrees from the vertical beams to support the horizontal beams during printing.
The structure on the right side of figure 4.10 demonstrates what the original structure would
have looked like with supporting walls. They could have been removed by milling after printing.
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The cheapest metal TE could offer was titanium grade 5, Ti64. The estimated price for
printing, annealing, removing support material and surface treatment was 25.000 NOK for the
part in Ti64. The estimated price for the same part made with aluminum AISi10Mg was 20%
more. In comparison, the price for a space grade 2U-structure that needs to be assembled is
2950 euros (~ 29.000 NOK) [40].

Redesigning the prototype to be optimal for 3D-printing could reduce the manufacturing
price of the prototype, but the idea was discarded due to the fact that it would still be unreason-
ably expensive for this project. A new structure was therefore designed for M3.

4.5.2 Twist Capsule

One of the biggest challenges in design was the space restrictions, but also the design of
the shafts inside the twist capsule. The twist capsule could not have a diameter larger than
100 mm because of the 100 mm x 100 mm cross section available, but there was also need for
some space outside of the twist capsule so that wiring could fit in the space around it.

=
Flex Holder

Wiring
/

Flex

~

Main Shaft

Connector

" Flex Shaft

Figure 4.11: Twist Capsule components for Mark2

The power transfer and flex were the main focus when dimensioning the shafts. The size of
the wires through the main shaft gave the foundation of how broad the diameter should be, but
it was also important that it was not too wide so that there was as much space as possible for
other components in the SADM. Inside the flex shaft the wires are soldered to the connector
part of the flex, therefore it was important that this connector could fit inside the flex shaft with
some margin, without increasing the total mass of the SADM or affecting the ratio to the capsule
too much. Therefore, the dimensioning of the flex shaft became a trade-off between the flex,
twist capsule and the total mass of the SADM.
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4.5.3 Flex

The flex is a flexible printed circuit board (PCB). Flexible PCBs are used for a number of
purposes in electronics, with or without components [41]. For transferring power from a rotor
to a stator, such in this projects case, from the flex shaft to the capsule housing, it is possible
to use wires. However, a flexible PCB have several benefits over wires. The main advantage
of a flex, is the ability to perform its task for a longer period compared to wires, without fatigue.
An additional advantage is weight. Wires with insulation, contributes to a greater mass, than
a flex for the same cross section of electrically conductive material. This also implies that for
the same mass, the flex is a much better conductor, and thus, is able to transfer more power
than wires. The twist capsule consist of the flex shaft, flex and capsule housing which is the
interface between the drivetrain and the power transfer line. As the flex shaft rotates, the
flex moves inside the twist capsule with a relative unpredictable behavior, compared to strictly
rotating parts.

4.5.3.1 Flex Length and Twist Capsule Geometry

The twist capsule geometry is largely determined by the length and behavior of the flex.
However, the flex shaft and capsule housing are also determined by other factors, which in turn
determines the length of the flex. It is therefore necessary to calculate all these parameters in
relations to each other. A somewhat idealized geometric calculation was carried out to deter-
mine the parameters, such as the inner radius of the capsule housing r. and the outer radius
of the flex shaft r,.

One concern about the behavior of the flex is that it should have as low of a curvature as
possible. However, it should not be completely flat at any point and it should always curve,
only in one direction, regardless of the flex shafts angular position. This is to ensure the least
amount of mechanical fatigue for the copper traces inside the flex. Whether the flex is in a tight
configuration or a loose configuration, depending on the angular position of the shaft, the points
where the flex contacts or is mounted to other surfaces (the flex shaft and capsule housing),
should be tangential to that surface. Before determining the radii of the twist capsule and the
exact mounting positions for the flex, the length of the flex can be approximated in terms of
three circle arcs.

lf:Lfree+Lc+Ls (41)

Equation 4.1: Flex Length in terms of arcs
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Consider equation 4.1. [, refers to the arc where the flex contacts the inner wall of the
capsule housing. [, refers to the arc where the flex is wrapped around the flex shaft. /... is
the part of the flex in free space, meaning it is not touching any surfaces. Presumably, this is
the largest possible arc that fits between the two other arcs. The reason for this assumption is
that the stiffness of the flex will want to be as flat as possible, if the material don’t contain any
defects and if no other forces are applied to it. The two external forces acting on the flex is the
capsule housing pushing the flex and and the flex shaft stretching it.

In reality, a large section of the flex might tend to a shape, closer to that of a logarithmic
spiral in most configurations. However, this approximation should be adequate for calculating
the minimum length. An arc is a product of its respective radius and the angular difference of
its endpoints. Assuming that /.. is as large as possible, and that the endpoints touch both the
flex shaft and the capsule housing tangentially, the endpoints will be half a revolution apart and
the distance between them is r. + rs and thus the radius is r. + r divided by two. expanding
equation 4.1 in terms of [ = r0 we get the following equation:

Te + 75

lf = 7T< ) + Tc(ec - eco) + 7“5(93 - (00 + ﬂ-)) (42)

Equation 4.2: Flex length in terms of radius-angle products

In equation 4.2, r., rs and 6., are parameters, meaning they will be fixed values when the
SADM is assembled. 6, is the point where the flex is mounted to the shaft. Thus, 6, varies
depending on the shafts angular position, which must have a total angular range of at least one
revolution.

All of the terms in this equation, must always be positive, and the angles should be relative
to the flex. In other words, if the mounting point of the flex to the shaft 6, is turned a number of
revolutions relative to the mounting point of the flex to the capsule housing 6.,, then the number
of revolutions must be included in the difference of these angles. The point where the flex goes
from contacting the capsule housing, to not contacting the capsule housing (6.), as well as the
point where the flex goes from contacting, to not contacting the shaft (6. + =), are both abstract
angles, that are not fixed relative to the flex.

As the flex shaft rotates and the flex moves, these abstract angles will move as well. The
are always half a revolution in relation to each other. However, they will not move by the same
amount as the shaft. Their movement depends on the ratio of the outer radius of the flex shaft
rs and inner radius of the capsule housing r.. Note that if the point 6. is less than the capsule
housing’s mounting positionéd,,, the term . is negative and thus the flex is no longer mounted
tangentially to the capsule housing. In this configuration the flex is too tight. Likewise, if the flex
shaft’'s mounting position 6 is less than 6.0 + =, the term [ is negative, and therefore the flex
will not be mounted tangentially to the flex shaft. In other words the flex is too loose.
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Figure 4.12: Relationship between minimum flex length, shaft radius and capsule radius

Figure 4.12 illustrates the geometry of the twist capsule and the mathematical terms for
each of the three arcs.

As an exsample, assume that variable angle 6., is zero, meaning the flex is mounted at
the right side of the capsule housing. Furthermore, the contact point between the flex and the
capsule housing 6. is /2 or at the top of the capsule housing, 90° from the mounting slot.
This implies that 6. + = = 3w /2. Furthermore, assume that the moutning point of the flex
shaft ;, = 37, meaning that it is at the left-hand side of the flex shaft rotated one and a half
revolutions, compared to the origin. The radius of the capsule housing r. is 40mm and the
radius of the flex shaft r, is half as big, 20mm. Inserting these values into equation 4.2 gives
us the following flex length,

) + 40mm - (g - 0) + 20mm - <37r - 3?”) — 80m ~ 251mm  (4.3)

<40mm + 20mm
T
2

Equation 4.3: Example: flex length for arbitrary parameters

Given the values in equation 4.3, we can get an idea of what will happen if the shaft is
rotated. The important thing is that 6; should be within a 27 range, without any of the terms
becoming negative.

Given that the flex has a constant length and that /.. is constant, then the sum of /. and
ls is also constant. This implies that if we turn the shaft clockwise (thereby loosening the flex)
to the point where I; = 0, meaning 6; = (6. + «), then the new . is equal to the sum of the old
l. + ls. We can then solve for (6. — 6.,).
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Te

40 20
251mm — 7r< mm—;— mm) 5

40mm - 4

Equation 4.4: Solving for 6. — 6.,

Because of the constant 6., = 0 then 6. — 6., = 6. = 57/4 and because 0, = 6. + , then
0s = 97 /4. Likewise, we can set [, = 0 and solve for 65 — (6. + )

Te+Tg

) +7(6, = (0 + )
rc—;rs)

Te+7s
(0 — (0o + 7)) = y-r(55)

Ts

lf:7r<

ro(0s — (e + 7)) = Iy —7r(

40mm + 20mm
) o

251mm — w<
2 == (4.5)
20mm 2

Equation 4.5: Solving for 65 — (6. + )

Since 6., =0and 6. — 6., = 0,then 05— (0. +7) = 05— 7 = 57/2 and s, = 7+ 57 /2 = 97 /2.
The difference of the extreme values of 8, shows whether the range of 6, is equal to, or greater
than 27. The range must be larger then 27 in order for the flex to be of adequate length.

Ay = es(maa:) - es(min)
97 97 9«

Equation 4.6: Flex length in terms of radius-angle products

Equations 4.4, 4.5 and 4.6 show that this particular case contains adequate values for
a design. However, there are too many parameters for the equations by themselves to be
efficient. Also it is useful to check and compare different parameter values fast and also add
some buffer length at the ends, as well as taking the connectors at the end into account.
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Shaft radis [mm] 20
Capsule radius [mm] {must be <100) 40
Ratio (shaft/capsule) {must be <0 1=} 05
[revolutions] [2 pi] [radians]
Capsule mounting angle 0 6,28319 0
Capsule kissing angle 0,5 6,28319 3141592654
Shaft kissing angle 1 6,28319 6283185307
Shaft mounting angle (tight) | 2 .25.| 6,28319 1413716694
Shaft mounting angle (loose) 1,25 6,28319 7,853981834
Shaft mounting angle (zero) 1,75 6,28319 10,99557429
SMA(I) - SKA {must be positivel} 0,25 6,28319 1570796327
Buffers length and connectors Shaft Capsule TOTAL:
Flex length [mm] 251,3274123 20 20 291,33

Figure 4.13: Flexculator

Figure 4.13 shows a spreadsheet type calculator for adjusting the parameters and calculat-
ing the flex length. It contains the same parameter values as mentioned, as well as the length
of the rigid parts. It also calculates the ratio of the two radii s and r.. Another feature of the
flexculator is a built in warning function. If one attempts to use invalid number combinations, a
cell will detect the error and switch color. If a cell contains a marginal error, it will be coloured
yellow. If a cell contains an absolute error, it will be coloured red.

Examples of errors include:

» The radius of the capsule housing r. or the flex shaft r, is larger than 50 mm, so that the
twist capsule is lager than the SADM.

» The flex shaft radius r; is larger than capsule housing r..

* The flex is too short and will not be able to rotate a full revolution.

4.5.3.2 Flex Width

While the minimum length of the flex and its mechanical behavior is determined by the radii
of the twist capsule, the minimum width is first and foremost determined by derating according
to the maximum current, in other words it is determined the cross section of copper required for
transferring 20A. The upper bound is constrained by the space provided for each subsystem
in the SADM. Since the width of the flex attributes to only one spatial dimension, which also
happens to be the dimension with the most room available, this is less of a concern than the
length of the flex. This is applicable, despite the twist capsule not sharing the room with any
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other subsystems, in the other two dimensions. That is, those of which the length occupies.
Furthermore, if it is practically sound, more flexes can be added to provide a larger combined
width, and thus, a larger copper width, while limiting the actual width of each flex.

The main concern with having more flexes is that the size of the flex shaft inside the twist
capsule must not only be wider than the flex itself, but it will also have a larger radius in order
to fit the rigid part and their electrical and mechanical mounting connections for each flex. This
ultimately affects the length and behavior of the flex. In order to decide the best compromises
for the physical dimensions of the flex, In appendix A.9 there is one colour coded comparison
table for the width and one colour coded table for the length of the flex based on the data from
the flexculator.

4.5.3.3 Rigid prototype

One of the required properties for the shaft and flex shaft was to have space for the wires
and the interface between flex and the wires. To verify this, the team used laser engraving to
produce a very first prototype of the rigid part of the flexible PCB. The rigid part prototype had
the same measurements as the design, and also the correct number of holes to replicate drill
holes for soldering the wires. See figure 4.14. The wires were glued instead of soldered.

(a) Interface between flex and wires. (b) Inside flex shaft.

Figure 4.14: The interface between flex and wires must fit inside the flex shaft.

From this prototype, the team learned:

» The shaft diameter can be 20 mm, should be at least 10 mm in order to have space for
the wires that goes out to the solar arrays.

» The slot where the flex enters the flex shaft should be redesigned to prevent an aggressive
angle on the flex where it enters. See section 4.6.5.1. The slot opening should have
angled inner walls that will provide less mechanical stress on the flex. In other words the
flex should be guided into the flex shaft as tangential as possible.
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« If the slot opening is moved 45 degrees as illustrated in section 4.6.5.1, it will be easier to
mechanically attach the rigid part inside the flex shaft. The method of attachment can be
glue or by screws.

» Soldering is the process that is most suitable for fastening this amount of wires. By in-
creasing the number and use thinner wires would have caused disadvantages by making
the soldering hard to perform by hand. Less, thicker wires would not have been flexible
enough for the small space, and the wires or soldering could have been damaged over
time.

 Protective Earth (PE): The flex leads PE for both the solar arrays and the redundant PE
for the flex shaft and shaft. Redundant PE can be provided by attaching the rigid part
mechanically to the flex shaft using screws, but if attainments are achieved with glue, this
can be a challenge due to PE.

For visual inspiration, the flex was replicated in copper tape. The copper tape in figure 4.15
shows the copper tape flex implemented with the flex shaft.

TRl e
NG

Figure 4.15: Copper tape flex.
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4.5.3.4 Prototypes of Flex Design

For early flex designs, we used one ground trace and two solid copper planes, one forward
and one return, rather than multiple traces. The larger the number of traces, the larger the
number of spaces in between, resulting in less area being used to transfer power. Copper
planes then, is the most efficient use of the area of the flex.

Figure 4.16: Flexible PCB with no mechanical connectors

Figure 4.16 shows the first flex design. It is produced using OrCAD PCB Editor. [25] The
design is as simple as possible and only essential elements are included in the design, such as
the flexible area, two rigid areas, one at each end of the flex, spanning the same width as the
flexible area. Also, two copper planes with one grounding trace in the middle running along the
length of the flex. The rigids at the ends are stacked with as many via-connectors that could
fit along the width of each rigid. No exact calculations were made for this design. The length
was roughly approximated with the flexculator and the width of the flex including the planes
was approximated by the flex width comparison table. The connectors used are from one of
the software’s own libraries.

Figure 4.17: Flexible PCB, widened connectors

The first modification of the first flex design adding more soldering points and a wider rigid
with mechanical connection points for the outside of the capsule housing. See figure 4.17
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4.6 Mark3

Mark2 provided the basis for design of Mark3 and the placement of components that were
needed. Mark3 is an improved version of Mark2, with focus on production methods, that it
should be easy to assemble and it should be light weight. This is the last prototype that was
built and it will represent the final design of the SADM, that is named M3-Space. There will still
be some minor differences between M3 and M3-space, such as materials, components and
production method, due to the expensive space components.

The subsections below will explain the changes that were made and the process of the
design. Technical 2D-drawings are available as appendices.

4.6.1 Drivetrain

The design of the drivetrain was heavily influenced by Requirement R4-05 that states: "The
maximum current transfer in the power lines shall be 20A forward and 20A return; - 10A each di-
rection each solar array.” In other words; there was a need to transfer a fair amount of electricity
through the SADM. Another requirement R2-11 states: "The SADM shall be able to oscillate or
rotate around the X axis in both directions (CW or CCW), with a total angular range or minimum
+ 180 degrees”.

Based on these requirements the main tasks for the drivetrain was to rotate and transfer
power.

4.6.2 Motor

The following subsection will describe decisions and considerations taken in conjunction
with the choice of stepper motor. The content of this section is inspired by Embedded Systems
Circuits and Programming, [42, Chapter 15].

The motor’s function is to transform electrical power and signals, to rotate and position the
shaft and solar arrays. The motor is a stepper motor from Sanyo Denki and was selected by
analyzing related requirements and by guidance from OEM Motor’s sales office.

The key parameters for selecting motor:

* Functional: The motor’s operating sequence is rotating slowly to a given angular posi-
tion. The motor must be strong enough to rotate the shaft, solar arrays and additional
equipment.

» Physical: The motor must be as small and compact as possible to not seize physical
space and weight, and yet strong enough to be able to preform as required.

* NEMA-standard: If the motor follows the standard NEMA dimensions, the motor can
easily be replaced by a motor suitable for operation in space.
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» The motor should have an operating voltage around 17-24VDC. This is because the team
was told by the commissioner that they can consider about 17-19VDC supply voltage
in a satellite, and the level of voltage can have an impact on the motor’s performance.
The voltage level 24VDC is standard for traditional components and therefore the best
alternate in order to find available components with an acceptable cost.

» Power is a limited resource in a satellite, and it is therefore desirable to keep the power
consumption low. Due to stepper motors complexity, the best way of verifying this is
to measure the power consumption with maximum load at the highest angular velocity
required.

The background for the use of stepper motor in this project is the requirement R4-08 that
states: "The stepper motor electrical shall have the following nominal electrical interface:

* 2 phase, bipolar communication with 1.8 degrees full step angle
» Phase resistance: 3.5 ohm/phase

» Phase inductance: 1.2 mH/phase

Stepper motors have a discrete output as a product of pulses on each winding controlled by a
motor driver. For the application described by this report, where the desired output movement
is a specific angle in an open-loop configuration, a stepper motor is perfect.

NEMA stands for National Electrical Manufacturers Standard and their homepage [43] says:

”A standard of the National Electrical Manufacturers Association defines a product, process,
or procedure with reference to one or more of the following:

Construction

* Dimensions

Operating characteristics

e Performance

”

OEM’s sales office claimed in an e-mail 15.03.19, appendix A.8, that the motor is according
to NEMA 17, which the team has not managed to verify. A requirement review with external
supervisor concluded that most important part of the requirement R4-09: "The motor interface
shall be according to standard NEMA dimensions.” is that the flange should be standardized
so that it can be replaced without further corrections. The team learned that information of this
importance should be verified before the component is ordered. According to NEMA’s standard
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NEMA ICS 16 - Industrial Control and System - Motion/position control motors, controls and
feedback devices [44, Chapter 4.1.2.3], table 4, indicates that a NEMA 17 motor (where 17 is
the flange number) indicates that the flange is square with 1.7 inches side walls. Since 1.7
inches equals to 43.18 mm and the size of the flange for our motor is 42 mm, therefore is this
requirement considered not to be fulfilled.

The motor is controlled by a motor driver, which is a part of the DS. The motor driver
regulates the behavior of the motor, such as step size, speed, current, acceleration and more.
The motor driver and parameters are discussed further in the chapter of Diagnostic System,
4.10.2.2.1.

In order to receive the motor in time for testing, it had to be ordered before the mechanical
design was ready. Based on an early concept design, the team could estimate approximately
torque needed to rotate the solar arrays with following equation

7=l (4.7)

Equation 4.7: Torque in rotational motion, a function of inertia and angular acceleration

The inertia | was calculated to be 0.0023 kgm? based on the design of Mark1, as if it was
made with aluminium. Since there was no formal requirement regarding angular acceleration
a from the commissioner, this was set to one radian per second. This is over exaggerated, as
it equals to 57 degrees per square second, and the requirement regarding our angular speed
was up to 5 degrees per second. With this data, the torque is

7 = I = 0.0023kgm? * 1rad/s*> = 0.0023Nm (4.8)

Equation 4.8: Calculation of torque with estimated inertia and angular acceleration.

Later on the project, simulations of the final design revealed that the estimated inertia was
18 percent off from the correct value. A thorough elaboration of the calculation is available in
the appendices.

The only powerconsuming component in the SADM is the motor. The motor’s power con-

sumption was first tried carried out by calculations based on figure 4.18 and equation 4.9 [2,
Chapter 5.2].
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Figure 4.18: Circuit model of one phase in a stepper motor. [2, Chapter 5.2]

dl
VA:RIA+Ld7£4+€A (49)
L4
eq = dd—tA = wWcos(wt — ) (4.10)

* e4: As the motor rotates, there is induced voltage in the phase windings, often referred
as back-EMF, represented as ¢4 (A for circuit A - bipolar motor has two circuits, A and
B). Higher speed leads to higher induced voltage and lower pull-out torque because this
voltage will cause the rotor resist its own angular velocity.

» U represents the magnetic flux linking the permanent-magnet with the phase windings.
This flux varies with the position of the rotor as it changes due to rotation. Psiy; repre-
sents the maximum flux. As equation 4.10 indicates, the voltage induced, e 4, depends
on the changes in the flux.

+ w: for angular velocity.

» 0: The load angle accounts on the rotor’s lag - displacement - behind the phase equilib-
rium due to load on the motor. § is a constant calculated by integration of load angle.

As generally known, the power is calculated by P = U« I. The motor driver, who'’s internally
circuit is unknown, decides the voltage level applied on the windings in order to keep the current
in the motor’s windings at a certain level. The total power consumption depends on both the
motor and the motor drive, and it is therefore more accurate to measure the power in each
winding under operation.
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4.6.3 Gears

To get the main shaft rotating using the motor, we used power transmission via spur gears.
The reason for choosing these types of gears was that they are easy to produce with a high
quality result, they are the most widely used gear types, and they are readily available.[45]

Figure 4.19: Gear Assembly

The gears in Mark1 and Mark2 were gears that were self made, drawn from scratch. The
new gears in Mark3 were taken from the Toolbox function in SolidWorks, and chosen based on
available space between the main shaft and the envelope walls of the SADM.

4.6.4 Bearings

As there are rotating components inside our SADM, there was need for bearings to support
the shafts while they could still rotate. Without a bearing, a lot of power would be wasted on
overcoming friction between surfaces. As early as Mark1 we had bearings in the prototype.
These bearings were bought from Biltema, and was just an improvisation to demonstrate that
the shaft would rotate.

In the design of Mark2, bearings was extracted from the Toolbox function in SolidWorks as
there are a library for bearings from SKF available. A 61805-2RS1 bearing was bought from
Kulelagerhuset AS [46]. This bearing is a single row deep groove bearing and some of the
advantages with these are [47]

» Low starting and running friction, except at very high speeds
* Ability to withstand momentary shock

* Accuracy of shaft alignment
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This is considered to be suitable for this use, as the speed is less than five degrees per
second and shock is possible.

As for Mark3, the 61805-2RS1 bearing was also used. For further information see the
Design Description A.4.

4.6.5 Twist Capsule

The twist capsule is a part of the solution for transferring power over a rotational axis. In
order to protect the wires from damage caused by moving mechanical elements - shaft - another
solution than leading power through wires is necessary. The twist capsule solution is inspired
from the Karma-series, which is a part of DSS’ product portfolio.

Most of the components of the twist capsule did not change diameters, although there were
some adjustments made on the design of the flex shaft and likewise with the short and the long
main shaft. The splitting of the flex shaft proved to be challenging in terms of composing the
components.

4.6.5.1 Flex Shaft and Main Shafts

A large part of the challenges faced from a mechanical standpoint was to create a system
of parts that made it possible to implement electronics in the easiest way. Developing the Flex
shaft inside the Twist Capsule was one of the parts that was the most time-consuming. The
function of this part was to keep the wires coming from solar arrays connected to the flex in
place.

Figure 4.20: Versions of Flex Shaft
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An early plan for connecting the main shafts and the flex shaft was to connect the three
parts by friction welding, this would not make it easy to connect the wiring and the flex together.
Already in Mark2, a decision was made to split the Flex Shaft, as this would provide better
access to connect the electronics on the inside. As shown in Figure 4.20, there are four versions
that were considered. In order to verify the various versions, a collaboration was made with the
Mechanical Lab at KDA. After most of the visits, small changes had to be made to the design,
making it easier to manufacture the parts, as these would be manufactured with a combination
of milling and lathing.

The slot, or cut, in the side is where the Flex will go through, and on the inside it was
attached to a connector which connected the Flex and the wiring from the solar arrays. Initially
this slot was placed at the very middle of the flex shaft, but after some time a decision was
made to not place the slot in the middle of the Flex Shaft, but rather place it further downwards
in the Y-direction. The reason for this being that the connector would get more space if it was
placed at an angle. Another reason was that the flex should not get a sharp bend at the end,
but rather go tangential with the Flex Shaft.

The inside and outside of the flex shaft has changed and developed in parallel with the main
shafts, as the flex shaft can be considered a part of the main shaft. Figure 4.21 corresponds to
Figure 4.20 in what version of the main shaft belongs to which version of the flex shaft.

.,

Figure 4.21: Main Shaft Versions

The very first design of the main shaft was a straight simple hollow shaft, but was further
developed with ways of connecting to the flex shaft. In version no. 2 illustrated in Figure
4.21 there was added a ring and flanges at one end of the shaft. Since the flex shaft has a
larger diameter than the main shaft, there was need for locking the rotation of the main shaft
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tangentially and it had to be prevented from moving axially as well. Design no. 3 was given the
name "Cross shaft” and the thought behind it was to lock the main shaft tangentially in the flex
shaft, though this design did not prevent movement axially.

The Cross shaft proved to be difficult to produce, due to the small size of the grooves where
the main shafts were supposed to be attached. And after consulting mechanical workshop the
design needed to be redesigned once more. This revision resulted in the final design, number
4 in Figure 4.20 and 4.21.

4.6.6 Power Transfers

The power transfers shall bring the power from the solar arrays through the rotating axis
and through the SADM for distribution in the satellite. The main challenge in this part of the
system is transferring power over a rotating axis in a reliable way.

The power transfers can be configured in many ways. It was preferable that the solution
was flexible, since the configuration of solar arrays nor the circuit configuration in the satel-
lite was described in the scope. Several power transfers in parallel will achieve this flexibility.
Some solar arrays has several cells, which can be wired in different ways: in series to increase
voltage, parallel to increase the current or a combination. The requirements for further power
distribution, such as battery charger and type of batteries, inside the satellite decides which
configuration that is best.

When choosing the number of forward and return wires, the following aspect were consid-
ered:

» One large lead for each direction (forward and return current) will force the configuration
to have one circuit for each solar array wing. Having only one circuit for each solar array
wing will not be optimal, since a short circuit would be critical. The battery charger inside
the satellite is presumably secured with fuse(s), which will cause the whole solar array
wing to be out of order and the power loss will be at lest 50% due to one of two solar
array wings is down.

* One large lead is stiff and hard to handle. The limited space inside flex shaft could cause
damage to the wires.

* In order to make the flex flexible, the flex should either way have several tracks. Interface
between several tracks and one wire can be difficult inside flex shaft.

» Too many wires to each solar array wing would cause practically difficulties, as shown in
figure 4.14 and discussed in section 4.5.3.

» The European Cooperation for Space Standardization’s standard for derating [48] de-
scribes a reduction factor for wires in a bundle. The more leads, the lower this factor
becomes, which can cause challenges according to the inner diameter of the shaft.
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» 2 -4 leads for each solar array - total 2 solar arrays - is the chosen design. This
configuration follows from the interface between SADM and satellite to the flying leads.

Battery Charger

—F—
o
e
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1

Figure 4.22: Configuration with one, large lead each direction for each solar array.
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Figure 4.23: Several alternatives are achievable by having more leads to each solar array.

Figure 4.22 shows that by choosing just one lead to each solar array wing, even if the solar
arrays are configured in series or parallel, there can only be one circuit for each solar array, that
will break in case of failure due to short-circuit. Four leads to each solar array wing in the other
hand, allows the configuration to be divided in until four circuits.

Protective earth (PE): The requirement specifications from the commissioner describes
that the grounding (PE) between shaft and stator side shall be redundant, see R4-06 in ap-
pendix A.61. When designing the flex shaft and the interface between leads to solar array wing
and flex, there was a challenge due to this requirement, as discussed in section 4.5.3. The best
solution for redundant grounding is to connect a lead between flex shaft and capsule housing
or other part of the stator side. This can be achieved in serveral ways;

» Connect the grounding lead with screw inside flex shaft.

+ Soldering the lead to the flex shaft. The flex shaft is made of aluminum, which will require
a specific soldering process.

» The track for redundant grounding in the flex should be connected to the mounting holes
internally in the flex’s rigid part. The team did not manage to fulfill this design of the flex.
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The team decided not to fulfill the requirement for redundant grounding, as the best way
to mechanically fastening the flex inside the flex shaft was with glue. With the right type of
glue, the glue can function as both insulation between the power transfers and mechanical
attachment.

Further technical information about the design of power transfers, connectors and grounding
is described in Design Description A.4

4.6.7 Flex

The final flex design was designed with the OrCAD software package, as the Mark 2 pro-
totypes. However with the addition of using Cadance CIS to draw the schematic design before
designing the flex in PCB editor. The advantage of this, was to output the a netlist, from the
schematics, making it simpler to use several traces, rather then solid copper planes. The rea-
son for having traces rather than solid copper planes like before, is that a flex with several
traces are more versatile, meaning that it could be used different purposes, than intended. A
flexible PCB should have traces that are more than five times the copper thickness to prevent
fatigue and traces breaking. However, because of the relative large, required current capacity,
the traces should be fairly wide anyway. The final result ended up with eight, 5 mm traces, and
two, 2.5 mm traces for Solar array ground and SADM ground.

4.6.7.1 Scematical Drawing

J1 J2
ST

= (O Q0 [~ |T) O (= (G (P |—=
O (O [C0 [~ |T) |ON (= |G [P |—=

(=]
—

CON10 CON10
-0

Figure 4.24: Flexible PCB, second iteration

Figure 4.24 show the schematic of the flex. It consists of two ten-pin connectors connected
together with parallel wires. The schematic show two different grounds to distinguish solar array
ground and SADM ground in the PCB design. However, there is no particular meaning behind
the usage of the two different ground symbols, except for distinguishing them in the netlist and
footprints, which are used connect the traces, to and from their respective solder pads in the
correct order.
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4.6.7.2 Padstacks and footprints

The padstacks were designed in Alegro padstack editor, with pad dimensions approximately,
according to level A IPC-2221 standard [49]. This essentially means that the size of the pads
(copper surrounding connector), drill holes for the connectors should be based on the diameter
of a pin or in our case, the tip of a wire, to make it simple to solder and to assure a good solder
joint.

The footprint for the two connectors were designed in Alegro PCB editor, using the pad-
stacks mentioned above. They were placed 6 mm apart from another to fit the predetermined
dimensions of the flex. The designs of the connectors were modified by the PCB producer to
simplify the production Although the spacing remained the same. For more detailed information
about the dimensions, see appendix A.4, Design description 7.4 (table 6).

4.6.7.3 PCB Layout

Figure 4.25: Flexible PCB, second iteration

Just like the footprint for the connector, the PCB layout were designed in Alegro PCB editor.
Figure 4.25 show the teams flex design, which were submitted to the producer. After communi-
cating with the producers and being recommended, to let them modify the design to simplify the
production, a decision of letting the producer modify parts of the design. However, the teams
main interest were kept and important parameters based on requirements, especially regarding
derating were not altered by the producers.

4.7 Space Environment Effects

In the chapter below we will address space environmental hazards that must be considered
when dealing with space technology. The most part of the information below is cited from
NASA.[50]

Space is a rough environment, and for materials and components that go out into space
there are many threats that need consideration. Our SADM and its 16U satellite will be out
in the Low Earth Orbit (LEO) which is defined as 200km to 1,000km above the Earth’s atmo-
sphere. We also have a requirement - R8-01 that states: “The SADM shall have a minimum
operational life time capability of 5 years in space for 600km Sun-synchronous orbit (SSO)
application”. Out here there are hazards that degrade materials, such as vacuum, solar ultravi-
olet (UV) radiation, charged particle (ionizing) radiation, plasma, surface charging and arcing,

&Satnght IS\ soutnestiom Norway KONGSBERG 66 of 121




CHAPTER 4. TECHNICAL WORK 4.7. SPACE ENVIRONMENT EFFECTS

temperature extremes, thermal cycling, impacts from micrometeoroids and orbital debris, and
environment induced contamination. Materials are an important aspect of designing space
components, and we needed to figure out which materials are best suited for space environ-
ment.

4.7.1 Vacuum

Vacuum is a quantum state with the lowest possible energy, generally it contains no physical
particles which also means that there is no pressure. In LEO or more precisely 600 km above
the atmosphere the pressure is 10-6 to 10-9 torr. Materials used in space are subjected to
outgassing due to the high-vacuum environment. Outgassing can include evaporation and
sublimation and is the release of gas that was trapped or dissolved in the material during the
time on earth. Emitting of these gases can cause to contamination of other materials if it
gets absorbed by other materials nearby. Some materials will also have reduced mechanical
properties. It is therefore very important that the materials have very low outgassing rate.

4.7.2 Atomic Oxygen

Oxygen comes in several different forms. The oxygen that we breathe is called O2, it is
comprised of two atoms of oxygen. O3 is ozone, such as occurs in Earth’s upper atmosphere,
and O with one atom, is atomic oxygen (AQO). Atomic oxygen can be very helpful in many ways,
such as restoring art and is also used in helping human health [51]. But for components in
space the atomic oxygen is not helpful, on the contrary it will degrade the materials. This
degradation has the potential to compromise the performance and lifetime of missions with
significant time in LEO.

4.7.3 Ultraviolet Radiation

Earth’s atmosphere filters out most of the sun’s damaging light, but materials in LEO bear
the brunt of solar photon damage. While AO may bleach materials, UV generally darkens them.
UV radiation needs to be considered when choosing materials in space.

4.7.4 Particulate or lonizing Radiation & Hydrogen

The three main sources of charged particle radiation naturally occurring in space are galac-
tic cosmic rays, solar proton events, and the trapped radiation belts . Similar to the UV damage,
the particulate radiation can embrittle a polymer structure. Metals can also be embrittled by ab-
sorbed hydrogen to such a degree that the application of the smallest tensile stress can cause
the formation of cracking.
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4.7.5 Plasma

Plasma is the word given to the fourth state of matter (solid, liquid, gas, plasma). A plasma
is a gas that is so hot that some or all its constituent atoms are split up into electrons and ions,
which can move independently of each other. This Plasma can erode or change a materials
thermal and mechanical properties.

4.8 Materials

Since our project deals with space technology and the parts are exposed to extreme en-
vironments as described in section 4.7, the parts must be able to withstand this in the best
possible way. At the beginning of the project, the plan was to concentrate a reasonable amount
on material selection and research on the use of composites in space context. After the second
presentation, when we were to do the final considerations in materials, a decision was made
to prioritize the design and production of the prototype, instead of using a lot of time on finding
materials that suited our needs. Therefore, we chose to inquire with our stakeholders on what
material was used in their products, and took inspiration from it.

By 3D printing most of the parts in Mark2, we used a lot of plastic. Or more specifically
Acrylonitrile Butadiene Styrene (ABS), which is commonly used in LEGO bricks [52] and is a
hard plastic. 3D printing gave the team an opportunity to verify whether the parts would actually
fit together or if we would have to redo the design, which was the case in some instances. 3D
printers were readily available, therefore it was frequently used so that verification could happen
rapidly and therefore changes on the design was made all the time.

A few weeks before the documentation hand-in, the production of Mark3 began. Initially the
final design of Mark3 was 3D printed in ABS plastic, but quite early in the project a decision
was made that the parts would be produced in aluminum and it is also a preferable material
recommended by the CubeSat Standard which states: "The use of Aluminum 7075 or 6061-T6
is suggested for the main structure. If other materials are used, the thermal expansion must
be similar to that of Aluminum 7075-T73 (P-POD material) and approved by Cal Poly launch
personnel” [53]. In the SolidWorks model, Aluminum 7075 was used on the panel walls since
this is what was recommended from our stakeholders at DSS. The 7075 alloy is a high strength
aluminum, and the mechanical properties are listed below.

Mechanical properties - Aluminum 7075-T6
Temper | Density | Elastic Yield Tensile | Elongation
(g/cm?) | modulus Strength | Strength | (%)
(GPa) (MPa) (MPa)
T6 2,80 71,0 505 570 11

Figure 4.26: Aluminum 7075-T6 Mechanical Properties [3]
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The tempering T6 means that the aluminum alloy is solution heat-treated and then artificially
aged. the 7075 alloy is widely used in aerospace, military operations, marine and transportation
industries, and the reason for this is because high strength and light weight properties are
critical there [54].

For the production of Mark3 we were in contact with KDA’s mechanical workshop. After
some visits and changes in the design, it was made clear that they would be producing the
shafts and the panel walls, but for the Right Lid, Middle Wall and the Left Lid we contacted
WayKen Rapid Manufacturing Limited in China. Their company name did not disappoint; the
parts were manufactured and delivered within two weeks.

Item Part Name Picture Description

/ N Material: ALG0E1
1 Right lid &) Process:CNC
Finishes:machining finishing

Material: ALEDE1

P
2 Wall B, middle 100x100 L Process:CNC
Finishes:machining finishing

B Material: ALBOG1
3 Left Lid - M3 s A Process:CNC
Finishes:machining finishing

Figure 4.27: Offer from WayKen

The description of the parts in Figure 4.27 states that they are produced in Aluminum 6061
so the parts are compatible for space according to the statement from the CubeSat Design
Specification [53].

4.9 Finite Element method

As one of our methods of verification was analysis, we chose to use the Simulation feature
of Solidworks to expose SADM to forces, vibrations, and thermal challenges. We got a number
of requirements from our employer that were very much optional, but we chose some that
we prioritized and these are included in this chapter. Note that the structure and some twist
capsule components are not included, so the analysis are simplified and narrowed down to the
drivetrain only, with fixtures on the bearings. In the subsections below there are results from
a launch simulation, forces applied,torque and vibrations. All applied on a simplified drivetrain.
Thermal analysis on the left lid to see how it affects the bearing.
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4.9.1 Launch

To illustrate how much force the drivetrain would experience we used data from a rocket
that is commonly used for CubeSats, wich is Rocket Lab Electron. This launch vehicle has a
maximum axial acceleration of -4 to +8 G [55]. In the analysis of gravity pictured in Figure 4.28,
a 10G gravity force was used to illustrate where the critical point would be, the value 10G was
used to give a tiny factor of safety to the results. The drivetrain is turned upside down to show
where this critical point is, which is on the underside of the main shaft. Maximum Von Mises
stress at this point is 0,86 MPa.

von hises (Nfmm 2 (WMPa)) ) ) ) )
Model name:Drivetrain Assembly Simulation

262e-01 Study name:Lgunch 10G(-Default-)
Plot type: Static nodal stress Stresst
7 90e-01 Deformation scale: 1

_ 719e-01

_ bA4T7e-01

_ 5.75e-01

. 5.03e-01

. 4.37e-01

. 3.59%e-M
hax:| 8.62e-01

. 2.88e-01
_ 2.16e-01
1.44e-01
7.21e-02

2.60e-04

Figure 4.28: Launch 10G
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4.9.2 Radial, Axial and Torsional Forces

Requirement R5-06 shown in Figure 4.29 gives us an indicator of which quasi-static loads
the SADM’s interfaces and drivetrain will be exposed to. To satisfy this requirement a number
of tests were executed with FEM.

RS5-06: The SADM shall be able to withstand the following quasi-static loads
applied in the SADM solar array interface and with the SADM constrained by its
normal screws in a rigid (infinitely stiff) spacecraft interface

Maximum moment: Maximum radial and axial loads:
Axial: +- 0N Axial: +- 2000 N

Radial: +- 1500 N Radial: +- 1500 N

Bending: +- 300 N Bending: +- 260 Nm

Figure 4.29: Requirement R5-06

In Figure 4.30 the Maximum Moment requirements forces and torque is applied to the driv-
etrain. The deformation scale is set to 6 so that it would be easier to see where the deformation
would happen. Note that with deformation scale 1(true scale) there was no visible deformation.
As expected the solar array interfaces would be the place where most of the deformation would
take place, though the Maximum stress was placed at the flange on the main shaft.

von Mises (N/mm *2 (MP&))  todel nameDrivetrain Assembly Simulation

Study namehdax Moment(-Default-)
1.11e+04

Flot type: Static nodal stress Stress?
Deformation scale: 6
1.02e+04

. 9.27e+03

_ 834e+03

_ 742e+03

_ B649e+03

_ 55be+03

. 4/84e+03

_ 3Te+03

‘I“I‘Ie+04
2

_ 2.78e+03

1.86e+03

9.29e+02

1.75e+00

Figure 4.30: Maximum Moment
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The second part of requirement R5-06 was based on maximum radial and axial forces,
1500N and 2000N respectively. Figure 4.31 illustrates the results in true scale. Maximum Von
Mises stresses are at the same spot as with the torque result.

won Mises (PN/mm#2 (Pa)) Model nameCrivetrain Assembly Simulation
Study nameitax Rad and Axial(-Default-)
3.02e+02 Plot type: Static nodal stress Stress?

Deformation scale: 1
2.7Te+02

. 252e+02
o 22Te+02

_ 2.02e+02

. 1.76e+02
- 1.57e+02
. 1.26e+02

. 1.01e+02

L 75T7e+07
5.05e+01

2.54e+01

1.98e-01

3.02e+02 &

Figure 4.31: Maximum Radial and Axial force

Figure 4.32 illustrates where the deformation would have taken place, and is scaled up 150
times its true scale to exaggerate the result so that it would be easier to see where the critical
points are.
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Figure 4.32: Max Radial and Axial scale 150

4.9.3 Vibration analysis

In the requirement sheet there are listed one requirement for random vibrations (R5-08) and
one requirement for sinusodial vibrations (R5-07). For that reason, we performed vibrational
testing in SolidWorks with the result illustrated in Figure 4.33.

AMPRES
Model namesvibration Assembly 3.2
Studly nameFrequency 1(-Default-)
Plot type: Frequency Amplituce 1 4.7
Mode Shape 1 1 Value = 2005 Hz
Deformation scale: 0.00536351 4.3
3.9
3.4

043

Figure 4.33: Simplified drivetrain 2000Hz
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A damping ratio of 0.02 was used [56], and as Figure 4.33 shows a simplified model of
the drivetrain and bearings were used to illustrate the whereabouts of the maximum amplitude
result and its value. It was made clear that when exposed to 2000 Hz the middle of the drivetrain
would be the place where most of the deformation and stresses will take place causing an
amplitude result of 5,2mm. Note: The mode shape amplitudes have no units and they do
not depict actual displacements. Mode shapes illustrate the profile of the mode only (i.e., the
displacement of nodes relative to each other) [57].

4.9.4 Thermal analysis

Since performing thermal analysis on the whole structure would be too demanding, the
team chose to focus on one of the lids. This is because the walls are the components that are
the most exposed to temperature fluctuations and the lids consists of parts with two different
materials. The challenge with having parts made of different type of materials is that some
materials contract or expand more than others due to temperature changes.

M3-space is theoretically made of aluminium 7075. This material’s thermal expansion co-
efficient is 2.36e-05 per Kelvin. The bearing that is mounted on the lid is made of steel 440C
with thermal expansion coefficient 1.01e-05 per Kelvin. This means that the bearing holder will
expand more than the bearing when the heat is increased and the bearing will be exposed for
compression by the bearing holder when the temperature drops.

The temperature range for this analysis was -40 to 120 degrees Celsius, as specified in the
requirements, with the heat coming from the outside of the lid. The analysis was performed on
both components separately.

(a) Deformation scaled 100 times (b) True scale of deformation

Figure 4.34: Thermal analysis with SolidWorks
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After deformation, it turned out that the bearing would not fit inside the bearing holder. This
led to a change in design of the bearing holder. The second version of the bearing holder is
slimmer, as this will reduce the stresses caused by compression.

Figure 4.35: The left lid after modification.

Explaining this to the external supervisors also revealed that most of the heat transported
in to the SADM is by the shaft. Therefore the heat source in the simulation should have been
from the bearing, as this is the only component that is in contact with the shaft. A new test was
not performed due to time limitations.

4.10 Diagnostics System

When developing a Solar Array Drive Mechanism (SADM), there are a lot of requirements
that has to be fulfilled. To ensure that the SADM will work as expected both before and after
launch, verification methods has to be defined and carried out for every requirement. The
different verification methods varies in difficulty, and often takes a lot of time to carry out. This
is where the Diagnostics System (DS) comes into play.

The main purpose of the Diagnostics System is to act as a combination of the Solar Array
Drive Electronics (SADE) and the Main Computer that would be present for a complete assem-
bly of a satellite. The SADE and Main Computer are when combined responsible for facing the
solar panels towards the sun by controlling the SADM based on received data . These three
components are developed individually before assembly. This means that the SADM has to be
tested and verified to ensure that it is able to properly act upon control signals, in addition to
fulfilling the given requirements. The combination of a SADE and a Main Computer are repli-
cated in the Diagnostics System, but in this case, they are defined as two subsystems called
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Software Layer and Hardware Layer. These subsystems are not only responsible for controlling
the SADM, but also collecting feedback data from sensors mounted on or in the SADM. This
feedback data is used to verify if a given test is considered passed or failed, where as the test
itself is carried out by controlling the SADM in various ways through the software layer HMI.

4.10.1 Software Layer

The software layer of the diagnostics system aims to provide a human-machine-interface
(HMI) towards the hardware layer. For rapid prototyping and simplified implementation, it was
decided that .NET C# would be used to implement the features needed in this software. There
are a lot of available libraries and built-in functionality for this technology that accommodates
the needs dictated by the requirements.

Technology stack

.NET Framework 4.6.1 [58]

C# [59]

JSON [60] [61]

BSON [62]

NoSQL databases [63] - Specifically document oriented databases [64]

Libraries used in Software Layer

Newtonsoft JSON.NET [65] [60] [61]

LiveCharts [66]

LiteDB [67]

OxyPlot [68]

The complete APl documentation for the software layer can be found here: https://web01.
usn.no/grupper/web-gr5-2019/apidoc/api/SatStat.html.

The repository containing the complete code solution for both the software layer and the hard-
ware layer can be found here: https://github. com/thmundal/SatStat.

4.10.1.1 Alpha 0.1

The Alpha 0.1 version of the software layer is a pre-alpha version to explore possible tech-
nologies and libraries that could be used in developing solutions for the requirements. The
state of the software at this point is purely conceptual and used mainly for research purposes
in conjunction with preparing for architecture design.
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4.10.1.2 Alpha 1

The alpha 1 version of the software layer is a pre-release version where we prototype dif-
ferent functionality, and perform unit and operational tests to verify if these are valid solutions
to the requirements. This is the first version released as functional test build.

The state of the software at this point is seen as the first iteration, with bare minimum of
functionality implemented for something that operates within selected requirement parameters.

The requirements designed and implemented in this version are listed below, and defined
in appendix A.11.

* R4-12A: The DS Software Layer should use JSON for input data
* R4-13A: The DS Software Layer should use JSON for output data

« R2-27: The DS Software Layer shall display diagnostics data in real-time

The main goal for this version was to enable communication with a standardized format
between the hardware layer and the software layer. The format that was chosen was Javascript
Object Notation (JSON), which is ideal for encapsulating data as key/value pairs. JSON is
widely used, and libraries for serializing and deserializing information in JSON format are ac-
cessible both for C++ and .NET C#.

The secondary goal for this version was to display data collected from sensors in the hard-
ware layer in real-time on a screen through the software layer. This version displays tempera-
ture in real-time in a LiveCharts cartesian chart (an x/y graph).

Timeline

Version alpha 1 was planned due Feb. 17 and was delivered on time.
Design

The state of the software layer’s design in version Alpha 1 is based on use cases that are
spawned from the requirements (figure 4.36). The architecture of the software is defined in a

class diagram displayed in figure 4.37. This design is the first iteration of the architecture, and
is expected to evolve in further iterations.
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Figure 4.36: Use case diagram DS SWL Alpha 1
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DataSubscription=T=> DataReceiver<Ts

- inputBuffer : List<Dictionary<string, o s

string=> ~ - subscriptionAttribute : string P T e
@ @ + ReceivePayloa ayload - VO

- subscriptions : List<IDataSubscription> - receiver : DataReceiver 1 =

- OutputReceivedCallback : s - IDataSubscription.Type : Type

Action<string> - receive(data : T) : void
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1

1

1

+ DeliverSubscriptions() : void I 1
+ AddSubscriber{receiver : object) : void 1 :
1

L

<<Interface=»

|DataSubscription

+ Parse(input : string) : void

+ Output{data : object) : void

+ OnOutputReceived(ch : Action<string>)
void

AppForm
- Type : Type
- subscriptionAttribute : string

- receive{data : object) L

System.Windows.Forms.Form

SerialHandler
DataProvider<T>

- stream : DataStream
+ Deliver(T data)

- available COMPorts : HashTable
- connection : System |10 Ports SerialPort
- connected : bool

<<static>>
JSON

+ Connectl) : bool
+ Disconnect() : void

- json_settings : JsonSerialize rSettings

+ WriteDataldata : string) : void

+ SetComPort{portName : string) : void
- OnDataReceived(sender : object, e :
SerialDataRe ceive dEvent Args) - void

- GetPortListInformation() : HashTable

- json_errors : List<string>
- json_error : bool

+ parse<T>(input : string) - object
+ serialize(input : object) : string
- GetlLastlsonError() : string

)

Newtonsoft.Json.JsonConvert

Figure 4.37: Class diagram DS SWL Alpha 1

Architecture

The main philosophy of the architecture, is a subscribe/deliver system. Where some data
receiver can subscribe to some data from a data stream. The receiver can act on the data
as it is delivered through the overload of ReceivePayload method. This means that any data
receiver is defined through a class that implements the DataReceiver interface. The data that
is exchanged through the stream is expected to be a string formatted as JSON, and has to be
parsed by a JSON interpreter before the receiver can use the data for anything. As a result of
this, there is a need to specify what data type the data is so that it can be cast to the correct
type, and in turn be used in the methods defined in the receiver itself. This part proved to
be challenging in terms of scalability and ease of use, and was one of the concepts that was
iterated on and heavily changed in further versions.
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Testing

As the architecture and design of classes and class hierarchies was expected to change
during iterative development, a series of unit tests was defined for the core functionality con-
cerning data communication. This proved to be extremely helpful, and helped with verifying
that the requirements were still met even though the design and architecture changed several
times. The test report for the unit tests performed for alpha 1 can be viewed in appendix A.16.

4.10.1.3 Alpha 2

Alpha 2 is the second iteration of the software layer, and is the second functional build. In
this version, the main goal was to establish a standard communication protocol for exchanging
data between the hardware layer and software layer of the diagnostics system. The communi-
cation protocol is defined in appendix A.22.

The requirements fulfilled in this version is listed below, and described in appendix A.12.

» R4-14: DS Software layer GUI shall support changing underlying COM port settings

» R2-28; The DS Software Layer shall have modular design for easy addition of diagnostic
components

» R2-32: The DS Software layer shall be able to calibrate position and speed of the SADM
drive shaft

» R4-20: The DS Software Layer should provide an interface for adjusting calibration set-
tings such as position and speed of the SADM motor

» R4-25: Shall follow a unified communication protocol

Timeline

Originally this version had a deadline Feb 23, but was moved to Mar 2. There was a lot of
changes done in this iteration, and the team needed more time to fit it all together. It became
increasingly challenging to synchronise the advancements between the software and hardware
layer. To have a functional version, both layers have to be compatible.

Design
The design of Alpha2 is the next iteration of the design of Alphal. The previous design
was taken as a baseline, and developed further. With a set of unit tests already defined for the

core functionality, they were heavily used as a source for test driven development. The class
diagram displayed in figure 4.38 is generated from the code that resulted from the development.
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4 Methods Zﬁ z”"()H’TZS: i d A a3 @, stream: DateStream
tartHandshake() : voi
@ Connect(): void ) ) . " 0 @ baud_rate:int 4 Methods
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Figure 4.38: Diagnostics system software layer alpha 2 class diagram

Architecture

The previous concept of a subscribe/deliver philosophy is still present in this version, and
remains the core architecture of the software. However in this version, all generics are removed,
and interfaces that were previously needed to list generic objects of different generic types are
no longer needed. The data types associated with the data received from a stream, is now
cast and handled at the very end of the object’s lifetime, just as it is about to be used by a data
receiver. This made it very much simpler to handle lists of subscriptions on the data streams.

Testing

The collection of unit tests evolved with the architecture, and was rewritten to accommo-
date the new structure. The unit tests were heavily used in conjunction with development and
provided a base for test driven development. There was also a number of inspections done
through code auditing, and functional testing to verify requirements that could not easily be
tested through unit testing. A unit test report for this version can be viewed in appendix A.17.
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4.10.1.4 Alpha3

Alpha 3 is the third iteration of the software layer, and the third functional build. New features
in this version include the ability to select specific data to view, saving viewed data to database
to look at later, as well as viewing stored data from a database. A database controller was
added, and LiteDB [67] was used for this. The requirements fulfilled in this version are listed
below, and described in Appendix A.13.

» R4-15: DS Software layer GUI shall support selection of diagnostic data output view
» R4-16: DS Software layer GUI shall support displaying historical data

» R2-29: The DS Software Layer shall save diagnostic data to a database

Timeline

The release tag was created and finalized March 22. The development of this version took
more time than estimated due to preparations for the second presentation as well as some
problems encountered with optimization of the plot view. An optimization pass of the plot view
was planned for a future version, but the slowdown was so severe that the entire plotting library
was changed from LiveCharts [66] to OxyPlot [68]. A key factor in getting rid of the slowdowns
now rather than later was that the software was actually being actively used in another project
at the university at this point.

Design

New elements taken into the design in this version is database handling and some updates
to the network communication handler. A framework for database handling was introduced, and
LiteDB [67] was selected for this purpose. The reasoning behind using LiteDB as the database
framework, was to avoid having to run a dedicated server software to host database collections.
LiteDB is a serverless local database framework, and is a document oriented no-sql database.
This makes the installation more compact, and there is no need for advanced quering of data
in this software, even though document oriented databases can provide good quering as well.

Alpha 2 formalized new use-cases related to database handling and connecting to different
data sources. The internal stream simulator was previously implemented in Alpha 2, but was
introduced as a part of the design in Alpha 3. This lead to further generalization of the data
stream class and allowed for multiple different data sources to be configured, not only through
serial or USB.
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Alpha 3 Use Case Diagram
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Figure 4.39: Alpha 3 use-case diagram

Architecture

The big additions in the architecture in this version is the implementation of database com-
munication for saving collected data to a database, and viewing this data at a later point. Other
than this, the architecture for the rest of the software remains more or less the same.

Testing

Numerous unit tests were performed to verify that database saving and querying yielded
correct results. Some functional tests were done for verifying that the Ul behaves as expected,
and that the system indeed displays the correct data that was saved to database when trying
to view it.

4.10.1.5 Beta1
The release of version Beta 1 spawned the beta branch, and was planned to implement
higher level features and functionality within the software. Beta 1 specifications can be viewed

in appendix A.14.

Requirements considered in this version:
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+ R2-33: The DS Software layer should be able to remember previous COM settings and
try to establish a connection to HW layer with these

» R2-27: The DS Software Layer shall display diagnostics data in real-time

* R2-34: DS SW should be able to configure desired maximum and minimum limits for op-
erational sensor values to display status indicator on live input values during diagnostics
run. Values outside accepted values should indicate deviation

+ R2-34.01: DS SW should provide functionality to save diagnostics settings to a template

* R2-34.02: DS SW should be able to load and apply settings from a diagnostics settings
template

Timeline

Beta 1 was finalized April 15, and was delivered on time with respect to a revised roadmap
after the delay of Alpha 3.

Design

The concept of observable values was introduced with this version. The aim was to have a
way of observing data that is received from a data stream, and determine if the data received is
valid with respect to set upper and lower bounds. With this feature, the software should be able
to inform the test engineer if the system deviates from its expected behaviour during testing or
calibration.
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4.10. DIAGNOSTICS SYSTEM
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Figure 4.40: Class diagram for the ObservableNumericValue system
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Figure 4.41: Class diagram for the ObservableNumericValueCollection system

Architecture

An observable numeric value is an object of a class that implements the interface
I0bservableNumericValue . A numeric value can contain a value of type int, float,
double or long. There exists both a non-generic interface, and a generic abstract class
that in combination enables lists or collections of templated observable values containing val-
ues of different data types. A list of observable numeric values would be initialized as
List<IObservableNumericValue> to which any type of observable value that inherits from the
generic abstract class ObservableNumericValue can be added. An actual observable value
that contains for example an int, is instantiated through a subclass of
ObservableNumericValue , for example ObservablelInt . Subclasses of
ObservableNumericValue must override the method Diff in order to calculate the difference
of the value against another value of same type. An example of using an observable numeric
value is shown in listing 4.1.
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List<IObservableNumericValue> observableValues = new
List<IObservableNumericValue > () ;

ObservableInt oInt = new ObservableInt {
value = 42,

label = "Answer to life, the universe and everything"

};

observableValues.Add (oInt);

Listing 4.1: Instantiating an observable numeric value

Observable values can be kept in a special collection built to handle these types of ob-
jects, called ObservableNumericValueCollection . This collection also has helper methods
for adding a numeric value of a type based on a string. This is handy for values that are de-
livered to the software from an external data source, such as the hardware layer. The data
passed in this manner only contains JSON data that is passed as strings, where the explicit
data type for each of the fields in a JSON structure is not known at runtime. An example of
using a collection and adding a value in this manner is shown in listing 4.2.

ObservableNumericValueCollection collection = new

ObservableNumericValueCollection () ;

collection.AddWithType ("answer", "int");

collection["answer"].Value = 42;

Listing 4.2: Using a ObservableNumericValueColletion with AddWithType

Testing

Numerous unit tests and functional tests were performed to ensure the functionality of ob-
servable values and the other implementation. Refer to appendices A.19 and A.20 for the
verification reports.

4.10.1.6 Beta2

Beta 2 builds on the previous iteration and aims to implement a functional interface and
system for creating, performing and saving automated tests. Through an interface, a user
can specify instructions to run on connected hardware in a queue, and gather sensor data
during the test to monitor the state of the mechanical system during operation. Requirements
specification for Beta 2 is included in appendix A.15

Timeline
The planned release for this version was Apr 28, but was delayed until May 13. Beta 2

was meant to include report generation for automated testing, but as of the time of writing, the
implementation of this has not been achieved.
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Design

4.10. DIAGNOSTICS SYSTEM

Classes representing a test configuration and instruction were introduced. These play along
with observable values and data streams to perform tests and measure results gathered during
the tests. A fully featured socket server was formalized and finalized to allow for connections
towards external simulations. This feature had existed since Alpha 2, but not been an official
part of the software or even the requirements. Using this feature with a virtual representation
of the hardware, the system as a whole could be tested conceptually.

[ TestConfiguration A [ InstructionEntry A
Class Class
4 Fields 4 Properties
@ currentinstructionEntry : InstructionEntry A instruction { get; set; }: Instruction
LA instructionEntryQueue : Queue<instructionEntry > A observedValuelabels { get; set; } : List<string»
@ internalReceiver : DataReceiver H observedValues { get: set }: ObservableNumericValueCollection
e, is_running : bool 4 Methods
. onQueueAbortedCallback : Action @ setinstructionindex(int index) : void
@, onQueueAdvanceCallback : Action <InstructionEntry>
e, onQueueCompleteCallback : Action <InstructionEntrys et A )
eﬁ queue_positien : int Class
4 Properties
y 4 Description { get; set; } : string 4 Fields
A Id{get set:}: Objectld @ _ui_index:int
A instructionEntries [ get: set: } : List<InstructionEntry> @ feedbackStatus : ObservableMumericValueStatus
A IsRunning { get } : bool @ paramtable : JObject
& MName | get; set; } @ string 4 Properties
H ParameterControlTemplate { get set; } : ParameterControlTemplate F Label { get set } : string
4 Methods A SerializedParamTable { get; set; } : string
@ Abort() : void A Ulndex { get; set: }rint
@ AddinstructionEntry(Instruction instr, List<string> chservedLabels, [int uindex = -1]) : InstructionEntry 4 Methods
@ AddlnstructiDnEntl?f(\nstructionEntr}f entry) : void @ Createlstring instr)  JObject
@ HaslnstructionEntries() : bool @ Create(string instr, JObject paramTable) @ JObject
@ InstructionEntrylndex(InstructionEntry entry) : it @  Create(string instr, params object[] arguments) : JObject
@  loadParameterControlTemplate(ParameterControlTemplate template, DataStream stream) @ void @ Instruction()
@ OnObservedValueChange{lObservableNumericValue val) : void @ Instruction(string instr)
. . . g
© OnPeylosdReceivelobject paylosd) : void @ Instruction(string instr, JObject paramTable)
@ OnQueusAbort{Action callback) : void @ Instruction(string instr, params object[] arguments)
. g L P ] g
] DnQueuaAdvance(Actl.on(\nstruct\.onEnthw czllback) :vou.:l @  tolObject() : JObject
@  OnCueuelomplete{Action<InstructionEntry > callback) : void .
@ RemovelnstructionEntry(Instruction instr) : void
@ RemovelnstructionEntry(InstructionEntry entry) : void InstructionUlEntry A
@ Run(DataStream stream) : void T
@ RunCueuedinstruction|DataStream stream) : void .
@ Save([Action<TestConfiguration> ck = nulll} : void 4 [T65
@  setParameterControlTemplate(ParameterControlTemplate template) @ void @ label: string
@ TestConfiguration() @ parameters : JObject
@ ToString() : string 4 Methods

@ ToString() : string

Figure 4.42: Class diagram concerning test configuration

The use-case diagram for beta 2 is populated with all the use cases for this current version.
The diagram is cleaned up a bit from the previous version for better readability, and introduces
a use case for connecting to an external simulation, and using the test configuration system.
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Beta 2 UseCase diagram
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Figure 4.43: Beta 2 use case diagram

Architecture

A test configuration essentially is a queue of instruction entries. Each instruction entry
contains an instruction to run on the connected device, and a set of parameters to watch. A
test configuration notifies when a queued instruction is finished, and can act internally when an
observable value changes.
Testing

This version was tested extensively through functional testing. Even though there are only

two tests defined, the behaviour of the software heavily depends on that these tests were
successful.

4.10.2 Hardware Layer
4.10.2.1 Hardware

The hardware of the diagnostic system consists of control cabinet with implemented elec-
tronics, attached wires and sensors.
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4.10.2.1.1 Control Cabinet The function of the cabinet is to have a practical, easy and safe
way to assemble the DS with the SADM for test and running. The main components in the
cabinet are the Arduino and motor driver with implemented firmware and voltage supplies to
provide power for the equipment, run the SADM and test the power transfer system in the
SADM. The electrical schematics for the control cabinet are documented in appendix A.7.

Figure 4.44: The control cabinet’s role in the system

The figure 4.44 illustrates how SWL, HWL and SADM are connected. SWL is illustrated as
a laptop.

The components inside the cabinet:

* G1: 24VDC Power supply. To provide power to the motor, motor driver and the angular
position sensor, a 24VDC power supply is used to transform 230VAC to 24VDC. The
expected voltage level from the rest of the satellite is about 19VDC. We chose to use
24VDC because this is a standard voltage level for control systems and there is a wide
selection of equipment that operates at this voltage level. In order to test the power
transfer line with a proper load, the 24VDC power supply has to be able to deliver a
current of up to 20A.

+ G2: 5VDC Power supply. The firmware runs on an Arduino Mega [69], which requires
3-12VDC voltage. This power supply transforms 24VDC voltage to 5VDC and supplies
the Arduino Mega and its digital inputs.

« J1: Motor drive. To run and control the stepper motor in the SADM. Takes input from
preprogrammed parameters and the firmware.
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J2: The Arduino Mega running the firmware.

S1: Switch for operating the the SADM manually.

FO, F1 and F2: Fuses for protecting the equipment.

K1, K2 and K3: Relays triggered when using the manual switch to give feedback to the
firmware that the SADM is running manually and cut the pulse signal from the Arduino
Mega to the motor driver.

Complete list of hardware connected to the control cabinet is listed in appendix A.47.

4.10.2.1.2 Feedback and Sensors The elements of biggest interest due to feedback from
the SADM to the DS are the angular position on the shaft and the temperature changes in the
twist capsule when the power transfer line is loaded. Sensor data is sent to the firmware for
interpretation before it is sent to the SWL. The sensors’ position in the DS is illustrated in figure
4.45, where an angular position sensor is used in the example.

Desired angular f \'\‘
rotation/steps Arduino

e N hY

Software Layer ‘ Angular output

HMI Firmware Motor
; ]

Sensor data sent to SWL,
angular position can
be displayedin HMI.

N

Sensor

Figure 4.45: The sensors send data to the firmware for interpretation before it is sent to the
software layer

N

In order to control the solar arrays’ angle, a more complicated control system was sug-
gested; using a PID-controller that received data from an angular sensor and processed the
output due to the desired angle on the solar arrays. The idea was discarded - with time and
maturation the team decided that this solution would become an over-doing implementation
and would cause more cost than profit.
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A stepper motor’s angular output is discrete. The mathematics needed to determine the
number of steps necessary to provide an angle are simple.

» The system is stable.

« Validation with external supervisor and other sources from commissioner confirms that
an implementation of an angular position sensor on a cubesat will be superfluous. This is
discussed in the section below.

Angular position sensor: The angular position sensor was important to implement for
feedback to DS so that the whole product, DS and SADM, could be verified. The angular
position sensor gives input to the firmware to determine if desired angle on the shaft is achieved.
The team decided that the position sensor should be a part of DS, not the SADM. This is
explained by the background for the project; cubesats is supposed to be simple, cheap and
effective to produce. Only the necessary components should be implemented. An angular
position sensor is redundant is this context, partly because of the stepper motor and there are
no heavy requirements for accuracy. The stepper motor’s output is discrete which simplifies the
control of the angular output.

The needed technical characteristics for the position sensor is documented in the requirement
sheet A.61 as R2-38.

The VERT-X sensor from Contelec was chosen, and meet the requirements [70]. The sen-
sor’s output is a voltage level between 10 and 90% of the input voltage - 5V, provided by angular
displacement from the reference. Some important characteristics from the data sheet are:

Resolution: 12 bit

1
513+ 360°= 0.088° (4.11)

Output: A voltage level between 10 and 90 % of the supply voltage 5VDC: 0.5V equals
0°, 4.5V equals 360°.

Independent linearity: +/- 0.3% of measured range (360 °).

360°
— - 0.3% = 1.08° 412
T00% 3% (4.12)
* Max. hysteresis: 0.1°
* Max repeatabliity: 0.1°
The total error in worst case is:
1.08°+0.1°+0.1°=1.28° (4.13)
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Another aspect of resolution in sensor readings the resolution on the Arduino Mega’s input,
which is 10 bit. The correct resolution in degrees is therefore:

1
510+ 360°= 0.352° (4.14)

For the sensor to provide readings on the shaft, a gear is mounted on a shaft and one on
the sensor’s shaft. The gear ratio is 1/1. Thus, all of the gears are 3D-printed, and error due
to mechanical fittings needs to be considered in this context. This taken into account, the total
error caused by the sensor may be negligible in connection with the mechanical slack.

Temperature sensor: Temperature changes inside the SADM, especially inside the twist
capsule, when simulating current from solar arrays is a parameter of interest. Due to major
temperature changes and the need to protect the materials and electronics - including the
power transfer line that provides power to the satellite - the heat dissipation from the electric
circuits should be as low as possible. The electric circuits that transfer power will heat up if not
correctly dimensioned according to standards.

Sadly, the flex had not arrived when it was time for the corresponding tests to be carried out.
It was therefore not possible to fulfill these tests. In order to preform qualified tests, the SADM
should be in a vacuum chamber, and the temperature element needs to fulfill specific criteria
and should be placed inside the twist capsule. The team wanted to do a less qualified test out
of curiosity.

4.10.2.2 Firmware

The hardware layer (HWL) of the diagnostics system is the interface between the software
layer (SWL) and the physical hardware components. The main responsibilities of the HWL
is to control the SADM according to instructions received from the SWL, as well as providing
feedback sensor data in order for the SWL to monitor the results of an executed test. The
decisions made during the development of the HWL are described in detail in the document
"HWL Decisions”, appendix A.24.

Technology stack:

* Arduino Mega 2560 [69]
o C++ [71]

Visual Studio IDE [35]
Visual Micro [31]

Doxygen [72]
TeXworks [73]
RS232 protocol [33]
JSON [60] [61]
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External libraries used in hardware Layer:

Arduinodson [74]

DHT Library [75]

Adafruit DHT Humidity & Temperature Sensor Library [76]
Adafruit Unified Sensor Driver [77]

QueueArray [78]

Stepper [79]

Libraries developed alongside the HWL:

* LinkedList by Nils Erlend Heggem & Jon Skjelsbaek A.41
» Subscriber System Template Library (SSTL) by Jon Skjelsbaek A.42

The APl documentation for the different hardware layer versions can be found in appendices
A.43 through A.46. The repository containing the complete code solution for both the software
layer and the hardware layer is available on github [80].

4.10.2.2.1 Motor Driver and Parameters The motor driver [81] is the kind bipolar chopper
that is suitable for the motor [82]. Bipolar chopper indicates that the motor driver varies the
voltage to keep the current approximately constant. The benefit of this configuration is that the
motor can be driven at higher torque - and speed, which is not of interest due to this task other
than the constant-voltage configuration [42, Chapter 18.1.1].

The parameters for the motor drive are set by using its associated software; EmentoolLite
[83]. The parameters can be divided into two groups;

» Parameters for any operation; current, stepping mode, holding current.

» Parameters for manually operation: Run direction, speed, number of steps and ramp time.

The parameters for manual operation are activated by a voltage input in one of the four
input pins on the motor driver, which is triggered by a manually operated switch on the control
cabinet. The motor driver also has a pulse input pin, which in this configuration is fed with a
digital output from the Arduino microcontroller. The driver responds to every rising edge on this
pin by moving the motor one step. Using this input, the speed and the angular displacement of
the motor shaft can be controlled by the firmware on the Arduino for automated operation.
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The parameters for any operation:

» Stepping mode: This motor driver can provide microstepping. One step can be a full
step or 2% n : 1,...6. Microstepping results in a smoother operation of the motor [42],
which is interesting in this context due to vibrations that are undesirable and resolution
on the output angle. The motor has an 1.8 degrees full step angle, which means that the
number of steps in order to rotate one round is:

360°

W - 200 (415)

In full step mode the motor needs 200 steps to complete 360 degrees.

» Current after 1s stop: The motor’s holding torque is dependent on the current in the
windings when not running. In this context, capability to hold the solar arrays still when
the satellite has rotational accelerations or is affected by other force, the holding current
is desired to be as high as possible. Can be set to between 0 and 100% of the phase
current.

» Phase current: Can be between 0.1 - 6A. Since the motor rate current is 1A, this param-
eter must not be set over that limit in order to prevent damages to the motor.

The parameters for only manual operating using preset function:

* Ramp time: Desired ramp time is considered due to acceleration and power consump-
tion. For this configuration the ramp time should and can be high. Can be set between
0.1 - 5 seconds. The ramp time is only used when running manually with preset-function,
so the ramp time when running it automatically from DS has to be set in the firmware
(Arduino microcontroller).

* Run directions:. Can be set to clockwise and counterclockwise.

* Run frequencies: This is the parameter to set the stepping frequency in Hz, and the
angular velocity w is decided by this parameter. When running automatically mode, the
frequency on the pulse input decides this factor.

To calculate the angular velocity on the output shaft, the full step size, stepping mode and
gear ratio (driving/driven) between motor shaft and shaft needs to be considered:

1
w = f - steppingmode - 1.8°- 3 (4.16)
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In order to achieve an output angular velocity of approx 3°/s when using manual opera-
tion/preset function, the following values of parameters can be used;

« Stepping mode: &

+ Ramp time: 5 seconds

» Current 1 second after stop: 100% (1 Ampere)
» Phase current: 1 Ampere

» Preset run directions: Both is in use, turn manual switch to left to go counterclockwise
and right to go clockwise.

» Preset run frequencies: 53 Hz

The output velocity when running manual mode is therefore:

1 1
L — . 1.8°- = =299%s. 417
53Hz: 1o 1.8° 5 =2.99s (4.17)

Since the parameter setting in EmentoolLite [83] is so user friendly and the parameters can
quickly be changed, several test runs is preformed. The most important thing the team learned
from these tests is that the current level needs to be 90-100 % of maximum rated current, and
the performance does not seem to be affected by the step rate. When the motor was assembled
in the SADM the temperature on the motor’s surface became lower.

4.10.2.2.2 Alpha 0.1 Version Alpha 0.1 is a preliminary version prior to the Alpha and Beta
pre-releases. For the HWL specifically, this version was used to test communication with the
SWL through the serial port, and controlling the stepper motor based on data received from the
SWL.

4.10.2.2.3 Alpha1 The diagram shown in Figure 4.46 represents the planned architecture
and interconnections of the HWL for Alpha 1. The requirements fulfilled in this version is avail-
able in appendix A.25.
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Diagnostics unit

Sensors SADM e Output handler M

¥ Input handler w/ buffers ¥ SADM controller

Sensor controller

Figure 4.46: HWL interconnection diagram

The diagnostics unit in this diagram represent the SWL of the diagnostics system. The SWL
is described in section 4.10.1.

The input handler was the receiving end of the hardware layer. This module was responsible
for buffering the instructions received from the SWL in order for the different controllers to fetch
the instructions when ready.

The output handlers’ main purpose was to translate the input data to a format the device
to be controlled would understand. An example could be that the SADM controller fetched an
instruction from the input handler, and passed it to the output handler. This data was then
processed by the output handler to properly control the SADM.

The intended purpose of the different controllers was to work like an interface between
the input- and the output handler. The idea was that there should have been a designated
controller for every device to be controlled. A controller would have known what input handler
buffer to fetch instructions from, and what output handler function to use in order to properly
control the corresponding device. There were two planned controllers for Alpha 1. One for the
SADM, and one for the sensors to be used in the physical test rig. These controllers were never
implemented in this version because the main focus was to implement the handlers.
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At this point, it was decided that different sensors were going to take place in the testing rig,
but what kind of sensors was unknown at the time. This is why the sensors are represented as
a "black box” in the diagram.

Alpha 1 was tested by reading the DHT11 temperature and humidity sensor and sending
the data to the SWL. The requirements fulfilled in this version were verified through tests and
inspection, and the results are described in the verification report for HWL version Alpha 1,
appendix A.27. The class diagram for Alpha 1 is available in appendix A.26.

4.10.2.2.4 Alpha 2 Version Alpha 2 introduced the SatStat communication protocol avail-
able in appendix A.22. This protocol defines how the data transmitted between the HWL and
SWL shall be formatted, what instructions the diagnostic system supports, as well as a hand-
shake protocol for proper connection establishment. The introduction of this protocol required
the HWL to support transmission and interpretation of JSON formatted data. As a result of
being able to receive and interpret JSON formatted data, the HWL was expanded with the abil-
ity to control the SADM according to instructions received from the SWL. These changes are
related to the requirements stated in appendix A.28.

Sensor Sensor Sensor
) )
v v v

Sensor data acquisition

A

4 v )

( N\ A

Configuration || Serialization

Actuator ? *
1 e N A
.
2
Actuator - J J
il A
3 \ J

A\

- Interpretation Transmission

Execution
i

Serial communication

Figure 4.47: Diagnostics System HWL architecture diagram.
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Figure 4.47 shows how the internal architecture of the HWL controls the external devices.
External devices in the case of the HWL would be sensors, actuators and the SWL.

The SWL is represented as a desktop computer in the architecture diagram. It communi-
cates with the HWL via a serial port connection, and is able to control the external devices and
change parameters internal to the HWL by sending different instructions.

There are four main aspects to the internal structure of the HWL.: interpretation, configu-
ration, serialization and transmission. The interpretation stage prepares instructions received
from the SWL either for execution on external actuators, or configuration of parameters internal
to the HWL. During the handshake protocol, the configuration stage is used to set the baud
rate, configuration and new line format for the serial transmission. In this version, Alpha 2,
the HWL always sent all available data to the SWL, but the idea of implementing a subscriber
system in order to only send requested data was planned already at this point. The serializa-
tion stage of the architecture is the stage where data to be sent gets prepared for transmission
by converting it to JSON format according to the SatStat communication protocol. When the
data is propperly formatted, it is passed into the transmission phase which handles the actual
transmission of the data.

As mentioned, the requirements fulfilled in this version were related to SADM control and
transmission of JSON formatted data. The verification report for Alpha 2 can be found in A.30,
and the class diagram is available in appendix A.29.

4.10.2.2.5 Alpha3 The requirement covered in version Alpha 3 is related to implementation
of error handling for received data, and can be found in appendix A.31. The first place where
things might go wrong when receiving invalid data is when parsing the data to JSON format.
If the data received is not properly formatted according to the JSON standard [61], an error
will occur when parsing. When this happens, the SWL has to be notified that something went
wrong when parsing the received data. The other areas where error handling is required, is
when the data received can be parsed, but the contents deviate from the definitions stated in
the SatStat communication protocol. For these kinds of errors, the SWL is notified with a more
descriptive error message for easier debugging. The results of the tests performed to verify
these requirements can be found in appendix A.32.

4.10.2.2.6 Beta 1 In section 4.10.2.2.4 Alpha 2, it was mentioned that the idea of a sub-
scriber system for the HWL was planned already in Alpha 2. The initial idea was to implement
a flag system marking the different sensor data as either subscribed or unsubscribed depend-
ing on the flag value. This idea was discarded because of reasons further described in the
document "HWL Decisions”, appendix A.24. The replacement for the flag system is the Sub-
scriber System Template Library (SSTL). This library was implemented in version Beta 1. The
requirements for Beta 1 can be found in appendix A.33.
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SSTL is a library developed to simplify subscription and unsubscription of available sensor
data on HWL. Upon creation of a sensor object, its corresponding data object(s) are inserted
into one of the lists in the SSTL. This specific list is responsible for holding all available data.
When the SWL sends a subscription request, the corresponding data object(s) are copied from
the available data list to the list containing the subscribed data. When it is time to send the
subscribed data, the data is fetched from this list and converted to JSON before it is sent to
the SWL. Upon unsubsciption of data object(s), the corresponding object(s) are removed from
the subscribed data list, but they remain in the available data list. For more information on
subscription or unsubscription requests, see SatStat communication protocol, appendix A.22.
The class diagram for SSTL can be fund in appendix A.40, and the verification report for Beta
1 is available in appendix A.35. See appendix A.34 for the class diagram covering the entire
HWL for Beta 1.

4.10.2.2.7 Beta 2 Beta 2 is the final pre-release version of the diagnostics system. The
HWL requirements for this version are related to efficiency and automated testing. These
requirements can be found in appendix A.36.

When it comes to efficiency, the improvements done are related to how JSON data is han-
dled internal to the HWL, as well as separating data received into two categories: instructions
and requests.

Before Beta 2, the HWL had four classes for handling JSON objects: Json handler ,
Json_container , Json_object_container and Json_array_container . In Beta 2, all these
classes exceptthe Json_container were removed. This reduction was possible as the classes
complementary to the Json_container proved to be redundant. For more information about
this change, see section 7 of the "HWL Decisions” document, appendix A.24.

In versions prior to Beta 2, all data received was considered as instructions. Some of these
instructions were related to controlling the SADM, and some were related to internal config-
uration. The difference between those kinds of instructions is that most of the instructions
concerning the SADM have to be protothreaded [84] to allow SADM operations and commu-
nication to take place somewhat simultaneously. The instructions that requires protothreading
are still considered instructions, whilst the ones that don’t are now considered requests. For a
more detailed description on how this was implemented, see section 8 of the "THWL Decisions”
document, appendix A.24.

Most of the aspects exclusively related to automated testing are handled at SWL. The only
change required at HWL in order to support this feature is to provide a list of available instruc-
tions after a successful handshake. The fact that instructions and requests were separated
when implementing this functionality made things a lot easier. This allowed available requests
to be defined in the communication protocol, and instructions to be automatically updated on
SWL when added at HWL. The identifiers of the available instructions are kept in a list which is
formatted and sent to the SWL after a successful handshake.
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Additionally, the SADM _functions class encountered a complete overhaul in Beta 2. This
was due to the change of stepper motor further described in section 5.4 of the "HWL Deci-
sions” document, appendix A.24. The HWL is no longer compatible with the old stepper motor
configuration [85] [86] after this change, but it now supports the motor and driver that will be
used in the final version of the SADM prototype [82] [81].

4.10.3 Virtual Prototype

A virtual prototype of the SADM was created for both testing and validation purposes. By
using Microsoft Hololens [28], the current progress in the CAD design of the SADM proto-
type could be validated with stakeholders. Engineers working on the design of the mechan-
ical prototype could also inspect this virtual model in more detail to see if there were any
errors or limitations to the design. All functional virtual prototypes were created using the
Unity game engine [37]. The code-base for the Hololens MR prototype can be accessed on
github: https://github.com/thmundal/SatLight.

=
--
—
e
=
=

Figure 4.48: Mark 3 virtual prototype for Hololens, exploded and expanded view

For rapid prototyping of software capabilities towards the hardware layer, and an actual
SADM unit, a functional virtual prototype of the SADM attached to a 16u satellite was created
separate from the Hololens prototype. This was used in conjuction with testing and validating
the functionality of the software layer when access to the hardware layer was not available.
The code-base for this virtual prototype can be accessed on github: https://github.com/
thmundal/SatSim/tree/ray-system.
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Figure 4.49: Virtual SADM prototype on 16U cubesat

The virtual prototype seen in figure 4.49 can be connected to the diagnostics system soft-
ware layer and act as a virtual version of the hardware layer. With the diagnostics system,
the virtual SADM can be controlled, and data can be collected about the rotary position of the
SADM shaft.
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Chapter 5

The Result/Final Prototype

At the end of the project, a test run of the SADM and DS was performed, as one system. A
dummy of solar arrays was made specific for this test. The dummy had a weight and width
similar to real ones to create the same torque required from the motor. The SADM together
with the test station and rest of the DS successfully managed to be controlled and the position
and torque preformed by the shaft was displayed i the software.

5.1 Physical Prototype

5.1.1 Mechanical assembly

The final design of the physical prototype is shown in Figure 5.1, it is represented without
the panel walls to give an impression of the design of the inside. For a detailed description of
each part of Mark3, see the Design Description Appendix A.4

Figure 5.1: Mark3 - Space Final CAD Design

As shown in Figure 5.2 below, the final design of the prototype satisfies the requirement
for weight. Additionally the outside measurements are within range of what was required. The
assembling of Marks3 is relatively easy as explained in the User Manual Appendix A.5.
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Mass properties of Mark3 Space
Configuration: Default
Coordinate system: -- default -

Mass = 1002.90 grams
Volume = 431307.93 cubic millimeters
Surface area = 435413.63 square millimeters
Center of mass: { millimeters )

X =19773

Y = 46.65

Z=7546

Principal axes of inertia and principal moments of inertia: { grams * square millimeters )
Taken at the center of mass.

Ix = { 1.00, 0.05, 0.05) Px = 1751232.97
ly = (-0.07, 0.71, 0.70) Py = 6090700.13
Iz = { 0.00, -0.71, 0.71) Pz = 624474497

Moments of inertia: ( grams * square millimeters )
Taken at the center of mass and aligned with the output coordinate system.

bx = 1772957.13 Lxy = 210283.66 bz = 222673.01
Lyx = 210283.66 Lyy = 6157069.32 Lyz = 87866.35
Lzx = 222673.01 Lzy = 87866.35 Lzz = 6156651.62

Moments of inertia: ( grams * square millimeters )
Taken at the output coordinate system.

oo = 9665942,95 Ixy = 4782439.31 Ixz = 7619216.62
lyx = 4782439.31 lyy = 21447737 46 lyz = 3618007.04
lzx = 7619216.62 lzy = 3618007.04 lzz = 17918629.90

Figure 5.2: The Mass properties of Mark3 CAD

Figure 5.3: Mark3 Prototype
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5.1.2 Power Transfers

i

<
=
©
©
©
©°
©
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Figure 5.4: Photagraphy of the Flex, without leads

Figure 5.5: Photagraphy of the Flex, with leads

One of two power transfers, including one D-sub connectors, leads between D-sub connec-
tor and twist capsule, flex and leads through shaft are completed and functional. All twenty
solder joints of the flex show no significant resistance, when measured with an ordinary multi-
meter and no solder joints on either side is shorted together. In figure 5.4 and figure 5.5 above,
one can see the final flex with and without the power transfers leads soldered to it.

Figure 5.6: Photagraphy of the Flex, with leads
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Figure 5.6 illustrates the flex mounted inside the Twist capsue. The mechanical behavior
of the flex connected in its designated possision, inside the twist capsule, is not exactly as
predicted. However, it is fairly similar and shows no significant unpredictable behavior. It is able
to rotate a full revolution (from -180°to +180°), without becoming too tight or too loose. One of
the two power transfers are completed and it is considered to be successful, in regards to the
requirements.

5.2 Diagnostic System

The diagnostics system is made up of two main parts, the hardware layer and the software
layer. The electrical components, motor driver and MCU are mounted in a control cabinet
which is considered the physical part of the HWL. The firmware running on the MCU is also
considered a part of the HWL. The SWL is a HMI running on a computer. It connects to the
hardware layer via a USB connection, and are able to control the SADM, run automated tests
and visualize feedback data for observation in graphs. When combined, the diagnostics system
as a whole can be used to verify various requirements related to the SADM prototype.

5.2.1 Hardware layer

The final version of the HWL works as an interface between the SWL and the SADM testing
station. The SWL and the sensors mounted on the testing station, simply connects to the MCU
mounted inside the control cabinet using a few cables. All the interconnections are handled in-
side the cabinet. Doing so beautifies and hides the "dirty work”. The different sensors mounted
on the testing station are a load cell and a position sensor. A sensor for measuring temperature
and humidity is also present as a part of the hardware layer, but this sensor has to be mounted
inside the SADM for accurate readings.

5.2.1.1 Control Cabinet

The control cabinet has a main power supply converting 230V AC to 24V DC. This power
supply provides power to the motor driver and the complementary 5V power supply. The reason
for having a 5V power supply in addition to the 24V, is that the MCU, as well as some of the
sensors on the testing station, requires 5V input voltage. For safety reasons, there has also
been mounted a couple of fuses in the cabinet.

There is a switch mounted on the side of the control cabinet for manually controlling the
SADM. This switch is wired through relays that sends an interrupt signal to the MCU when the
switch is turned to either side. The interrupt signal is used to notify the firmware that the SADM
is currently being manually controlled. When the MCU controls the SADM or reads sensors, the
related signals are transmitted through latches before they reach the destination unit. These
latches are present to provide neat wiring inside the cabinet.
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Figure 5.8: Mark3 and control cabinet
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5.2.1.2 Firmware

The final version of the Firmware support real-time transmission of subscribed sensor data.
The sensors available for reading are as mentioned in section 5.2.1, a load cell, a position
sensor and a temperature and humidity sensor. This data is, when recorded, transmitted to
the SWL following the format specified in the communication protocol, appendix A.22. The
same protocol is used the other way around for transmitting instructions from the SWL to the
HWL. These instructions are interpreted and executed in the same order as they are received.
Some of the instructions available for SADM testing are: speed control, direction selection and
destination angle. When connecting to the HWL through the SWL, a handshake protocol is
carried out in order to properly establish a connection. As soon as the connection routine is
finished, the user can define and execute different tests using the diagnostics system as if it the
only thing involved were the SWL.

5.2.2 Software layer

The final version of the software layer acts as an HMI for the entire diagnostics system. With
the software, test personell can perform tests on the SADM unit, and measure results gathered
from sensor data during a test run.

& Form1 - b x
Settings Data  Parameter control  Test configuration
SADM Cortrols Plot view  Parameter control  Test Canfiguration
Start Auto Rotate | Motor Speed I:l Set motor speed Plot 1 Plot 2
SopAdoRotme | Ange [ || Roume Live data view
—sine
4
Sensor data 24
[] temperature
[] humidity

Value

gae ]
[ postion
o

Live output values

0.312385196181835

T T T T T T
13:22:20 13:22:25 13:22:30 13:22:35 13:22:40 13:22:45 13:22:50
Time

COM Disconned ted Network Disconned ted

Figure 5.9: Diagnostics system software layer user interface

The software supports gathering and plotting sensor data in real-time and saving gathered
data to a local database. Previously saved data can be viewed in a simple plot database viewer.
The software communicates with external data sources, such as an arduino micro-controller,
using a standardized communication protocol as defined in appendix A.22.
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Automated testing is another feature of the software. This includes setting up a queue
of instructions to be run on the SADM unit, and selecting specific data to gather while these
instructions are executed.

The software can be connected to a data source either with a USB connection, or through
ethernet to an external simulation.

Communication towards the software uses an established communication protocol, ap-
pendix A.22, and only support data that is formatted according to this. But as long as this
protocol is followed, anyone can make a device or simulation that can interface with the soft-
ware.

A user manual for the HMI software can be viewed in appendix A.23. This user manual
describes how to download and install the software, and how to operate it in the way it is
intended to be used.

5.2.3 The finance

As expected, the main expenses were purchasing parts and services for building prototypes
and the control cabinet. Other expenses were foods for meetings/presentations and for sub-
scription of Jira and Confluence, which was both covered by the team. The biggest expenses
was covered by KDA, which was for production of mechanical parts, by Wayken RM (448 USD),
and electrical components, by Elfa (2571 SEK). The total expenses for this project was approx-
iamtely 8000 NOK. Mek. Lab. spent approximately 20 hours working to produce mechanical
parts for this project, but this expense is not counted because Mek. Lab. is a department within
KDA.

Invoices are available in appendix A.1.

5.3 Project Challenges

Challenges usually come to every team and their project. If there were no challenges then
there would be lesser opportunity for learning.

At the very beginning of the project, when we got the first glimpse of what the team was
supposed to be doing the next six months, there was a bit of a challenge including the software
students into the given task. DSS wanted a design and prototype of a SADM that was supposed
to transfer 20A current both ways through the system and rotate solar arrays. In addition to this
we were given size and weight restrictions. This task was a mechanical and electrical heavy
task, so the team needed to find a way of including the expertise of the software students into
the project. After numerous meetings and planning, it was decided to add the diagnostic system
as a part of the project. The requirements for the diagnostics system are self-defined, and was
form over the course of this project.
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As mentioned in section 3.4.2 some of the team members experienced some issues with
the way the user stories were formed initially. Each requirement given by DSS was given one
unique user story by the team members, which proved to be too generalized for describing our
tasks. This problem occurred mainly for team members dealing with electrical and mechanical
tasks. The reason for this is that the software students made their own requirements and the
mechanical and electrical students got their requirements from DSS.

1D Description Importance

R3-01 The mass of the SADM shall not exceed 2kg (Harness not included) [ musT |

Figure 5.10: Requirement R3-01

Figure 5.10 show an example of how the different user stories were listed in the backlog.
Requirement R3-01 is a physical requirement, and is one of the most important requirements
related to the physical prototype. To satisfy this specific requirement we had to decide what
electrical components we needed to satisfy requirements for electrical power transfer line, we
needed to design the parts of the prototype after this power transfer line and many other tasks.
It proved to be difficult to satisfy a huge requirement such as R3-01, so there was need for
change in the layout of the backlog and its user stories. The way we did this is further described
in section 3.4.2.

When working on a tight time budget things have to be strictly planned and executed for a
smooth sailing throughout a project. Numerous risks are related to this type of project, and one
of these risks is related to the fact that ordered items is not always arriving in time. This was
also a case in our project. Therefore it was cramped with time towards the end, considering
that the ordered equipment needed testing and documentation in time for the documentation
hand-in.

One of the main components in the power transfer line of the SADM is the flexible printed
circuit board, or more commonly expressed as the Flex. A lot of work was put into this particular
component, and when it was time to place an order, it proved to be astronomically expensive. It
exceeded our budget by far, so there was a need for a plan B, which ones responsible managed
to do in record time. The flex arrived two days before documentation hand-in, and the team
managed to do an test assemble of the SADM just in time.

Considering the mechanical aspects, there were challenges related to making fantastic de-
signs in SolidWorks that were not as wonderful to produce. As a major part of the verification
of the design the mechanical engineering students was through mechanical workshop at KDA
a number of times. The visits ended several times with the design needing changes as a result
of the parts being time consuming and difficult to make. This was not ideal as a large part of
the mechanical department project was to create a product that can be mass produced.
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The development of the software layer of the diagnostics system was done with .NET C#.
Even though this was in part familiar territory, the way the language and framework was used
in this project introduced new ways of thinking about architecture and design. The codebase
quickly grew large and messy, since all of the Ul components required their own event handler,
and all Ul components was based on one class. It seemed impractical to have everything in
one file, which at one point was over 1000 lines long. It was discovered that indeed .NET has
solutions for this. A class can be split into partial classes and these parts can be kept in sep-
arate files. Furthermore, custom user controls can be created, encompassing Ul functionality
into a totally separate class that only handles one specific part of the Ul. This was discovered
and utilized towards the end of the project, and are techniques that would be used extensively
when continuing work on this software.

Challenges in developing the software system and hardware components of the diagnos-
tics system includes how to communicate between the software layer and hardware layer. It
was observed early on that a unified communication protocol needed to be established. This
protocol has seen some changes throughout the development.

Near the documentation hand-in a problem was addressed that the team had completely
overlooked. A task that the team was supposed to be doing every week: make a follow-up
document for the internal supervisor. The information was actually provided weekly, just not
in written form. This was a critical mistake that we immediately needed to address and fix.
A document of each team member’s contributions was made instead in addition to describing
comments on the time sheet where the team tracked all working hours.
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Chapter 6
Conclusion

6.1 Summary

Maintaining structure has been really important over the course of this project. Having half
the group working on the physical prototype, and the other half developing the diagnostics
system, required frequent insight in each others work. The project management tool used, Jira,
made it easy to keep track of what everyone at the team was working on at any given time. This
ties closely in to the process model used for this project.

An iterative development process proved to be useful, but in some cases challenging. Trans-
lating heavy requirements into smaller user stories, and fragmenting them in such a way that
they could be worked on iteratively was poorly understood in the beginning. The decision to
rethink this structure was a good move, and helped the team make progress in a way that made
more sense with respect to the agile process model chosen. Ultimately the iterative process
opened up for learning from mistakes on the way, and led to rapid prototype development for
inspecting the solutions before going to production stage.

The use of project management tools such as Jira and Confluence helped the team keep
track of what tasks remained to be done. Other structured documents was made internally to
keep track of the traceability between requirements and verification. Learning how to utilize
these tools took some time, but quickly became an integral part of the daily routine.

A prototype of a Solar Array Drive Mechanism was produced with an associated testing
hardware and software - the Diagnostic System release version. The prototype has the same
geometrical measurements as the space graded design for an easy implementation of space
grade components. The diagnostics system can be used to verify requirements that can be
measured with sensors installed in the SADM, and it can be used to control the rotary position
of the SADM shaft.
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6.2 Reflections

The process includes sprint evaluation meetings every Monday. These meetings were done,
but could have been done better. The team should have been more focused on making sure
the user stories were put in a version and epic in the Jira interface. A report could have been
generated after each sprint and handed over to supervisors. The team is completely new to
using a model like this, as well as using tools like Jira and Confluence. Without having any
data in the beginning, reports generated from Jira made little to no sense, and it was not until
near the end of the project that the team could understand how the reporting worked. Learning
about this gave a better perspective on how to gather information during development, and in
hindsight this feature of the process tools could have been utilized a lot better.

6.3 Future Work

Considering the whole system, DS and SADM together, an idea for future work could be a
control system that automatically rotates the solar arrays towards the sun, or identifies the angle
that provides best possible energy absorption. For example, this can be solved with several
light-sensitive sensors for identifying where the SADM (satellite) is most exposed to sunlight,
rotating the solar arrays to the point at which the amount of power transferred through the SADM
is largest, or by simulating the satellite’s orbit around Earth and calculating its position relative
to the sun. Either way, the output can be fed to a controller - PID-controller, that determines
which output angle the shaft and solar arrays should have.

Solar array interface requirements were not considered in this project even though there
were a fair amount of them. Therefore it would be a possibility to develop this technology further
beyond the time scope of this project. The Mark2 structure would be a interesting subject to
investigate further in terms of cost, design and possibility to make assembling of the SADM
easier and therefore reducing assembling time and the risk of improper assembling.

More testing is also required to have finish product ready for use, both physical tests and
simulations with CAD-tool. Tests that should be done are structural testing and more thorough
testing of vibration and thermal stresses. The design did not take thermal expansions/com-
pression in consideration due to lack of time for simulations.

To prevent the shaft from rotating to angles exceeding the specification, a mechanical stop
should be introduced. There was made a simple drawing of this solution in SolidWorks, but it
were never implemented in the prototype as other things were prioritized instead. To physically
prevent the diagnostics system from ripping apart the flex, this could be a potential technology
to develop further.

The final version of the software layer that came out of this project, is still very much at
prototyping stage. Improvements that could be made is to overhaul the user interface design,
making it easier and more intuitive to use. The code-base could be more optimized, and com-
partmentalized into smaller segments for better readability for anyone who would continue work
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on the project.

The software should include functionality to generate test reports from automated tests that
has been performed. This feature is not yet implemented due to the time available at the end
of the project. This is a feature that would be beneficial to implement in future versions of the
software.

As of now, adding additional sensors to the testing station, requires a firmware update at
hardware layer. This means that the HWL code-base itself has to be altered in order to support
reading of the new sensors. A possible solution to simplify integration of new sensors could be
to add functionality for configuring additional sensors through the software layer. Additionally,
there is no way to share the unit of measurement associated with the data collected. This could
simply be incorporated into the stage where available sensor data is sent.

The final version of the HWL sends JSON formatted data by utilizing the printTo function
of the Arduinodson library [87]. This function delay consecutive execution by a fair amount of
time, which could be reduced by sending one character at a time for each iteration of the loop
function [88].
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* Support covers technical service requests for implementation and configuration assistance, upgrade assistance, post-implementation product issues.

A technical service request is defined as assistance with one issue, problem, or question relating to the use or installation of a Atlassian product, regardless
of the number of communications required.

Support does not cover the following:

- Development requests, including custom code development or support for third party plugins

- Database integrity or database performance issues, including tuning and optimisation of the database

- Network topology or environment issues

- Application server issues not directly related to the Atlassian product implementation, configuration or operation
- Service requests or issues referred via Atlassian forums

Atlassian Pty Ltd, Level 6, 341 George St, Sydney NSW 2000, Australia

Got questions? Contact us. Invoice Serial#: 0
https://www.atlassian.com/contact
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A ATLASSIAN

Tax Invoice / Receipt

Organization Number: 2012073

Summary

Invoice Number: AT-71404958

Date Issued: 16 Feb 2019

USN Bachelor group 5

Krona
Kongsberg 06 3611
Norway

Billing Contact:

Thomas Mundal
USN Bachelor group 5
thmundal@gmail.com

Technical Contact:

Thomas Mundal
USN Bachelor group 5
thmundal@gmail.com

Total Paid: USD25.00

Date Paid: 16 Feb 2019

1
! OFFICIAL RECEIPT
L e o o o o o e e e o e e e e e e e e e e e e e e 1
Invoice Total: USD25.00
Payment Received: USD-25.00
Amount Now Due: UsDO0.00

PayPal Account:

thmundal@gmail.com

Thank you for your payment!

For information on our refund policy and other purchasing FAQs, see
https://www.atlassian.com/licensing/purchase-licensing

Atlassian Pty Ltd, Level 6, 341 George St, Sydney NSW 2000, Australia

Got questions? Contact us.
https://www.atlassian.com/contact

Invoice Serial#: 0
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A ATLASSIAN

Tax Invoice / Receipt

Organization Number: 2012073

Detai Is Invoice Number: AT-71404958
Date Issued: 16 Feb 2019
Qty Product Unit Price Adjustment Total
Confluence (Cloud) 10 Users (Monthly Payments) Renewal
- Site Address: usnbachelor.atlassian.net
1 - Support Entitlement Number: SEN-13115264 USD10.00 USD10.00
- Licensed To: USN Bachelor group 5
- Billing Period: 14 Feb 2019 - 14 Mar 2019
Jira Software (Cloud) 10 Users (Monthly Payments) Renewal
- Site Address: usnbachelor.atlassian.net
1 - Support Entitlement Number: SEN-13115264 USD10.00 USD10.00
- Licensed To: USN Bachelor group 5
- Billing Period: 14 Feb 2019 - 14 Mar 2019
Total Ex. Tax (USD) USD20.00
25% VAT (USD) USD5.00
Total Amount Paid (USD) USD25.00

Additional Notes

The VAT exclusive total on this invoice is € 17.76 (EUR). The amount of VAT on this invoice is € 4.44 (EUR) at 25%

Atlassian Pty Ltd, Level 6, 341 George St, Sydney NSW 2000, Australia

Got questions? Contact us.
https://www.atlassian.com/contact

Invoice Serial#: 0

Page 2 of 3



A ATLASSIAN Tax Invoice / Receipt

Organization Number: 2012073

Licensing & Support Invoice Number: AT-71404958

Date Issued: 16 Feb 2019

Support Requests related to licensing or Atlassian software can be initiated at https://www.atlassian.com/resources/support

For support requests related to third party software please contact the third party vendor.
Usage of Atlassian products and services are subject to the Atlassian Cloud Terms of Service and Privacy Policy

Usage of third party add-ons purchased through the Atlassian Marketplace is subject to the Atlassian Marketplace Terms of Use

Specific details on Atlassian's support policy are available at https://confluence.atlassian.com/support/atlassian-support-offerings-193299636.html

Next steps for JIRA, Confluence, and Marketplace add-on legacy license holders are available in the Atlassian licensing FAQ

Software maintenance covers access to any support* and software product updates for your software license.

After your software maintenance period expires, you will no longer be able to access support or software updates, including security patches. Renewing your
software maintenance is done purely at your discretion, and can be renewed in advance of your maintenance period expiration to ensure uninterrupted
access to the support services and software and security updates.

You can continue to use your software after the active maintenance period expires. However, do keep in mind that software maintenance renewals
commence from the expiration of the last active software maintenance period.

* Support covers technical service requests for implementation and configuration assistance, upgrade assistance, post-implementation product issues.

A technical service request is defined as assistance with one issue, problem, or question relating to the use or installation of a Atlassian product, regardless
of the number of communications required.

Support does not cover the following:

- Development requests, including custom code development or support for third party plugins

- Database integrity or database performance issues, including tuning and optimisation of the database

- Network topology or environment issues

- Application server issues not directly related to the Atlassian product implementation, configuration or operation
- Service requests or issues referred via Atlassian forums

Atlassian Pty Ltd, Level 6, 341 George St, Sydney NSW 2000, Australia

Got questions? Contact us. Invoice Serial#: 0
https://www.atlassian.com/contact
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A ATLASSIAN

Tax Invoice / Receipt

Organization Number: 2012073

Summary

Invoice Number: AT-73326728

Date Issued: 18 Mar 2019

USN Bachelor group 5

Krona
Kongsberg 06 3611
Norway

Billing Contact:

Thomas Mundal
USN Bachelor group 5
thmundal@gmail.com

Technical Contact:

Thomas Mundal
USN Bachelor group 5
thmundal@gmail.com

Total Paid: USD25.00

Date Paid: 18 Mar 2019

1
! OFFICIAL RECEIPT
L e o o o o o e e e o e e e e e e e e e e e e e e 1
Invoice Total: USD25.00
Payment Received: USD-25.00
Amount Now Due: UsDO0.00

PayPal Account:

thmundal@gmail.com

Thank you for your payment!

For information on our refund policy and other purchasing FAQs, see
https://www.atlassian.com/licensing/purchase-licensing

Atlassian Pty Ltd, Level 6, 341 George St, Sydney NSW 2000, Australia

Got questions? Contact us.
https://www.atlassian.com/contact

Invoice Serial#: 0
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A ATLASSIAN

Tax Invoice / Receipt

Organization Number: 2012073

Detai Is Invoice Number: AT-73326728
Date Issued: 18 Mar 2019
Qty Product Unit Price Adjustment Total
Confluence (Cloud) 10 Users (Monthly Payments) Renewal
- Site Address: usnbachelor.atlassian.net
1 - Support Entitlement Number: SEN-13115264 USD10.00 USD10.00
- Licensed To: USN Bachelor group 5
- Billing Period: 14 Mar 2019 - 14 Apr 2019
Jira Software (Cloud) 10 Users (Monthly Payments) Renewal
- Site Address: usnbachelor.atlassian.net
1 - Support Entitlement Number: SEN-13115264 USD10.00 USD10.00
- Licensed To: USN Bachelor group 5
- Billing Period: 14 Mar 2019 - 14 Apr 2019
Total Ex. Tax (USD) USD20.00
25% VAT (USD) USD5.00
Total Amount Paid (USD) USD25.00

Additional Notes
The VAT exclusive total on this invoice is EUR 17.69. The amount of VAT on this invoice is EUR 4.42 at 25%

Atlassian Pty Ltd, Level 6, 341 George St, Sydney NSW 2000, Australia

Got questions? Contact us.
https://www.atlassian.com/contact

Invoice Serial#: 0
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A ATLASSIAN Tax Invoice / Receipt

Organization Number: 2012073

LicenSing & Suppor‘t Invoice Number: AT-73326728

Date Issued: 18 Mar 2019

Support Requests related to licensing or Atlassian software can be initiated at https://www.atlassian.com/resources/support

For support requests related to third party software please contact the third party vendor.
Usage of Atlassian products and services are subject to the Atlassian Cloud Terms of Service and Privacy Policy

Usage of third party add-ons purchased through the Atlassian Marketplace is subject to the Atlassian Marketplace Terms of Use

Specific details on Atlassian's support policy are available at https://confluence.atlassian.com/support/atlassian-support-offerings-193299636.html

Next steps for JIRA, Confluence, and Marketplace add-on legacy license holders are available in the Atlassian licensing FAQ

Software maintenance covers access to any support* and software product updates for your software license.

After your software maintenance period expires, you will no longer be able to access support or software updates, including security patches. Renewing your
software maintenance is done purely at your discretion, and can be renewed in advance of your maintenance period expiration to ensure uninterrupted
access to the support services and software and security updates.

You can continue to use your software after the active maintenance period expires. However, do keep in mind that software maintenance renewals
commence from the expiration of the last active software maintenance period.

* Support covers technical service requests for implementation and configuration assistance, upgrade assistance, post-implementation product issues.

A technical service request is defined as assistance with one issue, problem, or question relating to the use or installation of a Atlassian product, regardless
of the number of communications required.

Support does not cover the following:

- Development requests, including custom code development or support for third party plugins

- Database integrity or database performance issues, including tuning and optimisation of the database

- Network topology or environment issues

- Application server issues not directly related to the Atlassian product implementation, configuration or operation
- Service requests or issues referred via Atlassian forums

Atlassian Pty Ltd, Level 6, 341 George St, Sydney NSW 2000, Australia

Got questions? Contact us. Invoice Serial#: 0
https://www.atlassian.com/contact

Page 3 of 3



A ATLASSIAN

Tax Invoice / Receipt

Organization Number: 2012073

Summary

Invoice Number: AT-74966186

Date Issued: 14 Apr 2019

USN Bachelor group 5

Krona
Kongsberg 06 3611
Norway

Billing Contact:

Thomas Mundal
USN Bachelor group 5
thmundal@gmail.com

Technical Contact:

Thomas Mundal
USN Bachelor group 5
thmundal@gmail.com

Total Paid: USD25.00

Date Paid: 14 Apr 2019

1
! OFFICIAL RECEIPT
L e o o o o o e e e o e e e e e e e e e e e e e e 1
Invoice Total: USD25.00
Payment Received: USD-25.00
Amount Now Due: UsSDO0.00

PayPal Account:

thmundal@gmail.com

Thank you for your payment!

For information on our refund policy and other purchasing FAQs, see
https://www.atlassian.com/licensing/purchase-licensing

Atlassian Pty Ltd, Level 6, 341 George St, Sydney NSW 2000, Australia

Got questions? Contact us.
https://www.atlassian.com/contact

Invoice Serial#: 0
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A ATLASSIAN

Tax Invoice / Receipt

Organization Number: 2012073

Detai Is Invoice Number: AT-74966186
Date Issued: 14 Apr 2019
Qty Product Unit Price Adjustment Total
Confluence (Cloud) 10 Users (Monthly Payments) Renewal
- Site Address: usnbachelor.atlassian.net
1 - Support Entitlement Number: SEN-13115264 USD10.00 USD10.00
- Licensed To: USN Bachelor group 5
- Billing Period: 14 Apr 2019 - 14 May 2019
Jira Software (Cloud) 10 Users (Monthly Payments) Renewal
- Site Address: usnbachelor.atlassian.net
1 - Support Entitlement Number: SEN-13115264 USD10.00 USD10.00
- Licensed To: USN Bachelor group 5
- Billing Period: 14 Apr 2019 - 14 May 2019
Total Ex. Tax (USD) USD20.00
25% VAT (USD) USD5.00
Total Amount Paid (USD) USD25.00

Additional Notes
The VAT exclusive total on this invoice is EUR 17.67. The amount of VAT on this invoice is EUR 4.42 at 25%

Atlassian Pty Ltd, Level 6, 341 George St, Sydney NSW 2000, Australia

Got questions? Contact us.
https://www.atlassian.com/contact

Invoice Serial#: 0
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A ATLASSIAN Tax Invoice / Receipt

Organization Number: 2012073

LicenSing & Suppor‘t Invoice Number: AT-74966186

Date Issued: 14 Apr 2019

Support Requests related to licensing or Atlassian software can be initiated at https://www.atlassian.com/resources/support

For support requests related to third party software please contact the third party vendor.
Usage of Atlassian products and services are subject to the Atlassian Cloud Terms of Service and Privacy Policy

Usage of third party add-ons purchased through the Atlassian Marketplace is subject to the Atlassian Marketplace Terms of Use

Specific details on Atlassian's support policy are available at https://confluence.atlassian.com/support/atlassian-support-offerings-193299636.html

Next steps for JIRA, Confluence, and Marketplace add-on legacy license holders are available in the Atlassian licensing FAQ

Software maintenance covers access to any support* and software product updates for your software license.

After your software maintenance period expires, you will no longer be able to access support or software updates, including security patches. Renewing your
software maintenance is done purely at your discretion, and can be renewed in advance of your maintenance period expiration to ensure uninterrupted
access to the support services and software and security updates.

You can continue to use your software after the active maintenance period expires. However, do keep in mind that software maintenance renewals
commence from the expiration of the last active software maintenance period.

* Support covers technical service requests for implementation and configuration assistance, upgrade assistance, post-implementation product issues.

A technical service request is defined as assistance with one issue, problem, or question relating to the use or installation of a Atlassian product, regardless
of the number of communications required.

Support does not cover the following:

- Development requests, including custom code development or support for third party plugins

- Database integrity or database performance issues, including tuning and optimisation of the database

- Network topology or environment issues

- Application server issues not directly related to the Atlassian product implementation, configuration or operation
- Service requests or issues referred via Atlassian forums

Atlassian Pty Ltd, Level 6, 341 George St, Sydney NSW 2000, Australia

Got questions? Contact us. Invoice Serial#: 0
https://www.atlassian.com/contact
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A ATLASSIAN

Tax Invoice / Receipt

Organization Number: 2012073

Summary

Invoice Number: AT-76841744

Date Issued: 14 May 2019

USN Bachelor group 5

Krona
Kongsberg 06 3611
Norway

Billing Contact:

Thomas Mundal
USN Bachelor group 5
thmundal@gmail.com

Technical Contact:

Thomas Mundal
USN Bachelor group 5
thmundal@gmail.com

Total Paid: USD25.00

Date Paid: 14 May 2019

1
! OFFICIAL RECEIPT
L e o o o o o e e e o e e e e e e e e e e e e e e 1
Invoice Total: USD25.00
Payment Received: USD-25.00
Amount Now Due: UsSDO0.00

PayPal Account:

thmundal@gmail.com

Thank you for your payment!

For information on our refund policy and other purchasing FAQs, see
https://www.atlassian.com/licensing/purchase-licensing

Atlassian Pty Ltd, Level 6, 341 George St, Sydney NSW 2000, Australia

Got questions? Contact us.
https://www.atlassian.com/contact

Invoice Serial#: 0
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A ATLASSIAN

Tax Invoice / Receipt

Organization Number: 2012073

Detai Is Invoice Number: AT-76841744
Date Issued: 14 May 2019
Qty Product Unit Price Adjustment Total
Confluence (Cloud) 10 Users (Monthly Payments) Renewal
- Site Address: usnbachelor.atlassian.net
1 - Support Entitlement Number: SEN-13115264 USD10.00 USD10.00
- Licensed To: USN Bachelor group 5
- Billing Period: 14 May 2019 - 14 Jun 2019
Jira Software (Cloud) 10 Users (Monthly Payments) Renewal
- Site Address: usnbachelor.atlassian.net
1 - Support Entitlement Number: SEN-13115264 USD10.00 USD10.00
- Licensed To: USN Bachelor group 5
- Billing Period: 14 May 2019 - 14 Jun 2019
Total Ex. Tax (USD) USD20.00
25% VAT (USD) USD5.00
Total Amount Paid (USD) USD25.00

Additional Notes
The VAT exclusive total on this invoice is EUR 17.79. The amount of VAT on this invoice is EUR 4.45 at 25%

Atlassian Pty Ltd, Level 6, 341 George St, Sydney NSW 2000, Australia

Got questions? Contact us.
https://www.atlassian.com/contact

Invoice Serial#: 0

Page 2 of 3



A ATLASSIAN Tax Invoice / Receipt

Organization Number: 2012073

Licensing & Support Invoice Number: AT-76841744

Date Issued: 14 May 2019

Support Requests related to licensing or Atlassian software can be initiated at https://www.atlassian.com/resources/support

For support requests related to third party software please contact the third party vendor.
Usage of Atlassian products and services are subject to the Atlassian Cloud Terms of Service and Privacy Policy

Usage of third party add-ons purchased through the Atlassian Marketplace is subject to the Atlassian Marketplace Terms of Use

Specific details on Atlassian's support policy are available at https://confluence.atlassian.com/support/atlassian-support-offerings-193299636.html

Next steps for JIRA, Confluence, and Marketplace add-on legacy license holders are available in the Atlassian licensing FAQ

Software maintenance covers access to any support* and software product updates for your software license.

After your software maintenance period expires, you will no longer be able to access support or software updates, including security patches. Renewing your
software maintenance is done purely at your discretion, and can be renewed in advance of your maintenance period expiration to ensure uninterrupted
access to the support services and software and security updates.

You can continue to use your software after the active maintenance period expires. However, do keep in mind that software maintenance renewals
commence from the expiration of the last active software maintenance period.

* Support covers technical service requests for implementation and configuration assistance, upgrade assistance, post-implementation product issues.

A technical service request is defined as assistance with one issue, problem, or question relating to the use or installation of a Atlassian product, regardless
of the number of communications required.

Support does not cover the following:

- Development requests, including custom code development or support for third party plugins

- Database integrity or database performance issues, including tuning and optimisation of the database

- Network topology or environment issues

- Application server issues not directly related to the Atlassian product implementation, configuration or operation
- Service requests or issues referred via Atlassian forums

Atlassian Pty Ltd, Level 6, 341 George St, Sydney NSW 2000, Australia

Got questions? Contact us. Invoice Serial#: 0
https://www.atlassian.com/contact
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ELFA Distrelec
Rosenholmveien 25
1414 TROLLASEN
NORWAY

Attn.:
E-post:  norge@elfa.se

KONGSBERG
BESTILLING NR. 361002145

Dato: 23 apr. 2019

Saksbeh: Opheim, Nils Olav

Telefon: +47 977 53 224

E-post:
nils.olav.fiskarbekk.opheim@kongsberg.com

Vi bestiller
Pos | Ant Enh | Part nr/Betegnelse Enh.pris Lev.dato
NOK
10 2,00 stk 301-02-804 - YW1S-33E20 Vribryter med fjeerretur 104,00 30 apr. 2019
20 1,00 stk 164-90-125 - Contelec VERT-X 2831-736-221-102 641,00 30 apr. 2019
Encoder
SUM FOR BESTILLING NOK 849,00

Kontraktsbetingelser:

Leveringsbet.:
Betalingsbet.:
Leveringsadr:

Pakkseddel:
Forsendelse:
Forsendelsesinstrukser:

Fakturering:

KONGSBERG General Conditions. SELGERs generelle salgsbetingelser, unntak eller
forbehold av noe slag skal ikke vaere gjeldende med mindre det foreligger eksplisitt
skriftlig aksept fra KONGSBERG.

FCA - Free Carrier (i samsvar med ICC, Incoterms 2010)
Net 30 days

Kongsberg Defence & Aerospace AS
Kirkegardsvn. 45,Bygg 36

3616 Kongsberg

NORWAY

Pakkseddel skal alltid fglge forsendelsen
Post

Kontakt DHL Express AS for & organisere forsendelse. TIf.: +47 810 01 345 eller
www.dhl.com. Bruk kundenummer: 240747547

Faktura og alle vedlegg sendes i PDF-format pr. e-post til: kda.faktura@kongsberg.com

Vennligst angi vart bestillings- /Pos- og artikkelnr. pa alle fakturaer.

BP id: 100000635

Rekv: Normann, Eirik De

KONGSBERG DEFENCE & AEROSPACE AS
Kirkegardsveien 45 P.O.Box 1003 NO-3601 Kongsherg Norway Phone +47 32 28 82 00
Enterprise no NO 978 614 582 MVA Foretaksregisteret www.kongsberg.com




BESTILLING NUMMER 361002145 Side 2 av (5)

Merking: Ved krav om merking av artikler med KDA-artikkelnummer og revisjon, sa er det
artikkelens revisjon i henhold til denne bestilling som skal benyttes. Artikkelens revisjon
er vist som en strek eller som bokstav(er) umiddelbart etter artikkelnummeret.

Alle varer og leveransedokumenter merkes “Best. nr. 361002145", vart pos. nr og
lager ""Byggn.36/1 el.mek og mekanisk"".

Eksportlisenser:

SELGER skal far leveranse oversende kopi av alle relevante eksportlisenser utstedt av utenlandske myndigheter.
Spesielt skal SELGER oversende kopi av alle relevante ITAR-lisenser, uavhengig om disse gjelder direkte for
leveransen til KONGSBERG, eller om de gjelder indirekte for deler som er inkludert eller pa annen mate inngar i
leveransen.

Vi ser frem til & motta Deres ordrebekreftelse pa vedlagt formular.

Med vennlig hilsen
for Kongsherg Defence & Aerospace AS

Wb Ol

Opheim, Nils Olav

.

b




BESTILLING NUMMER 361002145

GENERAL CONDITIONS FOR MINOR PURCHASES
REVISION A DECEMBER 2014

1. GENERAL

These General Conditions for Minor Purchases (“General Conditions™) shall apply
unless otherwise agreed In Writing between the Parties. SELLER’s general terms and
conditions, exceptions, qualifications, or other terms and conditions shall not apply,
unless explicitly accepted In Writing by BUYER.

2. DEFINITIONS

“SELLER” shall mean the company or person stated as such in the Purchase Order.
“BUYER?” shall mean the company stated as such in the Purchase Order. “Party”
shall mean either SELLER or BUYER. “Parties” shall mean both SELLER and
BUYER. “Purchase Order” shall mean a request for the performance of the Work
issued In Writing. “Order Confirmation” shall mean a document issued by SELLER
In Writing using BUYER’s form as attached to the Purchase Order, in which SELLER
declares and undertakes to perform the requested Work according to the Contract.
”Contract” shall mean the written contract between the Parties for the
performance of the Work by SELLER, consisting of the Purchase Order, these
General Conditions and any other Contract Documents. “Contract Document”
shall mean any document explicitly made part of the Contract. “Purchase Order
Price” shall have the meaning set forth in Article 4. “Work” shall mean all supplies
and services to be performed by SELLER for BUYER under the Contract. “Scope of
Work” shall mean the portion of the Work to be performed by SELLER. The Scope
of Work may be included in the Purchase Order or in any other of the Contract
Documents. “Specifications” shall mean the specification of the Work, including but
not limited to quality, design, and construction. The Specifications may be included in
the Purchase Order or in any other of the Contract Documents. “Delivery Schedule”
shall mean the schedule which specifies the time for delivery, performance, partial
performance or Completion, as applicable. The Delivery Schedule may be included in
the Purchase Order or in any other Contract Document. “Completion” shall mean
when the Work has been performed in full, together with delivery of all applicable
documentation, drawings, models, instructions, descriptions, handbooks, and manuals
necessary for correct installation, operation, maintenance, and use of the Work, as
specified in a Contractual Documentation Requirements List (“CDRL”) or any other
Contract Document. “Day” shall mean calendar day. “In Writing” shall mean a
document signed by BUYER and/or SELLER and submitted to the other Party either
by hand, courier service, letter, fax, or pdf-attachment to an e-mail. “Force Majeure”
shall mean an occurrence beyond the control of the Party affected impeding the
performance of its obligations under the Contract, provided that such occurrence could
not have been reasonably foreseen at the time of entering into the Contract and that
the Party affected could not reasonably have avoided or overcome it or its
consequences, including but not limited to, act of God, act of public enemy, war,
blockage, strike on a national level, riot, lightening, fire, storm, flood, explosion, and
Government restriction. “Open Source” shall mean any software, which is subject to
license terms and conditions currently listed at http://opensource.org/licenses/ or
meeting the criteria listed at http://opensource.org/docs/definition.php or which is
subject to any similar free or open source license terms. “Intellectual Property” shall
mean all work of authorship, procedures, designs, patented and unpatented inventions
and discoveries, mask works, drawings, specifications, plans of operation, technical
documentation, samples, models, tools, test equipment, copyrighted works, registered
and unregistered trademarks, trade secrets, know-how, and proprietary information, in
all formats, languages, and versions.

3. ORDER CONFIRMATION

The Purchase Order to which these General Conditions apply is BUYER’s offer and
shall become a Contract only upon full and unconditional acceptance by SELLER and
in strict accordance with these General Conditions. SELLER shall within seven (7)
Days after receipt of a Purchase Order return the Order Confirmation to BUYER.
SELLER shall also be bound by the Purchase Order upon actual adherence thereto. If
the Order Confirmation returned by SELLER to BUYER does not comply with the
Purchase Order, these General Conditions or what is otherwise agreed with BUYER,
BUYER reserves the right to cancel the Purchase Order without cost and/or
obligation.

4. PURCHASE ORDER PRICE

The Purchase Order Price shall mean the total price specified in the Purchase Order
which is subject to adjustment in accordance with Article 7 only and which shall
constitute full compensation to SELLER for the Work, including all costs, expenses,
taxes (excluding VAT) unless otherwise is explicitly stated in a Contract Document,
duties, fees or charges of any kind incurred by or levied on SELLER related to the
performance of the Purchase Order and the provision by SELLER of the Work.

5. THE WORK

SELLER shall perform the Work: (i) in conformity with the Delivery Schedule; and
(ii) in conformity with the Scope of Work; and (iii) in conformity with the
Specifications; and (iv) in accordance with best industry practices and standards; and
(v) to achieve fitness for purpose to the extent that a particular purpose is either
expressly or by implication specified in any of the Contract Documents; and (vi) in
accordance with SELLER’s quality assurance system, unless otherwise required by
BUYER in any of the Contract Documents; and (vii) in compliance with all applicable
laws and regulations pertaining to the performance and delivery of the Work; and
(viii) in a safe and secure manner with active regard to and in compliance with all of

Side 3 av (5)

the SELLER’s national health, environmental and safety laws, regulations, and
instructions.

6. REACH-REGISTRATION, EVALUATION, AUTHORISATION AND
RESTRICTIONS OF CHEMICALS

The Candidate List of Substances of Very High Concern for Authorisation (the
“Candidate List”) is defined under the Regulation EC 1907/2006 of the European
Parlament. SELLER is required to monitor the Candidate List on a regular basis and
provide to BUYER information on new Substances of Very High Concern as they are
added, if it applies to the Work. The current Candidate List can be found on the
European Chemicals Agency (ECHA) website available at:
http://echa.europa.eu/web/guest/candidate-list-table. If the Work contain substances
found in the list, SELLER agrees to provide, at no additional cost to BUYER,
information regarding identified substances name, amount contained by weight, total
part weight and safe usage information. BUYER has the right to share all such
information with BUYER’s customer or any other relevant third party.

7. CHANGES

BUYER may at any time instruct changes to the Delivery Schedule, Scope of Work,
or Specifications of the Work required by the Contract (“Change Order”). If any
Change Order causes an increase in the cost and/or time required for SELLER’s
performance of the Work, SELLER may request an equitable adjustment to the
Purchase Order Price and/or Delivery Schedule. SELLER shall without undue delay
implement a Change Order when it has been received, even if the Parties have not
reached a final agreement on the adjustment to the Purchase Order Price and/or the
Delivery Schedule.

8. BUYER’S INFORMATION AND PROPERTY

SELLER shall keep confidential and not use BUYER’s drawings, specifications,
samples, software, technical documentation, or any other data or information of a
proprietary or confidential nature of the BUYER for any other purposes than
performing its obligations under the Contract and in strict accordance with BUYER’s
instructions.

Notwithstanding the provisions of Article 18, SELLER shall be solely responsible for
loss or damage to any buyer furnished property or information in SELLER’s
possession or custody, and shall at BUYER’s instruction promptly replace such at its
own cost and expense or refund its value.

9. DELAYED PERFORMANCE OF THE WORK

SELLER is in delay if performance of the Work is not achieved in accordance with
the Delivery Schedule for reasons other than Force Majeure. In case of delay, BUYER
shall be entitled to liquidated damages amounting to five-tenths of one per cent (0.5%)
of the total Purchase Order Price for each Day of delay. If only part of the Work is
delayed, the liquidated damages shall be calculated on the basis of the price of the
Work which cannot be used as intended due to the delay. In no event shall the
liquidated damages exceed twenty per cent (20%) of the total Purchase Order Price.
Liquidated damages hereunder shall be BUYER’s sole monetary remedy in the event
of delay on part of the SELLER except for termination for default under Article 11
and except for gross negligence or willful misconduct on part of SELLER. If the delay
is caused by gross negligence or willful misconduct on part of SELLER, BUYER may
claim damages for actual losses in excess of the liquidated damages.

10. TERMINATION FOR CONVENIENCE

BUYER may at any time and for any reason (whether SELLER is in default or not)
terminate the unperformed parts of the Contract in whole or in part by notice In
Writing to SELLER. BUYER’s sole obligation shall be to make payment for the part
of the Work delivered and shall make payment of unavoidable and documented direct
costs incurred on part of SELLER relating to the terminated part of the Work.

11. TERMINATION FOR DEFAULT

BUYER shall be entitled to terminate the Contract, or any part of the Work thereof,
for default with immediate effect by notice In Writing to SELLER if SELLER fails to
comply with any of the requirements of the Contract and fails to remedy and cure such
non-compliance within thirty (30) Days after SELLER’s receipt of written notice
specifying the failure. SELLER shall diligently proceed with the performance of the
Work not terminated by BUYER. BUYER shall in case of termination for default be
entitled to return the terminated part of the Work and to reclaim all corresponding
payments made of the Purchase Order Price. In addition, BUYER shall be entitled to
compensation for the documented direct costs and expenses, hereunder any excess re-
procurement costs resulting from the termination, subject to the limitation of liability
in Article 17.

12. DELIVERY

Title shall pass to BUYER upon delivery according to the agreed trade term
(INCOTERMS 2010). Unless otherwise stated in the Purchase Order or any Contract
Document, terms of delivery shall be FCA SELLER’s premises. If SELLER shall
install, implement, integrate, or commission the Work or parts thereof, passing of risk
shall however remain with SELLER until Completion.
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13. INVOICES AND PAYMENT

SELLER’s invoices shall be issued according to the Purchase Order. Unless otherwise
specified, invoices may not be issued before actual delivery and Completion of the
Work. Payment shall be made against correct invoice(s) sixty (60) Days after receipt
of invoice. BUYER reserves the right to make setoff against payments due or at issue
under the Contract or any other contract with SELLER.

14. AUDIT RIGHTS

BUYER, its customer, and any representative appointed by them shall at any time, at
no extra cost or expense, during normal working hours have the right to for the
duration of the Contract, visit SELLER’s and its subcontractors’ premises for the
purpose of: (i) conducting technical audits, testing and inspections; or (ii) conducting
quality assurance audits, testing and inspections; or (iii) verifying that the Work is
compliant with the Specifications and other requirements of the Contract. No audits,
inspections, or supervisions shall exempt SELLER from its performance obligations
under the Contract.

15. WARRANTY

SELLER warrants that the Work conforms to the Specifications and other
requirements of the Contract, and that the Work shall be free from defects in design,
material, and workmanship. SELLER’s design warranty shall not apply to Work
performed by SELLER pursuant to detailed designs developed, furnished, or provided
by BUYER to SELLER. The warranty period shall commence upon transfer of title to
BUYER and remain in effect until twenty-four (24) months after Completion of the
Work (the “Warranty Period”). BUYER’s warranty claims shall be presented In
Writing and at the latest within thirty (30) Days following the expiry of the Warranty
Period. If any non-conformity or defect in the Work or parts thereof appears within
the Warranty Period, SELLER shall at its own cost and risk without undue delay,
repair, rectify, replace, or re-perform the Work, after consultation with BUYER or
subject to BUYER’s instructions. SELLER shall reimburse BUYER all reasonable
direct costs and expenses in connection with remedy of defects or non-conforming
Work. Return of defective or non-conforming Work and transportation of replacement
Work shall be at SELLER’s cost and risk. Repaired, rectified, replaced, or re-
performed Work shall be subject to the same warranty obligations as for the original
Work, starting from the date of successful repair, rectification, replacement, or re-
performance of the Work. In case a systematic non-conformity or defect affects
similar work which SELLER has already performed to BUYER under a prior contract
or agreement, the same obligation to repair, rectify, replace, or re-perform, at
SELLER’s own costs, shall apply to such work, provided however that such work was
performed by SELLER no earlier than five (5) years before BUYER’s warranty claim
was presented to SELLER. A systematic non-conformity or defect shall be deemed to
exist where failures occurs or may occur with a frequency, pattern, or sameness to
indicate a logical regularity of occurrence. SELLER’s warranty for latent defects shall
extend for a period of five (5) years from Completion of the Work. For the avoidance
of doubt, SELLER’s obligation to repair, rectify, replace or re-perform the Work
under this Article 15 shall not be subject to the limitation of liability provisions of
Article 17.

16. INTELLECTUAL PROPERTY

The Parties shall retain all rights, title, and interest in or to all their respective
Intellectual Property owned, develop, conceived, acquired, or obtained prior to the
Contract (hereinafter referred to as “Background IP”). Intellectual Property
developed, conceived, acquired or obtained by SELLER as part of the Work during
the performance of the Contract (hereinafter referred to as “Foreground IP”) shall be
regarded as the sole Intellectual Property of BUYER unless otherwise explicitly stated
in the Contract. Notwithstanding the foregoing, BUYER shall always have the right to
exploit the Work by way of a nonexclusive, irrevocable, worldwide, perpetual, royalty
free right to use, amend, further develop and make any sale, transfer, assignment,
sublicense, distribution, incorporation or other commercial disposal of the Work in the
course of its business operations. All derivative work made by BUYER based on the
Work provided by SELLER to BUYER shall be regarded as the sole Intellectual
Property of BUYER.

17. LIMITATION OF LIABILITY

Except for gross negligent or wilful acts or omissions of either Party, their employees,
subcontractors, or representatives, neither SELLER nor BUYER shall be liable to the
other for any loss of profit, loss of use, loss of production, loss of contracts, attorney’s
fees, or for any indirect, consequential or special damages whatsoever that may be
suffered by the other. Except for gross negligent or wilful acts or omissions of either
Party, their employees, subcontractors, or representatives, the total cumulative liability
to the other Party whether in contract or tort shall be limited to the amount of the total
Purchase Order Price. For avoidance of doubt, the limitation provisions of this Article
17 shall not apply to the indemnity provisions of Articles 8, 18 and 19.
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18. INDEMNITIES

Except for gross negligent or wilful acts or omissions of the other Party, each Party
shall indemnify and hold harmless the other Party, its affiliated entities, its
subcontractors, their respective agents, and employees thereof from and against all
claims, damages, losses, and expenses in respect of: (i) bodily injury, sickness,
diseases, or death of any of its employees; and (ii) loss of or damage to its property;
and (iii) bodily injury, sickness, diseases, or death, and loss of or damage to the
property of any third party, caused by itself; arising from or related to the performance
of the Contract.

19. THIRD PARTIES’ RIGHTS

SELLER shall hold harmless, defend, and indemnify BUYER against any claim
alleging that any part of the Work infringes any third party Intellectual Property
Rights. SELLER warrants that the Work is free from any liens, attachments, charges,
encumbrances, claims, or the like, and undertakes to hold harmless, defend, and
indemnify BUYER from and against any claims related thereto.

20. OPEN SOURCE

SELLER warrants that no part of the Work include, is integrated, bundled or linked
with any software that is based upon Open Source. No deviation from this warranty
shall be regarded as validly accepted by BUYER; unless and to the extent SELLER:
(i) explicitly and conspicuously has listed any and all Open Source based software
with a brief description of their function separately; and (ii) duly provided BUYER
with this information In Writing together with correct versions of all relevant license
terms and conditions; and (iii) thereafter obtained an explicit complete and
corresponding acceptance for the deviation In Writing from an authorised BUYER
representative, included as part of each relevant Purchase Order from BUYER where
such a deviation is regarded as made. SELLER shall hold harmless, defend and
indemnify BUYER from and against any claims, costs, losses and damages resulting
from a breach of this warranty.

21. SUPPLIER CONDUCT PRINCIPLES

SELLER commits itself to conduct its business activities in a fair, honest, responsible,
ethical, and lawful manner and in strict adherence to all applicable laws and
regulations governing the ethical and legal conduct of business organizations.
SELLER has been provided a copy of the Supplier Conduct Principles of Kongsberg
Gruppen ASA (KOG-DIR-0038) or has been informed that these Supplier Conduct
Principles are available at www.kongsberg.com. The Supplier Conduct Principles
shall form an integral part of the Contract, and SELLER is expected to comply with or
actively pursue compliance with these principles. SELLER shall upon written request
from BUYER always be obliged to: (i) document compliance with the requirements
set forth above; and (ii) allow BUYER, BUYER’s customer, or a third party appointed
by BUYER or BUYER’s customer the right to conduct such audits as it finds
necessary to verify compliance with the requirements of this Article 21. For the
avoidance of doubt the audit rights shall include: (a) unrestricted access to all
production sites and premises; and (b) the right to communicate with and interview
employees and other personnel; and (c) the right to review pertinent documentation or
any other relevant material. SELLER shall ensure that any of SELLER’s lower tier
suppliers may also be subject to such audits as described above. The Parties shall
carry their own costs incurred in relation to performance of such documentation and
audit.

22. DISPUTES AND APPLICABLE LAW

The Contract shall be governed and construed by the substantive laws of Norway,
excluding any choice of law rule. Any dispute, controversy or claim arising out of or
relating to the Contract, or the breach thereof, shall be finally and exclusively settled
by arbitration pursuant to the provisions of this Article 22, and judgment on the award
rendered by the arbitrators may be entered in any court having jurisdiction thereof.
Before arbitration proceedings are commenced, the Parties shall endeavour to resolve
the dispute amicably through negotiations between high-level executives of the
Parties. If such negotiations are not successful after a period of sixty (60) Days from a
claim In Writing for such negotiations from either Party, either Party has the right to
refer the dispute to final settlement through arbitration pursuant to the applicable
Arbitration Rules of the United Nations Commission on International Trade Law
(UNCITRAL Arbitration Rules). The International Bar Association (IBA) Rules on
the Taking of Evidence in International Arbitration shall apply. The arbitration
tribunal shall consist of three (3) arbitrators. The arbitration shall be conducted in the
English language in Oslo, Norway. The Parties will enter into a separate written non-
disclosure undertaking or agreement covering a dispute that is subject to arbitration.
Notwithstanding the foregoing, each Party acknowledges that breach of the Contract
may cause irreparable damage and agrees that the other Party shall be entitled to seek
injunctive relief under the Contract by a competent court in any jurisdiction relevant
to a breach of the Contract.
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Kongsberg Defence & Aerospace AS Bestilling Nr: 361002145
P.O. Box 1003 Dato: 23 apr. 2019
3601 Kongsberg

NORWAY ELFA Distrelec

Attn.:  Opheim, Nils Olav

E-post:

nils.olav.fiskarbekk.opheim@ kongsberg.co
m

Ordrebekreftelse

Vennligst signer og returner denne ordrebekreftelsen innen 7 dager til Kongsberg Defence & Aerospace
AS.

Vi herved bekrefter aksept av ovennevnte bestilling, og at alle krav i bestillingen vil bli oppfylt.

Navn(Blokkbokstaver)...............:

SIGNALUL....ceccc

Leverandgrens ordrereferanse....:

Leveringsdato............cccovvvvvenns
Hvis ikke spesifisert pa bestllllng

Opprinnelsesland for varen.........




Wayken RM

No. 11 Dafu Industrial Area
Guanlan Street, Longhua District

Shenzen 518110
CHINA
KONGSBERG
Attn.: Ida Xing PURCHASE ORDER 361002151
Email:  ida@waykenrm.com
Date: 01 May. 2019
Purchaser:  Opheim, Nils Olav
Phone: +47 977 53 224
Email:
nils.olav.fiskarbekk.opheim@kongsberg.com
We order
Pos | Qty Unit | Part no./Description Unit Price Del.date
Usb
10 1.00 pcs  Mechanical Prototype Parts — Prototypes 448.00 10 May. 2019
According to Quotation number: 19204011
SUM ORDER LINES usD 448.00

General Conditions:

Delivery Terms:
Payment Terms:
Delivery Addr:

Packing list:
Shipping:

Shipping Instructions:
Invoicing:

KONGSBERG General Conditions. SELLER’s general terms and conditions, exceptions,
qualifications, or other terms and conditions shall not apply unless explicitly accepted in
writing by KONGSBERG

DAP - Delivered at Place (in accordance with Incoterms 2010)
Immediately

Kongsberg Defence & Aerospace AS
Kirkegardsvn. 45,Bygg 36

3616 Kongsberg

NORWAY

A Packing list is to be included in the parcel

Air transport

Please contact DHL Express to arrange shipment. Use account number: 955904275
Invoice and all enclosures is to be sent in PDF-format via e-mail to:
kda.faktura@kongsberg.com

In order to ensure safe transfer of payment, Bank Account Number and Wiring Instructions
has to be stated on the Invoice.

BP id: 100119360

Rekv: Normann, Eirik De

KONGSBERG DEFENCE & AEROSPACE AS
Kirkegardsveien 45 P.O.Box 1003 NO-3601 Kongsherg Norway Phone +47 32 28 82 00
Enterprise no NO 978 614 582 MVA Foretaksregisteret www.kongsberg.com
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Please state our Order-, Pos- and Item- number on all invoices. Invoices with signed EUR-1
certificate or statement of EUR origin, is to be attached to the package.

Marking: When the marking of parts with a KDA part number and revision is a requirement, the article
revision in accordance with this order shall be used. The part revision is shown as a hyphen or
letter(s) appearing immediately after the part number.

All packages and delivery documents are to be marked “P.0O. No. 361002151", the P.O.
pos. number and warehouse "'Byggn.36/1 el.mek og mekanisk™.

Export Licenses:

SELLER shall prior to delivery of the Work provide BUYER with copies of all applicable export licenses (both from
SELLER’s own country, as well as any other relevant countries) for the Work. In particular, SELLER shall provide
copies of all ITAR licenses applicable for the Work, regardless if such ITAR license applies to the Work itself or to
any part embedded, incorporated, or otherwise being part thereof.

We look forward to receiving your order confirmation by attached form.

Best Regards
for Kongsherg Defence & Aerospace AS

Wi Olwrt)

Opheim, Nils Olav

(VR
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GENERAL CONDITIONS FOR MINOR PURCHASES
REVISION A DECEMBER 2014

1. GENERAL

These General Conditions for Minor Purchases (“General Conditions™) shall apply
unless otherwise agreed In Writing between the Parties. SELLER’s general terms and
conditions, exceptions, qualifications, or other terms and conditions shall not apply,
unless explicitly accepted In Writing by BUYER.

2. DEFINITIONS

“SELLER” shall mean the company or person stated as such in the Purchase Order.
“BUYER?” shall mean the company stated as such in the Purchase Order. “Party”
shall mean either SELLER or BUYER. “Parties” shall mean both SELLER and
BUYER. “Purchase Order” shall mean a request for the performance of the Work
issued In Writing. “Order Confirmation” shall mean a document issued by SELLER
In Writing using BUYER’s form as attached to the Purchase Order, in which SELLER
declares and undertakes to perform the requested Work according to the Contract.
”Contract” shall mean the written contract between the Parties for the
performance of the Work by SELLER, consisting of the Purchase Order, these
General Conditions and any other Contract Documents. “Contract Document”
shall mean any document explicitly made part of the Contract. “Purchase Order
Price” shall have the meaning set forth in Article 4. “Work” shall mean all supplies
and services to be performed by SELLER for BUYER under the Contract. “Scope of
Work” shall mean the portion of the Work to be performed by SELLER. The Scope
of Work may be included in the Purchase Order or in any other of the Contract
Documents. “Specifications” shall mean the specification of the Work, including but
not limited to quality, design, and construction. The Specifications may be included in
the Purchase Order or in any other of the Contract Documents. “Delivery Schedule”
shall mean the schedule which specifies the time for delivery, performance, partial
performance or Completion, as applicable. The Delivery Schedule may be included in
the Purchase Order or in any other Contract Document. “Completion” shall mean
when the Work has been performed in full, together with delivery of all applicable
documentation, drawings, models, instructions, descriptions, handbooks, and manuals
necessary for correct installation, operation, maintenance, and use of the Work, as
specified in a Contractual Documentation Requirements List (“CDRL”) or any other
Contract Document. “Day” shall mean calendar day. “In Writing” shall mean a
document signed by BUYER and/or SELLER and submitted to the other Party either
by hand, courier service, letter, fax, or pdf-attachment to an e-mail. “Force Majeure”
shall mean an occurrence beyond the control of the Party affected impeding the
performance of its obligations under the Contract, provided that such occurrence could
not have been reasonably foreseen at the time of entering into the Contract and that
the Party affected could not reasonably have avoided or overcome it or its
consequences, including but not limited to, act of God, act of public enemy, war,
blockage, strike on a national level, riot, lightening, fire, storm, flood, explosion, and
Government restriction. “Open Source” shall mean any software, which is subject to
license terms and conditions currently listed at http://opensource.org/licenses/ or
meeting the criteria listed at http://opensource.org/docs/definition.php or which is
subject to any similar free or open source license terms. “Intellectual Property” shall
mean all work of authorship, procedures, designs, patented and unpatented inventions
and discoveries, mask works, drawings, specifications, plans of operation, technical
documentation, samples, models, tools, test equipment, copyrighted works, registered
and unregistered trademarks, trade secrets, know-how, and proprietary information, in
all formats, languages, and versions.

3. ORDER CONFIRMATION

The Purchase Order to which these General Conditions apply is BUYER’s offer and
shall become a Contract only upon full and unconditional acceptance by SELLER and
in strict accordance with these General Conditions. SELLER shall within seven (7)
Days after receipt of a Purchase Order return the Order Confirmation to BUYER.
SELLER shall also be bound by the Purchase Order upon actual adherence thereto. If
the Order Confirmation returned by SELLER to BUYER does not comply with the
Purchase Order, these General Conditions or what is otherwise agreed with BUYER,
BUYER reserves the right to cancel the Purchase Order without cost and/or
obligation.

4. PURCHASE ORDER PRICE

The Purchase Order Price shall mean the total price specified in the Purchase Order
which is subject to adjustment in accordance with Article 7 only and which shall
constitute full compensation to SELLER for the Work, including all costs, expenses,
taxes (excluding VAT) unless otherwise is explicitly stated in a Contract Document,
duties, fees or charges of any kind incurred by or levied on SELLER related to the
performance of the Purchase Order and the provision by SELLER of the Work.

5. THE WORK

SELLER shall perform the Work: (i) in conformity with the Delivery Schedule; and
(ii) in conformity with the Scope of Work; and (iii) in conformity with the
Specifications; and (iv) in accordance with best industry practices and standards; and
(v) to achieve fitness for purpose to the extent that a particular purpose is either
expressly or by implication specified in any of the Contract Documents; and (vi) in
accordance with SELLER’s quality assurance system, unless otherwise required by
BUYER in any of the Contract Documents; and (vii) in compliance with all applicable
laws and regulations pertaining to the performance and delivery of the Work; and
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(viii) in a safe and secure manner with active regard to and in compliance with all of
the SELLER’s national health, environmental and safety laws, regulations, and
instructions.

6. REACH-REGISTRATION, EVALUATION, AUTHORISATION AND
RESTRICTIONS OF CHEMICALS

The Candidate List of Substances of Very High Concern for Authorisation (the
“Candidate List”) is defined under the Regulation EC 1907/2006 of the European
Parlament. SELLER is required to monitor the Candidate List on a regular basis and
provide to BUYER information on new Substances of Very High Concern as they are
added, if it applies to the Work. The current Candidate List can be found on the
European Chemicals Agency (ECHA) website available at:
http://echa.europa.eu/web/guest/candidate-list-table. If the Work contain substances
found in the list, SELLER agrees to provide, at no additional cost to BUYER,
information regarding identified substances name, amount contained by weight, total
part weight and safe usage information. BUYER has the right to share all such
information with BUYER s customer or any other relevant third party.

7. CHANGES

BUYER may at any time instruct changes to the Delivery Schedule, Scope of Work,
or Specifications of the Work required by the Contract (“Change Order”). If any
Change Order causes an increase in the cost and/or time required for SELLER’s
performance of the Work, SELLER may request an equitable adjustment to the
Purchase Order Price and/or Delivery Schedule. SELLER shall without undue delay
implement a Change Order when it has been received, even if the Parties have not
reached a final agreement on the adjustment to the Purchase Order Price and/or the
Delivery Schedule.

8. BUYER’S INFORMATION AND PROPERTY

SELLER shall keep confidential and not use BUYER’s drawings, specifications,
samples, software, technical documentation, or any other data or information of a
proprietary or confidential nature of the BUYER for any other purposes than
performing its obligations under the Contract and in strict accordance with BUYER’s
instructions.

Notwithstanding the provisions of Article 18, SELLER shall be solely responsible for
loss or damage to any buyer furnished property or information in SELLER’s
possession or custody, and shall at BUYER’s instruction promptly replace such at its
own cost and expense or refund its value.

9. DELAYED PERFORMANCE OF THE WORK

SELLER is in delay if performance of the Work is not achieved in accordance with
the Delivery Schedule for reasons other than Force Majeure. In case of delay, BUYER
shall be entitled to liquidated damages amounting to five-tenths of one per cent (0.5%)
of the total Purchase Order Price for each Day of delay. If only part of the Work is
delayed, the liquidated damages shall be calculated on the basis of the price of the
Work which cannot be used as intended due to the delay. In no event shall the
liquidated damages exceed twenty per cent (20%) of the total Purchase Order Price.
Liquidated damages hereunder shall be BUYER’s sole monetary remedy in the event
of delay on part of the SELLER except for termination for default under Article 11
and except for gross negligence or willful misconduct on part of SELLER. If the delay
is caused by gross negligence or willful misconduct on part of SELLER, BUYER may
claim damages for actual losses in excess of the liquidated damages.

10. TERMINATION FOR CONVENIENCE

BUYER may at any time and for any reason (whether SELLER is in default or not)
terminate the unperformed parts of the Contract in whole or in part by notice In
Writing to SELLER. BUYER’s sole obligation shall be to make payment for the part
of the Work delivered and shall make payment of unavoidable and documented direct
costs incurred on part of SELLER relating to the terminated part of the Work.

11. TERMINATION FOR DEFAULT

BUYER shall be entitled to terminate the Contract, or any part of the Work thereof,
for default with immediate effect by notice In Writing to SELLER if SELLER fails to
comply with any of the requirements of the Contract and fails to remedy and cure such
non-compliance within thirty (30) Days after SELLER’s receipt of written notice
specifying the failure. SELLER shall diligently proceed with the performance of the
Work not terminated by BUYER. BUYER shall in case of termination for default be
entitled to return the terminated part of the Work and to reclaim all corresponding
payments made of the Purchase Order Price. In addition, BUYER shall be entitled to
compensation for the documented direct costs and expenses, hereunder any excess re-
procurement costs resulting from the termination, subject to the limitation of liability
in Article 17.

12. DELIVERY

Title shall pass to BUYER upon delivery according to the agreed trade term
(INCOTERMS 2010). Unless otherwise stated in the Purchase Order or any Contract
Document, terms of delivery shall be FCA SELLER’s premises. If SELLER shall
install, implement, integrate, or commission the Work or parts thereof, passing of risk
shall however remain with SELLER until Completion.
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13. INVOICES AND PAYMENT

SELLER’s invoices shall be issued according to the Purchase Order. Unless otherwise
specified, invoices may not be issued before actual delivery and Completion of the
Work. Payment shall be made against correct invoice(s) sixty (60) Days after receipt
of invoice. BUYER reserves the right to make setoff against payments due or at issue
under the Contract or any other contract with SELLER.

14. AUDIT RIGHTS

BUYER, its customer, and any representative appointed by them shall at any time, at
no extra cost or expense, during normal working hours have the right to for the
duration of the Contract, visit SELLER’s and its subcontractors’ premises for the
purpose of: (i) conducting technical audits, testing and inspections; or (ii) conducting
quality assurance audits, testing and inspections; or (iii) verifying that the Work is
compliant with the Specifications and other requirements of the Contract. No audits,
inspections, or supervisions shall exempt SELLER from its performance obligations
under the Contract.

15. WARRANTY

SELLER warrants that the Work conforms to the Specifications and other
requirements of the Contract, and that the Work shall be free from defects in design,
material, and workmanship. SELLER’s design warranty shall not apply to Work
performed by SELLER pursuant to detailed designs developed, furnished, or provided
by BUYER to SELLER. The warranty period shall commence upon transfer of title to
BUYER and remain in effect until twenty-four (24) months after Completion of the
Work (the “Warranty Period”). BUYER’s warranty claims shall be presented In
Writing and at the latest within thirty (30) Days following the expiry of the Warranty
Period. If any non-conformity or defect in the Work or parts thereof appears within
the Warranty Period, SELLER shall at its own cost and risk without undue delay,
repair, rectify, replace, or re-perform the Work, after consultation with BUYER or
subject to BUYER’s instructions. SELLER shall reimburse BUYER all reasonable
direct costs and expenses in connection with remedy of defects or non-conforming
Work. Return of defective or non-conforming Work and transportation of replacement
Work shall be at SELLER’s cost and risk. Repaired, rectified, replaced, or re-
performed Work shall be subject to the same warranty obligations as for the original
Work, starting from the date of successful repair, rectification, replacement, or re-
performance of the Work. In case a systematic non-conformity or defect affects
similar work which SELLER has already performed to BUYER under a prior contract
or agreement, the same obligation to repair, rectify, replace, or re-perform, at
SELLER’s own costs, shall apply to such work, provided however that such work was
performed by SELLER no earlier than five (5) years before BUYER’s warranty claim
was presented to SELLER. A systematic non-conformity or defect shall be deemed to
exist where failures occurs or may occur with a frequency, pattern, or sameness to
indicate a logical regularity of occurrence. SELLER’s warranty for latent defects shall
extend for a period of five (5) years from Completion of the Work. For the avoidance
of doubt, SELLER’s obligation to repair, rectify, replace or re-perform the Work
under this Article 15 shall not be subject to the limitation of liability provisions of
Article 17.

16. INTELLECTUAL PROPERTY

The Parties shall retain all rights, title, and interest in or to all their respective
Intellectual Property owned, develop, conceived, acquired, or obtained prior to the
Contract (hereinafter referred to as “Background IP”). Intellectual Property
developed, conceived, acquired or obtained by SELLER as part of the Work during
the performance of the Contract (hereinafter referred to as “Foreground IP”) shall be
regarded as the sole Intellectual Property of BUYER unless otherwise explicitly stated
in the Contract. Notwithstanding the foregoing, BUYER shall always have the right to
exploit the Work by way of a nonexclusive, irrevocable, worldwide, perpetual, royalty
free right to use, amend, further develop and make any sale, transfer, assignment,
sublicense, distribution, incorporation or other commercial disposal of the Work in the
course of its business operations. All derivative work made by BUYER based on the
Work provided by SELLER to BUYER shall be regarded as the sole Intellectual
Property of BUYER.

17. LIMITATION OF LIABILITY

Except for gross negligent or wilful acts or omissions of either Party, their employees,
subcontractors, or representatives, neither SELLER nor BUYER shall be liable to the
other for any loss of profit, loss of use, loss of production, loss of contracts, attorney’s
fees, or for any indirect, consequential or special damages whatsoever that may be
suffered by the other. Except for gross negligent or wilful acts or omissions of either
Party, their employees, subcontractors, or representatives, the total cumulative liability
to the other Party whether in contract or tort shall be limited to the amount of the total
Purchase Order Price. For avoidance of doubt, the limitation provisions of this Article
17 shall not apply to the indemnity provisions of Articles 8, 18 and 19.
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18. INDEMNITIES

Except for gross negligent or wilful acts or omissions of the other Party, each Party
shall indemnify and hold harmless the other Party, its affiliated entities, its
subcontractors, their respective agents, and employees thereof from and against all
claims, damages, losses, and expenses in respect of: (i) bodily injury, sickness,
diseases, or death of any of its employees; and (ii) loss of or damage to its property;
and (iii) bodily injury, sickness, diseases, or death, and loss of or damage to the
property of any third party, caused by itself; arising from or related to the performance
of the Contract.

19. THIRD PARTIES’ RIGHTS

SELLER shall hold harmless, defend, and indemnify BUYER against any claim
alleging that any part of the Work infringes any third party Intellectual Property
Rights. SELLER warrants that the Work is free from any liens, attachments, charges,
encumbrances, claims, or the like, and undertakes to hold harmless, defend, and
indemnify BUYER from and against any claims related thereto.

20. OPEN SOURCE

SELLER warrants that no part of the Work include, is integrated, bundled or linked
with any software that is based upon Open Source. No deviation from this warranty
shall be regarded as validly accepted by BUYER; unless and to the extent SELLER:
(i) explicitly and conspicuously has listed any and all Open Source based software
with a brief description of their function separately; and (ii) duly provided BUYER
with this information In Writing together with correct versions of all relevant license
terms and conditions; and (iii) thereafter obtained an explicit complete and
corresponding acceptance for the deviation In Writing from an authorised BUYER
representative, included as part of each relevant Purchase Order from BUYER where
such a deviation is regarded as made. SELLER shall hold harmless, defend and
indemnify BUYER from and against any claims, costs, losses and damages resulting
from a breach of this warranty.

21. SUPPLIER CONDUCT PRINCIPLES

SELLER commits itself to conduct its business activities in a fair, honest, responsible,
ethical, and lawful manner and in strict adherence to all applicable laws and
regulations governing the ethical and legal conduct of business organizations.
SELLER has been provided a copy of the Supplier Conduct Principles of Kongsberg
Gruppen ASA (KOG-DIR-0038) or has been informed that these Supplier Conduct
Principles are available at www.kongsberg.com. The Supplier Conduct Principles
shall form an integral part of the Contract, and SELLER is expected to comply with or
actively pursue compliance with these principles. SELLER shall upon written request
from BUYER always be obliged to: (i) document compliance with the requirements
set forth above; and (ii) allow BUYER, BUYER’s customer, or a third party appointed
by BUYER or BUYER’s customer the right to conduct such audits as it finds
necessary to verify compliance with the requirements of this Article 21. For the
avoidance of doubt the audit rights shall include: (a) unrestricted access to all
production sites and premises; and (b) the right to communicate with and interview
employees and other personnel; and (c) the right to review pertinent documentation or
any other relevant material. SELLER shall ensure that any of SELLER’s lower tier
suppliers may also be subject to such audits as described above. The Parties shall
carry their own costs incurred in relation to performance of such documentation and
audit.

22. DISPUTES AND APPLICABLE LAW

The Contract shall be governed and construed by the substantive laws of Norway,
excluding any choice of law rule. Any dispute, controversy or claim arising out of or
relating to the Contract, or the breach thereof, shall be finally and exclusively settled
by arbitration pursuant to the provisions of this Article 22, and judgment on the award
rendered by the arbitrators may be entered in any court having jurisdiction thereof.
Before arbitration proceedings are commenced, the Parties shall endeavour to resolve
the dispute amicably through negotiations between high-level executives of the
Parties. If such negotiations are not successful after a period of sixty (60) Days from a
claim In Writing for such negotiations from either Party, either Party has the right to
refer the dispute to final settlement through arbitration pursuant to the applicable
Arbitration Rules of the United Nations Commission on International Trade Law
(UNCITRAL Arbitration Rules). The International Bar Association (IBA) Rules on
the Taking of Evidence in International Arbitration shall apply. The arbitration
tribunal shall consist of three (3) arbitrators. The arbitration shall be conducted in the
English language in Oslo, Norway. The Parties will enter into a separate written non-
disclosure undertaking or agreement covering a dispute that is subject to arbitration.
Notwithstanding the foregoing, each Party acknowledges that breach of the Contract
may cause irreparable damage and agrees that the other Party shall be entitled to seek
injunctive relief under the Contract by a competent court in any jurisdiction relevant
to a breach of the Contract.
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Kongsberg Defence & Aerospace AS Purchase Order: 361002151
P.O. Box 1003 Order date: 01 May. 2019
3601 Kongsberg

NORWAY Wayken RM

Attn.: Opheim, Nils Olav
Email: nils.olav.fiskarbekk.opheim@ kongsberg.com

Order Confirmation

Please Return this Order Confirmation within 7 days to Kongsberg Defence & Aerospace AS.

We hereby confirm that we accept the Purchase Order referenced above, and that we will fully comply
with the requirements of the Purchase Order.

Name(Block Letters)..................

SIgNAtUre....c.covevere e

Supplier Order Reference.........:

Delivery Date
If not specified in Purchase Order

Country of origin............ccceeel




OEM Electronics AB

Forradsvagen 2

SE-573 29 Tranés

SWEDEN

Attn.:

Matz Holmstedt

KONGSBERG
PURCHASE ORDER 361002144

Email:  info@oemelectronics.se
Date: 23 Apr. 2019
Purchaser:  Opheim, Nils Olav
Phone: +47 977 53 224
Email:
nils.olav.fiskarbekk.opheim@kongsberg.com
We order
Pos | Qty Unit | Part no./Description Unit Price Del.date
SEK
10 2.00 pcs EM-KP72-87.5 - DIN-skinnefeste 112.00 30 Apr. 2019
20 1.00 pcs 7404201060 - Motor 508.00 30 Apr. 2019
30 1.00 pcs EM-328 - Parametersetter 460.00 30 Apr. 2019
40  1.00 pcs EM-314-12-24V - Driver 1,379.00 30 Apr. 2019
SUM ORDER LINES SEK 2,571.00

General Conditions:

Delivery Terms:
Payment Terms:
Delivery Addr:

Packing list:

Shipping:

BP id: 100111763

KONGSBERG General Conditions. SELLER’s general terms and conditions, exceptions,
qualifications, or other terms and conditions shall not apply unless explicitly accepted in
writing by KONGSBERG

FCA - Free Carrier (in accordance with Incoterms 2010)

Net 30 days

Kongsberg Defence & Aerospace AS
Kirkegardsvn. 45,Bygg 36

3616 Kongsberg

NORWAY

A Packing list is to be included in the parcel

Air transport

Rekv: Normann, Eirik De

KONGSBERG DEFENCE & AEROSPACE AS

Kirkegardsveien 45 P.O.Box 1003 NO-3601 Kongsherg Norway Phone +47 32 28 82 00

Enterprise no NO 978 614 582 MVA Foretaksregisteret www.kongsberg.com
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Shipping Instructions:

Invoicing:

Marking:

Export Licenses:

Please contact DHL Express to arrange shipment. Use account number: 955904275

Invoice and all enclosures is to be sent in PDF-format via e-mail to:
kda.faktura@kongsberg.com

In order to ensure safe transfer of payment, Bank Account Number and Wiring Instructions
has to be stated on the Invoice.

Please state our Order-, Pos- and Item- number on all invoices. Invoices with signed EUR-1
certificate or statement of EUR origin, is to be attached to the package.

When the marking of parts with a KDA part number and revision is a requirement, the article
revision in accordance with this order shall be used. The part revision is shown as a hyphen or
letter(s) appearing immediately after the part number.

All packages and delivery documents are to be marked “P.O. No. 361002144", the P.O.
pos. number and warehouse "'Byggn.36/1 el.mek og mekanisk"".

SELLER shall prior to delivery of the Work provide BUYER with copies of all applicable export licenses (both from
SELLER’s own country, as well as any other relevant countries) for the Work. In particular, SELLER shall provide
copies of all ITAR licenses applicable for the Work, regardless if such ITAR license applies to the Work itself or to
any part embedded, incorporated, or otherwise being part thereof.

We look forward to receiving your order confirmation by attached form.

Best Regards

for Kongsberg Defence & Aerospace AS

Vb Ol

/ ;/m

Opheim, Nils Olav
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GENERAL CONDITIONS FOR MINOR PURCHASES
REVISION A DECEMBER 2014

1. GENERAL

These General Conditions for Minor Purchases (“General Conditions”) shall apply
unless otherwise agreed In Writing between the Parties. SELLER’s general terms and
conditions, exceptions, qualifications, or other terms and conditions shall not apply,
unless explicitly accepted In Writing by BUYER.

2. DEFINITIONS

“SELLER” shall mean the company or person stated as such in the Purchase Order.
“BUYER?” shall mean the company stated as such in the Purchase Order. “Party”
shall mean either SELLER or BUYER. “Parties” shall mean both SELLER and
BUYER. “Purchase Order” shall mean a request for the performance of the Work
issued In Writing. “Order Confirmation” shall mean a document issued by SELLER
In Writing using BUYER’s form as attached to the Purchase Order, in which SELLER
declares and undertakes to perform the requested Work according to the Contract.
”Contract” shall mean the written contract between the Parties for the
performance of the Work by SELLER, consisting of the Purchase Order, these
General Conditions and any other Contract Documents. “Contract Document”
shall mean any document explicitly made part of the Contract. “Purchase Order
Price” shall have the meaning set forth in Article 4. “Work” shall mean all supplies
and services to be performed by SELLER for BUYER under the Contract. “Scope of
Work” shall mean the portion of the Work to be performed by SELLER. The Scope
of Work may be included in the Purchase Order or in any other of the Contract
Documents. “Specifications” shall mean the specification of the Work, including but
not limited to quality, design, and construction. The Specifications may be included in
the Purchase Order or in any other of the Contract Documents. “Delivery Schedule”
shall mean the schedule which specifies the time for delivery, performance, partial
performance or Completion, as applicable. The Delivery Schedule may be included in
the Purchase Order or in any other Contract Document. “Completion” shall mean
when the Work has been performed in full, together with delivery of all applicable
documentation, drawings, models, instructions, descriptions, handbooks, and manuals
necessary for correct installation, operation, maintenance, and use of the Work, as
specified in a Contractual Documentation Requirements List (“CDRL”) or any other
Contract Document. “Day” shall mean calendar day. “In Writing” shall mean a
document signed by BUYER and/or SELLER and submitted to the other Party either
by hand, courier service, letter, fax, or pdf-attachment to an e-mail. “Force Majeure”
shall mean an occurrence beyond the control of the Party affected impeding the
performance of its obligations under the Contract, provided that such occurrence could
not have been reasonably foreseen at the time of entering into the Contract and that
the Party affected could not reasonably have avoided or overcome it or its
consequences, including but not limited to, act of God, act of public enemy, war,
blockage, strike on a national level, riot, lightening, fire, storm, flood, explosion, and
Government restriction. “Open Source” shall mean any software, which is subject to
license terms and conditions currently listed at http://opensource.org/licenses/ or
meeting the criteria listed at http://opensource.org/docs/definition.php or which is
subject to any similar free or open source license terms. “Intellectual Property” shall
mean all work of authorship, procedures, designs, patented and unpatented inventions
and discoveries, mask works, drawings, specifications, plans of operation, technical
documentation, samples, models, tools, test equipment, copyrighted works, registered
and unregistered trademarks, trade secrets, know-how, and proprietary information, in
all formats, languages, and versions.

3. ORDER CONFIRMATION

The Purchase Order to which these General Conditions apply is BUYER’s offer and
shall become a Contract only upon full and unconditional acceptance by SELLER and
in strict accordance with these General Conditions. SELLER shall within seven (7)
Days after receipt of a Purchase Order return the Order Confirmation to BUYER.
SELLER shall also be bound by the Purchase Order upon actual adherence thereto. If
the Order Confirmation returned by SELLER to BUYER does not comply with the
Purchase Order, these General Conditions or what is otherwise agreed with BUYER,
BUYER reserves the right to cancel the Purchase Order without cost and/or
obligation.

4. PURCHASE ORDER PRICE

The Purchase Order Price shall mean the total price specified in the Purchase Order
which is subject to adjustment in accordance with Article 7 only and which shall
constitute full compensation to SELLER for the Work, including all costs, expenses,
taxes (excluding VAT) unless otherwise is explicitly stated in a Contract Document,
duties, fees or charges of any kind incurred by or levied on SELLER related to the
performance of the Purchase Order and the provision by SELLER of the Work.

5. THE WORK

SELLER shall perform the Work: (i) in conformity with the Delivery Schedule; and
(ii) in conformity with the Scope of Work; and (iii) in conformity with the
Specifications; and (iv) in accordance with best industry practices and standards; and
(v) to achieve fitness for purpose to the extent that a particular purpose is either
expressly or by implication specified in any of the Contract Documents; and (vi) in
accordance with SELLER’s quality assurance system, unless otherwise required by
BUYER in any of the Contract Documents; and (vii) in compliance with all applicable
laws and regulations pertaining to the performance and delivery of the Work; and
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(viii) in a safe and secure manner with active regard to and in compliance with all of
the SELLER’s national health, environmental and safety laws, regulations, and
instructions.

6. REACH-REGISTRATION, EVALUATION, AUTHORISATION AND
RESTRICTIONS OF CHEMICALS

The Candidate List of Substances of Very High Concern for Authorisation (the
“Candidate List”) is defined under the Regulation EC 1907/2006 of the European
Parlament. SELLER is required to monitor the Candidate List on a regular basis and
provide to BUYER information on new Substances of Very High Concern as they are
added, if it applies to the Work. The current Candidate List can be found on the
European Chemicals Agency (ECHA) website available at:
http://echa.europa.eu/web/guest/candidate-list-table. If the Work contain substances
found in the list, SELLER agrees to provide, at no additional cost to BUYER,
information regarding identified substances name, amount contained by weight, total
part weight and safe usage information. BUYER has the right to share all such
information with BUYERs customer or any other relevant third party.

7. CHANGES

BUYER may at any time instruct changes to the Delivery Schedule, Scope of Work,
or Specifications of the Work required by the Contract (“Change Order”). If any
Change Order causes an increase in the cost and/or time required for SELLER’s
performance of the Work, SELLER may request an equitable adjustment to the
Purchase Order Price and/or Delivery Schedule. SELLER shall without undue delay
implement a Change Order when it has been received, even if the Parties have not
reached a final agreement on the adjustment to the Purchase Order Price and/or the
Delivery Schedule.

8. BUYER’S INFORMATION AND PROPERTY

SELLER shall keep confidential and not use BUYER’s drawings, specifications,
samples, software, technical documentation, or any other data or information of a
proprietary or confidential nature of the BUYER for any other purposes than
performing its obligations under the Contract and in strict accordance with BUYER’s
instructions.

Notwithstanding the provisions of Article 18, SELLER shall be solely responsible for
loss or damage to any buyer furnished property or information in SELLER’s
possession or custody, and shall at BUYER’s instruction promptly replace such at its
own cost and expense or refund its value.

9. DELAYED PERFORMANCE OF THE WORK

SELLER is in delay if performance of the Work is not achieved in accordance with
the Delivery Schedule for reasons other than Force Majeure. In case of delay, BUYER
shall be entitled to liquidated damages amounting to five-tenths of one per cent (0.5%)
of the total Purchase Order Price for each Day of delay. If only part of the Work is
delayed, the liquidated damages shall be calculated on the basis of the price of the
Work which cannot be used as intended due to the delay. In no event shall the
liquidated damages exceed twenty per cent (20%) of the total Purchase Order Price.
Liquidated damages hereunder shall be BUYER’s sole monetary remedy in the event
of delay on part of the SELLER except for termination for default under Article 11
and except for gross negligence or willful misconduct on part of SELLER. If the delay
is caused by gross negligence or willful misconduct on part of SELLER, BUYER may
claim damages for actual losses in excess of the liquidated damages.

10. TERMINATION FOR CONVENIENCE

BUYER may at any time and for any reason (whether SELLER is in default or not)
terminate the unperformed parts of the Contract in whole or in part by notice In
Writing to SELLER. BUYER’s sole obligation shall be to make payment for the part
of the Work delivered and shall make payment of unavoidable and documented direct
costs incurred on part of SELLER relating to the terminated part of the Work.

11. TERMINATION FOR DEFAULT

BUYER shall be entitled to terminate the Contract, or any part of the Work thereof,
for default with immediate effect by notice In Writing to SELLER if SELLER fails to
comply with any of the requirements of the Contract and fails to remedy and cure such
non-compliance within thirty (30) Days after SELLER’s receipt of written notice
specifying the failure. SELLER shall diligently proceed with the performance of the
Work not terminated by BUYER. BUYER shall in case of termination for default be
entitled to return the terminated part of the Work and to reclaim all corresponding
payments made of the Purchase Order Price. In addition, BUYER shall be entitled to
compensation for the documented direct costs and expenses, hereunder any excess re-
procurement costs resulting from the termination, subject to the limitation of liability
in Article 17.

12. DELIVERY

Title shall pass to BUYER upon delivery according to the agreed trade term
(INCOTERMS 2010). Unless otherwise stated in the Purchase Order or any Contract
Document, terms of delivery shall be FCA SELLER’s premises. If SELLER shall
install, implement, integrate, or commission the Work or parts thereof, passing of risk
shall however remain with SELLER until Completion.
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13. INVOICES AND PAYMENT

SELLER’s invoices shall be issued according to the Purchase Order. Unless otherwise
specified, invoices may not be issued before actual delivery and Completion of the
Work. Payment shall be made against correct invoice(s) sixty (60) Days after receipt
of invoice. BUYER reserves the right to make setoff against payments due or at issue
under the Contract or any other contract with SELLER.

14. AUDIT RIGHTS

BUYER, its customer, and any representative appointed by them shall at any time, at
no extra cost or expense, during normal working hours have the right to for the
duration of the Contract, visit SELLER’s and its subcontractors’ premises for the
purpose of: (i) conducting technical audits, testing and inspections; or (ii) conducting
quality assurance audits, testing and inspections; or (iii) verifying that the Work is
compliant with the Specifications and other requirements of the Contract. No audits,
inspections, or supervisions shall exempt SELLER from its performance obligations
under the Contract.

15. WARRANTY

SELLER warrants that the Work conforms to the Specifications and other
requirements of the Contract, and that the Work shall be free from defects in design,
material, and workmanship. SELLER’s design warranty shall not apply to Work
performed by SELLER pursuant to detailed designs developed, furnished, or provided
by BUYER to SELLER. The warranty period shall commence upon transfer of title to
BUYER and remain in effect until twenty-four (24) months after Completion of the
Work (the “Warranty Period”). BUYER’s warranty claims shall be presented In
Writing and at the latest within thirty (30) Days following the expiry of the Warranty
Period. If any non-conformity or defect in the Work or parts thereof appears within
the Warranty Period, SELLER shall at its own cost and risk without undue delay,
repair, rectify, replace, or re-perform the Work, after consultation with BUYER or
subject to BUYER’s instructions. SELLER shall reimburse BUYER all reasonable
direct costs and expenses in connection with remedy of defects or non-conforming
Work. Return of defective or non-conforming Work and transportation of replacement
Work shall be at SELLER’s cost and risk. Repaired, rectified, replaced, or re-
performed Work shall be subject to the same warranty obligations as for the original
Work, starting from the date of successful repair, rectification, replacement, or re-
performance of the Work. In case a systematic non-conformity or defect affects
similar work which SELLER has already performed to BUYER under a prior contract
or agreement, the same obligation to repair, rectify, replace, or re-perform, at
SELLER’s own costs, shall apply to such work, provided however that such work was
performed by SELLER no earlier than five (5) years before BUYER’s warranty claim
was presented to SELLER. A systematic non-conformity or defect shall be deemed to
exist where failures occurs or may occur with a frequency, pattern, or sameness to
indicate a logical regularity of occurrence. SELLER’s warranty for latent defects shall
extend for a period of five (5) years from Completion of the Work. For the avoidance
of doubt, SELLER’s obligation to repair, rectify, replace or re-perform the Work
under this Article 15 shall not be subject to the limitation of liability provisions of
Article 17.

16. INTELLECTUAL PROPERTY

The Parties shall retain all rights, title, and interest in or to all their respective
Intellectual Property owned, develop, conceived, acquired, or obtained prior to the
Contract (hereinafter referred to as “Background IP”). Intellectual Property
developed, conceived, acquired or obtained by SELLER as part of the Work during
the performance of the Contract (hereinafter referred to as “Foreground IP”) shall be
regarded as the sole Intellectual Property of BUYER unless otherwise explicitly stated
in the Contract. Notwithstanding the foregoing, BUYER shall always have the right to
exploit the Work by way of a nonexclusive, irrevocable, worldwide, perpetual, royalty
free right to use, amend, further develop and make any sale, transfer, assignment,
sublicense, distribution, incorporation or other commercial disposal of the Work in the
course of its business operations. All derivative work made by BUYER based on the
Work provided by SELLER to BUYER shall be regarded as the sole Intellectual
Property of BUYER.

17. LIMITATION OF LIABILITY

Except for gross negligent or wilful acts or omissions of either Party, their employees,
subcontractors, or representatives, neither SELLER nor BUYER shall be liable to the
other for any loss of profit, loss of use, loss of production, loss of contracts, attorney’s
fees, or for any indirect, consequential or special damages whatsoever that may be
suffered by the other. Except for gross negligent or wilful acts or omissions of either
Party, their employees, subcontractors, or representatives, the total cumulative liability
to the other Party whether in contract or tort shall be limited to the amount of the total
Purchase Order Price. For avoidance of doubt, the limitation provisions of this Article
17 shall not apply to the indemnity provisions of Articles 8, 18 and 19.
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18. INDEMNITIES

Except for gross negligent or wilful acts or omissions of the other Party, each Party
shall indemnify and hold harmless the other Party, its affiliated entities, its
subcontractors, their respective agents, and employees thereof from and against all
claims, damages, losses, and expenses in respect of: (i) bodily injury, sickness,
diseases, or death of any of its employees; and (ii) loss of or damage to its property;
and (iii) bodily injury, sickness, diseases, or death, and loss of or damage to the
property of any third party, caused by itself; arising from or related to the performance
of the Contract.

19. THIRD PARTIES’ RIGHTS

SELLER shall hold harmless, defend, and indemnify BUYER against any claim
alleging that any part of the Work infringes any third party Intellectual Property
Rights. SELLER warrants that the Work is free from any liens, attachments, charges,
encumbrances, claims, or the like, and undertakes to hold harmless, defend, and
indemnify BUYER from and against any claims related thereto.

20. OPEN SOURCE

SELLER warrants that no part of the Work include, is integrated, bundled or linked
with any software that is based upon Open Source. No deviation from this warranty
shall be regarded as validly accepted by BUYER; unless and to the extent SELLER:
(i) explicitly and conspicuously has listed any and all Open Source based software
with a brief description of their function separately; and (ii) duly provided BUYER
with this information In Writing together with correct versions of all relevant license
terms and conditions; and (iii) thereafter obtained an explicit complete and
corresponding acceptance for the deviation In Writing from an authorised BUYER
representative, included as part of each relevant Purchase Order from BUYER where
such a deviation is regarded as made. SELLER shall hold harmless, defend and
indemnify BUYER from and against any claims, costs, losses and damages resulting
from a breach of this warranty.

21. SUPPLIER CONDUCT PRINCIPLES

SELLER commits itself to conduct its business activities in a fair, honest, responsible,
ethical, and lawful manner and in strict adherence to all applicable laws and
regulations governing the ethical and legal conduct of business organizations.
SELLER has been provided a copy of the Supplier Conduct Principles of Kongsberg
Gruppen ASA (KOG-DIR-0038) or has been informed that these Supplier Conduct
Principles are available at www.kongsberg.com. The Supplier Conduct Principles
shall form an integral part of the Contract, and SELLER is expected to comply with or
actively pursue compliance with these principles. SELLER shall upon written request
from BUYER always be obliged to: (i) document compliance with the requirements
set forth above; and (ii) allow BUYER, BUYER’s customer, or a third party appointed
by BUYER or BUYER’s customer the right to conduct such audits as it finds
necessary to verify compliance with the requirements of this Article 21. For the
avoidance of doubt the audit rights shall include: (a) unrestricted access to all
production sites and premises; and (b) the right to communicate with and interview
employees and other personnel; and (c) the right to review pertinent documentation or
any other relevant material. SELLER shall ensure that any of SELLER’s lower tier
suppliers may also be subject to such audits as described above. The Parties shall
carry their own costs incurred in relation to performance of such documentation and
audit.

22. DISPUTES AND APPLICABLE LAW

The Contract shall be governed and construed by the substantive laws of Norway,
excluding any choice of law rule. Any dispute, controversy or claim arising out of or
relating to the Contract, or the breach thereof, shall be finally and exclusively settled
by arbitration pursuant to the provisions of this Article 22, and judgment on the award
rendered by the arbitrators may be entered in any court having jurisdiction thereof.
Before arbitration proceedings are commenced, the Parties shall endeavour to resolve
the dispute amicably through negotiations between high-level executives of the
Parties. If such negotiations are not successful after a period of sixty (60) Days from a
claim In Writing for such negotiations from either Party, either Party has the right to
refer the dispute to final settlement through arbitration pursuant to the applicable
Arbitration Rules of the United Nations Commission on International Trade Law
(UNCITRAL Arbitration Rules). The International Bar Association (IBA) Rules on
the Taking of Evidence in International Arbitration shall apply. The arbitration
tribunal shall consist of three (3) arbitrators. The arbitration shall be conducted in the
English language in Oslo, Norway. The Parties will enter into a separate written non-
disclosure undertaking or agreement covering a dispute that is subject to arbitration.
Notwithstanding the foregoing, each Party acknowledges that breach of the Contract
may cause irreparable damage and agrees that the other Party shall be entitled to seek
injunctive relief under the Contract by a competent court in any jurisdiction relevant
to a breach of the Contract.
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Kongsberg Defence & Aerospace AS Purchase Order: 361002144
P.O. Box 1003 Order date: 23 Apr. 2019
3601 Kongsberg

NORWAY OEM Electronics AB

Attn.: Opheim, Nils Olav
Email: nils.olav.fiskarbekk.opheim@ kongsberg.com

Order Confirmation

Please Return this Order Confirmation within 7 days to Kongsberg Defence & Aerospace AS.

We hereby confirm that we accept the Purchase Order referenced above, and that we will fully comply
with the requirements of the Purchase Order.

Name(Block Letters)................. :

SIgNAtUre....c.covevere e

Supplier Order Reference.........:

Delivery Date
If not specified in Purchase Order

Country of origin............ccceeel
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BILTEMA

Biltema Norge avd 289 Henefoss
Hvervenmoveien 2E 3511-Henefoss
Foretaksregisteret NO 882692302 MvA
Apningstider: B-21 (9-18) T1f:22 22 20 22

SHLGSKVITTERING

Kvitt. 17980 24.01.2019 10:24:19
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1 Background

Similar to how mass determines the force needed to move an object linearly, moment of inertia
(also called inertia only) determines the torque needed to rotate an object. This calculation
was used to determine the torque required from the motor to rotate the drivetrain and the solar
arrays.

T=Ia (1)

Equation 1: Torque in rotational motion, a function of inertia and angular acceleration

A spreadsheet was used to calculate the inertia during the design development. Since the
design varies, so does the inertia. The inertia of the final design is considered as the inertia
that determines the torque needed to rotate the drivetrain and assembly. This is verified by
comparing manual calculation with calculation of the CAD-design by SolidWorks.

The same source is used through the whole document [1].

2 The process

The inertia of a object is dependent on the mass, how the mass is distributed and the position
of the rotational axis. The axis is placed in the middle of the solar array for this calculation. It is
reasonable to assume that this is realistic since the inertia would have been four times more if
it was placed on the sides, as shown in 2 4.

1
1= ﬁMa2 (2)

Equation 2: Formula for flat plate about central axis
Equation 3: Formula for flat plate with axis along edge

1
I= 5M(R% +R5) (4)

Equation 4: Formula for hollow cylinder
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3 Summary

The manual calculation and the calculation done by SolidWorks had a deviation of 2,7 percent.
The explanation for this is most likely because the manual calculation was simplified because
it consists of various dimensions and materials.

kgm? gmm?

Manual | 0.0027 | 2679167
CAD | 0.0028 | 2754862

Table 1: Some CubeSat design specifications
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Since the shaft consists of several parts of different
dimensions, the calculation is simplified by using
the total mass of the rotating parts between the
wings. The parameter used as radius in the
calculation are based on the main shaft.

Manual calculations

Drivetrain

Mass 200 gram
Inner radii 5 mm
Outer radii 10 mm
Mol 12500

Per solar arrays
Mass 400 gram

Mol 1333333.3

The sum of drivetrain and two
solar arrays 2679166.7 gmm”2

Moment of Inertia comparison with simulation in

Compared with

gmmA2 simulation, %
Mark1 2260822 82,1
Mark2 1808409 65.6
Mark3, manual 2679167 97,3
Mark3, simulatior 2754862 100

I-2

MR + Ry

/

Flat plate about central axis
I= IJE Ma*

R, b

" TR

(e) Hollow cylinder

[Mass properties of Drivetrain simulation 2
Configuration: Default
Coordinate system: -- default --
* Includes the mass properties of one or more hidden components/bodies.
[Mass = 115521 grams
Volume = 187964.83 cubic millimeters
Surface area = 27818921 square millimeters

(Center of mass: ( millimeters )

=-9188

¥ =-019

Z=7898
Principal axes of inertia and principal moments of inertia: ( grams * square millimeters )
Taken at the center of mass.

Ix = (1.00, 0.00, 0.00) Px = 275485830

ly = (000, 081, 0.58) Py = 6534534181

1z = (000,-058 081) Pz = 6796667220

[Moments of inertia: ( grams * square millimeters )
Taken at the center of mass and aligned with the output coordinate system.

Lix = 275486243 Lxy = -2924.92 Lz = 1608548
Lyx = 292492 Lyy = 6623079295 Lyz = 123977201
Lzx = 1608548 Lzy = 123977201 Lzz = 6708121692

Moments of inertia: (grams * square millimeters )

Taken at the output coordinate system.
i = 9960579.92 by = 1671661 ba = 836639065
Iyx = 1671661 lyy = 8318793447 hyz = 122288791
12x = -836639065 12y = 122288791 12z = 7683272007



This is a calculation of Moment of Inertia of Mark2.

Mark2 is SatLight's second prototype and is made with various
materials. In this calculation, the weight of the components are
based on the density of aluminium 2014 to give an indication of the
moment of inertia. This is only to give a brief estimation. The final
calculation will be done by a CAD-tool when the design is ready.

One can see that it is the solar arrays that creates most moment of
inertia, as this is the heaviest component. The rest of the
components are almost negligible compared to the SA

Moment of Inertia for SA when the shaft is parallel with b

Mass, M 400 g
width, a 164 mm
length, b 392 mm
MOI, SA 896533.3 gmm”2

0.00090 kgm”2

Moment of inertia for both shafts (hollow cylinder)

Mass 64.27 g

Inner radius, R1 7.5 mm

Outer radius, R2 10 mm I/
MOI, shaft 5021.09375 gmm*2

0.000005021 kgm*"2

Moment of inertia for the gear on the shaft

Flat plate about central axis

I =% Ma?

2

M(R? + Ry

Mass 33 g R, R
Radius 24.5 mm
(e) Hollow cylinder
MOlI, shaft gear 9979.2 gmm”2
0.000009979 kgm”2 Moment of inertia for the flex shaft
Mass 5.65 g
Radius 11 mm
Moment of inertia for the gear on the motor
Mass 5.65 g MOI, motor gear 341.83 gmm*”2
Radius 11 mm 0.0000003418 kgm”2
MOI, motor gear 341.83 gmm”2 Total moment of inertia in the drivetrain

When shaft is
parallel with the
0.0000003418 kgm”2 length

1808408.74 gmm”2

0.0018 kgm”2




Moment of Inertia for SA when the shaft is parallel with a

Mass, M 500 g .
width. a 164 mm Flat plate about central axis
' = L Ma2
length, b 392 mm I'=15Ma
MOI, SA 6402666.7 gmm”"2
0.006 kgm*2

Moment of Inertia for SA when the shaft is parallel with b

Mass, M 500 g
width, a 164 mm
length, b 392 mm
MOI, SA 1120666.7 gmm”2
0.00112 kgm”"2 1 N X
1= 5 MR? + Ry

Moment of inertia for shaft (hollow cylinder)

Mass 60 g
Inner radius, R1 14.5 mm
Quter radius, R2 16.5 mm
R,
MOI, shaft 14475 gmm”2 Rl

0.000014475 kgmA2
(e) Hollow cylinder

Moment of inertia for the gear on the shaft
Mass 25 g
Radius 20 mm
Total moment of inertia in the drivetrain

When shaft is
parallel with the
MOI, shaft gear 4978.0 gmm*"2 width 6422155.37 gmm”2 0.0064 kgm”2

When shaft is
parallel with the
0.000004978 kgm"2 length 2260822.03 gmmA”2 0.0023 kgm”2

Moment of inertia for the gear on the motor

Mass 1.69 g
Radius 6.5 mm
MOI, motor gear 35.70 gmm*"2

0.000000035701 kgm”2
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1 Models and sketches of configurations

To get ideas for solutions and concepts we used Lego to simulate our product. Lego parts were
used that matched the main components of SADM to meet the requirements of components,
ie shaft, motor, and twist capsule. Bearings are the only main component that was left out
to simplify the model. It was considered unnecessarily to include this because bearings are
always mounted on the shaft. Lego solar cells were used to illustrate the movements, although
the solar cells are not part of our product.

(0)

TOTOTTRAFI L) () D) ) )
9/0/01a 0 O

Figure 1: the main components in Lego

1.1 Independent solar arrays with two motors

Having two motors can make the solar arrays move independently to optimize the production of
energy and to increase the redundancy. A satellite that is no longer energy positive will quickly
be useless and compromise the mission. The drawback with this concept is that a motor is very
expensive. This concept is only recommended if the customer can afford two motors and two
twist capsules to reduce the risk of not producing power.

&SatLight (SN soizasiemnomey fi] KONGSBERG 2016




SatLight May 13, 2019 1.2 Motor perpendicular to the shaft

s
=
=
-
=
=
=
= &

Figure 2: One motor on each solar array

Fig 2: Independent solar arrays with two motors

1.2 Motor perpendicular to the shaft

Figure 3: Motor perpendicular to the shaft

This concept uses one motor to run both solar arrays, with the motor perpendicular to the shaft.
This is a cost- and energy efficient way to drive the solar arrays. Having the motor perpendicular

to the shaft gives a lot of space for the twist capsule, but requires a small motor that is still strong
enough to perform as expected.
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1.3 Independent solar arrays with one motor

Figure 4: Independent solar arrays with one motor

The idea behind this concept is to be able to move the solar arrays independently of each other
to maybe optimize the production of energy. This concept is built as two separate systems, one
on each side of our product. The gears are driven by a chain from the motor, and placed close
to each other in the middle of the units. The idea is to change the gears like on a bicycle when
a solar array needs adjustment. The pros with having two separate systems is the redundancy
in case a gear or bearing should fail to rotate the solar array. The cons are that the gears and
bearing are highly reliable and the risk for failure is low. This concept also depends on a gear
shifter, which will increase the weight and the risk of mechanical failure.

1.4 Synchronized and independent gear shift concept

The idea behind this concept is to be able to shift gears like a bicycle. A differential on each
side of the gear in the middle makes the solar arrays able to move independently when the
chain is on one of the outer gears. The solar arrays moves synchronized when driving the gear
in the middle. The flexes will have to be placed between the wall and the outer gears in this
configuration. The drawback with this concept is that it requires three gears, two differentials
with three gears each, two separate twist capsules and a device to move the chain. Many parts
means higher price, a lot of weight and reduced redundancy. This concept is not recommended
if there is not required that the solar arrays to be able to move independently.
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Figure 5: Synchronized and independent gear shift concept

1.5 Parallell motor and shaft

Figure 6: Parallel motor and shaft

This configuration is based on one shaft, one twist capsule and one motor to rotate the solar
arrays synchronously. Having the motor parallel to the shaft allows the SADM to use a bigger
motor. This might be necessarily as most stepper motors for this use are too long to be placed
perpendicular to the shaft.
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2 Conclusion

Our product is a solar array driving mechanism that is meant to me compatible with any other
cubesats in a certain size, almost like a off the shelf-product. To make it competitive in the mar-
ket, it has to be lightweight, reliable and affordable to produce. Based on these requirements,
we have chosen the configuration Motor parallel to the shaft. We believe this is the configura-
tion with the highest reliability and the lowest weight due to few components. Using Lego was
a very simple way to prove the functionality of the concept, but it doesn’t show if it's possible to
fit all the components inside our limited space. A drawing was drawn in 1:1 ratio in addition to
building Lego. This was to get an idea of how to utilize the space inside the SADM as the space
of a 2U is only 200 x 100 x 100 mm. The dimensions of the components were only a rough
estimation, and were slightly oversized to create a worst case scenario. The drawing became
a great way of picturing where all the parts would fit in, because of the limitations on how large
the parts could be. The prototype Mark2 will be built based on this drawing.
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Figure 7: Drawing of the concept in 1:1 size
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1 Introduction

Mark3 (M3) is the last prototype that was built and it was designed to fulfill all the requirements
that is classified as "must”. The purpose of M3 is to prove the functionality and performance
that is required of the product and to have a prototype where the team can test the mechanical
functionalities, electronics and the Diagnostic Systems (DS).

The main goal of the design was to have a product that is

» Easy to assemble
» Have a reasonable production cost

+ Scalalability

This document describes the design behind SatLight’s solar array drive mechanism (SADM).

2 Materials

Space grade materials and components was not necessarily for testing at our level, therefore,
material with similar properties in industry standard was chosen instead. M3 has a twin that is
called M3-Space, which is a CAD-model used for simulations. The design of M3-Space is very
similar to the original M3, but the materials defined in the CAD-model are space grade to give a
realistic test results during analyzing. Some minor changes were made on M3-space after the
prototype was produced. The figures in this document is showing the design of M3-Space.

The main material for M3 is aluminum 6061, in which the main alloying elements are mag-
nesium and silicon. This gives the material very good mechanical properties and is very com-
monly used in extruding [1]. M3-Space is designed with alloy 7075, which is space grade and
standard for space vehicle parts. The CubeSat Design Specification (CDS) is also specifying
that the structure is to be made of 7075 [2].

The Flex was initially designed to be divided horizontally (along the length of the Flex) into
five zones, of which the two outermost zones were meant to be manufactured with ordinary
rigid PCB material, such as FR4, [] as well as four layers of copper and adhesive. The zone in
the middle, which is the Flexible part, is made from polyimide, 70 um of copper and coverlay.
The zones in between the Flex and the rigid zones are called stiffeners and are simply expan-
sions of the Flex with additional polyimide.

In the process of ordering the Flex, the team received price estimates for the initial design
as well as a design somewhat modified with the rigid zones, which greatly increased the cost of
production, replaced with stiffeners. The latter choice was preferable and thus, the Flex design
have three zones instead of five. A Flexible zone and two stiffeners at each end. Apart from
the stiffeners, the stackup remains the same.
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3 The structure

This section describes the primary structure of the SADM. A primary structure is the compo-
nents that is designed to transmit loads through the spacecraft, and to the interface of the
deployer. It is also providing other primary functions, such as attachment points to other com-
ponents and heat transmitting.

The structure consists of three walls that are 100x100mm, four L-profiles and four 100x200mm
walls of sheet metal, assembled with screws. This design makes the SADM easy to scale up
or down by adjusting the lengths of the L-profiles and the sheet metals. The main production
methods are milling, cutting and bending.

Figure 1: The SatLight SADM inside of a transparent 16U (left) and partly outside of a 16U to
compare the sizes (right).

The outside dimension of the SatLight SADM is 100x100x200mm and the width of a 16U is
246mm. This makes it possible to fit our product inside of the structure of a 16U, so that the
space craft (SC) can provide some protection to our product from the space environment. The
interface to the SC is not specified, therefore it is not taken in consideration during design of
the structure, but this should be easy to implement.

&SatLight IS\ soutneatiom Norway KONGSBERG 4 of 43
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ITEM NO. PART NUMBER DESCRIPTION QTY.
1 Left Lid - M3 Left Lid 1
2 Right lid Right Lid 1
3 Wall 200x100 Panel Wall 3
4 Wall 200x100 With Dsub Panel Wall - Satellite Intrface, with ]
holes power fransfer
6 D-T Dsub 3
10 L-profile L Shaped Wall Supports 4

11

Wall B, middle 100x100

Middle Wall
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3.1 Left and Right lids

Both the lids are 100x100mm and 3mm thick, made by milling. There are two threaded screw
holes on each corners to attach the lid to the L-profiles and the flat walls. They both have a
hole in the center where the shaft comes out.

The lid on the left-hand side in Figure 2 has 3mm walls along the edges to stiffen the lid,
which is necessarily under production and considered as an advantage to strengthen the over-
all structure. The lower right corner of the Left Lid is where the motor is mounted. The extrude
is designed to fit the motor(see section 5) with a hollowing for the motor gear. The lid on the
right hand side in figure 2 does not have the supporting walls along the edge, because the
circular flange in the middle will stiffen the structure.

Figure 2: The lids are a part of the primary structure, but also functioning as mounting for Twist
Capsule, bearings and the motor.

The flange in the middle of both lids are for mounting the bearing to the lid, where it will be
held in place by a bearing lid that is also functioning as a hard preload. There is also a small
edge on the inside of the flange, that is contributing to preload the bearing. Both the flange and
the edge inside is specifically designed for the bearing is chosen for M3, which is not space
grade. Modification will be needed when space grade bearings are selected.

3.2 The Middle Wall

This wall is placed inside the unit and functions as a stiffener and is also used to attach the
Twist Capsule to the structure. It is 96x96mm and 3mm thick with a hole in the middle to fit the
shaft through the wall and to reduce weight. The Middle Wall is produced by milling.
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Figure 3: The Middle Wall that functions as a stiffener to the SADM and the Twist Capsule.

The Middle Wall has the same corners as the Right Lid, again the supporting walls along
the edges are not included as the flange in the middle will function as stiffener. This will also
allow the machinist to use a larger diameter on the tool to remove the mass around the flange
when milling. This will shorten the production time and reduce cost.

3.3 The L-profiles

The SADM has four L-profiles to attach the lids and walls together. They are 1mm thick and
193mm long and have screw holes that accommodates with the other components.

Figure 4: The Right Lid is functioning as a bearing and Twist Capsule holder.

For Mark3, the L-profiles are made of bent sheet metal as it is easily accessible and the
shape is easy to produce. The drawback of a bent sheet is that the bending creates an un-
wanted radius on the inside of the corner and also unpredicted stresses on the material. For
mass production, we recommend that the L-profiles are made by cold extrusion.

Extrusion is a very common way to manufacture long parts that have the same shape all
the way, and it will also avoid the unwanted inner radius in the corner. Cold extrusion is more

&SatLight (SN siniotamonay  fi]f KONGSBERG ~ 7of43
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expensive than hot extrusion, as it require more energy to deform a cold work piece. Although,
the finished product is much more precise as warping is avoided when there are no thermal
stresses (provided that the heat generated by friction and deformation is below recrystallization
temperature). The overall advantages of cold extrusion is that it gives a good control of dimen-
sional tolerances, improved surface finish and reduces the need for finishing operations.[3] Yet,
this production method is only recommended for mass production, as it require extrusion tools.
Bending might be preferable in few quantities.

3.4 The flat walls

The walls consists of four Tmm aluminum sheet metal that are 194x99mm. Their purpose is
to cover the Drivetrain and Twist Capsule and to stiffen the structure. Since the SADM is so
small that it can fit inside of a 16U, the walls does not need to protect the Drivetrain and Twist
Capsule from the space environment.

Figure 5: An isometric view of the SADM from behind.

The placement of screw holes are identical on all the walls, this makes the parts easy to
produce and reduces the risk for improper installation during assembly. One of the walls is
equipped with holes for D-sub connectors, two for the Flexes and one for the motor. The wall
with D-sub connectors shown in Figure 5 is facing the inside of the satellite.
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4 Drivetrain & Twist Capsule

The main components of the Drivetrain is one gear fastened to the motor, one gear fastened
to the long Main Shaft. The shaft is also wider inside the Twist Capsule, to fit one end of each
of the two Flexes. There are also secondary components and supporting elements, such as
bearings, bearing lids and connector adapter, that will be described below. This section will
also describe the Capsule Housing, which is one of the parts of the Twist Capsule, together
with the Flex Shaft and the Flex itself. The Capsule Housing is the stationary part of the Twist
Capsule and the Flex Shaft is the rotating part.
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ITEM NO.

PART NUMBER

DESCRIPTION

QTY.

1 Right lid Right Lid - Twist Capsule Side 1
SKF - 61805 - .

2 22,5,NC,22_68 Bearing ]

3 Bearing Lid - Flexshaft Bearing Lid 1

4 DIN 7991 - M3 x 8 - 4.8N M3 Screws for bearing lid 3

5 Flex Shaft - M3 Flex Shaft 2

6 g;gg with flenge along Short Main Shaft ]

7 Rigid Rigid part of the flex 2

8 Connector adapter Connector Adapter 2
Shaft with flenge along :

9 oipe, long Long Main Shaft 1

10 Capsule Housing Capsule Housing 1
DIN - Spur gear 1M 50T

11 20PA TOFW --- Large Gear 1
S50B25H25L20N

12 B27.7M - 3AM1-27 Pipe Clamp 1

13 Wall B, middle 100x100 Middle Wall 1
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4.1 Flex Shaft

Item no. 5 in the assembly drawing is one half of the Flex Shaft, two pieces of this part makes
the complete Flex Shaft. The Flex Shaft is connected to the Main Shafts (item no. 6 and 9) at
the ends and held together with a bearing on one side and a aluminum ring on the other side.
The Flex Shaft is the core of both the Drivetrain and the Twist Capsule and its main function is
to house the interface between the Flex and the wiring coming from the solar arrays.

Figure 6: The Flex Shaft

Figure 7: The Flex Shaft with the connector adapter(item No. 8) and an illustration of the rigid.

The width and diameters of the Flex Shaft is mainly determined by the following constraints
and parameters:

» The lower bound of the Flex Shaft’s inner diameter is constrained by the size of the har-
ness, connectors and end of the Flex, which need to fit inside the Flex Shaft.

» The upper bound of the Flex Shaft’s outer diameter is constrained by the relationship with
the inner diameter of the Capsule Housing, as well as the length of the Flex.
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» The required mechanical stiffness and strength determine the thickness of the Flex Shaft,
which is the difference between the outer diameter and the inner diameter.

» The maximum width of the Flex Shaft is constrained by the room available inside the
SADM, along the axis of the shaft. This room is shared by The Twist Capsule (including
the Flex Shaft), the motor, gears, walls and bearings.

» The minimum width of the Flex Shaft is constrained by the minimum width of the Flex.

The Flex has a stiffener at each end, where one end is mechanically connected to the Flex
Shaft and electrically soldered to the harness, that transfer power from the solar arrays. The
stiffener is mounted on the Flex connector adapter(item no. 8) which gives the Flexes a shallow
angle, ensuring that the Flexes wraps around the Flex Shaft as tight as possible as well as
keeping the the bending radius as high as possible to minimize fatigue. These three parts are
attached to each other with the use of Epoxy Adhesive EC-2216.

The Flex Shaft were produced by turning and milling by Mechanical Lab. at KDA and they
are one of the most demanding parts to produce due to their size, shape and requirement
to tolerances. Molding might be a faster and better production method for mass production,
though it will still require machining afterwards to get the desired tolerances and surface finish.

4.2 Capsule Housing

Item no. 10. The Capsule Housing is the stationary part of the Twist Capsule and is mounted
between the Right Lid and the Middle Wall. The main function of the housing is to protect and
to limit the movement of the Flex. The inner diameter of the housing is therefore carefully calcu-
lated with regard to the length and the stiffness of the Flex. The Capsule Housing is equipped
with two openings along the wall where the Flex exit the Twist Capsule. It was decided, with the
use of Flexculator, that a inner diameter of 76mm was the most optimal for our Flex.

Figure 8: lllustration of how the Capsule Housing is mounted to cover the Flex and Flex Shaft.

For Mark3, the Capsule Housing was made with transparent plastic sheets to demonstrate
the movement of the Flex. For operational use, we assume that this part can be made of some-
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thing light weight and easy to produce, such as PEEK-plastic instead of metal, because the
housing is not taking any loads. Thermal expansion must be considered if any other materials
than aluminium is used.

The width and diameters of the Capsule Housing is mainly determined by the following
constraints and parameters:

» The lower bound of the Capsule Housing’s inner diameter is constrained by the relation-
ship between the outer diamter of the Flex Shaft, as well as the length of the Flex.

» The upper bound of the Flex Shaft’s outer diameter is constrained size of the inner di-
mensions of the SADM, the Flexes’ connections, the leads from the Capsule Housing to
the D-sub connectors and the D-sub connectors themselves.

» The required mechanical stiffness and strength determine the thickness of the Capsule
Housing, which is the difference between the outer diameter and the inner diameter.

* The maximum width of the Flex Shaft is constrained by the room available inside the
SADM, along the axis of the shaft. This room is shared by The Twist Capsule (including
the Capsule Housing), the motor, gears, walls and bearings.

* The minimum width of the Capsule Housing is constrained by the minimum width of the
Flex.

4.3 Flexible PCB

The width of the two Flexes are 60 mm respectively to provide sufficient conductive copper.
The Flexes runs through slots in both the Flex Shaft and the Capsule Housing. They are
mechanically connected on the inside of the Flex Shaft and on the outside of the Capsule
Housing. Inside the Flex Shaft, the Flexes are soldered to the wires of the solar array harness.
On the outside of the Capsule Housing they are soldered to the leads, which at the other end
are connected to the D-subs. The length of the Flexes must be adequate for a full revolution of
the shaft. Furthermore they should always have a positive curvature. This requires an accurate
calculation of the relationship between the Flexes, the Flex Shaft and the Capsule Housing.
The length of the Flexes are the the most constrictive of these. The relationship is shown in the
following equation.

zf:n(“;“)+rc(ec—ew)+rs(es—(ecm)) (1)
Equation 1: Flex length in terms of radius-angle products

In equation 1, the minimum length of one Flex I, are determined by the radius of the Flex
Shaft ry, the radius of the Capsule Housing r., the angle of the slot in the Flex Shaft 6; and the
angle of the slot in the Capsule Housing 6.,. The angle 6, must be positive and rotations of the
Flex must be added to this angle. 6. is the angle for were the Flex touch the Twist Capsule.
See figure 9.
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Figure 9: Relationship between minimum Flex length, shaft radius and Capsule Housing radius

4.4 Main Shafts

Item no. 6 and 9 are the Main Shafts of the SADM. Since the Twist Capsule is in one half of
the SADM and the motor and gear components are in the other side, there was need for two
lengths for the Main Shafts. The flanges at the end are the interface with the Flex Shaft. It is
hollow to house the harness between the solar arrays and the Flex Shaft. The inner diameter of
the shaft is 15mm and based on a brief estimation of the cross section of the harness needed
to transfer the necessarily power from SA to the space craft. The estimation was performed in
the early phase of the project. The wall thickness of the shaft is 2.5mm, which makes the outer
diameter 20mm.

@

(a) Long

Figure 10: Main Shafts

Later testing revealed that the shaft is oversized for the harness, but in order to simplify the
production for Mech. lab, the shaft was made with 20mm in outer diameter and 10mm in inner
diameter.

The long Main Shaft was assembled to the Flex Shaft by a aluminium ring and the short
Main Shaft was assembled by a bearing (item no. 2).
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4.5 Bearings

ltem no. 2. There are two identical bearings in the SADM. Both of the bearings are SKF
61805-2RS1, deep groove ball bearings with 25mm and 37mm diameters. They are designed
to take axial and radial loads and have a rubber seal with steel enforcement. The steel used
for SKF super-precision bearings are made of carbon chromium steel (100Cr6) [1]. Since the
SKF-bearings are not space grade, the material used for the ball bearings on the M3-space
was therefor 400C. 400C has the highest strength, hardness and wear resistance of all the
stainless alloys after heat treatment and it is also used by ADR ALCEN [4].

Attribute Value
Inside Diameter 25mm
Outside Diameter 37mm
Ball Bearing Type Deep Groove
Race Width 7mm
End Type Sealed
Number of Rows 1

Static Load Rating 2.6kN
Cage Material Steel
Race Type Plain
Dynamic Load Rating 4.36kN
Bore Type Parallel

Figure 11: Specification of bearing 61805-2RS1, provided by SKF.

5 Motor

The motor’s function is to transform electrical power and -signals to rotation and position of the
shaft and solar arrays. The motor

The motor is a stepper motor from OEM Motor and was selected by analyzing related require-
ments and by guidance from OEM Motor’s sales office.

The key parameters for selecting motor:

* Functional: The motor’s operating sequence is rotating slow to a given angular posi-
tion. The motor must be strong enough to rotate the shaft, solar arrays and additional
equipment.

» Physical: The motor must be as small and compact as possible to not seize physical
space and weight.

» The motor interface shall be according to NEMA-standard, so it easily can be replaced.
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Stepper motor performance:

Manufacturer Sanyo Deki
Model SS2421 - 5041
Phases 2 phases

Full step angle 1.8 degrees
Winding resistance 3.5Q /phase
Winding inductance 1.2 mH/phase
Holding torque at rated current | 0.083 Nm
Rated phase current 1A

Table 1: Motor characteristics.

The motor’'s datasheet is included in appendix A.15 and shows the motors dimensions and
characteristics diagram.

5.1 Gears

Two spur gears was used to transfer movement from the motor to the drivetrain. The gear factor

is 2 and the dimensions of the gears are listed in the figure below. The gear is item No. 11 in
the Bill of material.

Fi BOSS L

-~

GOD

G PD

G BD
HBOSS D

—

&SatLight (SN soimieemnonmey  fil] KONGSBERG 160f 43



SatLight May 22, 2019 5.1 Gears

No.of ([PD |OD |BD |BossD |BossL|FW
Teeth |(mm)|(mm)|(mm)|(mm) |(mm) |[(mm)

Small 25 25 27 5 0 0 10
Gear
Large 50 50 52 20 25 20 10
Gear

Figure 12: Table of gears

The chosen vendor for the gears is HPC Gears Ltd with 40 years in making gear systems [5],
and below there are two tables for the gears that were chosen and their data. Both of the tables
shows torque check for module 1 gears. Figure 13 shows standard duty (steel, alternatively
brass or tufnol) gears.

TORQUE CHECK | 214M15 214M15
50 teeth x 1000 rpm | 303521 Cse/HD Brass  Tufnol

variaions TORQUENm. | 2.600  12.000 1.250 1.000
atback K.W. 0.254 1.261 0.134 0.104

Figure 13: Standard duty steel gears

Figure 14 shows heavy duty gears for higher torque performance.

TORQUE CHECK 655M13 817M40
50 teeth x 1000 rpm | 655M13 Cse/HD 817M40 Ind/HD

variaions TORQUENm. | 10.600 29.300 10.600  15.520
atback K.W. 1.119 3.074 1.119 1.626

Figure 14: Heavy duty

The standard duty gears’ part number is G1-25 for the small gear and G1-50 for the large
gear. As for heavy duty gears, the part numbers are YG1-25 for the small gear, and YG1-50 for
the large gear. More information about the gears in appendix A.14

The dimensioning of the gears was decided due to the space limitations of the SADM and
to make genuine dimensions so that there would be an “off the shelf” product. In Figure 15
there is an illustration of how the geometry of the gears versus Main Shaft and motor holder
was designed. To relieve the motor the largest possible gears were used.
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/3

Figure 15: Left view showing space limitations
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6 Electrical harness

6.1 Derating

The drive parameters for derating of power transfers are the following (table 2).

Req.-ID | Requirement

R4-05 The maximum total current transfer in the power lines shall be 20A for-
ward and 20A return; - 10A each direction each solar array

R7-03 The SADM power transfers shall meet with the derating performance in
ECSS-Q-ST-30-11C [SD8] for nominal operation.

R7-04 The SADM power transfers shall meet the derating performance in
ECSS-Q-ST-30-11C [SD8] in failure case (loss of one single wire).[...]
R4-07 Solar Array grounding lines shall be insulated from SADM grounding.
R4-03 The length of the rotor harness shall be 500 mm flying leads.

Table 2: Requirements connected to derating.

The power transfers three different stages is shown in table 3. According to ECSS-Q-ST-
30-11C [6], table 6-37: Derating of parameters for Wires and cables family-group code 13-01
to 13-03, derated current for single wire (Isw), shown in column three in table 3:

Type of power transfer Cross section Isw
Leads from D-subs to interface on Capsule | 2 -2-4-0.35mm? (> AWG 22) | 5A
Housing
Flex traces 2.2-4-0.35mm? (> AWG 22) | 5A

Flying leads from Flex Shaft trough shaft 2 -2-4.0.5mm? (AWG 20) 7.5A

Table 3: Power transfers cross section.

Note: Values for Isy are for ambient temperature of 40°C. Temperature factor is not taken
into account.

When the power transfers are loaded to the maximum (R4-05), the current transferred in
each lead is:

20A +20A
2%x2%4

The maximum amount of current in each lead is 2.5 A. To achieve this, the power transfer is
equally disturbed in the leads, the resistance in each parallel path has to be equal.

=2.50A/lead (2)

Wire in bundles:
The wires occurs in bundles inside the shaft, (see table 3). Inside the Flex Shaft, the wires
enters in opposite parallel and are continued inside the shaft in separate directions to solar
arrays, one each side of the SADM. Wires in bundles decreases the current capacity in each
wire. The bundle inside the shaft is 2«2 x4 = 16 wires. The Flex inside Twist Capsule is not
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considered as a bundle due to it's geometry and physical characteristics.
Section 6.32.2, bullet point b, in ECSS-Q-ST-30-11C gives us the relation between derating
on current for bundles (Izw) and single wires (Isw ):

Ipw = Isw K (3)

The bundle inside Flex Shaft has 16 wires transferring current, and two grounding lines,
one for each solar array that according to R4-07 shall be insulated from SADM grounding lines.
Section 6.32.2, bullet point ¢ explains how to calculate number of wires (N) in the same
bundle including leads with current (Ny¢) and leads without current (Ngnyp):

N = Nwc+0.5%Ngnp

N=16+0.5%2 (4)

According to table 6-38: Bundle calculator for calculation of the derated current for each
individual wire in bundles of N wires:
For N = 17 from equation 4, the calculation of factor K is:

K =0.81—[0.15%In(N)]

K =0.81—0.15%In(17)]

K =0.39 (5)

Using factor K in equation (3) gives the deration on current for each lead in bundle;

IBW =7.5A%0.39

Ipw = 2.894 /lead (6)

Based on calculations in equations (2) (4), (5) and (6) requirement R4-05 and R7-03 is
verified: The current in each lead when the load is maximized is less than the derated current
in each lead. 2.50A4 < 2.894

The definition of failure cause is according to requirement R7-04 in requirement specifica-
tions as follows:
Definition of failure case: If only one wire is lost, the increase in current applies only for one wire
in the bundle and the margin is considered acceptable as long as the current is below single
wired de-rated capacity.
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Consider maximum load on power transfers, the increase in current for one wire due to
failure cause is:
2%2.54 =5A (7)

5A < Iy for both 0.35mm?*/AWG 22 and 0.50mm?/AWG 20.

6.2 Connectors

The requirement taken into consideration when choosing the electrical interfaces is:

Req.-ID | Requirement
R4-04 There shall be integrated connectors on the stator side, connector size
and type are to be determined by SADM supplier.

Table 4

The connectors consist of one 9-pin male D-sub connector for motor signals and two 15-pin
female D-sub connectors.

ECSS-Q-ST-30-11C [6] Ch. 6.11 Connectors [...], section 6.11.3 Additional require-
ments not related to derating, point a: For power connectors, power and return lines shall
be separated by at least one unassigned contact to reduce the short-circuit risk.

The configuration on the D-sub connectors with 15 pin for power transfers are designed to fulfill
this requirement. This configuration is shown in appendix A.12.

ECSS-Q-ST-30-11C [6] Ch. 6.11 Connectors [...], section 6.11.3 Additional requirements
not related to derating, point b and point ¢ is also taken into account.

The 9-pin motor connector configuration is shown in appendix A.13.

6.3 Ground

Req.-ID | Requirement
R2-05 The SADM shall transfer solar array grounding lines.

R4-06 Electrical grounding between SADM shaft and housing shall be redun-
dant.
R4-07 Solar Array grounding lines shall be insulated from SADM grounding.

Table 5: Requirements connected to derating.

See appendix A.12 for grounding configuration. The power transferring system supports R4-07,
SADM grounding lines are separated from SA grounding lines.

» SA grounding lines follows the power transfers.
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+ SA grounding lines inside shaft is 2 x0.35mm?/ AWG 22.

* SA grounding lines is transferred trough the Flexes with 2 * 2.5mm track width * 70 pm
height. Equals 0.175mm?/AWG 25.

« SA grounding lines between Flex housing ad connection is 2 x 0.35mm?*/AWG 22.

* Redundant grounding should be considered achieved by wiring. This is not achieved in
the prototype for sake of other mechanical design parameters.

» The Flexes has 2 x0.175mm2/AWG (one track on each Flex) reserved redundant ground-
ing. The grounding tracks is not connected to the mounting holes.

7 Flexible PCB

The schematics for the Flexible PCB is produced in Orcad, Cadence CIS. The Connectors are
produced in Alegro Padstack Editor. The PCB Design is produced in Alegro PCB Editor. All of
these software tools are from the Cadence 17.2-2016 student software package. [7]

7.1 Scematical Drawing

J1 J2
f77
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Figure 16: Flexible PCB, second iteration

Figure 16 show the schematic of the flex. It consists of two ten-pin connectors connected
together with parallel wires. The schematic show two different grounds to distinguish solar
array ground and protective earth in the PCB design. The schematic is mainly for creating a
netlist for the PCB editor.

7.2 Padstacks and footprints

The padstacks were designed in Alegro padstack editor and the footprints were designed in Ale-
gro PCB editor. These designs were modified by the PCB producer to simplify the production.
The dimensions are shown in table 6 below.
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7.3 PCB Layout

Figure 17: Flexible PCB, second iteration

The PCB layot were designed in Alegro PCB editor. Figure 17 show the teams design, which
were submitted to the producer. The producer modified the design to simplify production. How-
ever, the dimensions of the outline for the rigid zones, the flexible zones and the PCB as a
whole remained as designed by the team. As did all of the copper thickness, the traces and
spaces.

7.4 Dimensions

ZONES: stiffener with connectors, Flex, stiffener with connectors

COPPER THICKNESS: base copper + | 2-35 um
copper plating
TOTAL LENGTH: 300 mm
STIFFENER LENGTH: 2 zones 25 mm
Flex LENGTH: 1 zone 250 mm
TOTAL WIDTH: 60 mm
STIFFENER WIDTH: 60 mm
Flex WIDTH : 60 mm
POWER TRACE WIDTH: 8 traces 5 mm
POWER TRACE SPACING: 7 spaces 1 mm
GROUND TRACE WIDTH: 2 traces 2.5 mm
GROUND TO Flex EDGE SPACING: 2 spaces 1.75 mm
GROUND TO POWER SPACING: 2 spaces 2.25 mm

CONNECTIONS: 2 connectors, one on each side of the Flex, each connector
consists of 10 holes in a row with 6 mm spacing. Distance from drillhole
center to the short edges of the PCB is 10 mm. Distance from drillhole center
to the stiffener is 5 mm.

DRILL HOLE DIAMETER: 1.3 mm

REGULAR PAD DIAMETER: 1.75 mm
THERMAL PAD DIAMETER: 2.15mm
ANTIPAD DIAMETER: 2.15mm

Table 6: Physical dimensions of the Flexible PCB

Table 6 show the dimensions of the Flexible PCB, as designed by the team. The producers
modified dimensions are not included.
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1 Drivetrain and Twist Capsule

1.1 Attaching the harness
1. Solder the electrical harness from the solar array to the rigid part of the flex (item No. 7).
2. Stick the flex out of the slot in the flex shaft.
3. Run the wiring from the solar arrays through the main shafts(item No. 9 and 6).

4. Use Epoxy adhesive EC-2216 to bond the rigid part to the connector adapter (item No. 8)
with the flex shaft(item No. 5) as shown in figure 1.

Figure 1: lllustration of flex shaft with adapter and flex. The harness are not showing.

5. Repeat the previous steps to assemble the other side of the flex shaft.

6. Allow the adhesive to cure. Follow the instructions about curing of EC-2216.

1.2 Assembling the Drivetrain

Figure 2: Place the main shafts (item 6 and 9) on each side of the flex shaft sub assembly, with
the flange towards the flex.
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Figure 3: Place the flex shafts together as shown in figure. It is important that the slot in the
flex shafts are not placed side by side, but facing opposite of each other.

Figure 4: The retaining ring (item No. 12) and one of the bearings (item No. 2) is then mounted
on the flex shaft assembly. Mount the retaining ring on the same side as the long main shaft
and the bearing on the other side. Apply isopropanol on the gliding surface of the shaft to
reduce friction. Preheat the rings to facilitate the assembly if necessary.
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Figure 5: Place the shaft assembly into the Right Lid (item No.1) with the bearing facing the lid.

Figure 6: Use three socket head cap screws (item No. 4) to fasten the Bearing Lid (Iltem No. 3)
to the Right Lid.
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Figure 7: The flexes needs to be coiled around the flex shaft two times and laid on top of each
other like shown in Figure 7. Turn the shaft counter clock wise.

Figure 8: Use four socket head cap screws to attach the Capsule Housing (Item No. 10) to the
Right Lid.
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Figure 9: Now that the Capsule housing is inserted, the loose rigid parts of the flex needs to be
inserted through the slots in the Capsule Housing and mounted to the Capsule Housing wall
as shown in Figure 9

Figure 10: Close the twist capsule by fasten the middle wall (item No.13) onto the capsule
housing with four socket head cap screws.
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Figure 11: Attach the largest gear to the long main shaft with two set screws.

The sub assembly of drivetrain and twist capsule is done.

2 The Remaining Structure

Figure 12: Place the Bearing (item No. 15) into the Left Lid (item No. 14) and fasten the Bearing
Lid (item No. 16) onto the Left lid with three socket head cap screws (item No. 18)
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Figure 13: Place two of the L-profiles beneath the drivetrain sub assembly without fastening it.
Ensure that the screw holes are coincident.

Figure 14: Thread the shaft through the left lid and push the lid towards the drivetrain sub
assembly until it hits the L-profiles. Parts of the flange on the gear should be in the bearing at
this point. Ensure that the screw holes are coincident and the motor holder is at the bottom.
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Figure 15: Fasten one of the flat walls to the the top of the assembly, with to L-profiles and six
socket countersunk head screws.

Figure 16: Mount the remaining gear to the motor and fasten the motor to the structure of left
lid, with two socket countersunk head screws.

Solder the wires from the motor to the D-sub with nine pins.

The two 15 pin D-subs are soldered to the wiring coming from the Flex connector. One
D-sub for each of the wiring set coming from their respective Flex.
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SatLight May 21, 2019 The Remaining Structure

Figure 17: Mount the D-subs that are soldered with wires to the designated flat wall, with two
socket head cap screws and two nuts each. Place one of the L-profiles on the corner closest
to the motor so that the screw holes are coincident with the holes on the assembly. Fasten the

wall to the assembly with six socket countersunk head screws.

Figure 18: Place the last L-profile on the last corner and fasten the remaining walls to the
assembly with the rest of the socket countersunk head screws.

&SatLight IS\ southeostern norway KONGSBERG 11 of 12
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SatLight May 20, 2019 Verification description

1 Verification description

This test is a bonding test, which is preformed to verify that the contact resistance between
metallic parts of the SADM are sufficiently low. This test is preformed with 4 wire method/1A
in Division Space and Surveillance’s test facilities and instruments. The test is not preformed
when SADM is fully assembled due to practical causes, but includes selected transitions. It
should give an indication if the fully assembled product provides sufficiently low contact resis-
tance between the metallic parts.

Verification ID TV-30, RV-18 and RV-19

Date 20.05.2019
Test Responsible || Erica Fegri and Havar @strem
Supervisor Lars Helge Surdal

Test instrument Hoioki 3548

Certificate date Date: 27.02.19

Cert. No. 19-474709
Costumer ID: 1-191573
Table 1

The requirements that are verified in this test is the following:

Requirement-ID

Description

R5-15

Metallic parts of each electrical equipment chassis (case) shall be mutually
bonded together by direct metal contact (preferred method). Bonding inter-
faces shall be designed to achieve contact resistance as follow:

- < 2.5m€ for 1 junction - < 4.3mQ for 2 junctions - < 5.9mQ for 3 junctions -
< 7.5mQ for 4 junctions - < 9.0mQ for 5 junctions - < 10.6mQ for 6 junctions

R5-17 The bonding test shall be performed with the SADM switched off. The mea-
surements shall be done with the four-wire method and 1A and with both
directions of polarity [...].

R5-18 The bonding test shall be performed without any harness connection

Table 2

‘ ‘ i i adiy
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SatLight May 20, 2019 Results

2 Results

Left lid - bottom front L-profile 1 junction | 0.72mQ
Middle wall - bottom front L-profile | 1 junction | 2.95mQ
Right lid - bottom front L-profile 1 junction | 0.32mQ
Wall top - top front L-profile 1 junction | 0.91mQ
Wall top - Left lid 2 junctions | 0.61mQ
Wall top - middle wall 2 junctions | 0.67mQ
Wall top - right lid 2 junctions | 0.49mQ
Right lid - middle wall 2 junctions | 0.44mQ
Middle wall - left lid 2 junctions | 0.45mQ
Right lid - left lid 2 junctions | 0.33mQ
Motor chassis - left lid 1 junction | 0.30mQ
Shaft - left lid 2 junctions | comQ

Table 3: Test results. See 4 for drawing.

Figure 1: Examples of how the test is preformed.
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3 Conclusion

The test resulted in very low contact resistance. The test Middle wall - bottom front L-profile
results in a value that is too high according to the requirement R-15. Considering that these
parts will be bonded by another three screws, the deviation of 0.45mQ is considered as accept-
able as the screws will both function as bonding and provide directly contact between the parts
when tighten.

The test Shaft - left lid is infinite, their only physical contact with the schassis is trough
bearings. The test is preformed without harness as specified in R5-18, and since the bearing
provides a large contact resistance this establish that the shaft needs redundant grounding.

The test is considered as successful.
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APPENDIX A. APPENDICES  A.8. MAIL CORRESPONDENCE - OEM’S SALES OFFICE

Fra: Erica Fegri

Sendt: fredag 15. mars 2019 kl. 16:35

Til: Torgny Berglund

Emne: SV: phyBasic step motor - forespgrsel pa pris

Tusen takk for hurtig svar.
Kan vi stille parametere kun med bruk av de digitale inngangene, eller er vi ngdt til & ha den her? Vi
gnsker a starte/stoppe og regulere hastighet kun ved bruk av digitale innganger pa driver.

EM-328 460 SEK  Parametersattningskabel

Med vennlig hilsen
Erica Fegri

Fra: Torgny Berglund
Sendt: fredag 15. mars 2019 kl. 11:47

Til: ericafegri@gmail.com
Emne: phyBasic step motor - forespgrsel pa pris

Hej Erica

Jag skulle rekomendera SS2421-5041 Sanyo Denki stegmotor, Denna motor ar valdigt kompakt Nema17
motor, endast 11mm.

7404201060 508 SEK  Motor

EM-KP72-87.5 112 SEK Dinskenfaste
EM-314-12-24V 1379 SEK Styrning

EM-328 460 SEK  Parametersattningskabel

Du hittar information om produkterna via dessa lankar:

https://www.oemmotor.se/produkter/motorer/stegmotor/ss242- -648521
https://www.oemmotor.se/produkter/drivelekironik/stegmotorstyrning/em-314- -449479

Med vanliga halsningar

Torgny Berglund

Product Manager / Drive Electronics & Motors

» DIRECT +46 (0)75-242 44 26
E-MAIL torgny.berglund@motor.oem.se

» ADDRESS Box 1011, 573 28 Tranas, Sweden
SWITCH +46 (0)75-242 44 00 FAX +46 (0)75-242 44 49

» WEB www.oemmotor.se
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E Laster inn ...

From: Erica Fegri <ericafegri@gmail.com>

To: Oscar Nystrom <oscar.nystrom@oemmotor.se>

Date: 2019-03-15 10:20
Subject: SV: phyBasic step motor - forespgrsel pa pris

Hei igjen Oscar,
Tusen takk for svar.

Jeg har veert og kikket litt pa motorer dere har, og vil gjerne spgrre deg om du kan anbefale
noen basert pa noen kriterier?

e 2 fase, bipolar, 1.8 grader full stepvinkel
e Standard NEMA-dimensjoner

e Dreimoment ca 40 mNm.

e Sa liten og lav vekt som mulig

@nsker ogsa tilhgrende motordriver, 24V DC matespenning med DIN-skinnefeste om mulig.

Med vennlig hilsen
Erica Fegri

Fra: Oscar Nystrom

Sendt: mandag 11. mars 2019 kl. 11:00

Til: Erica Fegri

Emne: Re: phyBasic step motor - forespgrsel pa pris

Hej Erica,

Om det ar sa att ni ar ute efter en standard stegmotor utan specialdata som till exempel:
* Hoga/laga temperaturer

* Vakumm

* Radiation

* Vibrationer

Da skulle jag rekommenderar vart standardprogram av stegmotorer och styrningar pa
www.oemmotor.se.

& Sat Light m gg:l‘;?\[zigtzfm Norway ﬁ% KONGSBERG
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Detta blir bade billigare och snabbare leveranser.

Med vanliga halsningar / Best regards
OSCAR NYSTROM

Business Area Manager

Drives and Motors

» DIRECT +46 (0)75-242 44 35
E-MAIL oscar.nystrom@motor.oem.se

» ADDRESS Box 1011, 573 28 Tranas, Sweden
Switch +46 (0)75-242 44 00 FAX +46 (0)75-242 44 49

» WEB www.oemmotor.se

From: Erica Fegri <ericafegri@gmail.com>

To: "oscar.nystrom@oemmotor.se" <oscar.nystrom@oemmotor.se>
Date: 2019-03-06 16:49

Subject: phyBasic step motor - forespgarsel pa pris

Hei,

Jeg fikk din mailadresse av Eirik Normann fra Kongsberg Space and Surveillance.

Vi er en gruppe studenter som skriver bacheloroppgave for Kongsberg Space and Surveillance,
og trenger i den forbindelse en steppermotor og tilhgrende driver.

Vi har sett pa fglgende motorer;

phyBASIC-28-1-200-1,0-4Lp-MOLEX-300 (Nema 11)
phyBASIC-42-1-200-1,5-4Lp-JST-300 (Nema 17)

Kan vi fa et pristilbud pa 1 stk av hver av disse (til KSS), samt forslag/pris pa tilhgrende driver?

‘SatLight (SN samstersnomsy [ KONGSBERG
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Vi har i utgangspunktet mellom 17-19 VDC som matespenning til motor og driver.

Dersom dere har brakett/sokkel til driver for DIN-skinnemontering hadde dette vaert supert.
Nar det kommer til «mating connector» MOLEX eller JST tar jeg gjerne i mot tips til hva som er
fordel ulempe med hver av dem og hvilken vi bgr velge.

Pa forhand takk.

Med vennlig hilsen

Erica Fegri

Ingenigrstudent — Mekatronikk og kybernetikk

Universitetet i Sgrgst-Norge
TIf: 95768624
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Flex Width Comparison Table

Copper width ]
(23 of flex Flex thickness  Total Cross
Number of flexes Flex width [mm] width) [mm] [mm] section [mm*2]

33
s

R R R R R W W W W W LS

33
s
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Flex Length Comparison Table

Radius of outer Radius of inside Shaft Mounting

surface of the of the capsule  Flex Length angle (zero)

flex shaft [mm]  housing [mm)] Minimum [mm] [revolutions]
10 15 122 1.667
10 20 130 1.5
10 25 138 14
10 30 146 1.334
10 35 154 1.286
10 40 163 1.25
10 45 170 1.222
15 20 170 1.75
15 25 178 1.6
15 30 185 15
15 35 193 1.429
15 40 201 1.375
15 45 209 1.334
20 25 217 18
20 30 225 1.667
20 35 233 1.572
20 40 240 15
20 45 248 1.445
25 30 264 1.834
25 35 272 1.715
25 40 280 1.625
25 45 288 1.556
30 35 311 1.858
30 40 319 1.75
30 45 327 1.667
35 40 358 1.875
35 45 366 1.778
40 45 405 1.889
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DataStream

- inputBuffer : List<Dictionary<string,
string>>

- provider : DataProvider

- subscriptions :
List<DataSubscription<object>>

- json_settings : JsonSerializerSettings
- json_errors : List<string>

- json_error : bool

Preliminary design pre-alpha

DataSubscription<T>

- subscriptionAttribute : string

- receiver : DataReceiver
- IDataSubscription.Type : Type

- receive(data : T) : void

<<interface>>
DataReceiver

—

+ ReceivePayload(payload : T) : void

- Write(Dictionary<string, string>) : void
- GetlastJsonError() : string

+ DeliverSubscriptions() : void

+ AddSubscriber(receiver : object) : void

+ Parse() : void

SerialHandler

A

<<Interface>>

IDataSubscription

- Type: Type
- subscriptioniAttribute : string

- receive(data : object)

AppForm

- availableCOMPorts : HashTable
- connection : System.lO.Ports.SerialPort
- connected : bool

JSON

+ parse<T>(input : string) : object
+ serialize(input : object) : string

System.Windows.Forms.Form

DataProvider

+ Connect() : bool

+ Disconnect() : void

+ WriteData(data : string) : void

+ SetComPort(portName : string) : void
- OnDataReceived(sender : object, e :
SerialDataReceivedEventArgs) : void

- GetPortListInformation() : HashTable

Newtonsoft.Json.JsonConvert

20. mai 2019
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Alphal Use Case Diagram
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Alpha 3 Use Case Diagram
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Display Realtime
data

<<include>>

20. mai 2019
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Beta 2 UseCase diagram

Display Historical Data

Save dataplot to
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Run Automated test

Update rotation angle
of SADM shaft

|
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I
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simulation

Thomas Mundal
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Save control parameter
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<<include>>

|
|
Define control parameters ¢ ——————- <<extend>>
|

|
<<include>>

|
Define test configuration

— —<<include>>

Load parameter template

————— Save test configuration
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— — —<«indude>>- — — =X_Adjust COM settings - — <«<indude>>- —X Remember COM settings
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DataStream

- inputBuffer : List<Dictionary<string,
string>>

- subscriptions : List<IDataSubscription>
- OutputReceivedCallback :
Action<string>

Alpha 1 Class Diagram

DataSubscription<T>

- Write(Dictionary<string, string>) : void
+ DeliverSubscriptions() : void

+ AddSubscriber(receiver : object) : void
+ Parse(input : string) : void

+ Output(data : object) : void

+ OnOutputReceived(cb : Action<string>)
: void

- subscriptionAttribute : string
- receiver : DataReceiver
- IDataSubscription.Type : Type

- receive(data : T) : void

<<interface>>
DataReceiver<T>

+ ReceivePayload(payload : T) : void

SerialHandler

- availableCOMPorts : HashTable
- connection : System.l0.Ports.SerialPort
- connected : bool

A

<<Interface>>

IDataSubscription

- Type: Type

- subscriptionAttribute : string

- receive(data : object)

AppForm

+ Connect() : bool

+ Disconnect() : void

+ WriteData(data : string) : void

+ SetComPort(portName : string) : void
- OnDataReceived(sender : object, e :
SerialDataReceivedEventArgs) : void

- GetPortListInformation() : HashTable

<<static>>
JSON

- json_settings : JsonSerializerSettings
- json_errors : List<string>
- json_error : bool

20. mai 2019

+ parse<T>(input : string) : object
+ serialize(input : object) : string
- GetlastJsonError() : string

Newtonsoft.Json.JsonConvert

System.Windows.Forms.Form

DataProvider<T>

Thomas Mundal

- stream : DataStream

+ Deliver(T data)
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20. mai 2019

Alpha 2 Class Diagram — Exported from Visual Studio

" JSON

4 Properties

y
>

AvailableSettings { get; } : SerialSettingsCellection
ConnectionStatus { get; } : ConnectionStatus

4 Methods

Leeea00

e aeaaa

Connect() : void

ConnectionRequest(COMSettings selected_settings) : void
DefaultConnect(string portMame) : void

Disconnect() : void

GetPortListinformation() : Hashtable

InvokeHandshakeResponseCallback{SerialSettingsCollection settings...

CnDataReceived(cbject sender, SerialDataReceivedEventArgs €) @ void
CnHandshakeResponse(Action <SerialSettingsCollection> cb) : veid
SerialHandler()

SetComPort(string portMame) : void

StartHandshake() : void

WriteData(string data) : void

A " DataStream A
Class Class
4 Fields 4 Fields
®_ json_error: bool ®_ inputBuffer: List<)Object>
@ json_errors : List<string> @ OutputReceivedCallback : Action <string>
#_ json_settings : JsonSerializerSettings @ cubscriptions: List<DataSubscription>
4 Metheds 4 Methods
@  GetlastlsonError() : string @  AddSubscriber(DataSubscription subscription) : void
@  parse<T>(string input) : T @ DataStream()
@ serialize(object input) : string @  DeliverSubscriptions() : void
@  OnOutputReceived(Action<string> cb) : void
@ Qutput{object data) : void
@  Parse(string input) : JObject
@  ParsefAsObject(string input) : JObject
T
' SerialHandler A | ' StreamSimulator R
Class Class
—t DataStream —t DatzStream
4 Fields 4 Fields
"i'a available_settings : SerialSettingsCcellection "i'a connected : bool
@ availableCOMPorts : Hashtable @ input_buffer: Queue<string>
"i'g connection : SerialPort "i'g cutput_buffer: Queue<JCbject>
#®_ connectionStatus : ConnectionStatus . running : bool
@ default_settings : Hashtable 4 Methods
@_ HandshakeResponse callback : Action <SerialSettingsCollection >

‘539 ClientlnitializeHandshake() : void
@ Connect() : void

@, EndHandshake{) : void

@ Qutput(JObject data) : void

(ﬂa Run() : Task

’5’9 StartHandshake() : void

SR e o o - -
I Program A :
: Static Class I
| I

. I
: 4 Fields 1
: @ serial : SerialHandler :
: &  cettings : AppSettings :
| @ streamSimulator: StreamSimulator
| 4 Methods :
Il @, Main() : void :
R —————_

Thomas Mundal

DataSubscription A
Class
4 Properties
M attribute | get: =et; } : string
A data_type { get: set }: string
M receiver | get: set; } : DataReceiver
4 Methods
@ Create(DataReceiver receiver, string attr, string type) : DataSubscription
@ DataSubscription{DataReceiver r, string attr, string type)
@  receive(object data) : object
" DataReceiver A |
Class
4 Fields
. active_subscriptions : List<string>
& OnPayloadReceived_Callback : Action<object, string>
. cubscriptions : List<DataSubscription >
i Methods
@ DataReceiver()
@ HasSubscription(string key) : bool
@  OnPayloadReceived(Action<object, string> cb) : void
@ ReceivePayload(object payload, string attribute, string data_type) : veid
@ Subscribe(DataStream stream, string attribute, string data_type) : void
@  Unsubscribe(string attribute) : void
" DataProvider A |
Class
AppSettings R
Struct
4 Fields
4 Fields @ ctream : DataStream
W baud_rate:int 4 Methods

@  comSettings : COMSettings
@ config: string
& porthame: string

@  DataProvider(DataStream target)
@ Deliver(chject data) : veid
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Alpha 3 — Class Diagram — Exported from Visual Studio

o ~ L B SN B SNBSS SR SER R SR S G G S S S SR S G S - . - - - - - - N
SocketHandler DataStream A StreamSimulator A i ThreadHelperClass A
Class Class Class | Static Class I
- DataStream b DataStream : :
4 Fields | 4 Methods :
4 Fields . . . 4 Fields | . .
@ inputBuffer: List<JObject> P | @ Invoke{Form f, Panel p, Control ¢, Action<Hashtable> cb, Hashtable data) : void :
: allDene: Mar'fuaIRES?tEvent . L] OutputReceivedCallback : Action<string> 9“ FDHHECtEd : bool ) { @ SetBaudrates(Form f, Panel p, ListBox ¢, SerialSettingsCollection settings) : void |
s connected_clients : List<TepClient> @ subscriptions : List<DataSubscription > = input_buffer: Queue<string> | b Nested Types :
"i'g listen_addr: IPAddress 1 4 Methods "i'g cutput_buffer: Queue<JObject> !‘ e e e e ———
@ listen_port : int ) o o _ “— % running: bool --—-—-—-_-_-_-__-_-_-------—---—-i_l"?o?;r?n;---. ﬁ\.
@ |ocalEndPoint : IPEndPoint @ AddSubscriber{DataSubscription subscription) : void + Methods —— A0 | static Class :
©. server: Teplistener 2 galt.a Str:a: v ol + void @, ClientinitializeHandshake() : void Class : ]
@, serverlistenerThread : Thread eliverSubscriptions() : voi & Connect() : void | 4 Fields :
+ Methods @ OnOutputReceived(Action <string> ch) : void o ' ) E— : @ cerial: SerialHandler I
] ) ) ] @ Qutput(chject data) : void & EﬂdHandShéke() :void _ 4 Fields I @ . . AppSetti I
@  Disconnect(TcpClient client) : void @ Parse(string input) : JObject @ Output()Object data) : void @ paramtable : JObject : settings: AppSettings :
@ Send(string data) : void / @ Runi) : Task A [T I @ socketHandler : SocketHandler i
Fa 5] e | streamSimulator: StreamSimulater |
® Socke_tHan_dler() . s StartHandshake() ; void @ Create(string instr, params object[] arguments) : JObject I 1
@ Startlistening() : void . . . | 4 Methods 1
@ StartServer() : void @ Instruction(string instr, params cbject[] arguments) | g Main < void i
' @  tolObject() : JObject | = Main(:vo !
 SerialHandler A | | [ DataReceiver A | [ DB_SensorDataltem A [ 50N A
Clazs Clzss Clazz Clazz
—+ DataStream
4 Fields 4 Fields 4 Fields
4 Fields . _— . . . .
— ) ] ] ] ) . active_subscriptions : List<string> @ test:int @ json_error: bool
99 avaflable_settlngs: SerialSettingsCollection @ OnPayloadReceived_Callback : Action<object, string> 4 Properties @ json_errors : List<string>
a availableCOMPorts : Hashiable @ subscriptions : List<DataSubscriptions - @ json_settings : JsonSerializerSettings
9a. connection : SerialPort Method et h_j {getset }: ObJE_Ctld Method
@ connectionStatus : ConnectionStatus 4 Wethods A title{get; set;} : string 4 WMethods
ga default_settings : Hashtable @ DataReceiver() & values| get: set; }: List<object> @  GetlastlsonError() : string
. HandshakeResponse_callback : Action <SerialSettingsCollection> @ HasSubscription(string key) : bool 4 Methods @ parse<T>(string input) : T
4 Properties @  OnPayloadReceived({Action <cbject, string> cb) : veid @ timel) : DateTime @ serizlize(object input) : string
: : : : : @ ReceivePayload(object payload, string attribute, string data_type) : void S 2
¥ A"'a"ab@SEtt'“QS {get}: Serm'SEtt_'"QSCD"ECt'Dn @ Subscribe(DataStream stream, string attribute, string data_type) : void : :
A ConnectionStatus { get; } : ConnectionStatus @  Unsubscribe(string attribute) : void AppSettings A DataProvider A
4 Methods = J Struct Class
@ Connect(): void _ _ _  DataSubscription A | | StateObject JW o
@ ConnectionRequest(COMSettings selected_settings) : void Class Class i
- - @ baud_rate: int @ stream : DataStream
@ DefaultConnect(string portMame) : void & ) )
@ Disconnect() : void 4 Fields 4 Fields CD"“?E&'"QS:COMSEW”QS 4 Methods
@ GetPortlistinformation() : Hashtable @ attribute: string @  buffer: byte[] : cor:fl\? ' strrnf- @ DataProvider(DataStream target)
@ InvokeHandshakeResponseCallback{SerialSettingsCaollection settings... @ data_type: string B BufferSize: int portiame: stnng @ Deliver{object data) : void
@, OnDataReceived(chject sender, SerialDataReceivedEventArgs ) : void @ receiver: DataReceiver @ sb: StringBuilder - =
@ OnHandshakeResponse(Action <SerialSettingsCollection» cb) : void 4 Methods ®  workSocket : Socket
@  Qutput{object data) : void — . . . ConnectionStatus A COMSettings A SerialSettingsCollection A
. @  DataSubscription(DataReceiver r, string attr, string type)
@ SerialHandler() © el obiect data) : obiect ! T A B gt o
@ SetComPort(string pertName) : void receive(object data) : objec ) laes
@ StartHandshake() : void ) - Disconnected 4 Fields 4 Fields
@ WriteData(string data) : void 4 Methods Har_‘nffshake ) @ baud_rate:int @ baud_rates: int[]
@ Log(object m) : void WaitingConnectinit @ config: string @ configs: string[]
Connected @ newline: string @ newlines: string(]
0
20. mai 2019 Thomas Mundal Page 8



Beta 1 Class Diagram page 1 — Exported from Visual Studio

20. mai 2019

Thomas Mundal

~ S S S S S S S S S S S . S S S S S S . - - - - - - - N
SocketHandler DataStream StreamSimulator A | ThreadHelperClass A SerialSettingsCollection A
Class Class Class | Static Class : Struct
4 DataStream —+ DataStream !
I I
4 Fields | 4 Methods b | 4 Fields
4 Fields . : : 4 Fields [ : - _ : : ! :
. inputBuffer: List<JObject> — I @ SetBaudrates(Formf, Panel p, ListBox ¢, SerialSettingsCollection settings) : void : @ baud rates:inf[]
: allDone:: Mar'!uaIRese.tEvent _ @, OutputReceivedCallback : Action <string> aa _CDHHECtEd +bool ) : @ SetCOMCeonnectionStatus(string status) : void I @ configs: string]]
aﬂ C.DI'II'IEC'(Ed_ChEI"ltS : List<TcpClient> @ subscriptions : List<DataSubscription> a“ nput_bulles: Queue{strlng> : @ SetNetworkConnectionStatus(string status) : void : @ newlines: string[]
ﬂa I!sten_addr :-IPAddress 1 4 Metheds :','J——a“ outp-ut_buffer: Queue<JObject> | @ Ullnvecke(Form f, Panel p, Control ¢, Acticn<Hashtable> cb, Hashtable data) : void I
o listen_port: int . . L . a running : bool ! @ Ul_Tasklnvoke(Form f, Panel p, Contrel ¢, Action<Hashtable> cb, Hashtakle data) : void :
@ |ocalEndPoint : IPEndPoint @ AddSubscriber{DataSubscription subscription) : void + Method 1 i
5 . s | Mested T ConnectionStatus R’
=] \ : @ DataStreaml() p Mes ypes i
; server : Teplistener @ DeliverSubscriptions) : void @, ClientinitializeHandshake) : void k.._______-------_-________________------__-__..’ 20T
serverListenerThread : Thread ' S
- @ OnOutputReceived(Action <string> cb) : void @ Connect() : void 5 A ) "
4 Methods : : @, EndHandshake() : void L Disconnected
@ Output{object data) : void a ' Class
@  Disconnect{TcpClient client) : void S . - @ Qutput{J)Object data) : void Handshake
@ Parse(string input) : JObject . .
@ Send(string data) : void . Run() : Task S WaitingConnectlnit
A 4
@ SocketHandler() T @ StartHandshake() : void 1= _ o ) ) Connected
@ StartListening() : void @ active_subscriptions : List<string>
®  StartServer() : void “a obsenve values : bool COMSettings A
"P ___________________________________ ;a': Y @ observedValues : ObservableNumericValueCollection Struct
: St;og:;ﬂ : Qa onObservableValueChanged_ch : Action <|CbservableNumericValue»
SerialHandler . 1 : @ OnPayloadReceived_Callback : Acticn <chject, string» 4 Fields
_c::mStmam : A [ i @, subscriptions : List<DataSubscription> @ baud_rate:int
I 1 - L
| @ app:SatStatMainForm I 4 Properties L confl-g : Strll’!g
4 Fields : @  cerial: SerialHandler : A Observe | get: set:} : bool @ newline: s4tr|f19
#®_ available_settings : SerialSettingsCollection I & settings: AppSettings : /& ObservedValues { get; } : ObservableNumericValueCollection @ portDescription...
¥ zvailableCOMPorts : Hashtable : @ cocketHandler : SocketHandler 1 4 Methods
ﬂa connection : SerialPort : @ streamSimulator: StreamSimulator : @ DataReceiver() StateObject R
¥ connectionStatus : ConnectionStatus | 4 Methods : @ HasSubscription(string key) : bool g
@ HandshakeResponse_callback : Action <SerialSettingsCollection > : @, ExceptionHandler{object sender, UnhandledExceptionEventArgs e) ... : @  OnCbservedvalueChanged{Action <|ObservableNumericValue> cb) : void 4 Fields
A e l @a Main{) : void I @ OnPayloadReceived{Action <cbject, string> cb) : void @ buffer: bytel]
. . . . . . uffer : byte
g AvailableSettings { get; } : SerialSettingsCollection o -t @ ReceivePayload(object payload, string attribute, string data_type) : void B BufferSi Jl int
A ConnectionStatus { get: } : ConnectionStatus @ Subscribe[DataStream stream, string attribute, string data_type) : void - sI:L:' ::ri:;Bll:?lder
[ Teed ey A | @  Unsubscribe(string attribute) : void '
) sl N p— S ? @  workSocket : Socket
@ Cennect() : void
5] ConnectionRequesT.(COMSettings sele-cted_settings) 1 void L Ficlde - = S E—
@  DefaultConnect{string portMame) : void . . Class Struct
- - @ attribute ! string
@ Disconnect() : void p )
@ GetPortlistinformation() : Hashtable data-_type: string . 4 Fields 4 Fields
@ InvokeHandshakeResponseCallback{SerialSettingsCollection settings) : void @ receiver: DataReceiver @ json_error: bool @ comSettings : COMSettings
@, OnDataReceived(object sender, SerialDataReceivedEventArgs &) : void 4 Methods @ json_errors : List<string> @ portDescription : string
@  OnHandshakeResponse{Action <SerialSettingsCollection > cb) : void @  DataSubscription(DataReceiver r, string attr, string type) @_ json_settings : JsonSerializerSettings @ portName: string
2 (;u'-(plL:(ol;glechata) : void « @  receive(object data) : object 4 Methods R
erialHandler - =
© SetComPort(string portName) : void e ~ @ GetLastlsonE_rror_() 1 string > COMSettingsDB { get: } : strmg
. @ parse<T>(string input) : T A DatabasePath { get: } : string
@ StartHandshake() : void e e o o ) )
@ WriteData(string data) : veid serialize(cbject input) : string P ParameterControlDataba_se {get: }: string
Nested T Field A PlotDatabase { get: } : string
b Nested Types 4 Fields
= @ paramtable : JObject
4 Methods ( Debug A
@ Create(string instr, params object[] arguments) : JObject =
@ Instruction(string instr, params object[] arguments)
@ Subscription(string type, params object[] subscriptions)... 4 Methods
@  tolObject() : JObject @ Leg(cbject m, [intIn = 0], [string file = ""]) : void
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Beta 1 Class Diagram page 2 — Exported from Visual Studio

? |Enumerator

f DB_SensorDataltem
Class
4 public
H Id{ get: set; } : Objectld
@ time() : DateTime
& times | get: set: }: List<object>
& title ] get: set: } 1 string
& values | get; set; } : List<object>
" Observablelnt A
Class
=+ ObservableMumericValue<int>
4 public ‘ >
@ Diff() : object :
" ObservableFloat A |
Class |
=+ ObservableMumericValue<float>
—=
4 public 1
@ Diff() : object

Observable Double
Clazs
—# ObservableMumericValue<double >

4 public
@ Diff() : object

Clazz
—+ ObservableMumericValue<long>

4 public

ObservableLong A |
@ Diff() : object

20. mai 2019

]

k

" ParameterControlTem plate

Class

4 public

Collection { get; set; } : [CbservableNumericValue(]
Date { get; set; } : DateTime

Descripticn { get; set; } : string

Id { get; set; } : Objectld

Name { get; set; } : string
ParameterContrelTemplate()

222%%ere

SetCollection(CbservableNumericValueCollection c) : void

ParameterControlTemplate(ChservableMumericValueCollection ¢}

& " ObservableNumericValueCollectionEnum

Class

4 public
A& Current| get: } : object
@ MoveNext() : boel

2 Reset() : void
4 private

@ position : int

@ QObservableMumericValueCellectionEnum(lCbservableMumericValue[] values)

95 valueCollection : [ObservableMumericValue[]

(? |0bservableMumericValue

]

|[Enumerable
|List<IQbservableNumericValue>

| ObservableNumericValue<T=
| Generic Abstract Class

W22 %W NN O OO

4 public

Diff) : object

Equal(T testVal) : bool
EqualMax() : bool
EqualMin() : bool

Label { get; set; } : string
Max { get; set; } : object
Min { get; set; } : chject
CnUpdate(Action <IObservableNumericValue> cb) : void
COver() : bool

Stable() : bool

type {get: }: Type
Under() : bool

& Value | get set; }: object
4 protected

9* value: T
4 private

®. lzbel: string

a
., maxVal: T
= minVal: T

. onlpdate_callback : Acticn <ICbservableNumericValue>

Observable NumericValueCollection
Class

4 public

%

b AR T T N TN S S R R S I )

Add(|ObservableMumericValue val) : void

Clear() : void

Contains(|ObservableMumericValue value) : kool
ContainsLabel(string label) : bool
CopyTo(lObservableNumericValue[] array, int index) : veid
Count { get: }: int

Getlint index) : |ObservableMumericValue

Get(string label) : ICbservableNumericValue
GetEnumerator() : [Enumerator
IndexOf(10bservableMNumericValue value) : int
Insert(int index, |QbservableMumericValue value) : void
IsFixedSize { get; } : bool

IsReadOnly { get; }: bool

IsSynchrenized { get; } : bool
ObservableMumericValueCollection()
Remove(lObservableMumericValue value) : bool
RemoveAt(int index) : void

Set(string lakel, ICbservableMumericValue value) : veid
SyncRoot { get; } : object

this[int index] { get; set; } : IObservableMumericValue
this[string label] { get: set: } : IObservableNumericValue

private

@, |Enumerable<|ObservableNumericValue> GetEnumerator()

)

valueCollection : [ObservableMumerncValue[]

i |[Enumerator<|ChkservakleMumericValue»

Thomas Mundal

( 10bservableNumericValue

Interface

4 public

Diff]) : object
EquaiMax() : bool
EquailMiny) : bool

Label { get: set: } ! string
Max { get; set: } : object
Min { get; set; } : object
OnUpdatefAction< IObservabieNumericValue> cb) : void
Over() : bool

Stabie(): bool

type { get; } : Type
Under() : bool

Value { get;: set; | : object

Y2222 % wN? @O

( DB_ComSettingsltem A )
Class

4 public

baud_rate { get; set: } : int
Config { get; set; } : string
DataBits { get; set; } : int

Id { get; set; } : Objectld
MNewline { get; set; } : string
Parity { get; set; } : int
PortDescription { get; set; } : string
PortMame { get; set; } : string
StopBits { get; set; } : int
toComSettings() : COMSettings

2% e e

" DataProvider A
Class

4 public
@  DataProvider(DataStream target)
@ Deliver[object data) : void

4 private

ﬂa stream : DataStream
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" ObservableFloat A |
Class
= ObservableMumericValus<float >

4 Methods
@  Diff() : object

ObservableDouble
Class
= ObservableMumericValue<double >

4 Methods
@ Diff() : object

Observablelnt A |
Clazz
= ObservableMumericVzlue<int>

4 Methods
@ Diff() : object

" ObservableLong A
Class
= ObservableMumericVzlus<long >

4 Methods
@ Diff() : object

20. mai 2019

CP |CbservableMumericValue

Generic Abstract Class

& 4 Fields
: lakel : string

maxVal: T
minVal: T

L0000

value: T

4 Properties

Label { get; set; } : string
Max { get; set; } : cbject
Min { get; set; } : object
type { get; } : Type

: Value { get; set; } : object
4 Methods

Diff() : obyject

Equal(T testVal) : bool
EqualMax(} : bool
EqualMin() : beol

AR D RN

Chver() @ bool
Stable() : bool

TeStringl() : string
Under() : bool

eeacaeeae ae

ObservableNumericValue<T= #

onUpdate_callback @ Acti...

Beta 2 class diagram — page 1

|0bservableNumericValue #

Interface

4 Properties

Label { get: set: } » string
Max { getr set: } : object
Mir { get; set; | object
type { get; }: Type

Value { get: set: } : object
4 Methods

Diff() : object

EqualMax() : bool

AR R RN

EqualMing) : bool

Over() : bool
Stable) : bool

OnUpdate{Action<IObs... |

Status() : ObservableMu...

eaeaeoeeac

Under{) : bool

OnUpdatefAction={0bserva...

Stotus() : GbservableNumeri..

? |[Enumerator

" ObservableNumericValueCollectionEnum A

Class

4 Fields

#_ position : int

@ valueCollection : IObservableNumericValu...
4 Properties

y o Current { get; } : object
4 Methods

@ MoveNext() : bool
@ ObservableMumericValueCollectionEnum(l...
) Reset() : void

ObservableNumericValueStatus A

Enum

Unknown
Under
Crer
Stable
Unstable

Thomas Mundal

|

|[Enumerable
[List<|CbhzervableMumericValue>

ObservableNumericValueCollection A
Class
4 Fields
®_ alueCollection : |CbservableMumericValue[]

4 Properties

AR R R R RN

Count { get; }: int

IsFixedSize { get; } : bool

IsReadCnly { get; } : bool

IsSynchronized { get; } : bool

SyncRoot { get; } : object

this[int index] { get; set; } : [ObservableMumericValue
this[string label] { get; set; } : [CbservableMumericValue

4 Methods

Leeec0eeee

eacaacaeaa

Add(lObservableMumericValue val) : void
AddWithType(string lakel, string type) : bool

Clear() : void

Contains(ICbservableMNumericValue value) : bool
CentainsLakel(string lakel) : bocl
CopyTo(lCbservableMumericValuel] array, int index) : void
Get(int index) : [ObservableMumericValue

Get(string label) : ICbservableMumericValue
GetEnumerator() : [Enumerator
|[Enumerable<|ObservableNumericValue>.GetEnumerator]) ...
IndexOf(|CbzervableMumericValue value) : int

Inzert(int index, |ObzervableMumericValue value) : void
ObservableMumencValueCollection()
Remove(|CbservableMumericValue value) : bool
Removelt(int index) : void

Set(string label, ICkservableNumericValue value) : void
Tohrray() : 10bservableMumericValue(]
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Beta 2 Class diagram — page 2

: TestConfiguration A |

Clazz

4 Fields

-

=

[lt’ I:lt' [lt’ llt' [lt’ I:lt'

currentlnstructicnEntry : InstructionEntry
instructionEntryCueue : Queue<InstructionEntry>
internalReceiver : DataReceiver

is_running : bool

cnCueuehbertedCallback : Acticn
onCueuehdvanceCallback : Action <InstructicnEntry>
enCueueCompleteCallback : Acticn<InstructionEntry >

queue_positicn @ int

4 Properties

AR R RN N

Descripticn { get; set; } : string

Id { get; set: } : Cbjectld

instructionEntries { get; set; } : List<InstructicnEntry>

IsRunning { get; } : kool

Mame { get; set; } : string

ParameterControlTemplate { get; set; } : ParameterControlTemplate

4 Methods

eeoeoaeceeeeaoeaecaede

Abort() : void

AddlInstructionEntry(Instructicn instr, List<string> chservedLabels, [int uindex = -1]) : InstructionEntry
AddlInstructionEntry(InstructicnEntry entry) : veoid

HaslnstructionEntries() : bool

InstructionEntrylndex(InstructicnEntry entry) : int
lcadParameterControlTemplate(ParameterControlTemplate template, DataStream stream) : void
CnObservedValueChange(lObservableMumericValue val) : void

CnPayloadReceive(cbject payload) : void

OnQueuebbort{Action callbkack) : void

OnQueuehAdvance(Acticn <InstructionEntry> callback) : void

OnQueueComplete(Action <InstructionEntry> callback) : void
RemovelnstructicnEntry(Instruction instr) : veid

RemovelnstructionEntry(InstructicnEntry entry) : void

Run(DataStream stream) : void

RunCueuedInstruction(DataStream stream) @ void

Savel[Action <TestCenfiguraticn> cb = null]} : void
setParameterControlTemplate(ParameterContrelTemplate template) @ veid

TestConfiguration()

ToString() : string

; InstructionEntry

Clazs

4 Properties

A instruction { get: set; } : Instruction
A observedValuelabels { get; set; } : List<string>

A observedValues { get; set; }: ObservableMNumericValueCellection

4 Metheds

@ setinstructicnindex(int index) : void

' Instruction

Clazs

4 Fields
® _ui_index:int
¥ feedbackStatus : ObservableMumericValueStatus
#®_ paramtable : JObject

4 Properties
M Label { get; set; }: string
A SerializedParamTable { get: set; } : string
A Ulndex { get; set: } 1 int

4 Methods

Create(string instr) : JObject

Create(string instr, JObject paramTakle) : JObject
Create(string instr, params chject[] arguments) : JObject
Instruction()

Instructicn(string instr)

Instructicn(string instr, JObject paramTable)
Instructicn(string instr, params chkject[] arguments)
to)Object() : JObject

€0 aa8a a8 a

Thomas Mundal

InstructionUlEntry A
Struct
4 Fields

@ |abel: string

@  parameters : JObject
4 Methods
@ ToString() : string
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Alpha 2 Sequence: Com Settings

ComSettings

@
App Menu Settings .
User PP g Controller AppSettings
ul V]
T T T T T
:—Click open setting : : :
: openl settings Ui————— - :
: | L<———disp|ay Ul— — — :
: click desireci COM port————Pp>| :
: Notify event—»| :
: Connect with default configuration————P>|
: <——————— Deliver available baud rates- — — — — — — — —
I
|
|
|

F———click desired baud rate——p>|

L click connect—————— |

——

< —Display baud rates—

Notify event—>|

————

Save settings

Reconnect with selected configuration

SerialHandler

20. mai 2019

Thomas Mundal
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Alpha 2 Sequence: Display historical data

Display Historical Data)

O

W

User

——————Click desired entry to view

ul

:—Click view databa se4>|i}

Mainmenu
[

Ul Entry
List

Ul Database
View

Raise event

Controller Database

[
|
p L

Display collection data

Raise event
1

|-—F|<7Display datain plot—

g

|

|

|

|
—Get collection entriesrh

Get entry data—P>]

]

20. mai 2019

Thomas Mundal
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Alpha 3 Sequence: Save to database

Save to database

@
V]
User Mainlmenu

Controller

Click save data I :
Raise event !

Database

Save current view to databas\]

20. mai 2019

Thomas Mundal

Page 15




Alpha 3 Sequence: Select diagnostic view

Select diagnostic data view)

O

W

User
[

Ul Diagnostic
typ(le list

:—Click checkbox—blil

Ul Diagnostic
viclew

Controller
[

Raise event

I
Display received data

DataReceiver

|

|

|

|
Subscribe to type—PJ-

DataStream

——Register subscription—»

dDeliver subscription data—

I
|
|
|
|
|
|
|
|
L

]

20. mai 2019

Thomas Mundal
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Alpha 3 Sequence: Save COM Settings

Remember COM settirgs)

y

User

Ul

Adjust COM sett'ng54>|i|7

Controller
[
|
|

Trigger event—}ILl—l

Apply COM settings

DB_ComSettingsltem

|
|
|
|
|
|
|
|
|
Save COM Settings—PprrH

]

20. mai 2019

Thomas Mundal
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Alpha 3 Sequence: Display Realtime Data

Display Realtime Data)

Display datain Ut
|
|

User Ul Controller DataStream DataSubscription DataReceiver
| | | | | |
:—Interact with connect UI—>L : : : :
: — Raise eve nt—}l— : : :
: Initiate connection—»J- : :
: Select data to view——p» : :
| — Raise event———pp | |
| | |
| | |
: | Initiate data subscription : P:
| | —~4——Create Subscription .
: : <4—Register subscriptior——
| |

|
[P |
I' | DataStream has subscribers I
: : I Deliver data to subscription
| | | Deliver data to receiver———p»
| | |
| | |
| | I
| f
| |
| |

20. mai 2019

Thomas Mundal
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Alpha 3 Activity: Add sensor attribute

. . ) , Update attribute
[liveDatalist.ContainsKey(attribute)
value

SatStatMainForm.ReceivePayload()

[!live DataList.ContainsKey(attribute)]

[Add attribute to dataw

list J

Thomas Mundal 11.04.2019

11. april 2019 Thomas Mundal Page 19
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IN PROGRESS

V1.0

Document owner
Technical writers

Designer

Tech lead

QA

Objective

This document describes the requirements associated with the software layer (SWL) of the
diagnostics system (DS). The main purpose of the SWL is to act as a human-machine-interface
(HMI) between the hardware control unit and the mechanical components of the Solar Array
Drive Mechanism (SADM) unit. Together with the hardware layer (HWL), the DS shall act as a
calibration, diagnostics, and testing system for the mechanical component of the SADM unit.
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3 |Verification 15.02.2019| 17.02.2019 3d —
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5 |Alpha 1 18.02.2019| 18.02.2019 od *

6 | Design 19.02.2019| 22.02.2019 4d [

7 |Implementation 21.02.2019| 24.02.2019 4d ]

8 |Verification 23.02.2019| 24.02.2019 2d _—
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10| Alpha 2 25.02.2019| 25.02.2019 od .

11| Design 26.02.2019| 03.03.2019 6d ]

12| Implementation 28.02.2019| 06.03.2019 7d |

13| Verification 05.03.2019| 10.03.2019 6d ]
14|validation 08.03.2019| 10.03.2019 3d I
15|Alpha 3 11.03.2019| 11.03.2019 od *
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Requirement ID  Description Importance Version
R4-12A The DS Software Layer should use JSON HIGH ALPHA 1
for input data
Date Discussions and decisions
User Story
USN5-108 - As a software engineer, | need the diagnostic system to use a standardized way of exchanging data
Verification ID Verification method Status
uTVv-3 Unit Test: Assert input format match DISCARDED
UTV-5 Assert datatype and value as expected for:  B=VNSISI=ip)
double
uTVv-8 Assert datatype and value as expected for PASSED
string
UTVv-9 Assert datatype and value as expected for PASSED
float
UTV-10 Assert datatype and value as expected for PASSED
int
uUTVv-11 Assert datatype and value as expected for PASSED
long
UTV-12 Assert datatype and value as expected for PASSED
JArray
UTV-22 Assert correct values received when PASSED
multiple subscibers subscribe on same
stream to different keys
UTV-23 Assert correct values received when PASSED
multiple subscibers subscribe on same
stream to same key
UTVv-25 Assert datatype and value as expected for PASSED
JObject
Requirement ID  Description Importance Version
R4-13A The DS Software Layer should use JSON HIGH ALPHA 1

for output data

&SatLight (SN sinotemonay  fi]f KONGSBERG ~ 20f5
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Date Discussion and decisions
User Story
USN5-108 - As a software engineer, | need the diagnostic system to use a standardized way of exchanging data
DONE

Verification ID Verification method Status

uTVv-4 Unit Test: assert output format match DISCARDED

uTVv-13 Assert datatype and value as expected for: BN =p)
double

uUTVv-14 Assert datatype and value as expected for PASSED
string

UTV-15 Assert datatype and value as expected for PASSED
float

UTV-16 Assert datatype and value as expected for PASSED
int

UTVv-17 Assert datatype and value as expected for PASSED
long

UTV-18 Assert datatype and value as expected for DISCARDED
generic list

UTV-19 Assert datatype and value as expected for DISCARDED

key value pair with generic value

UTV-20 Assert datatype and value as expected for PASSED
Hashtable
uTVv-21 Assert datatype and value as expected for PASSED
JObject
Requirement  Description Importance Version
ID
R2-27 The DS Software Layer shall display diagnostics HIGH ALPHA 1
data in real time
Date Discussion and decisions
User Story

&SatLight (SN sinotemonay  fi] KONGSBERG ~ 3of5
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USN5-74 - As a test engineer, | need a software that can give me diagnostic data in real time

Verification ID Verification method Status
IVO6 Ensure that data is displayed on screen
AV-34 Compare timestamp from when data is sent to PENDING

when data is displayed

User interaction and design

Use case diagram

Select dﬁ%'wSt'c ----- <@rend= — — — — — Display Historical Data ¥
data view

- —<<indudes>— — = Connect to Database

I
Update rotation angle

of SADM shaft

I
=inchsder>
1

~

<indude=>

Connect to HW Layer }- —«etens> —( Adjust COM settings

I -
<2 indudes>
=

Display Realtime
data

Class diagram for version Alphal

Update rotation speed
of SADM shaft

&SatLight (SN Soizaemnomey fi] KONGSBERG ~ 4of5
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Diagnostics System - Software Layer version Alpha2

Target release

Epic

Document status

ALPHAZ2

USN5-78 - Software layer of Diagnostics System
IN PROGRESS

V1.0

Document owner
Technical writers

Designer

Tech lead

QA

Objective

This document describes the requirements associated with the software layer (SWL) of the
diagnostics system (DS). The main purpose of the SWL is to act as a human-machine-interface
(HMI) between the hardware control unit and the mechanical components of the Solar Array
Drive Mechanism (SADM) unit. Together with the hardware layer (HWL), the DS shall act as a
calibration, diagnostics, and testing system for the mechanical component of the SADM unit.

Roadmap
N 10 feb 2019 17 feb 2019 24 feb 2019 3 mar 2019

i Task Name Start Finish | Duration 11{12}13|14|15|16 17{18|19|20|21[22]23 24{25|26[27]28| 1]2[34[5]e[7]8]8]1021
1| Design 11.02.2019(13.022019] 3d

2 | Implementation 13.02.2019| 16.02.2019 ad |

3 |Verification 15.02.2019(17.02.2019|  3d ——

4 |validation 16.02.2019] 17.02.2019|  2d —

5| Alphat 18.02.2019]18.02.2019|  0d S

6 | Design 19.02.2019(22.022019|  4d —

7 | Implementation 21.02.2019| 01.03.2019 9d .|

8 | Verification 23.02.2019[02.03.2019]  d —

9 |validation 24.02.2019[02.03.2019]  7d —

10| Alpha2 03.03.2019(03.03.2019]  od .

11 Design 01.03.2019]06.03.2019]  6d ——

12| Implementation 04.03.2019| 10.03.2019 7d |
13| Verification 07.03.2019]10.03.2019]  4d —
14| validation 09.03.2019[10.03.2019]  2d —
15| Alpha3 11.03.2019]11.03.2019|  od IS
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Requirement ID  Description Importance Version
R4-14 DS Software layer GUI shall support MEDIUM ALPHA 2
changing underlying COM port settings
Date Discussion and decisions
User Story
USN5-76 - As a test engineer, | need a simple way of configuring the communication between the diagnostics system software and
hardware
Verification ID Verification method Status
IvV-07 Ensure that com settings are correct PASSED
Requirement Description Importance Version
ID
R2-28 The DS Software Layer shall have a modular HIGH ALPHA 2
design for easy addition of diagnostic components
Date Discussion and decisions
User Story
USN5-77 - As a software engineer, | need the diagnostic system to be easily expandable to allow for other diagnostics components
Verification  Verification method Status
ID

IV-16 Code audit PASSED

Requirement Description Importance Version
ID
R2-32 The DS Software layer shall be able to calibrate HIGH ALPHA 2

position and speed of the SADM drive shaft
Relationships
Children R4-20

Date Discussion and decisions

&SatLight (SN siniotamonay  fi] KONGSBERG ~ 20f6
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User Story

USN5-131 - As a test engineer, | need the ability to calibrate position and speed of the SADM drive shaft so that | can set correct initial
conditions for operation | DONE

Verification Verification method Status
1D
IV-13 Ensure that the SADM correctly responds to PASSED

calibration input

Requirement Description Importance Version
ID

R4-20 The DS Software Layer should provide an HIGH ALPHA 2

interface for adjusting calibration settings such as
position and speed of the SADM motor

Relationship

Parent R2-32
Date Discussion and decisions
User Story

USN5-131 - As a test engineer, | need the ability to calibrate position and speed of the SADM drive shaft so that | can set correct initial
conditions for operation | DONE

Verification  Verification method Status
ID
IV-14 Ensure that interface records and delivers the right B=lNsSI =)

configuration information

Requirement Description Importance Version
ID

R4-25 Shall follow a unified communication protocol HIGH ALPHA 2

Relationship
Date Discussion and decisions

User Story

&SatLight (SN siniotemnonay  fi] KONGSBERG ~ 3of6
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USN5-226 - As a computer engineer, | need to define a communication protocol so that both hardware- and software-layer can

communicate correctly | DONE

Verification  Verification method Status

ID

IvV-17 Code audit PASSED
TV-43 Functional test: System behaves as expected and PASSED

follows defined protocol

User interaction and design

Use case diagram

Select diagnostic
—————— A<Etendiie — — — — —
data view

Display Historical Data ¥

Update rotation angle
of SADM shaft

- —=<indude=>— — ={ Connect to Database

<<incude>>

-
<<incudes>

Connect to HW Layer }- —<etend=> = Adjust COM settings

<includess

Display Realtime
data

Class diagram for version Alphal

Update rotation speed
of SADM shaft

&SatLight (SN Sovizaemnomey fi] KONGSBERG ~ 4of6



SatLight May 21, 2019

JSON A DataStream A DataSubscription
Class Class Class
4 Fields 4 Fields 4 Properties
@ json_error: bool @ inputBuffer : List<JObject> sttribute { get: set: } ¢ strin
a ) a INp! ) g g
@ Jjson_errors : List<string> L QutputReceivedCallback : Acticn<string> & data type{ get set }: string
@, json_settings : JsonSerializerSettings @ subscriptions ; List<DataSubscription> A receiver { get set; }: DataReceiver
4 Methods 4 Methods 4 Methods
@ GetlastlsonError{) : string @ AddSubscriber(DataSubscription subscription) : void @  Create[DataReceiver receiver, string attr, string type) : DataSubscription
@ parse<T=(string input): T @  DataStream() @  DataSubscription(DataReceiver r, string attr, string type)
@ serialize{object input) : string @ DeliverSubscriptions() : void @ receive{object data) : ohject
@ OnQutputReceived(Action<string> cb) : void ~
@ Output(cbject data) : void p .
@ Parsefstring input) : JObject I()rRe(ewer
@ ParseAsChject(string input) : JObject
\
[AY 4 Fields
@ active_subscriptions : List<string>
" SerialHandler A) [ StreamSimulator A @  OnPayloadReceived_Callback : Action<object, string>
Class Class @, subscriptions : List<DataSubscription>
b Datastrazm -+ DamStraam 4 Methods
4 Fields < Fields Z DtaRecefver)
HasSubscription(string key) : bool
Ga available_settings : SerialSettingsCollection 9, connected : bool P _( 9 key) . .
@  OnPayloadReceived(Action <cbject, string> cb) : void
@ availableCOMPorts : Hashtable @, input_buffer: Queue<string> . . . . -
g ©® ReceivePayload(okject payload, string attribute, string data_type) : void
oﬁ connection : SerialPort 9.; cutput_buffer : Queue<JChject> ) )
. @  Subscribe(DataStream stream, string attribute, string data_type) : void
. connectionStatus : ConnectionStatus . running : bool . .
P @  Unsubscribelstring attribute) : void
'a default_settings: Hashtable 4 Methods
@, HandshakeResponse_callback : Action <SerialSettingsCollection> @, ClientlnitislizeHandshake() : void p .
- DataProvider
4 Properties @  Connect() : void A Class
yd AvailableSettings { get; } : SerialSettingsCollection Eag EndHandshake() : void ?ppSettlngs
truct
A ConnectionStatus | get: }: ConnectionStatus @ Qutput{}Object data) : void . 4 Fields
4 Methods 2‘ Run() : Task 4 Fields @, ctream : DataStream
f StartHandshake() : void
@ Connect() : void L o 0 @ baud_rste:int 4 Methods
@  ConnectionRequest(COMSettings selected_settings) : void @ comSettings : COMSettings ©  DataProvider{DataStream target)
@  DefaultConnect(string portName) : void ; P——————————————————;‘-I @ config: string @  Deliver[object data) : void
. rogram
@ Disconnect() : void 1 Sm;.cgclm 1 @ porthame: string
@ GetPortlistinformation() : Hashtable 1 I
@ InvokeHandshakeResponseCallback(SerialSettingsCollection settings... : § :
eﬁ OnDataReceived(object sender, SerialDataReceivedEventArgs ) : void : 4 Fields :
@  OnHandshakeResponse[Action <SerialSettingsCollection> cb) : void | @ serial: SerialHandler 1
©  SerialHandler() | @ settings: AppSettings |
®  SetComPort(string portName) : void | @ streamSimulator: StreamSimulator |
@  StartHandshake() : void | 4 Methods i
@ WriteData(string data) : void Il Ea|i Main() : veid :
- . . ’

Sequence diagram - Adjust COM settings and connect to HW layer
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Diagnostics System - Software Layer version Alpha3

Target release

Epic

Document status

USN5-78 - Software layer of Diagnostics System

IN PROGRESS

DRAFT

Document owner
Technical writers

Designer

Tech lead

QA

Objective

This document describes the requirements associated with the software layer (SWL) of the
diagnostics system (DS). The main purpose of the SWL is to act as a human-machine-interface
(HMI) between the hardware control unit and the mechanical components of the Solar Array
Drive Mechanism (SADM) unit. Together with the hardware layer (HWL), the DS shall act as a
calibration, diagnostics, and testing system for the mechanical component of the SADM unit.

Roadmap
N 10 feb 2019 17 feb 2019 24 feb 2019 3 mar 2019

i Task Name Start Finish | Duration 11{12}13|14|15|16 17{18|19|20|21[22]23 24{25|26[27]28| 1]2[34[5]e[7]8]8]1021
1| Design 11.02.2019(13.022019] 3d

2 | Implementation 13.02.2019| 16.02.2019 ad |

3 |Verification 15.02.2019(17.02.2019|  3d ——

4 |validation 16.02.2019] 17.02.2019|  2d —

5| Alphat 18.02.2019]18.02.201