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Hannah Petersson
Jakob Östberg
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PREFACE
The Rocket and Balloon EXperiments for University Students (REXUS/BEXUS) program is
realized under a bilateral Agency Agreement between the German Aerospace Center (DLR)
and the Swedish National Space Board (SNSB). The Swedish share of the payload has been
made available to students from other European countries through a collaboration with the
European Space Agency (ESA).
EuroLaunch, a cooperation between the Esrange Space Center of SSC and the Mobile Rocket
Base (MORABA) of DLR, is responsible for the campaign management and operations of the
launch vehicles. Experts from DLR, SSC, ZARM, and ESA provide technical support to the
student teams throughout the project.
The following Student Experiment Documentation (SED) was a continuously updated document regarding the BEXUS student experiment EXamination of the Infrasound in the Stratosphere and Troposphere (EXIST) and underwent five reviews stages; the preliminary design
review, the critical design review, the integration progress review, and final experiment report were the five versions of the Student Experiment Documentation, used during the whole
experiment time-line from December 2016 to January 2017.
The student team EXIST was realized during early fall of 2016 as a split off team from a
larger group interested to take part in the REXUS/BEXUS program. The idea of performing
high altitude infrasonic measurements was originally pitched to us in May of 2016 as a BEXUS
experimental concept by Prof. Javier Martin-Torres, Chair of the Atmospheric Science research
group at Luleå University of Technology, who found the subject intriguing through his interest
in geophysical and atmospheric studies.
Since the research involving high altitude infrasound is sparse, the team attempted to contribute to the studies by comparing the results with one of the few, at the time, prior experiments in this field. Between the years 2014 and 2016 a student-driven High Altitude
Student Payload (HASP) program realized experiments conducted by Dr. Daniel Bowman,
who sought to measure stratospheric infrasound for use in detecting geophysical events. Later,
in parallel to the the EXIST time-line, Dr. Bowman conducted several additional high-altitude
infrasound measurements. These experiments inspired the EXIST team to conduct infrasound
measurements at near polar latitudes on a different continent.

viii
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ABSTRACT
Low frequency sound can travel thousands of kilometers, and can be used to detect severe
weather conditions, meteors, earthquakes, and other interesting phenomena, all with different
applications and areas of research. As of today, most infrasound measurements have been
performed at ground and sea level, but those are unlikely to capture the entirety of the
infrasound spectrum because of interference from objects on the ground.
Previous airborne measurements have been done in 2014 and 2015 over the southern United
States, leaving the question of stratospheric infrasound in the rest of the world open. This
provides an opportunity to listen for infrasound above the Arctic Circle in an area with a highly
developed network of ground stations, which will be was used to compare with the stratospheric
results. Infrasound, temperature, pressure, wind velocity and direction will bewas measured
with two independent sensor boxes. All data obtained will be was analyzed with software used
in the International Monitoring System and software developed at the Swedish Institute of
Space Physics, with help from Dr. Johan Kero. This will be was compared with data from
previous measurements in collaboration with Dr. Daniel Bowman, the Student Leader of the
High Altitude Student Payload flights in the United States, and Professor Yamamoto, Kochi
University of Technology, who will provided the group with microphones developed by SAYA
Inc. in collaboration with JAXA.
The experiment flew on the 18th of October 2017. From the launch and flight data, it was
possible to find the microbaroms and two events. One of the events came from Gotland, Sweden and had a frequency of 2.5 Hz. The result was confirmed by ground sensor data provided
by Dr Johan Kero. The other event is assumed to come from a balloon blast from one of three
balloons placed on the flight train. Unfortunately, a software bug from acceptance review modifications shutdown the experiment aproximately one hour into the flight. Due to lack of data,
the two final results are not definite. Therefore the experiment’s final success rate is reduced
due to loss of secondary objectives from the technical error.
In the future, a deeper understanding of low frequency sounds at stratospheric altitudes may
help in examining the weather conditions and geological activity on other planets, especially
on Mars as the pressure in the Earth’s stratosphere is at the same order of magnitude as the
atmospheric pressure close to the surface of Mars.
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1
1.1

INTRODUCTION
Scientific Background

Just as in any field of study, setting boundaries institutes interest in what lies outside the limits.
Infrasound is defined as a wave with frequency lower than that of human hearing, namely 20
Hz as an upper limit [1]. The perfect place to monitor infrasound is in the stratosphere since
the noise is decreasing at higher altitudes, but the amount of measurements conducted there
are limited to a few in the early 1960’s [17] and the 2010’s [4]. The atmospheric study of
infrasound is therefore a sparsely investigated subject in which the EXIST group intend to
further humankind’s knowledge.
1.1.1

Characteristics of Atmospheric Infrasound

The speed of sound is proportional to the square root of the temperature, making a two dimensional ground-level source producing a circular sound wave, propagate upward, since the
tropospheric temperature gradient is negative. In the stratosphere the temperature gradient
inverts, bending the sound waves back down again [1]. Due to a multitude of attenuation
effects in the atmosphere, higher frequency sound is absorbed while lower frequency sound can
more easily pass through [31]. The two main mechanisms that cause the attenuation of high
frequency sound waves are the classic effect and the relaxation effect [13]. The attenuation
is, in both cases, a function of the frequency squared [15].
The vertical component of the propagation and the interesting bending of the sound waves is
lost when measuring infrasound on the ground, since the sound is normally only measured in
two dimensions in the azimuth plane. Some sources of infrasound might only produce sound
with a vertical polarization which makes balloon measurements important as a complement
to ground measurements. The largest noise factor for infrasonic measurements is wind. This
makes balloon measurements, again, very attractive since the balloon will follow the wind,
making the relative wind speed very low. The air is also very thin, resulting in less noise [38].
Because of the large pressure changes during the descending phase, it is difficult to get high
quality infrasound data [12]. Measuring during the descending phase has been moved to a
secondary objective and will be looked at if time allows.
1.1.2

Previous Atmospheric Measurements

Several high-altitude balloon experiments were carried out in the 1960’s to map the acoustic
sounds, occurrence of infrasound and turbulence in the stratosphere. Signals from aircraft
and other unknown sources were picked up and also a steady background noise of 0.2 d/cm2
(dyne per centimeter squared) were monitored [39] [40] [7]. From these measurements to
the following ones it would take around 50 years, when Dr. Daniel Bowman and his team
took part in the High Altitude Student Platform (HASP) in 2014. HASP is a North American
student program and is very similar to BEXUS in nature. The main instrument used was an
infrasound microphone constructed by Dr. Jeffrey Johnson, consisting of two ports separated
by a diaphragm. Dr. Bowman’s results are very interesting, with high amplitude spikes,
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thought to belong to thunder, and a broad energy band, probably due to the ongoing storm
[12]. The EXIST team has a great collaboration with Dr. Bowman, as he has agreed to be a
scientific advisor to the team. All of the HASP flights have been done over New Mexico and
Arizona (USA), leaving the question of measurements in the rest of the world open. Infrasonic
measurements over the arctic region has never taken place before.
1.1.3

Applications

Tornadoes and other vortexes are known sources of infrasound in the atmosphere due to core
vibrations, core bursting, and shear instabilities among other things. From listening for and
analyzing these sounds one can detect and characterize the location and energy of them [25].
A better understanding of the connection between weather and infrasound gives the possibility
to predict both storms and other things about calmer weather, making this very interesting for
meteorologists. An example is turbulence in the air, making it possible to equip airplanes with
instruments to avoid or compensate for the rough air [15]. Using infrasound to locate and
measure volcanic activity can warn aviation to avoid the area where a volcano has erupted [1].
Large meteors also create infrasound, and auroras have been speculated of doing the same,
making the Kiruna area an ideal place for infrasound measurements [17]. Calving is also a
common source in the polar regions [11], as well as gravity waves in northern Scandinavia due
to the Swedish-Norwegian mountain chain. Industrial sources all over the globe, especially
some major ones close to Sweden, are known to create infrasound. Especially The Kovdor
mine on the Kola Peninsula of NW Russia [35]. Some sources EXIST are likely to capture are:
1. Microbaroms caused by standing waves from the Norwegian Sea, Barents Sea, and Gulf
of Bothnia ranging from 0.1 to 0.5 Hz with a phase velocity of 350 m/s [16]
2. Mine explosions in the area [37]
3. Background internal gravity waves at 1 to 5 mHz with a phase velocity of 50 m/s [16]
[8]
4. Background acoustic waves with frequency dependent phase velocity, ranging from
0.1 Hz and 400 m/s to 0.01 Hz and 800 m/s [16]
5. Aviation [1]
In addition to the points mentioned above, the EXIST team will contact local companies and
organisations who regularly produces infrasound. One organization contacted is the Swedish
Airforce, and the team is waiting for reply. The hope is to get them to break the sound barrier
during the time of the flight. Contact with LKAB, the mining company, will also be initiated to
get information of when explosions in the mines have occurred and if a co-operation is possible
to create a possible source of infrasound. Both contacts will be able to create a measurable acquisition signal, but the perfect option would be to attach a small weather balloon to the flight
train. Learning from earlier experiments, a balloon popping is a well-known source of infrasound
and an arrangement like this was possible for the EXIST team. Three rubber balloons may be
fastened to the flight train to produce an acquisition signal, were used, however it was never
concluded whether any of these balloons popped in time for the experiment to pick up the
signals, since the experiment shut down due to a software error. The possibility to make a
balloon pop during flight, combined with extensive ground testings during the test phase to
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record a footprint of the signal, will be of great usage. An acquisition signal was important
and fortunately the microbarom provided this, but so was the knowledge about possible noise
sources. In table 2, the first harmonics of the eigen frequency of the flight train is displayed.
Table 2: The first harmonics of the eigen frequency of the BEXUS flight train
Harmonic number
Fundamental
1
2
3
4
5

Frequency [Hz]
0.4210
0.8421
1.2631
1.6842
2.1052
2.5262

An added scientific study of waves propagating through the atmosphere can further complement the scientific studies of seismic activities, giving a new non-opaque material through
which infrasound travels, which can give further understanding on how the waves distort [20].
For more information regarding the scientific background and the calculation of the eigen
frequencies, please be advised to read APPENDIX E - Extended Scientific Background.
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1.2

Mission Statement

Few measurements of atmospheric infrasound have been done over the globe, and none were
made in the arctic area. There are many applications for being able to understand the characteristics of the infrasonic spectrum, and relating it to its sources. If successful, the experiment
will help extend the knowledge and understanding of this subject. The success of the experiment gave results that helped extend the knowledge and understanding of the subject.

1.3

Experiment Objectives

The experiment’s primary objective was to collect signals of infrasound in the stratosphere
and troposphere for later analysis. Acoustic signals and background noise were expected to
be recorded. If met, this objective contains what is necessary for the experiment to be considered successful. Valuable infrasound measurements were made in both the troposphere and
stratosphere, deeming the experiment a complete success for the primary objective.
In addition, the secondary objectives were:
1. Distinguish background noise from acoustic signals
2. Correlate stratospheric infrasonic measurements to ground-measurements
3. Map the infrasonic spectrum in the polar region, compared to previous measurements
at different latitudes
4. Determine the source of the signals
5. Improve the instruments used for recording infrasound on high-altitude balloons
From the secondary objectives, only objective two and three were unfulfilled, implying a success
rate of 60%, and a complete mission success rate of 80%, assuming primary and secondary
objective each account for half of the mission success.

1.4

Experiment Concept

The main components of the experiment were an infrasound array, a partially isolated reference
array, and a pressure transducer, which together measured infrasound in the range of absolute
pressure to 20 Hz. The experiment consisted of two sensor boxes positioned on the flight train,
with a pair of infrasound arrays in each box, and one pressure transducer in the lower box.
The boxes received power and transmitted data through wires to the BEXUS gondola. They
also contained identical sets of miscellaneous sensors that aided in the data analysis. These
measured whether the wind was blowing, the internal temperature, the altitude, the GPS coordinates and the acceleration of the boxes. All components in each box were controlled by a
micro-controller, which saved data to a memory device located in each sensor box. For further
detail see the chapter EXPERIMENT DESCRIPTION.
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1.5

Team Details

The EXIST Team, including endorsing professors apart from Dr. Daniel Bowman and Prof.
Masa-yuki Yamamoto, were all situated in northern Sweden. The regional timezone is GMT+1,
except between the 26th of March to the 29th of October 2017, during which Sweden uses
daylight savings time and can be considered a GMT+2 timezone country. The country code
prefix for telephone numbers in Sweden is +46. The parenthesized zero does not need to be
included if one uses the country code.
1.5.1

Contact point

Project Manager
Robert Persson
Address

Ringvägen 45A
981 37
Kiruna
Sweden

Mobile Phone

+46(0)70 511 64 64

EXIST E-mail exist.bexus@gmail.com
Direct E-mail

robper-2@student.ltu.se
robban.ek93@gmail.com

Primary Endorsing Professor
Lars-Göran Westerberg
Title

Professor

Address

Luleå Tekniska Universitet
971 87
Luleå
Sweden

Telephone

+46(0)920 49 12 68

E-mail

Lars-Goran.Westerberg@ltu.se

Primary Space Campus Advisor
Thomas Kuhn
Title

Associate Professor

Address

Rymdcampus 1
981 92
Kiruna
Sweden

Telephone

+46(0)980 67 53 8

E-mail
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1.5.2

Team Members

The following section introduces each member of the EXIST project. Their role in the project,
their educational background as of project start September 2016, and a brief summary of their
interests, are all found to the right of each photograph of the associated team member, in
alphabetical order of the first name. Each team member received 15 ECTS points from the
Space Engineering Project II [26], apart from Bilal. For more information regarding each team
members skills, please read table 5.
David Skånberg - Electrical Division
Role: Thermoelectrical Engineering. David’s primary responsibility was the thermal system for the experiment, as well as
a general electronics assistant..
Education: Fourth year Master of Science, Space Engineering, at LTU.
Backstory & Interests: David is from Sweden and has a
large interest in space, technology and science. His dream
is to work in the field of space exploration, designing future
missions, and contributing to the development of new technology.
Hannah Petersson - Software Division
Role: Science background research from September 2016 to
January 2017. Software development during the spring and
summer 2017 with responsibility in the data handling system
part of the on-board software.
Education: Fourth year Master of Science, Space Engineering, at LTU.
Backstory & Interests: Hannah is interested in space science. She participated in the International Space University’s
(ISU) Space Studies Program 2016 and helped evaluate the
possibilities of putting a human on Mars in a multinational
team project there.
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Jakob Östberg - Software Division
Role: Responsible for on-board computer system.
Education: Last year Master of Science, Space Engineering,
at LTU.
Backstory & Interests: Born 1993 in Scania, Sweden,
Jakob is a diligent student with a passion for science and
space exploration.

Jonas Blidnert - Mechanical Division
Role: Responsible for the design, construction, simulation
and testing of the mechanical structure. including planning
and performing structural simulations
Education: Fourth year Master of Science, Spacecraft Design, at LTU
Graduate Bachelor of Engineering, Mechanical Engineering,
at University of Halmstad
Backstory & Interests: Born in 1993 and lived in a town
outside Gothenburg called Onsala. Jonas then took an interest in mechanics and physics with a strive towards one day
working with space mechanics.

Kasper Wikman - Science Division
Role: Responsible for the background research on previous
experiments, predicting the outcome of the experiment as
well as draw conclusion from the test results, e-mail communication with the science division and working with test- and
flight data using Matlab.
Education: Third year Master of Science, Space engineering, at LTU.
Backstory & Interests: Born in 1994 in Stockholm, Sweden. Kasper has since his youth strived to work with physics
and engineering with the hope to advance human knowledge.
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Lucas Svensson - Electric Division
Role: Responsible for the instrumental integration and head
of the electric division therein planned and sett goals for himself, Sarah, and David.
Education: Fourth year Master of Science, Space Engineering, at LTU.
Backstory & Interests: Born in 1994 in a rural area called
Tvärud, Sweden, Lucas has now found his way to Kiruna to
finish his degree in Space Engineering. He has an interest in
electronics and wishes to work in this area in the future.

Max Nilsson - Software Division
Role: Development and implementation of experiment
ground support software and was the head of the software
division, therein planned and sett goals for himself, Jakob,
and Hannah.
Education: Fourth year Master of Science, Aerospace Engineering, at LTU
Backstory & Interests: Interested in flight both in and out
of atmosphere, Max developed an interest in programming
during his studies.

Mohd Bilal - Science Division
Role: Scientific Assistant who aided in organization of documents and research. Was previously responsible for performed
thermal simulations and tested the components in the Mechanical Division.
Education: First year Master in Space Science and Technology, SpaceMaster, at LTU
Backstory & Interests: Belonging to a small town, Roorkee in North of India, he has interest in the intersection of
science and philosophy. He is pursuing space technology to
further this interest.
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Robert Persson - Management Division
Role: Project management, planning, and human resourcing
Education: Fourth year Master of Science, Space Engineering, at LTU.
Backstory & Interests: Born 1993 and raised in Norrköping, Robert spent half his childhood living in Colorado,
USA. He has a particular interest in instrumentation and vehicular systems, and therefore saw Space Engineering as a
top-of-the-line field for his future.

Sandra Nilsson - Science Division
Role: Primary responsibility was the data analysis, as well
as management of the scientific set-up of the experiment,
therein planned and sett goals for herself, Bilal, and Kasper..
Education Fourth year of Space Engineering, Space and Atmospheric Physics, at LTU.
Backstory & Interests: Her main interest lies in space
physics, and a goal is to work within the area in the future,
Mars being of specific interest.

Sarah Zayouna - Electric Division
Role: Responsible for the experiment’s power supply system
and also an assistant in the rest of the electrical system during the design, construction and test phases.
Education: Fourth year Master of Science, Space Engineering, at LTU.
Backstory & Interests: Sarah was born in Baghdad, Iraq,
in 1992 and has been living in Sweden since 2007. She is very
interested in electronics and space technology and hopes to
work within these areas in the future.
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Vincent Still - Mechanical Division
Role: In charge of the mechanical integration of the sensor
boxes. Head of the mechanical division, therein planned and
sett goals for himself and Jonas.
Education: First year Master of Science, Spacecraft Design,
at LTU.
Graduate Bachelor of Engineering, Mechanical Engineering,
at University of Brighton
Backstory & Interests: Born in Munich, Vince moved to
the UK aged 1. He took a particular interest in STEM subjects and has been working as an engineer in the UK and
south Germany. Vince’s interests include CAD/CAE, manufacturing, fluid dynamics, FEA, and spacecraft design.

Yared Woldu - Management Division
Role: Supervised the economy of EXIST and was responsible
for the outreach program.
Education: Fourth year Master of Science, Aerospace Engineering, at LTU.
Backstory & Interests: Yared was born in 1994 in Stockholm. While having an interest in science, aviation has always
been the most fascinating part. He has been studying several
in-depth courses regarding aviation.
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2

EXPERIMENT REQUIREMENTS AND CONSTRAINTS

The following section handles the experiment, ground station, and the EXIST team’s requirements and constraints. Each subsection’s associated requirements are be labeled with a letter
corresponding to the first letter of the requirement, and a number for traceability. E.g. D.35.,
refers to the design requirement regarding the temperature range of the sensor boxes.
The wording of requirements used in the experiment requirement section followed the ECSSE-ST-10-06C §8.3.2 technical requirement verbs shall, should, and may. [34]

2.1

Functional Requirements

F.1. The experiment shall measure infrasound.
F.3. The experiment shall store GPS time on the onboard memory.
F.4. The experiment should measure the change of wind speed.
F.5. The experiment should measure the temperature inside the sensor boxes.
F.6. The experiment should measure the acceleration acting on the sensor boxes.
F.16. The experiment’s ground station should interpret the downlinked data in real-time.
F.17. The experiment should include an instrument to measure only non-acoustic infrasound.
F.19. The EXIST team in association with external parties may produce infrasound on the
ground.
F.20. The EXIST team may generate infrasound from a balloon popping attached to the flight
train.
F.21. The experiment should downlink data from all sensor to the groundstation.

BX24 EXIST SEDv5-0 29Jan18

- 12 -

2.2

Performance Requirements

P.1. The infrasound measurements shall range from 0.1 Hz to 20 Hz.
P.2. The infrasound measurements should range from absolute pressure to 20 Hz.
P.3. The infrasound measurements shall be made with a rate of at least 40 times per second.
P.4. The infrasound measurements should be made with a rate of at least 80 times per
second.
P.5. The infrasound measurements of the pressure transducer shall be made with an accuracy
of at least 10 P a.
P.6. The temperature inside the sensor box should be measured within the measurement
range of −45°C and 130°C.
P.9. The temperature inside the sensor box should be measured with a minimum accuracy
of +3.5°C/ − 2°C.
P.10. The temperature should be measured at least 1 time every tenth second.
P.11. The acceleration should be measured with the measurement ranges ±2g.
P.12. The acceleration should be measured with the accuracy of at least 0.04 m/s2 .
P.13. The acceleration should be measured at least 40 times per second.
P.14. The anemometer shall be able to determine if the wind is blowing or not.
P.15. The wind speed should be measured at least 10 times per second.
P.17. The GPS shall be operational at all expected altitudes, 0 to 40 km.

2.3

Design Requirements

D.1. Each sensor box shall be able to withstand up to 10 g of shock force upon landing
impact.
D.2. Each sensor box shall weigh less than 3.6 kg.
D.4. Each sensor box shall have a safety harness connected to the flight train strap(s).
D.5. The sensor boxes shall have a minimum distance of 20m between them.
D.6. The sensor boxes should have a minimum distance of 27m between them.
D.7. The experiment shall be able to operate in low pressure conditions up to 30000 m.
D.10. The components of the experiment shall operate within their temperature ranges.
D.11. Power supply from the gondola shall be converted to the required voltages in the electric
circuits for each sensor box.
D.12. The experiment shall operate in the temperature profile of the BEXUS vehicle flight and
launch.
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D.13. The experiment shall operate in the vibration profile of the BEXUS vehicle flight and
launch.
D.14. The experiment shall not disturb or harm the launch vehicle.
D.15. The experiments communication system shall be compatible with the gondolas E-link
system.
D.16. The experiments power supply shall be compatible with the gondolas provided power.
D.17. The experiment shall not disturb other experiments on the gondola.
D.18. The total DC current draw should be below 1.8 A.
D.19. The total power consumption should be below 13 Ah
D.20. The memory-unit shall be water proof down to one meters depth
D.22. The experiment shall be able to store data at a rate of at least 14 kB/s.
D.24. The experiment should transmit data to the ground station at a rate of at least 7 kB/s.
D.30. The experiment should be able receive data from the ground station at a rate of at least
40bit/s.
D.31. The memory device shall be able to store a total of 0.4 GB of data.
D.33. The MCU shall be able to autonomously control the heaters.
D.34. The ground station GUI shall be able to display some of the received data.
D.35. The experiment shall be able to survive and operate between −30°C and 60°C.
D.36. The external components that are directly exposed to the outside environment shall be
able to operate in −70°C.
D.37. Time stamps shall be saved with at least the same rate as the pressure transducer
measurements.
D.38. The experiment should be able enter and exit idle mode autonomously.
D.40. The experiment should be able enter and exit idle mode by command from the ground
station.
D.42. The watchdog should be able to reset the system.
D.43. The system should be able to be reset with a command from the ground station.
D.44. The heating system shall work autonomously.
D.45. The experiment shall be able to autonomously turn itself off after landing.
D.47. The MCU should use less than 0.3 ms to read all analog signals.
D.48. The sensor box should hang on the flight train with a ±10° angle from vertical.
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2.4

Operational Requirements

O.13. The EXIST team shall send commands from the ground station to the experiment before
and during the flight.

2.5

Constraints

C.1. Budget limited to 62500SEK.
C.2. Each sensor box is restricted to 3.6kg.
C.3. General constraints specified in the BEXUS User Manual [9].
C.4. The available hours for the team members is limited due to university related factors
such as exams, assignments, or lectures.
C.5. Purchases are limited to the university’s decision of distributor.
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3
3.1

PROJECT PLANNING
Work Breakdown Structure

Figure 1 depicts a simplified work breakdown structure of EXIST, showing only the project
divisions and the team members’ roles. A complete WBS can be found on an individual page
in Appendix F - Project Planning.

Figure 1: Work breakdown structure based upon work packages and tasks
The four primary divisions were the Scientific, Mechanical, Electrical, and Software divisions.
Management was considered its own division run by the Project Manager. The Outreach and
Economics tasks were assigned to Yared Woldu, who therefore acted as an assistant manager of
EXIST. Hannah Petersson and Mohd Bilal were the only member assigned to tasks correlated
to two different divisions, apart from normal inter-disciplinary engineering.
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3.2

Schedule

The scheduling was realized using a Gantt Chart for the EXIST project starting from the date
of accepted proposal, to mid-January of 2018. The complete Gantt Chart can be found in
Appendix F - Project Planning. The following chart, figure 2, depicts the projects phases,
exam periods, major milestones, and SED deadlines.
Sep 2016

Oct 2016

Nov 2016

Dec 2016

Jan 2017

Feb 2017

Mar 2017

Apr 2017

May 2017
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Jul 2017
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Sep 2017
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Management
PM.1 - Project Manager:
PM.1.2 Project Planning
Project Phases
Design Phase
Soft Testing Phase
Manufacture Phase
Full System Testing Phase
Launch Campaign
Post-Processing Phase
Exam Periods
Exam Period 1
Exam Period 2
Exam Period 3
Exam Period 4
Exam Period 5
Exam Period 6
Exam Period 7
Delivery of Japanese Instruments
PM.1.5 Student Experiment Documentation
SEDv1-0
SEDv1-1
SEDv2-0
SEDv2-1
SEDv3-0
SEDv4-0
SEDv5-0
PM.1.4 Setting Goals & Deadlines
Project Reviews
PDR
CDR
IPR
EAR
Final Report

Figure 2: General Phase Chart of the project
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3.3

Resources

The following section handles information, tables, and descriptions regarding the workforce of
the EXIST team, the member’s delegated roles in the project, and the distribution of work
hours throughout the year of 2017.
3.3.1

Workforce

The EXIST team was devised into four divisions as listed in tables 3 and 4. In table 5, a
summary of each members project related skills can be found, as well as the results of the
Belbin Team Roles test. Each member was given two personalities as a result from the test.
For more information regarding the Belbin test, please read Appendix F - Project Planning.
Table 3: The project’s four primary divisions and its members
Division
Division heads

Amount of Members

Scientific
Sandra Nilsson
Kasper Wikman
Mohd Bilal
3

Mechanical
Vincent Still
Jonas Blidnert
2

Electrical
Software
Lucas Svensson
Max Nilsson
Sarah Zayouna Hannah Petersson
David Skånberg
Jakob Östberg
3
3

Table 4: The management division
Management

Project Manager
Robert Persson

Economics
Yared Woldu

Outreach
Yared Woldu

Table 5: Team Members Skill and Belbin test results
Team Member
David Skånberg

Hannah Petersson

Jakob Östberg

Project Related Skills

Belbin

Majors in Spacecraft and Instrumentation with course curricular
choices towards advanced analog electronics, PCB design and
control systems.
Previously majoring in Space and Atmospheric Physics recently
changed to Spacecraft and Instrumentation with course curricular choices towards Mathematical Physics, Microcontrollers and
Space Onboard Computers. She also did the Ladybird Guide to
Spacecraft Communications by ESA Academy, where the content
was suitable for working in the EXIST software division.
Majoring in Spacecraft and Instrumentation with course curricular choices towards Space Onboard Computers and Microcomputers. Previously worked on several hobby software projects and
designed an algorithm for SSC’s MAXUS 9 rocket project. He has
also been a teachers assistant for a microcomputer programming
course at LTU.

CP,
SH
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Jonas Blidnert

Kasper Wikman

Lucas Svensson

Max Nilsson

Mohd Bilal

Robert Persson

Sandra Nilsson
Sarah Zayouna

Vincent Still

Yared Woldu
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B.Eng. in Mechanical Engineering from Halmstad University
with emphasis on production development. Has volunteered as
a math teacher, and with curricular and personal goals to work
with structural and thermal engineering in the space industry
Majors in Spacecraft and Instrumentation with extra curricular
courses in programing. Previously studied information technology for a year at The Royal Institution of Technology (KTH)
in Stockholm. Has participated in voluntary work to help high
school students with mathematics.
Majors in Spacecraft and Instrumentation with extra curricular
courses in electronics construction such as design, development
and PCB manufacturing. Previously part-time employed at SSC
Esrange as an operational engineer.
Majoring in Aerospace Engineering with extra curricular courses
in programming Java and HTML/CSS. Frequent Do-It-Yourself
small project enthusiast, as well being a contributor to the SSC
Maxus 9 project.
Majors in Space Science and Technology with course curricular
choices towards Space Physics and Radar for Space. He has
previously studied Mechanical Engineering and participated in the
World Solar Challenge.
Majors in Spacecraft and Instrumentation with extra curricular
leadership activities. He has aided LTU to organize several introduction periods for the new students, run voluntary organisations
within and outside the university, and been an assistant teacher
for math and electronics at LTU.
Majors in Space and Atmospheric Physics with course curricular
choices towards Climate Physics and Space Environment.
Majors in Spacecraft and Instrumentation with extra curricular
courses in electronics construction such as design, development
and PCB manufacturing.
B.Eng. in Mechanical Engineering from University of Brighton,
worked in mechanical projects such as; designed and built feather
weight fighting robot and designed bicycle power meter. Has
worked as a CAD draughtsman in Germany.
Majors in Aerospace Engineering with extra curricular activities
as a paymaster for voluntary organisations.

TW,
CO

CF,
IM

IM,
CO

CO,
SH

ME,
TW

IM,
CO

IM,
SH
IM,
CP
SH,
IM

SH,
IM
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As of March 2017, as the project progressed, the available hours that had passed were updated
to reflect the true work input of each division. An overview of the work distribution in the
EXIST team can be examined in table 6. Be advised that the hours presented in table 6
were rounded to the closet ten hours upon weekly input. The number of hours worked were
based upon the weekly reports given to the Project Manager since the second week of March
until the 29th of January 2018. The remaining hours is based upon the members estimated
available hours to put into the project. More details regarding each members true project input
and estimated future availability can be found in Appendix F - Project Planning.
Table 6: Estimated division resources in work hours, as well as current reported worked hours
as of mid March reported hours worked from March 2017 to January 2018.
Division
Management
Scientific
Mechanical
Electrical
Software
Summary

Total Hours
1060
1210
1290
1790
900
6250

All members apart from Yared, Bilal, Hannah and Max live in Kiruna All members at one
point lived in Kiruna, just 40 km from Esrange, however, not at the same time. Yared and
Max moved to Lulea in January 2017. Later, Yared moved to Australia as an exchange student
during the summer of 2017. Bilal arrived in Kiruna in February 2017, and moved to Germany
and later the UK, in June 2017, and Hannah moved during the same month, first to Ireland,
then to the Netherlands. Yared and Max have both moved down to the primary LTU campus
in Lulea as of January 2017, to continue their major in Aerospace Engineering. From June 2017
on wards, Bilal and Hannah are living abroad, and will therefore have less hours dedicated to
the project. Bilal is to be relocated to the Science Division from then on. Hannah, however,
will remain in the Software Division, but will provide assistance to Science Division in terms of
working on the infrasound processing software. Because the members moved from Kiruna, their
some of their roles were changed. Hannah was relocated from Science to Software and Bilal
from Mechanical to Science Their roles, including Max and Yared, in EXIST allowed them to
work on the project from their national or international locations, through their division heads.
Their specific roles in EXIST were considered to be the most reasonable of choices considering
their locations, as e.g. the mechanical and electrical engineering roles required more hours of
hands-on work with the experiment that was constructed at the Space Campus in Kiruna. At
this point Bilal has finished his Thermal Mechanical work on the experiment, allowing him to
aid in the Scientific area.
While the divisions were defined early on in the project and the allocated members basically
set, there was a general understanding in the group that there be a certain fluid behavior
regarding team members whose divisions had less of a workload, to assist team members in
different divisions who have a larger workload, at the time. For example, science members
helped out the software and mechanical divisions during integration.
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3.3.2

Budget

Luleå University of Technology (LTU) was the main sponsor to finance most of the expenses for
hardware and non-hardware equipment. The Swedish National Space Board (SNSB) granted
financial support to the team for hardware purchases with an amount of 15,000 SEK. The
LTU grant ”Per Bengtssons Stiftelse”(PBS) was approved and granted to the team. The grant
supported the team financially with an initial payment of 20,000 SEK and after completion,
an additional amount of 6,500 SEK will be awarded to the team after submittion of the final
document after the 29th of January 2018.
The following tables firstly show how the assets were distributed among the different division
within the team. The second table shows the cost budget. In the cost budget, all of the
expenses made throughout the experiment is shown in detail. The money was divided into
two groups. The financial support acquired from LTU and SNSB is for hard-ware purchases
only, while the PBS grant money can be used for anything the team desires. All purchases
made through LTU are marked blue and all purchases made through the PBS grant are marked
orange. See table 7. As of December 2017, all SNSB and LTU money has been paid, and the
teams economic binding with the organizations finalized.
The team successfully managed the budget and did not exceed the set limit, as can be seen
in table 3.3.2. The assets awarded to the team through LTU and SNSB were given back after
the completion of the experiment. The amount was 4837.18 SEK. A great amount of money
was left to the team from the PBS grant. The team has roughly 10000 SEK at their disposal.
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Table 7: Distribution of assets to each division and the following table shows how much has
been spent by each division
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TOTAL EXPENSES BY DIVISION
Hard-ware
Total expenses by all divisions
Remaining Balance in total

37 162,82 kr
4 837,18 kr

Non hard-ware Total
16 496,60 kr
3 503,40 kr

53 659,42 kr
8 340,58 kr

ELECTRICAL DIVISION:
Hard-ware
Non hard-ware Total
Total expenses by all divisions 30 000,00 kr
5 258,60 kr 35 258,60 kr
Remaining Balance in total
- kr
2 741,40 kr
2 741,40 kr

MECHANICAL DIVISION:
Hard-ware
Non hard-ware Total
Total expenses by all divisions
5 357,92 kr
2 000,00 kr
7 357,92 kr
Remaining Balance in total
642,08 kr
- kr
642,08 kr

OUTREACH DIVISION:
Hard-ware
Non hard-ware Total
Total expenses by all divisions
- kr
7 374,00 kr
7 374,00 kr
Remaining Balance in total
1 000,00 kr
626,00 kr
1 626,00 kr

SOFTWARE AND MISC DIVISION:
Hard-ware
Non hard-ware Total
Total expenses by all divisions
1 804,90 kr
1 864,00 kr
3 668,90 kr
Remaining Balance in total
3 195,10 kr
136,00 kr
3 331,10 kr
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3.3.3

External Support

The following persons and departments agreed to advise the EXIST project through their
knowledge, experience, and accessibility of equipment:
• Professor Lars-Göran Westerberg of the Department of Engineering Sciences and Mathematics at Luleå University of Technology
• Associate Professor Thomas Kuhn of the Department of Computer Science, Electrical,
and Space Engineering at Luleå University of Technology Space Campus
• Doctor Daniel Bowman, Senior Geosciences Engineer
• Professor Masa-yuki Yamamoto of the Department of Engineering, Graduate School of
Engineering at Kochi University of Techonology
• Doctor Johan Kero, Scientist, Swedish Institute of Space Physics
• Mr. Giovanni Chirulli, Thermal Engineer, European Space Agency ESA-ESTEC, The
Netherlands.
• Operations Administrator Olle Persson of the Department of Computer Science, Electrical and Space Engineering at Luleå University of Technology
• Håkan Persson, CEO at Norrköpings Svets & Reparation AB
• Michael Steen, Project Chief at Progatec AB
ITP Engines UK kindly sponsored EXIST with the software licences for the analysis and simulation software ThermXL, part of ESATAN-TMS.

Figure 3: Logo for ESATAN-TMS

3.3.4

Long Lead Items

The long lead items of the EXIST experiment delivered from Professor Masa-yuki Yamamoto
of Kochi University of Technology, to Lulea University of Technology were as follows:
• Four (4) modified SAYA Inc. ADX II INF03 Infrasound microphone arrays,
• One (1) Paroscientific Inc. Digiquartz Pressure Transducer 6000-16B.
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Figure 4: One of the four ADXII INF03 Microphone Array (silver) and the Paroscientific
Pressure Transducer (blue) present at Spacecampus Kiruna, June 2017.
The delivery of these items was carried out by the advising Dr. Johan Kero, who visited Japan
between the 18th of May to 16th of June. The items can be seen in figures 4. He delivered
these items to Kiruna, Sweden to the EXIST team on the 19th of June. The reason this
transaction method was chosen was because Dr. Kero was the original contact point to Prof.
Yamamoto and there was a long existing cooperation between the two scientists. An official
agreement was made between Dr. Kero and EXIST to accomplish this, and can be found in
Appendix F - Project Planning.
The return of the instruments from Lulea University of Technology, to Professor Yamamoto
of Kochi University of Technology is to be done in early March 2018. A Ph.D. student of Dr.
Johan Kero will be traveling to Japan and has agreed upon bringing the instruments back to
Professor Yamamoto during his visit. This ensures a safe and cost efficient return, completing
the agreement.
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3.4

Outreach Approach

Through the EXIST website and social media sites, updates were posted about what was
being done and how the project was progressing. Only one video was made and posted on
YouTube, containing information about REXUS/BEXUS, the EXIST project as well as some
of the science behind the project. This was done in a manner that allowed even those who
were less knowledgeable in the subject to understand and get a deeper understanding of what
the EXIST experiment was about.
The EXIST website can be found at http://existbexus.com for an additional fives years
from January 2018, and on this website, frequent updates were posted in both blog-like fashion and in posts, and links are be available to all of the EXIST social media accounts and
to the REXUS/BEXUS website. Documentation, such as the SEDs, created by the team is
also available. A media tab also exists on the website where videos and pictures from different workshops, fairs etc. were published. More information about articles can be found in
APPENDIX B - Outreach and Media Coverage.
The Instagram account contains images of what different divisions were up to. Apart from the
informal social medias, the Facebook page consisted of more substantial information regarding
the project. The original plan was to to update all of the social medias at an interval of roughly
twice a month, however, posts were made instead during highlight points during the project.
As launch approached a more rigid system of social media posting was put in use.
Finally, Swedens in-law Prince Daniel visited Kiruna Space Campus during an entrepreneurfellowship visit and met with the EXIST team. The link to this article can be found in the
appendix APPENDIX B - Outreach and Media Coverage.
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3.5

Risk Register

The following section summarizes all the deemed risks of the EXIST experiment, and their evolution throughout the project timeline. While all risks from the following table were avoided, it
is notable that the a software failure caused the experiment to enter ”landing sequence” upon
experiment power-on. This lead to the experiment only running for approximately 1 hour before
shutting off. The origins of this error can be found in chapter seven. It can be concluded that a
lack of members in the software division was the cause of this error being overlooked, leading
to risk PE10 to be the culprit. While neither Hannah nor Jakob left the team, their work input
was greatly reduced due to their studies abroad. The organizational failure to redistribute the
workforce in the team, e.g. Kasper from Science to Software, could possibly have prevented
this failure to occur, in additon to a full flight-test on-site at Esrange.
Risk ID
TC - technical/implementation
MS - mission/operational performance
SF - safety
VE - vehicle
PE - personnel
EN - environmental
Probability (P)
A. Minimum - Almost impossible to occur
B. Low - Small chance to occur
C. Medium - Reasonable chance to occur
D. High - Quite likely to occur
E. Maximum - Certain to occur, maybe more than once
Severity (S)
1. Negligible - Minimal or no impact
2. Significant - Leads to reduced experiment performance
3. Major - Leads to failure of subsystem or loss of flight data
4. Critical - Leads to experiment failure or creates minor health hazards
5. Catastrophic - Leads to termination of the REXUS and/or BEXUS programme, damage to
the vehicle or injury to personnel
The rankings for probability (P) and severity (S) are combined to assess the overall risk
classification, ranging from very low to very high and being colored green, yellow, orange or
red according to the SED guidelines
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Table 8: Risk Register
ID

Risk
(&
consequence)
Software and electrical
fail to control heaters
causing
temperature
to drop or rise below
or above operational
range.
(residual of TC10)

P

S

PxS

C

4

B

4

Software fails to store
data
Software fails to enter
idle mode (may result
in loss of data)
(residual of TC30)

B

4

B

3

Medium Unacceptable risk: Tests will be
performed prior to the flight to detect and minimize the risk of occurrence. The system will be monitored during flight and handled
manually if necessary.
Low
Acceptable risk: Tests will be performed prior to the flight to detect and minimize the risk of occurrence. See 5.2. It was deemed unnecessary to develop manual control of the heaters from ground control
Low
Acceptable risk: Extensive testing
will be done.
Low
Acceptable risk: Extensive testing
will be done.

A

4

TC40

Software fails to exit
idle mode

B

4

TC50

Critical component is
destroyed in testing
Microphone array from
Japan will not arrive on
time or deal is off
(residual of TC60)

B

3

B

3

A

3

TC70

On-board memory will
be full (flight time
longer than expected)

A

2

TC80

Connection loss with
ground station
Condensation on experiment PCBs which
could cause short circuits

A

4

C

4

TC10

TC11

TC20
TC30

TC31

TC60

TC61

TC90
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Very
Low

Action

Acceptable risk: Extensive testing
will be done.The software can be
reset from the ground; idle mode is
the default mode after a reset.
Low
Acceptable risk: Do extended testing to make experiment exit idle
mode.
Low
Acceptable risk: Spare components
can be ordered
Low
Acceptable risk: Contract will be
signed. Spare components will be
looked at.
Very
Acceptable risk: The arrays have
Low
been received
Very
Acceptable risk: The experiment
Low
shall go through extensive testing
to determine the required memory
size and make sure that data is not
overwritten if memory is full.
Very
Acceptable risk: Experiment will be
Low
designed to operate autonomously.
Medium Unacceptable risk: In order to bring
this risk to acceptable limits, adequate conformal coating will be applied to the PCB.
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TC91

A

4

TC100 Going over the mass
limitation

E

2

TC101 (residual of TC100)

A

3

TC110 Delayed components
from third-party manufacturers and suppliers.
MS10 Electrical connections
dislodges or shortcircuits because of
vibration or shock
MS11 (residual of MS10)

C

2

C

3

A

3

MS20

Downlink connection is
lost
Experiment lands in
water causing electronics failure
(residual of MS30)

B

2

B

2

A

2

MS40

Experiment electronics
fail due to long exposure to cold or warm
temperatures

D

4

MS41

(residual of MS40)

C

4

MS30

MS31

(residual of TC90)
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Very
Low

Acceptable risk: Further research in
the area has shown that the possible short exposure to humidity during the flight will not be a problem. Plastik 70 Conformal coating
will be applied to the PCB’s and
electronics for safety measure.
Medium Unacceptable risk: actions will be
taken to refine component choice
and extensive weight reduction
methods will be applied.
Very
Acceptable risk: the sensor box
Low
mass limitation has been increased
by SSC.
Low
Acceptable risk: Order components
several days or weeks in advance for
time margin.
Medium Unacceptable risk. Careful soldering and extensive testing will be applied.
Very
Low

Acceptable risk: Careful soldering
and shock tests will be performed,
see 5.2
Very
Acceptable risk: Data is stored on
Low
on-board SD card.
Very
Acceptable risk: Check if SD card
Low
needs waterproof shell or is waterproof in itself.
Very
Acceptable risk: SD-card will be
Low
Water-proof and Industrial graded.
High
Unacceptable Risk: Thermomechanical and thermoelectrical solutions will be simulated and tested
in detail to help prevent this from
happening.
Medium Unacceptable Risk: Calculations
showed that this will not occur but
thermal simulations showed that
the structure of the inside of the
box failed (which calculations had
not considered) to dissipate enough
heat. Further design changes will
be made and simulated to make
sure the thermal constraints are
satisfied.
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MS42

(residual of MS40)

B

4

MS43

(residual of MS40)

A

4

MS50

Interference
with
DREX due to rubber
balloon popping during
flight

A

1

VE10
VE20

Balloon power failure
Interference from other
experiments
and/or
balloon

B
E

4
2

VE21

(residual of VE20)

C

2

VE30

SD-card is destroyed at
impact

B

3

VE31

(residual of VE30)

A

2

VE40

Problems with delivery
to Esrange

A

4
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Low

Acceptable Risk: Solid aluminum
frame and a radiator has been implemented to help in heat dissipation. Extensive thermal simulations
in ThermXL has been made which
shows that the experiment will stay
in operating temperature.
Very
Acceptable Risk: The above imLow
plementations have now undergone
extensive thermal and structural
testing which shows all components
working well within operating temperatures.
Very
Acceptable risk: Position the pieLow
ball rubber balloons so that no parts
are likely to be in contact with the
DREX experiment in any parts of
the flight.
Low
Acceptable risk: no action.
Medium Unacceptable risk:
infrasound
emission from other experiments
and/or balloon is expected. Meticulous data analysis should aid in
noise reduction.
Low
Acceptable risk: Infrasound emission from other experiments and/or
balloon is expected. Meticulous
data analysis should aid in noise reduction. Reference arrays has been
implemented to aid in data analysis
Low
Acceptable risk: Low resolution
data will be downlinked during
flight and shock testing will be
done.
Very
Acceptable risk: Low resolution
Low
data will be downlinked during
flight and shock testing will be
done, see 5.2. SD-card will be Industrial graded and both SD-cards
will store all recorded data.
Very
Acceptable risk: Experiment can
Low
be transported by car. Esrange is
merely 40 km away from manufacturing site.
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SF10

Part of or the whole
sensor box falls off from
the flight-train.
(residual of SF10)

B

5

A

5

PE10

Team member leaving
project

C

2

PE20

Tensions
group

E

2

PE21

(residual of PE20)

C

2

PE30

The experiment scope
has to be reduced due
to funding or time constraints
No sources emits infrasound during the flight

B

2

A

4

Very
Low

EN11

(residual of EN10)

B

4

Low

EN12

(residual of EN10)

A

4

Very
Low

SF11

EN10
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within

the

Medium Unacceptable risk: In the case of
fastening failure a secondary system
must function.
Low
Acceptable risk: Secondary fastening system has been implemented
and Mechanical stress simulations
will be performed.
Low
Acceptable risk: If early in the
project; new team member might
be found. If late; the workload
will be distributed between remaining members.
Medium Unacceptable risk: Have meetings
with disputing parties and someone
mediating
Low
Acceptable risk: The group has matured and has become streamlined
to the current experiment design.
Risk still exist regarding manufacture phase availability during summer.
Very
Acceptable risk: Alternative choice
Low
components are already being
looked at.
Acceptable risk: The EXIST team
might try to produce infrasound of
their own, or contact someone who
can. The microbarom is expected
to be heard during low-noise conditions.
Acceptable risk: The EXIST team
might try to produce infrasound of
their own, or contact someone who
can. The microbarom is expected
to be heard during low-noise conditions. Please see subsection Applications for more information.
Acceptable risk: The microbarom
is expected to be heard during low-noise conditions and manmade sources such as wind-turbines
should be heard. Please see subsection Applicationsfor more information.
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4
4.1

EXPERIMENT DESCRIPTION
Experiment Setup

The experiment used the flight-train of the balloon to mount two independent sensor boxes on
the bottom and top of the flight-train with roughly 27 m spacing, see figure 159 for details, and
a relay box was on the gondola which only acted as a switch and cable extender. Power cable
was drawn from the gondola into the relay box, where it was split into two new cables that
went up along the flight train together with the Ethernet cable to one box each. The BEXUS
E-link was connected to the Ethernet switch in the relay box, which was in turn connected
to the sensor boxes with a separate Ethernet cable going to each sensor box. These did relay
data and commands between the boxes and the gondola E-link. The relay box was where
the EXIST team’s work began and SSC’s responsibility already had ended. The two sensor
boxes were identical except for the pressure transducer which was only in the bottom box.
All electrical components except for the microphone array and the sensors/antennas of the
hot-wire anemometer and pressure transducer were situated inside the boxes. The pressure
transducer was placed partially inside the box with only the sensor part outside of the box.
This part can be seen in figure 5.

Figure 5: Figure showing which part of the Digiquartz pressure transducer that will be outside
of the sensor box
The experiment used two PCBs designed by the electrical team in each box. The PSU was
situated on one PCB. The second one was the general sensor PCB with connections to all the
sensors, the microcontroller, the PSU, and the heaters.
In figure 6 the block diagram of each box can be seen. The subsystems with a star (*) were
located on the larger PCB that will be made by the electrical team, the main PCB.
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Figure 6: Block diagram of the parts in one sensor box
The general components of the experiment are described below:
Microphone array, ADXII-INF03 (figure 7): An array of 4 × 4 microphones capable of
measuring sound of 0.1 − 1000 Hz, were delivered to EXIST from KUT, Japan. Each row
of four microphones produces one signal, a total of four different signals. These signals were
converted to one signal the reason for this was improving the low-frequency sensitivity of the
instrument. The signal were converted to digital by the Arduino ADC.

(a) The array without cover

(b) The array with cover

Figure 7: The microphone array from KUT
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Reference microphone array: The same array as above but it was located inside the sensor
box, totally covered and partially isolated. This was to serve as a reference to the outside array,
aiding in the identification of acoustic infrasound. It measured everything that the outside one
does, except some of the wind. This array gave an analog output which was connected to the
micro-controller’s ADC.
Digiquartz 6000 series, ParoScientific 6000-16B: A pressure transducer that was used
to complement the array. It allowed the experiment to measure lower than the 0.1 Hz limit
of the array. It can measure both absolute pressure and gauge pressure. It has dual RS-232
and RS-485 interface and were also connected to the micro-controller. Maximum resolution
of 0.001 P a.
RS-232 Transceivers, MAX232ING4: Was located on the main PCB and used to convert
the RS-232 of the GPS and Digiquartz pressure transducer to the CMOS of the microcontroller.
Thermometer, SMT172-TO220: A thermometer was mounted on the main PCB to measure the temperature of the components and the inside of the boxes. It had a digital output,
used 1-wire, and was connected to the micro-controller. The Arduino also had a thermometer
built in which was used as well.
Relay, AQV251: Relays located on the main PCB were used by the microcontroller to actively
control the heaters.
Accelerometer, ADXL362: An accelerometer was used to measure vibrations in the structure that might interfere with the measurement of infrasound. It had a digital output, and
was connected to the micro-controller using SPI.
Hot-wire anemometer: A designed anemometer which was built by the EXIST team to
measure the wind speed outside the sensor boxes, using the principal of current moving easier
through a cold material than a hot one. By letting the wind blow on one of two identical
circuits, cooling it, the current through it will be higher than the isolated one. Absolute
or relative wind speeds cannot be measured because of the lack of calibration possibilities,
although it was possible to determine when it is windy and when the wind speed was increasing
or decreasing. The output was analog where the voltage depended on the wind speed.
GPS Receiver, 18x-LVC (figure 8): This GPS included an embedded receiver and an
antenna and was mainly used to get a time stamp for all measurements, but the position was
also saved. The receiver was used on similar balloon missions and was certain to work above
the 18000 m limit.
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Figure 8: The GPS receiver
Arduino Due (figure 9): It handled all signals and saved the data to the SD-card. It also
sent the downlink data to the gondola and received the commands from the ground station
through the gondola.

Figure 9: Arduino DUE
Ethernet connection: An Ethernet Arduino shield was used to connect the micro-controller
to the Industrial Gigabit Ethernet Switch in the relay box on the gondola, which was connected
to the BEXUS E-Link, and also added a micro-SD slot.
Polyimide Thermofoil Heaters (HK6903): Heat pads that were used to keep the components of the experiment in their operating temperature and to also keep the temperature
even. They were evenly distributed on the plates inside the box where the majority of the
components and PCB’s were located.
Power Supply Unit (PSU): Each sensor box had a PSU to split the power from the gondola
to the required voltages by using switch mode power DC-DC converters and provided it to the
rest of the electric circuit.
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SD-card: An industrial grade 8 GB micro-SD card were used for storing data and will be
connected to the micro-controller using the micro-SD slot on the Ethernet Arduino shield.
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4.2
4.2.1

Experiment Interfaces
Mechanical

The two sensor boxes were attached to the flight train using one primary attachment system,
and one backup safety attachment. The first involved attaching each side of the sensor box
to a shackle, which was sewn on to the flight train.
Since the CDR workshop, the design choice for the shackle has been finalized. Per sensor box,
it will include using two wide M5 D-anchor shackles which will be attached to the sewn part
of the flight train, and two M6 eye-bolts which will fasten the sensor box to the shackles.
These bolts and shackles are made from stainless steel 304 and 316 respectively, both grades
are very suitable for cryogenic purposes, as shown in figure 188 in APPENDIX C - Additional
Technical Information
The design of the shackle was finalized after the CDR workshop, where it was decided to use
two wide M5 D shackle bolts which were attached to a part of the flight train sewn on by
Nathan McCabe. Attached to these shackle bolts were two M6 eye bolts which connected the
shackles to the EXIST sensor boxes. Both the bolts and shackles were made from stainless
steel 304 and 316 respectively, both grades very suitable for cryogenic purposes as shown in
188.
The second backup safety attachment system consisted of a belt that was tied around the
sensor boxes and attached to the flight train. The function was that if the main attachment
system were to fail, the safety strap would stop the sensor boxes from separating from the
flight train so it would not fall and hit either the gondola, other experiments, or fall completely
off the BEXUS system. Both of these attachment systems can be seen in figure 162.
In terms of mounting the sensor boxes, first the frame was bolted to the two shackles on each
of the flight trains. Next, the bottom insulation was attached to the frame, then after this
the cables were put into the box from the flight train, before the top insulation was put on.
The two insulation boxes will be aligned and loosely held using indented corners where the top
insulation box inserts into the bottom insulation box, and then Velcro will hold them both in
place.
After this, the two insulation pieces were taped together with white gaffa tape to keep them
together, as well as a method to not expose the insulation to solar radiation. This could have
been changed and adapted much easier than re-manufacturing the insulation boxes. The final
step was to strap on the safety harness which was tied to each of the flight trains, and served
as a backup attachment system to stop the sensor boxes detaching from the flight train.
As mentioned earlier, there was also a relay box on the gondola which was the cable interface
between the BEXUS power and data, and the EXIST sensor boxes. It can be seen in figure
168 and was positioned on the left side of the gondola. The EXIST team does not have any
major preferences on where on the gondola it should be positioned.
If the sensor box needs to be accessed before flight, after having been attached to the flight
train, this can be done fairly simply. First, the safety strap should be disassembled, and then
the the insulation pieces can be lifted off with only the Velcro keeping it located. This means
that the sensor box will still be attached to the flight train, but can be easily accessed in order
to make final adjustments if required.

Page 36

BX24 EXIST SEDv5-0 29Jan18

- 37 -

It is important to note that due to the manufacturing tolerance in the gondola rails, the
mounting plate in the relay box incorporated a slot shaped pocket, as can be seen in figure
11. This means that the relay box had 10mm of ”wiggle room” when fastened to the BEXUS
gondola.
Considerations were taken for the special launch environment that EXIST had, due to the
unique position of the experiment. This means that EXIST will require two mattresses placed
on the side of Hercules during launch to dampen the expected collision between the sensor
boxes and the launch vehicle. The EXIST team used two mattresses during the launch campaign to dampen the expected collisions between the sensor boxes and the launch vehicle. This
can be seen in section 6.1.4.
The cables connecting to the sensor boxes ran along the flight train with a non-negligible mass.
This meant that there was a requirement for some form of strain relief at the sensor boxes.
The EXIST team implemented this by using a cable clip for both the Ethernet and the power
cables, as seen in figure 10a. The cables themselves were tied to the flight train using Velcro
zip-ties. They were evenly distributed along the length of the flight train, as well as sometimes
looped to reduce the strain at any one point. There was also a number of fully fixed zip-ties,
which held the distributed load of the cable.

(a) Attachment system of the sensor box onto
the flight train

(b) Relay box position inside gondola

Figure 10: Please see APPENDIX C - Additional Technical Information for detailed views
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Figure 11: Underside of Relay Box emphasizing the slot shaped pockets shown in red.

Table 9: The number of bolts nuts and washers required for the EXIST experiment. Fully
expanded version can be found in APPENDIX C - Additional Technical Information, under
Detailed Mechanical Component List
Type:
Size:
Amount:
Bolt
M3
21
Bolt
M4
16
Bolt
M6
4
Nut
M3
16
Nut
M4
16
Nut
M6
4
Washer
M3
37
Washer
M4
28
Washer
M6
8

4.2.2

Electrical

E-link usage: The uplink was used to send occasional commands to control the experiment.
One command will be 16 bits in size. The TCP/IP protocol was be used for uplink, so the
total size of one transmission was the data plus the TCP header (maximum 480 bits), the IP
header (maximum 480 bits) and the Ethernet frame (144 bits). Thus
bits per uplink packet = 16 + 480 + 480 + 144 = 1120bits .

(1)

Commands were sent a maximum of once per second. Adding a safety margin, the maximum
uplink data rate was 2 kbit/s.
The downlink was used to transmit full resolution data from the experiment to the ground.
The data in each packet was estimated to be 5500 bits. The total size of one packet was the
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data plus the UDP header (32 bits), the IP header and the Ethernet frame, so
bits per downlink packet = 5500 + 32 + 480 + 144 = 6156bits

(2)

This data was sent from each sensor box at a maximum rate of 10 Hz. Thus the maximum
data rate was
Downlink data rate = 6156 ∗ 2 ∗ 10 = 123120 bits/s

(3)

Adding a safety margin the data rate for downlink was a maximum 200 kbit/s.
The UDP Ethernet protocol was used for the downlink and the TCP/IP protocol for uplink,
and an Amphenol RJF21B connector was used since it is specified in the BEXUS user manual.
Cables: The power cables that were attached from the relay box to the sensor boxes have
a resistivity per unit length of 4.92 Ω/100 m and a low temperature rating of −70◦ C. Each
sensor box had a cable which was connected to the relay box in the gondola. For the power
cable from the sensor box that is 45 m from the gondola, the power loss in it with a current
of 0.9 A across it is:
P = 0.92 × 0.0492 × 45 = 1.8 W

(4)

The power loss through the short, 15 m that was attached to the other sensor box was
P = 0.92 × 0.0492 × 15 = 0.6 W

(5)

All of the current also went through only one cable from the power supply module in the
gondola to the relay box, the power loss through this is:
P = 1.82 × 0.0492 × 3 = 0.5 W

(6)

Which makes the maximum total power loss through the cables:
Wtot = 1.8 + 0.6 + 0.5 = 2.9 W

(7)

The total weight of 60 m of this cable was 2.4 kg. See the datasheet in APPENDIX C Additional Technical Information for more specifications.
The set-up of the Ethernet cable was the same as the power cables. The CAT6 Ethernet
cables where 15 m and 45 m long, with a size of 23 AW G and was drawn from the sensor
boxes to the relay box. The total weight of 60 m is this cable is 3.3 kg. See the datasheet in
APPENDIX C - Additional Technical Information for more specifications.
The Ethernet and power cables were attached next to each other so that they psychically acted
as o.ne cable. This combined cable was attached along the flight train to from the relay box
to each of the sensor boxes. Cables can be fragile and SSC was asked if they could promise to
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not step on the cables. Otherwise they would have been protected with a single flexible tube
for cables, PMAFLEX conduit, see APPENDIX C - Additional Technical Information. This
proved to not be necessary.
Type of connector: 4 pin, male, box mount receptacle MIL – C-26482P series 1 connector
with an 8-4 insert arrangement (MS3112E8-4P).
Expected average current: around 0.32-0.43 A per sensor box and 0.14 A for the relay
box which gives a expected average of 0.75-0.97 A
Expected maximum current: around 0.44 A per sensor box and 0.14 A for the relay box
which gives a maximum of 0.97 A
Protection: The PSU had an overcurrent protection during the tests, by the use of a fuse.
When the tests of the PSU PCB were done, the fuse was removed and replaced with a wire.
Grounding: Each electronic subsystem was connected to a single point ground, see figure 17.
The main PCB, not the PCB with the DC-DC converters, had a split ground with two ground
planes: analog and digital. The main PCBs ground plane was also the single point used for
grounding the subsystems.
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4.3

Experiment Components

Table 10: Components table that show how many components were ordered, including spare
components. For a more extensive list with minor components as well see figure 157. A detailed
mechanical component list is found in APPENDIX C - Additional Technical Information figure
158.
Component

Specs
(size,
weight)

Arduino Due

101.52 mm
x 53.3 mm,
36 g

5

35.6
Euro

Arduino
Store

Arduino
Ethernet
Shield V2

Estimated
to be
similar to
the
Arduino
Due

4

22
Euro

Arduino
Store

GPS
Receiver
18x-LVC, 5
m cable,
010-0032136,
Garmin

61 mm in
diameter x
19.5 mm in
height, 160
g

Industrial
temperature
microSD XC
UHS-I 8GB

15 x 11 x 1
mm, 0.5 g

SparkFun
Triple Axis
Accelerometer Breakout
- ADXL362

14 x 11 x 2
mm, 1 g

NumCost
ber
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2

70.5
Euro

3

about
20
Euro

9

7.3
Euro

Supplier

Elfa

TBD

Elfa

Reason
Fast and
has many
analog and
digital pins
Easy to
connect on
top of the
Microcontroller
and then
connect to
the BEXUS
E-Link.
Works at
higher
altitude
than 18 000
m,
COMPACT
Small, good
temperature
range,
sufficient
storage
3-axis measurement,
SPI digital
output
interface,
not surface
mounted

Availability

Status

Available

Received

Easily
ordered
online

Received

Easily
ordered
online

Received

Easily
ordered
online

Received

Easily
ordered
online

Received
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Temperature
sensor
TO-220,
SMT172TO220,
Smartec

30 x 10 x 7
mm, 9 g

4

Polyimide
Thermofoil
Heaters:
HK6903

12.7 x
101.6 mm,
2.3 g

5

Panasonic
PhotoMOS
relay,
AQV251

about 9 x 9
x 7, 1 g

6

Digiquartz
pressure
transducer
series 6000

66.6 mm x
66.6 mm x
57.1 mm,
450 g

1

Microphone
Array ADX
II-INF03

88.2 mm x
47.5 mm x
24.1mm,
127 g

NETGEAR
GS108E
Switch for
ground
control
Industrial
Gigabit
Ethernet
Switch
LIG401A
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158 x 101
x 29 mm

29 x 112 x
89 mm

10
Euro

digital
output,
temperature
range down
to −45◦ C

Easily
ordered
online

Received

Available

Received

Easily
ordered
online

Received

Sent from
Kochi

Received

Well tested,
free

Modified
for EXIST

Received

TBD

Supports
portmirroring

Easily
ordered
online

Received

Elfa

Good
operating
temperatures

Easily
ordered
online

Received

Elfa

Good
reliability in
low pressure
environMinco45
ment,
componEuro
lightweight
ents.com
and heats
evenly with
good
contact
Well above
6.3
required
Elfa
Euro
load voltage
and current
Can
measure
very low
Kochi
Sponsfrequencies,
Univerored
operating
sity
temperature
down to
−55◦ C

4

Kochi
SponsUniverored
sity

1

47.1
Euro

1

130
Euro
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DC-DC
Converter
S24SE12001,
15 W, 12 V

25.4 x25.4
x10.2mm,
18,0 g

DC-DC
Converter
S24SE05002
10 W, 5 V

3

35,6
Euro

Elfa

26.4 mm x
26.4 mm,
22.2 g

3

34.1
Euro

Elfa

DC-DC
Converter
TEL 2-2410,
2 W, 3.3 V

23.8 mm x
13.7 mm x
7.62 mm,
5.1 g

3

16.6
Euro

Elfa

Power cable,
88761
002100

1.6 kg

60
m

294
Euro

Digikeys

60
m

292.7
Euro/
100
ft

Digikeys

st4
hl5

1.08
Euro

Elfa

5

13.35
Euro

Digikeys

Ethernet
cable,
7931A
0101000

2.2 kg

RS-232
9.0 g,
Transceivers, 19.30 mm
MAX232ING4 × 6.35 mm
Connector
Terminal
Module,
20820000001
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Provides
the required
output
voltage and
power
Provides
the required
output
voltage and
power
Provides
the required
output
voltage and
power
Low
operating
temperature,
cheaper
Low
operating
temperature,
CAT6

Easily
ordered
online

Received

Easily
ordered
online

Received

Easily
ordered
online

Received

Limited
supply

Received

Limited
supply

60 m
received

Cheap and
light

Easily
ordered
online

Received

Needed for
Ethernet
cabling

Easily
ordered
online

Received
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Table 11: Experiment summary table
Experiment mass (in kg):
13.5 ± 0.04
0.166 x 0.283 x 0.253 /sensor box + 0.70 x
Experiment dimensions (in m):
0.400 x 0.250 /relay box
Experiment footprint area (in m2 ):
0.06 /sensor box + 0.1 /relay box
Experiment volume (in m3 ):
0.0092 /sensor box + 0.1 /relay box
See APPENDIX C - Additional Technical
Experiment expected CoG position:
Information for detailed pictures regarding
CoG.
The above experiment mass can be broken up between the three (3) boxes and external cabling.
Each sensor box was 3.583kg ± 0.01kg, the relay box was 2.742kg ± 0.01kg, and the external
cabling was 3.59kg ± 0.01kg.
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4.4

Mechanical Design

In terms of mechanical design set-up, the most important aspect about the experiment was the
position of the main sensor boxes. As previously mentioned, the sensor boxes were mounted
directly onto the flight train of the gondola. They were positioned near the wooden rungs,
with a distance of 27m between them.

Figure 12: NOT TO SCALE view of the flight train with both the sensor boxes fastened.
The mechanical design of the sensor box was based around the Japanese sponsored microphone
array. Mechanical drawings provided by Professor Yamamoto has made it possible to design a
CAD model of the arrays used including the provided casing and the arrays PCB. Each sensor
box had two of the same array inside, each with 16 microphones. Two of the four provided
arrays were positioned outside the frame of the sensor boxes and had a casing made from
aluminum. These arrays were fastened directly onto the two mounting plates, using four bolts
creating a flush connection between the mounting plates and the microphone case. This is
because the array case itself acted as a radiator and allowed the box to radiate away heat.
The other two arrays were sitting directly onto the ”Bottom Plate”, see APPENDIX C - Additional Technical Information drawing 004, and was not inside of its casing, and the PCB was
bolted to the plate with a washer and spacing between the PCB and plate. Spacers in the
form of washers with ABS as material were inserted between the PCBs, the aluminum plates,
and the frame tubes where they are mounted. This was to protect the PCBs from damage or
short-circuits if mounted directly onto the aluminum.
The mass calculations have been produced with help of the CAD files created by EXIST. Each
part in the CAD model has a defined mass according to its materials, and the components
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have a more accurate mass determined from the datasheets. The mass of the components
can be seen in table 12.
Table 12: Mass Breakdown (per sensor box). Please note that this table has been updated
18/09/2017.
Component
Main microphone array
Reference microphone array
DPT
Main PCB
Power PCB
Main Frame Assembly
Mounting Plates
Fastening Bar
Styrofoam XPS
Machine elements
GPS
Estimated Internal Wiring/ Solder
Safety Strap and Buckles
Total:

Preliminary Mass (in kg):
0.148
0.062
0.45
0.17
0.115
0.473
0.672
0.156
0.35
0.407
0.06
0.15
0.217
3.43

Weighed Mass (in kg):
0.122
0.05
0.46
0.162
0.08
0.495
0.598
0.148
0.476
0.516
0.058
0.15
0.268
3.583

As can be seen from table 12, the mass of the sensor box was under the 3.6 kg constraint set
by the RXBX panel.
To justify some of the mechanical design choices, the key points are given below:
1. A lot of the dimensions of the sensor boxes were based on the microphone array that
was supplied by KUT, such as the position of the bolts, and general shape of the boxes.
2. The choice of material for the insulation was at first regular Styrofoam but later changed
to extruded Styrofoam or ’XPS’ during the PDR workshop because of its higher resistance
to expansion during flight. The exact grading is XPS 500 SL-A-N and has a density
of 40kg/m3 . Polystyrene is affected by the radiation from the sun and may cause the
material to melt if exposed to too much radiation or otherwise damage the insulation.
This is solved by having a reflective fabric over the XPS. The material chosen for the
overall structure of the sensor boxes is aluminum. This changed from the PDR where
a combination of steel and aluminum was used for the ”Fastening” and ”Main frame”
respectively. The reason for the use of aluminum was because on the weight restriction
as well as the overall good mechanical properties of the material, such as yield and shear
strength. The change from steel to aluminum for the fastening system was made purely
because of thermal reasons. A more detailed explanation of this choice can be seen in
section 4.6.3. The frame where the boxes were mounted were made up of aluminum
and the fastening system was out of steel. The choice of aluminum was because of
its relatively low density compared to its overall structural strength. Steel was the best
material for the fastening because of its high yield and shear strength but mainly because
it has a lower thermal conductivity compared to aluminum.
3. The two attachment systems were decided and modelled based on feedback at the PDR
workshop. The main attachment system was structurally strong enough to attach to
the shackles on the flight train, and the safety strap stopped the boxes falling from the
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flight train. The material that was used for the safety strap was polyester webbing. This
is because of the following reasons: [3]
• High strength tenacity (Up to 10g/den)
• Small elongation under load
• The melting point is around 260°C and will withstand temperatures above 180°C
for some time
• Polyester has excellent resistance to sunlight (one of the best for outdoor use)
To add to point three above, the team decided to use Cam Buckles to fasten the safety straps,
shown in figure 10a. The two straps kept the main insulation sections together, and the third
connected both of those straps to the flight train, totalling three 20mm polyester weaves with
3 female and male Cam Buckles.
4.4.1

Mechanical Simulations

In order to do a preliminary test of the overall mechanical integrity of the sensor boxes and
fastening systems three FE analyses were performed using the CATIA V5 software, which was
also used to create the CAD model of the sensor boxes and the relay box needed for this
experiment. The three different simulation models used were that of the ”Fastening Bar”, the
”Main Frame Assembly” including both mounting plates, and an assembly of the Main Frame
and the Fastening Bar together. The models used for these simulations were simplified versions
of the original CAD models. The frame was simulated with an approximation of 3mm radii for
the weld-joints. Some radii in the manufactured assembly were filed down to make the plate
fit, these radii were excluded.
The simulations were run with the same mesh and ’sag’ size. ’Sag’ is a feature which is unique
to CATIA where the ’sag’ size determines how closely the mesh follows the geometry of the
CAD drawing. For the simulations of the ”Fastening Bar” a mesh size of 0.25mm and a sag
size 0.05mm, for the ”Main Frame Assembly” a mesh of 2mm and a sag of 0.5mm, and for
the combination simulation a mesh of 1.5mm and a sag of 0.5mm was used. Decreasing the
sizes of the values will increase the accuracy of the simulations. Any further decrease of this
caused issues with the computers used for simulation and these relatively coarse meshes were
used to get a result which is still deemed valid. A lot of simplifications were made to the
models, which will give some faulty results. Simplifications were made to both the spacers
in the frame and the bolts in the fastening to reduce the number of constraints needed and
decrease computation time.
The error rate for the simulation results given by CATIA for the two ”Fastening Bar” simulations are about 9% and 7% for the frame. The combination simulation has a error rate
value of about 4%. The spacer bolts between the main frame and the bottom plate were
simplified by removing the bolts and the threaded part of the spacer to decrease the number
of connections and constraints needed. The removed parts were substituted by a ”Smooth
connection” constraint, to further simplify the model.
Further simulations testing the variation of Von Mises stresses depending on the error rate
calculated by CATIA (which is a ”Strain energy error”). Coarser mesh and sag will change the
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strain experienced by the simulated model, time and computer resources hindered the testing
of this to a fuller extent. The result of this is a greater uncertainty of the factor of safety
for this experiment. The connections of the top plate and the frame of this experiment was
designed and manufactured to be made by bolts, these were also replaced by constraints.
The bolts connecting the frame and attachment bar were replaced and split up into two
different simulations, one for the frame and two for the attachment. Reaction forces were
instead put into the connecting parts of these two parts. The frames simplification was made
to concentrate the forces into 4 extrusions around the holes of the frame where the bolts
connecting the frame and attachment bar. This was in the shape of a standard M4 washer,
although the material of these washers are steel and a separate part they were replaced by
aluminum apart of the same material as the frame. The bar included part of bolts since the
model was simpler to simulate. The stiffness created by the casing of the ”Main Microphone
Array” was replaced by having a constrain between the 4 holes in the bottom and top plate,
this is not very accurate but is an improvement over using no casing at all, the same reason
of excluding this part in the simulation as stated previously regarding time and computer
resources.
Simulating the forces created by the weight of the components on both the plates, excluding
the forces created by the microphone array, was done in the ”Generative Structural Analysis”
workbench in CATIA V5. One where it was all the weights of the components and most of
the structure with an acceleration of 9.81 or 1 g. And one with 10 g in vertical direction
and five g in horizontal direction. The results of the simulation on the fastening bar with 1 g
times the overall weight of the experiment can be seen in APPENDIX C - Additional Technical
Information figure 175. Figures 176 to 178 show the same assembly being simulated, with
the same mesh but the forces and accelerations multiplied by 10. These values were found in
the BEXUS manual and seemed like a valid simulation to run. The force distribution differs
from the real world as they are simulated over the entire surfaces of the plates instead of in
proximity of the holes which connect the weights of the experiments instruments to the plates
Only one simulation of the ”Main Frame” has been done. The simulation of the ”Main Frame”
was only the 10g as previous, and outdated simulations of 1g showed no structural issues even
before replace the hollow tubes by solid ones the 1g simulation was excluded from the latest
design of this experiment.
The team has also considered the ”hard-snap” during cut-off, and believe that the simulations
accurately cover the forces experienced during this period. In a worst-case scenario, most of
the data will have been recorded before this period, and the only component that is required
to survive is the SD card instead of the entire box. The simulations runs were only made
on the fastening system of the sensor boxes, where the old simulations on the frame and
mounting plates were deemed sufficiently durable. Making the tubes solid would increase the
overall strength of the system, therefore the old simulations stand, where the masses have not
changed for these mechanical parts. It is the failure of the fastening system which can create
the most damage and is the weakest link.
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Table 13: Table to show the Factor of Safety (FOS) of the components under static load
Component
Fastening bar with frame
Fastening bar
Frame and plates

Force Applied
60g vertical, 30g horizontal
10g vertical, 5g horizontal
10g vertical, 5g horizontal

Factor of Safety (FOS)
0.82
12,82
0.73

The safety factors calculated based upon the FEA simulations as can be seen above are below
the value 1 with an exception of the fastening bar simulation. The value of 12.82 of the
fastening bar simulation is faulty for the reason of the forces applied to the bolts are too low
where the bar has an acceleration of 10g vertical and 5g horizontal as well as the weight of
the instruments, although excluding the frames and plates weights. The value is therefore not
reliable. The requirement to be able to withstand 10g vertical and 5g lateral can not be met
with the current design, future work to fulfill this requirement was done.
4.4.2

Manufacturing

This section regards the manufacturing of both the sensor boxes and the relay box concerning
the metal parts. The mechanical division inside the EXIST team came to the conclusion to
get many mechanical components manufactured externally. The reasons for this were:
• The timescale for manufacture during the summer before launch was shorter than previously anticipated, as can be seen in Appendix F - Project Planning.
• The mechanical division concluded that many components, such as the mounting plates
and main frame assembly, would benefit greatly by being professionally manufactured to
a higher tolerance.
• The materials were ordered through NSR AB and the components manufactured through
Progatec AB, companies based in Norrköping, Sweden. Both NSR AB and Progatec
AB have sponsored all manufacture and material related costs for the EXIST project,
significantly reducing the mechanical budget. More can be seen in figure 158 and table
38.
Because of the above reasons, the mechanical division studied different standards in which the
technical drawings would be toleranced, and decided to use DIN ISO 2768-m.
The only other components that were not manufactured externally were the insulation parts
surrounding both the sensor boxes and the relay box. These were manufactured in July, which
was, at the time, the estimated time when the other components would arrive. After this, the
components only need assembling before the IPR in August.
Regarding the manufacture of the sensor box frames, it was decided to weld 12 aluminum
tubes together, as shown previously in the manufacturing drawings. Aluminum is considered
to be a very difficult material to weld, and therefore was considered by the mechanical team,
and was outsourced to the professional workshop listed above.
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4.4.3

Symmetrical Sensor Boxes and Differential Pressure Transducer ”Dummy
Weight”

The two sensor boxes that were attached to the flight train were very similar where the
only differentiating part was that the sensor box closest to the gondola contained a pressure
transducer, and the furthest sensor box contained a ”dummy weight”. The reason for for
this was that only one was provided by the experiments sponsors and a second could not be
bought. This lead to a few mechanical changes between the sensor boxes. However both
boxes were designed to house this instrument. This change affected the mass, mechanical
stresses, moments of inertia, center of gravity and load locations. Thermal changes were also
noticed as the heat dissipation from the pressure transducer was different, but there were also
some positive changes such as the reduction of power consumption for the upper sensor box.
Despite these differences, the design and simulations for both of the sensor boxes were identical.
The reasons for not changing the design were to save time, redundancy, manufacturing and
assembly. The design changes would not be major, but it would still take unnecessary time to
redesign and implement two different sensor boxes in the CAD design.
The negative effects of this were; unnecessary manufacturing, weakening of structural integrity,
different and more uncertain CoG. The positive aspects of having the same design is that there
will be more redundant parts and they will all be compatible. To reduce the negative effects of
not changing the design of one of the boxes, a substitute pressure transducer was manufactured
in house by the EXIST mechanical team. This ”dummy weight” was required to be the same
weight to reduce the unknown mechanical and physical effects.
The steps to create this ”dummy weight” were first to estimate the average density of the
Pressure Transducer through the known volume and mass. The next step was to find a
material with a very similar density that the EXIST team can use. If a good substitute can
be found and manufactured, the simulations and tests can be assumed to be similar for both
sensor boxes. A material was found with a similar density, aluminium, and the weight was
manufactured, as can be seen below in figure 13a. The substitute was fastened using the same
M3 countersunk bolts and nuts as the pressure transducer.

(a) Dummy Transducer

(b) Real Differential Pressure Transducer

Figure 13: This shows the dummy weight compared to the real Differential Pressure Transducer, having been manufactured by gluing together three solid sections of aluminum. The
weight of this is 465g, 5g more than the real Differential Pressure Transducer. The adhesive
used to connect the three sections was Loctite 420, with an operating temperature of −54°C
to 82°C. The tape shown is simply a redundancy in case the glue fails, in order to keep the
sections together.
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4.4.4

Mechanical Components

As of 23-07-2017, most of the mechanical components have either arrived or will arrive. After
being manufactured through both NSR and Progatec the components arrived and an inventory was made. The components can be seen in figure 14, and more details can be seen in
APPENDIX C - Additional Technical Information.

Figure 14: A labelled picture showing the mechanical components ready for testing.

Figure 15: A picture showing the 3 assembled boxes.
All the components that have arrived have been weighed and added to the components list
shown in figure 158, and when all the components arrive then test 9 can be completed. The
next step is to contact both IRF and Esrange Space Centre to work out the fine details
regarding test 3 and test 6.
As can be seen from figure 15, the boxes have been fully assembled ready for testing. The
only difference is that the boxes will be reassembled with thermal paste between the thermal
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contact zones, and the external objects will be painted white. Also the blue Styrofoam seen
on top of the boxes is simply a rain guard for the outside Infrasound tests. Please see section
5.3 for results of the mechanical tests.

4.5

Electronics Design

Each box contained five PCBs, where two was designed by the EXIST team, two by the KUT
team and the last one, a purchased Arduino micro-controller. They were positioned according
to figure 16.

Figure 16: Full size view of all the main components in the sensor box.
The grounding was ”Distributed Single Point Grounding” with one main star point with all
PCBs and instruments. The star point was located on the main PCB. Due to the DC-DC
converters being isolated the gondola ground was not directly connected. The space between
the two plates with PCBs are there to make room for the self locking nuts that were used to
fasten the PCBs on both sides.
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Figure 17: Basic overview of the grounding, this figure acts as an example
The design of the anemometer was inspired by the same source as the HASP team used in
2014 [21], which was proved to work.

Figure 18: The schematic of the anemometer from the source [21].
To prevent humidity on sensitive electronics the conformal coating spray PLASTIK 70 was
used on the PCBs and electronics. For the freezing test, see test 3, silica bags may be used
to protect the electronics from humidity.
4.5.1

Filter and gain for the arrays

To reduce the sampling rate needed to avoid aliasing a filter was used between the arrays
and the Arduino. Also, the arrays had two different modes with different gain and due to
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some trouble with the manufacturer only the lower gain option was customized to the 3.3 V
Arduino. To make the high gain option not break the Arduino with its 5 V operation voltage
a voltage-divider was combined with the lowpass filter to create a circuit functioning both as
a lowpass-filter and a voltage divider. The filter/voltage-divider was passive and consisted of
a 470 nF capacitor, a 10 kΩconnected to ground and a 4.7 kΩresistor in series. This gave a
cutoff at 106 Hz which did not attenuate the frequencies of interest at all while also having
-18 dB at 800 Hz. Having -18 dB at this frequency is enough to attenuate all sound above
the nyquist frequency that could possibly be recorded in the stratosphere. Additionally Daniel
Bowman wrote that in his experience it would be very unlikely to record anything above 30
Hz so no high volume, high frequency sound are expected.
The filter/voltage-divider was placed on the PCB where a similar passive filter originally was
planned to go. This meant no new space was needed and no extra work compared to before.
The reason for the new high resistor value in the filter compared to the previously filter was
because the array could not hold its voltage level at the output with the previously planned low
output impedance of the filter. A test trying out the first designed filter without the voltage
divider and with lower impedance (47 Ωand 33uF) were done and can be seen on page 106.
The test done still comparatively applies to the new filter with the voltage divider because
they have very similar properties in both time constant (0.001503s to 0.001551s) and cut-off
frequency (102.6 Hz to 105.9 Hz). The new filter/voltage-divider was also tested to make sure
the new voltage levels were as expected and so no damage could be done the the Arduino.

Figure 19: The filter and the voltage divider for the arrays

4.6

Thermal Design

During preparations the experiment was kept at room temperature, 15 − 25◦ C. On the
launchpad typical temperatures range from 0 to −20◦ C and the experiment was kept there
for several hours. During flight the temperature dropped as low as −80◦ C and after touchdown
the experiment could experience temperatures down to −20◦ C for up to two days. Exposure
to sunlight in the stratosphere drastically heated up any components.
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During the time on the launchpad the experiment and the heating system were running. After
touchdown the experiment was shut down and all components were designed to withstand the
expected temperatures on the ground.
The thermal control system, in each sensor box, consisted of 2 digital temperature sensors,
one external on the main PCB and one integrated in the Arduino. All components inside the
sensor boxes, except for the PSU, were attached to two plates. Because the Arduino and
the Main PCB were fastened to separate plates, the heat readings corresponded to the heat
experienced by the components on each plate. This data was processed by the Microcontroller
and used to control 2 relays. Each Relay controlled 1 Minco Heat Pad that was situated on
the corresponding plate where the respective thermometer was situated. This ensured even
and controlled heating of the experiment. A connection-diagram of this setup is seen in figure
20.

Figure 20: Simplified model of the thermal control system
The Minco heating-pads was fastened with Acrylic Adhesive (PSA) to the plates that holds
the components.
To prevent overheating, especially during the time on the launchpad, the thermal control system was be active. This implies that if the temperature sensor on the mainPCB detected
temperatures above 15◦ C, the heat pad associated with this temperature sensor would be
turned off and put back on when the temperature dropped below 10◦ C. Because the Microcontroller was expected to be hotter than other components the parameters controlling that
respective heater was different. If the Microcontroller temperature sensor detected temperatures above 40◦ C the heater would be turned off and turned back on again if the temperature
dropped below 35◦ C.
The heaters chosen had a resistance of 49 Ohm and were connected to 12 V to give
P = 122 /49 = 2.94 W per heater
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4.6.1

Relay Box

The relay box was insulated with 15 mm of Styrofoam on top but with no styrofoam underneath
to maintain operating temperature. There were 20 mm thick rubber spacers in between the
relay box and the gondola rails to prevent direct contact with the rails. No other Thermal
protection was deemed necessary as it was protected by the cover of the gondola. For a
simulation of the relay box see, 4.6.6.
4.6.2

Outside Thermal protection

One of the microphone arrays (ADXII-INF03) for each sensor box was kept outside the sensor
boxes. The Digiquartz pressure instrumentation was kept inside the box except for the sensor
part, seen in figure 5 , which allowed it to operate. The hot-wire anemometer was also kept
inside the box, except for the sensor. All of this required testing and during testing it was seen
that all the instruments functioned properly, see 5.3.3.
Because the microphone arrays (ADXII-INF03) and the sensors from the anemometer and
pressure transducer were kept on the outside of the box they were subject to heating from the
sun and therefore everything on the outside of the sensor box were white, painted white or
taped over with white duct tape to minimize heating from the sun, this includes heat-bridges
such as metallic fasteners and the insulation. The insulation was taped over and other surfaces
were painted white
A complete thermal range table of all the components can be found in APPENDIX C Additional Technical Information.
4.6.3

Initial calculations in MATLAB

Calculations were further expanded in MATLAB using the same model for the sensor boxes
but with more precise values and for different altitudes. The result from the MATLAB script
can be seen in figure 21 and 22
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Figure 21: Shows the steady state temperature of inside of the sensor box for different altitudes
when the sun is not shining and temperatures are coldest. When the temperature dropped
below 283 K the heaters were turned on as can be clearly seen in the plot.

Figure 22: Shows the steady state temperature of the inside of the sensor box for different
altitudes when the sun is shining and temperatures are hottest
It can be seen in the figure 22 that the initial temperature at the launch pad when the sun is
shining is quite high, about 312 K, and this is assuming that the heat conducted through the
fastenings system is evenly distributing the heat over the whole outside surface which will not
be the case.
Detailed calculations can be found in APPENDIX C - Additional Technical Information.
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4.6.4

Initial Thermal simulation in ANSYS

The following simulations are initial simulations of the model before adaptations were made
post-CDR. Thermal simulations were done in ANSYS using the CAD-model as a basis. The
result of the temperature on the top plate inside the sensor box can be seen in figure 23

Figure 23: Shows the simulated steady state temperature of the top plate inside the sensor
box when the sun is not shining and there is no heating. The altitude is 30000m and the
ambient temperature is 200 K. It can be clearly seen in the right corners that a thermal choke
occurs. Note that the simulation model was not complete and that the left corners were not
connected to the frame, this was mitigated as well as possible by doubling the conduction
through the right corners but the results from the simulation still stand.
The simulated temperatures were way above the expected temperatures because of the bad
conduction from the plate to the frame of the sensor box. It can be seen in figure 23 that
the thin connections to the frame caused a choke where the heat could not dissipate properly.
Another problem was also that not enough heat could radiate away from the sensor box because
of the lack of thermal heat-sinks, especially when the sun is shining. Initial calculations were
supposing that the heat would conduct though the steel-fastenings system to the whole outside
surface of the box and therefore dissipate a lot more heat than the thermal simulation showed.
Detailed notes on the simulation can be seen in 8.2.
4.6.5

Thermal simulations of the Sensor boxes in ThermXL

From the result from the ANSYS thermal simulation the design of the experiment was changed
and updated. The total power consumption of the sensor boxes were lowered (through updated
information about the INFO3) and with the array cover implemented as a radiator and the
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bars designed to be made out of solid aluminum new simulations were made in ThermXL with
a decreased insulation thickness to 20 mm. These simulations took into account convection
and radiation inside and outside the box. Steady state simulations for the worst case scenarios
were made and the results can be seen in the figures below.
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Table 14: Worst Case Scenarios for ThermXL simulation of the sensor boxes
Altitude
(km)

Ambient
Temperature
(◦ C)

0 km
25 km
0 km
25 km
10 km

5◦ C
−40◦ C
−20◦ C
−70◦ C
−70◦ C

Convection Heat
transfer Coefficient
(outer surfaces,
inner surfaces)
18, 10
0.6, 0.33
18, 10
0.6, 0.33
4.5, 2.5

Sun and
albedo
Yes
Yes
No
No
No

Figure 24: Shows the temperature of vital components inside the sensor boxes as well as the
radiator and more. For steady-state at 0 m altitude, an outside temperature of 5◦ C, sun
shining, and heaters off.

Figure 25: Shows the temperature of vital components inside the sensor boxes as well as the
radiator and more. For steady-state at 25000 m altitude, an outside temperature of −40◦ C,
sun shining, and heaters off.
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Figure 26: Shows the temperature of vital components inside the sensor boxes as well as the
radiator and more. For steady-state at 0 m altitude, an outside temperature of −20◦ C, sun
not shining, and heaters on.

Figure 27: Shows the temperature of vital components inside the sensor boxes as well as the
radiator and more. For steady-state at 25000 m altitude, an outside temperature of −70◦ C,
sun not shining, and heaters on.
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Figure 28: Shows the temperature of vital components inside the sensor boxes as well as the
radiator and more. For steady-state at 10000 m altitude, an outside temperature of −70◦ C,
sun not shining, and heaters on.
These new results show that the experiment will operate within its temperature range with
more than 10◦ C safety margin for all the worst possible cases except for the coldest case at
10000 m. For this case the temperatures were still within operating range of the experiment
but not within 10◦ C safety margin. But as this is during the ascent phase; no steady state is
expected to be achieved. See table 37 for temperature ranges of components.
Details about the ThermXL simulations of the sensor boxes can be found in 8.2.
Because testing in low pressure and at cold temperatures at the same time is not possible (lack
of equipment) tests were done to verify the results gained from the simulations by simulating
the same conditions as in the tests and then comparing the resulting temperatures
Thermal tests were performed in cold temperatures and in low pressure and the results can be
seen in 5.3.3.
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4.6.6

ThermXL simulation of the Relay Box

Simulation Setup
The relay box steady state thermal simulations were performed on ThermXL with a model of
52 nodes for the geometry and 2 nodes defining the environment conditions, 1 defining the air
inside the gondola and the other node being a variable air temperature inside the relay box.
Like in the case of sensor box, steady state simulations for worst cases were performed. These
worst cases are defined as below and preclude the requirement of a transient analysis.
Table 15: Case 1: Cold Case

Altitude
(km)

Gondola Temperature
(◦C)

Convection

10 km

-40

Yes (1/4 of
sea level)

Conduction
between
bottom
plate and
gondola
No
insulation

Table 16: Case 1: Hot Case

Altitude
(km)

Gondola Temperature
(◦ C)

Convection

0 km

10

Yes

Conduction
between
bottom
plate and
gondola
No
insulation

Further simulations were performed for both cold case and hot case to estimate the thickness
of insulation required between the Bottom plate of the relay box and the gondola and are
hereby referred to as case 1.1 and case 2.2.
Other model parameters are as below:
a) The relay box is modelled with an 8x6 node matrix
b) Ethernet switch is modelled with 4 nodes and connected to the bottom plate through screws
with conductance of 0.4 W/K per connection.
c) The Ethernet Switch consumes 3.8 W of power
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Results
The team was mainly concerned with the temperature of the Ethernet switch and so the
temperature for the 4 nodes that make it up are provided along with gondola environment
temperature.
Table 17: Case 1 (without insulation, −40◦ C)
Node number
170
180
250
260

Label
Ethernet
Ethernet
Ethernet
Ethernet

Box
Box
Box
Box

Qi(W)
0.95
0.95
0.95
0.95

Temperature
(◦ C)
-37.71
-37.77
-37.72
-37.73

Table 18: Case 2 (without insulation, 10◦ C)
Node number
170
180
250
260

Label
Ethernet
Ethernet
Ethernet
Ethernet

Box
Box
Box
Box

Qi(W)
0.95
0.95
0.95
0.95

Temperature
(◦ C)
12.24
12.14
12.11
12.10

Table 19: Case 1 (with insulation, −40◦ C)
Node number
170
180
250
260

Label
Ethernet
Ethernet
Ethernet
Ethernet

Box
Box
Box
Box

Qi(W)
0.95
0.95
0.95
0.95

Temperature
(◦ C)
-26.00
-26.87
-26.00
-26.47

Table 20: Case 2 (with insulation, 10 ◦ C)
Node number
170
180
250
260
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Label
Ethernet
Ethernet
Ethernet
Ethernet

Box
Box
Box
Box

Qi(W)
0.95
0.95
0.95
0.95

Temperature
(◦ C)
27.76
25.85
25.77
24.75
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Discussion
It is observed in Case 1 (without insulation) simulation that the Ethernet switch temperature
falls to around -37°C , and while the operating temperature for Ethernet switch should be
greater than -40 °C, the team decided to implement the presence of Styrofoam insulation on
top of the relay box to insulate the relay box. Between the mounting plate of the relay box
and the gondola rails were 20 mm thick rubber spacers implemented to prevent direct contact
with the gondola rails. This design adjustment allows a minimum temperature of about -27
°C for the Ethernet switch while still maintaining temperatures within operational range for
the hot case, as is seen in tables 19-20.

4.7

Power System

The experiment used the power from the gondola as a supplier. This power was then stepped
down to different voltage levels with DC-DC converters, as seen in fig.155. The voltage levels
are:
• 28 V → 12 V , done with a DC-DC converter with the power of 15 W
• 28 V → 5 V , done with a DC-DC converter with the power of 10 W
• 28 V → 3.3 V , done with a DC-DC converter with the power of 2 W
For more specifications regarding the DC-DC converters, see APPENDIX C - Additional Technical Information. Since the experiment consisted of two sensor boxes, a PSU was provided
for each box.
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Table 21: Estimated maximum power consumption per sensor box and for the switch in the
Relay box.
Note that the total current draw from the gondola per box is equal to the current draw of all
the 28 V components and the DC-DC converters. The total current draw from the gondola
were calculated by using Vin ∗ Iin = Ploss + Vout ∗ Iout for the DC-DC converters.
Power Usage
Supply
Expected Current Expected Power
Components
voltage
Draw
Consumption
10 mA (about 6 mA
Microphone array
28 V
280 mW
measured)
Reference
10 mA (about 6 mA
28 V
3.3 W 280 mW
microphone array
measured)
Pressure
31mA (about 25
12 V
0.4 W
transducer
mA measured)
Hot-wire
0.23 A (about 0.22
5V
1.15 W
anemometer
A)
Thermometer
3.3 V
60 uA
Negligable
Accelerometer
3.3 V
2 uA
Negligable
Minco heaters x 2
12 V
0.48 A
5.8 W
Microcontroller
185 mA (145 mA
and
12 V
measured at no
2.2 W
Ethernet-shield
load)
GPS
5V
90 mA
0.45 W
Relay x 2
3.3 V
5.5 mA (each)
0.018 W (each)
Switching
Components
DC-DC converter
5 V, (2 A
0.07 A (0.32 A
28 V
0.8 W
Maximum rated
output)
output)
DC-DC converter
1.4 W (0.8 with
12 V, (1.25 A
0.35 A (0.7 A
28 V
heaters turned
output)
Maximum rated
off)
output)
DC-DC converter
3.3 V, (0.5 A
1.5 mA (11 mA
28 V
5 mW
Maximum rated
output)
output)
12.8 W, 6.5 W
Total
0.44 A (about
without heaters
consumption for
0.43 A measured (about 12.01 W
one sensor box
with heaters,
measured with
from the
about 0.204 A
heaters, abount
gondola power
without heaters)
5.7 W without
supply, 28 V
heaters)
Relay Box
28 V
0.14 A
3.8 W
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The measured peak power consumption was about 12.01 W for the sensor box with the pressure
transducer and heaters turned on. For the other box with no pressure transducer, the measured
peak power consumption was about 11.2 W with heaters turned on. With no heaters on, the
power consumption for the sensor box with the pressure transducer was about 5.7 W and the
one without the pressure transducer was about 4.7 W . With a calculated power loss through
the cables of 2.9 W which gives a total maximum power consumption for the whole experiment
of 26.11W not counting the switch in the relay box. The average power consumption was
about 19.7 − 26.11 W , depending on how many heaters were turned on/off.
The current consumption from the gondola power supply per sensor box had three different
levels. The lowest level was when all of the heating pads were switched off (about 0.204 A
with the pressure transducer and about 0.17 A without the transducer) and the highest level
was when all of the heating pads (two) were switched on (about 0.43 A with the transducer
and about 0.4 A without the transducer). The third, middle level was when one of the heating
pads are switched on (about 0.32 A). This was done to achieve the desired temperature inside
the sensor boxes. In other words, the current over time varied.

4.8
4.8.1

Software Design
Purpose

The purpose of the software design was to control and govern the process of storing recorded
data to the on-board memory storage devices. Since the experiment was equipped with multiple
infrasound microphone arrays, the software had to be designed so that the information was
stored correctly with respect to the time frame the data was collected. To accomplish this, the
software had to be able to cooperate with the on-board memory to prevent any defects in the
data that may affect the analysis of the experiment. Another purpose of the design was that it
had to be able to switch automatically and manually to idle mode. This mode was set during
certain stages of the flight to prevent any mishaps with the data storage. Full resolution data
recorded was transmitted to the ground station at all times as a safety measure, to see that
it was recording and storing data as expected. All recorded data was also shared between the
boxes and stored on both memory devices. This guaranteed that there would be some data
to analyze should the on-board memory devices fail during flight or landing. The sensor boxes
had almost identical software named EXIST-OB. The only difference being that one of the
sensor boxes had a pressure transducer to receive data from.
4.8.2

Design

a) Process Overview
The block diagram in figure 6 depicts a brief and simplified overview of the process as a
whole. The block diagram firstly depicts the recording of the infrasound with the infrasound
array. As seen in the figure, most of the sensor signals are digital. The anemometer signal
and the reference infrasound are analog and were filtered before the MCU stored the data on
the SD-card. All of the sensors shown in the figure such as thermometer, accelerometer, and
anemometer was used to filter out the noise in the data during the analysis stage.
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A micro-controller was fitted inside each sensor box. The MCU controlled the modes, was
responsible for the downlink to the ground station and the communication between the boxes,
as well as collecting data from the sensors and saving it to the on-board memory device.
b) General and safety related concepts
A watchdog was implemented to prevent the system from failing if the software freezes. Extensive testing was performed to make sure that the software worked as intended. EXIST-OB
can be reset and the mode changed from the ground. This creates an extra safety layer that
gives the team a tool to handle unexpected errors during the flight.
c) Interfaces
Table 22 shows how the components of the experiment was connected to each other. Components using SPI shared MISO, MOSI and CLK pins on the Arduino. Each SPI component
was also connected to a separate GPIO for Slave Select. Calculations that show that the SPI
would be able to handle its required operations can be found in ”APPENDIX C - Additional
Technical Information” on page 234.
The accelerometer and the SD-card use SPI. The accelerometer sent 48 bits to the MC per
sample and its SPI frequency was 8 MHz. This means that it took 6 µs for the accelerometer
to transfer its data.
With information from the data-sheets in mind, it was assumed that it takes one µs to initiate
and end every transmission.
Testing was done to ensure that the write-speed of the SD-card is sufficient.
Every sensor box needed to receive data from one accelerometer as well as save data to the
SD card. With a sampling frequency of 100 Hz for the accelerometer, the SPI was used for
less than 1 ms per second. Buffers was used which decreased the time slightly. This left plenty
of room for the MC to perform its operations.
Table 22: Communication protocol and physical interface between components in the experiment
Components interacting
Accelerometer - MCU
Thermometer - MCU
Anemometer - MCU
GPS - MCU
Microphone Array - MCU
Infrasound Transducer - MCU
Array - MCU
MCU - microSD Storage
MCU - E-Link
MCU - MCU
MCU - Heaters

Comm. Protocol
SPI
1 wire
Analog
TIA-232-F
Analog
TIA-232-F
Analog
SPI
UDP & TCP/IP
UDP
Digital

Interface
Arduino SPI and digital pins
Arduino digital pins
Arduino analog input pin
RS-232 / Arduino digital pins
Arduino analog input pin
RS-232 / Arduino digital pins
Arduino analog input pin
Arduino Ethernet shield
Ethernet Port
Ethernet Port
Arduino digital pins

Each transmission to the ground station consisted of a GPS time stamp and measured data
from the infrasound microphone array, pressure transducer, reference array, accelerometer,
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thermometers, GPS location and hot-wire anemometer. The downlinked data was sent using
the UDP Ethernet protocol, while the uplink was sent using TCP/IP. UDP was used for
downlink to avoid the program getting stuck waiting for a handshake from the ground if the
connection would have been temporarily lost.
The two sensor boxes also be sent all the recorded data to each other using UDP. They were
connected through the relay box in the gondola. This method allowed the EXIST team to still
have data from both sensor boxes if one of the memory devices had failed.
d) Data acquisition and storage
In order to avoid aliasing in the data collected from the microphone arrays a high sampling
rate was required. With the filter specified in chapter 4.5.1 in mind, a sampling frequency of
1000 Hz was implemented for measuring the microphone arrays. To ensure that such a high
sampling rate could be achieved, interrupts were be used on the MCU to measure the signals
from the microphone arrays.
In order to reduce the total amount of data collected, the sampling rate of instruments other
than the microphone arrays had to be changed. The thermometers were only sampled at
0.1 Hz, as the previous sampling rate of 80 Hz was deemed unnecessarily high since the
temperature inside the sensor boxes would change at a low rate. The position data from the
GPS was only sampled at 1 Hz, which is the rate that the data is updated by the GPS receiver.
The pressure transducer, accelerometer and anemometer was be measured at 100 Hz, this is
also the rate at which a timestamp was saved. The timestamp for each measurement of the
microphone arrays can then be extrapolated from this timestamp as they were measured at a
very precise frequency.
The data was stored on an SD-card in each sensor box.
The experiment was expected to produce approximately 7 kB of data in each box every second.
Since each sensorbox stored the data from both boxes the data saved was 14 kB/s. The total
amount of data to be saved on each SD-card on a seven hour flight would then be 352.8 MB.
The data was formatted as a matrix where the first column is the time and the others are
sensor data at that specific time. Each row consists of data for a specific time. The buffer
size of SD-cards are 512 bytes.
To get an accurate timestamp on each measurement, the PPS signal from the GPS was used
to interrupt and reset a timer/counter on the MCU. The counter value could then be converted
to a fraction of one second and added to the whole second received from the GPS. This gave
a very precise timestamp to each measurement.
Data was continuously downlinked and stored at the ground station 10 times per second.
Both the on-board software and the ground software, at a set interval, closed the current
savefile and opened a new file to which it saved data. To reduce the time taken during this
operation the current file was also flushed after a certain amount of saves. This minimized
the data lost if the software would have to reset or in case a file becomes corrupt.
e) Process Flow
Figure 29 describes the conditions that change the modes. The software started with an initialization before entering idle mode. Idle mode collected data from all sensors and downlinked
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it, but did not write to the on-board memory. Normal mode works in the same manner as Idle
mode with the sole difference being that it also saves data to the on-board memory.
In shutdown mode the microcontroller stop storing and downlinking data and also shutdown
all heaters. Shutdown mode was planned to be entered 45 minutes after landing.

Figure 29: Flow diagram for the modes of EXIST-OB
f) Modularisation and pseudo code
A design tree was created to illustrate the functionality of the system in figure 30.

Figure 30: Design tree for the on-board system EXIST-OB
The TXRX object transmits and receives information. The uplink uses TCP/IP, downlink and
data transfer between the sensor boxes use UDP. All data from the sensors is sent between
the boxes to be saved on both SD cards, to minimize the risk of not getting data from both
sensor boxes back. The READ object read the signals from all the sensors on-board. The
CONTROL object send control signals to heaters. The READ and CONTROL objects work in
combination with each other, since the CONTROL object passes information based on what
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is read from all sensors. There are three modes applicable on the system which is controlled
by the MODE object.
The system is monitored using a watchdog in the MONITOR object. This feature made sure
that the system would work throughout the entire flight. If the system freezes, the timer on
the watchdog triggers, resetting the entire system without losing any data already stored on
the memory device.
A more detailed HOOD diagram for how the objects communicate with each other is illustrated
in figure 31. The functions that are listed inside the objects are the functions that are used by
objects other than the object that hosts the function.

Figure 31: HOOD diagram specifying how the objects in the OB software interact with each
other.
The purpose of EXIST-OB functions can be seen in table 23.
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Table 23: Description of EXIST-OB functions
Name of function
CONTROL Object
setMODE
getMODE
ctrlSave
ctrlReset
ctrlHeat
TXRX Object
setTX
getDataRX
getComRX
READ Object
getPar
MONITOR Object
resetWatchdog

4.8.3

Description
Changes the current mode of the experiment
Returns the current mode of the experiment
Saves the input data on the SD card
Reboots the MC
Controls the heaters of the experiments
Send data via ethernet
Receive data via ethernet cable and save in array
Receive telecommands via ethernet cable and
save in array
Read and receive data from sensors
Reboots the system if something goes wrong

Implementation

The coding language used for the experiment software was Arduino. Other software such as
MATLAB, eclipse, labVIEW and AVRstudio was used to program or develop algorithms for
the MCU.
Some useful programming libraries that is used are listed below:
• SPI.h
• SD.h
• Ethernet.h
• EthernetUdp.h
• DueFlashStorage.h
4.8.4

Synchronization of instrument data

The instruments used are measuring infrasound signals, so the ability to detect the same signal
on all three instruments depends upon the spacing between them, and the speed of the signal.
The speed of sound in the stratosphere is about 295 m/s and at sea level and 20 °C is 343
m/s.
The distance between the two closest D-Subs on the main and secondary mic array is 127mm,
between the anemometer to the main array it is 108mm direct, and between the anemometer
and the secondary array the distance is 132mm direct.
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In the stratosphere, the time taken by the signal to travel between any two instruments is
greater than 0.36 ms, and at sea level it takes 0.314 ms.
The integrated ADC on the Arduino DUE takes about 0.05 ms to read one analog signal, and
thus should be able to read all analog signals fast enough to always capture a signal on all
instruments.

4.9

Ground Support Equipment

The ground support equipment consists of a PC and a MCU running software that received
data from the experiment through the E-Link. The MCU was only used as a back-up system,
so that if the software on the PC stopped working, data was still sent to the MCU instead.
This was accomplished by using a managed Ethernet Switch, and mirroring all incoming data
to a port connected to the ground station MCU.having OB switch the destination of its downlink if it stops receiving signals from the PC. Both systems is connected to E-Link through an
Ethernet switch. This way a switch to the back-up system can be entirely automatic.

Figure 32: Design tree for the ground control system EXIST-GC
The PC ran the EXIST-GC software, shown in figure 32. The TXRX object received UDP
data packets from the sensor boxes and transmitted TCP/IP data back to them. The READ
object parsed the received data and sent it to DISPLAY, as well as read commands entered by
the user. The DISPLAY object showed the data to the user through the GUI. This software
and GUI was developed using labVIEW.

Figure 33: Design tree for the backup storage software EXIST-MLG
The ground equipment MCU software is shown in figure 33. The MCU received all downlinked
data through a mirrored port on the ground station network switch. In order to receive packets
addressed to other units the Ethernet-shield of EXIST-MLG was running with a disabled MACfilter. A simple custom MAC-filter was implemented to ensure that only desired packets were
read and saved. The RX object received data from the experiment through E-Link. The SAVE
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object stored all the received data to an SD-card. This software was written using Arduino.
A brief description of some of the functions written for EXIST-MLG can be found in table 24
below.
Table 24: Description of some EXIST-MLG functions
Name of function
initRX
readParam
initSAVE
saveParam
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Description
Initiates ethernet functions
Reads data received through UDP and puts it
in an array
initiates the SDcard with SPI SS on the specified pin
Saves received data to SDcard
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5

EXPERIMENT VERIFICATION AND TESTING

5.1

Verification Matrix

The verification matrix is made following the standard of ECSS-E-10-02A. [33]
According to the SED guidelines, there are five established verification methods:
T - Verification by test
I - Verification by inspection
A - Verification by analysis
S - Verification by similarity
R - Verification by review-of-design.
Table 25: Verification matrix
ID
F.1.
F.3.
F.4.
F.5.

F.6.

F.16.

F.17.

Requirement text
The experiment shall measure
infrasound
The experiment shall store GPS
time on the onboard memory
The experiment should measure
the change of wind speed
The experiment should measure
the temperature inside the sensor
boxes
The experiment should measure
the acceleration acting on the
sensor boxes
The experiment’s ground station
should interpret the downlinked
data in real-time
The experiment should include an
instrument to measure only
non-acoustic infrasound

Verification

Test
number

Status

T

Test 10

Completed

A,T

Test 4

Completed

T

Test 5, 4

Completed

T

Test 1, 3, 4

Completed

T

Test 4

Completed

A,T

Test 4

Completed

T

Test 10

Ongoing
IssueCompleted

F.19.

The EXIST team in association
with external parties may produce
infrasound on the ground

A

-

Science Division
is in contact
with the
explosives
company KIMIT
No infrasound
was produced on
the ground
during the flight

F.20.

The EXIST team may generate
infrasound from a balloon popping
attached to the flight train

A, T

Test 10

Completed
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The experiment should downlink
F.21. data from all sensors to the ground
station
P.1.

P.2.

P.3.

P.4.

P.5.

P.6.

P.9.

P.10.

P.11.

P.12.

P.13.

P.14.

P.15.

The infrasound measurements shall
range from 0.1 Hz to 20 Hz
The infrasound measurements
should range from absolute
pressure to 20 Hz
The infrasound measurements shall
be made with a rate of at least 40
times per second
The infrasound measurements
should be made with a rate of at
least 80 times per second
The infrasound measurements of
the pressure transducer shall be
made with an accuracy of at least
10 P a
The temperature inside the sensor
box should be measured within the
measurement range of −45°C and
130°C
The temperature inside the sensor
box should be measured with a
minimum accuracy of
+3.5°C/ − 2°C
The temperature should be
measured at least 1 time every
tenth second
The acceleration should be
measured with the measurement
ranges ±2g
The acceleration should be
measured with the accuracy of at
least 0.04 m/s2
The acceleration should be
measured at least 40 times per
second
The anemometer shall be able to
determine if the wind is blowing or
not
The wind speed should be
measured at least 10 times per
second
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A, T

Test 4

Completed
See datasheet
for the
Microphone
array
See datasheet
for the pressure
transducer

R

-

R

-

A,T

Test 4

Completed

A,T

Test 4

Completed

R

-

See data-sheet
for Pressure
Transducer

R

-

Specified in
Thermometer
datasheet, see
8.2

R

-

See data-sheet
for thermometer

A,T

Test 4

Completed

R

-

Specified in the
datasheet

R

-

See datasheet
for the
accelerometer

A,T

Test 4

Completed

T

Test 5

Completed

A,T

Test 4

Completed
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The GPS shall be operational at all
P.17.
expected altitudes, 0 to 40 km.

D.1.

D.2.

Each sensor box shall be able to
withstand up to 10 g of shock
force upon landing impact
Each sensor box shall weigh less
than 3.6kg

Each sensor box shall have a safety
harness connected to the flight
train strap
The sensor boxes shall have a
D.5. minimum distance of 20m between
them
The sensor boxes should have a
D.6. minimum distance of 27m between
them
The experiment shall be able to
D.7. operate in low pressure conditions
up to 30000 m
The components of the experiment
D.10.
shall operate within their
temperature ranges
Power supply from the gondola
shall be converted to the required
D.11.
voltages in the electric circuits for
each sensor box
The experiment shall operate in
D.12.
the temperature profile of the
BEXUS vehicle flight and launch
D.4.

The experiment shall operate in
D.13. the vibration profile of the BEXUS
vehicle flight and launch
D.14.
D.15.

D.16.

The experiment shall not disturb
or harm the launch vehicle
The experiment’s down-link and
up-link shall be compatible with
the gondolas E-link system
The experiments power supply
shall be compatible with the
gondolas provided power
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S

-

Previously used
on BEXUS
balloons, see
SED of BULMA

T

Test 6, Test
12

Completed

A, T

Test 9

Completed. To
be weighed at
Esrange
pre-flight.

I

-

Completed

R

-

Completed

R

-

Completed

T

Test 2

Completed

T

Test 3

Completed

R, T

Test 1, 3, 7
and 8

Completed

T

Test 3

Completed

A, T

Test 6

Completed.
Harmonics of
flight train have
been calculated

R

-

Completed

R,T

Test 8

R, T

Test 8

To be done, see
test plan.
Completed
To be done, see
test plan.
Completed
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D.17.

The experiment shall not disturb
other experiments on the gondola

The total DC current draw should
be below 1.8 A
The total power consumption
D.19.
should be below 13 Ah
D.18.

D.1.

D.22.

D.24.

D.30.
D.31.
D.33.
D.34.
D.35.

D.36.

D.37.

D.38.

D.40.
D.42.

The memory-unit shall be water
proof up to one meters depth
The experiment shall be able to
store data at a rate of at least 14
kB/s
The experiment should transmit
data to the ground station at a
rate of at least 7 kB/s
The experiment should be able
receive data from the ground
station at a rate of at least 40 bit/s
The memory device shall be able
to store a total of 0.4 GB of data
The MCU shall be able to
automatically control the heaters
The ground station GUI shall be
able to display some of the
received data
The experiment shall be able to
operate between −30°C and 60°C
The external components that are
directly exposed to the outside
environment shall be able to
operate in −70°C.
Time stamps shall be saved with
at least the same rate as the
pressure transducer measurements
The experiment should be able
enter and exit idle mode
autonomously
The experiment should be able
enter and exit idle mode by
command from the ground station
The watchdog should be able to
reset the system
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R

A, T
A, T

-

Test 3 and
Test 1
Test 2 and
Test 7

Ongoing
communication
with
experiments by
Science Division
Completed
Completed
Completed

R

-

Specified in the
SD-card data
sheet

R,T

Test 4

Completed

A,T

Test 4

Completed

R,T

Test 4

Completed

R,T

Test 4

Completed

A,T

Test 4

Completed

A,T

Test 4

Completed

T

Test 3

Completed

T

Test 3

Completed

A,T

Test 4

Completed

R,T

Test 4

Completed

R,T

Test 4

Completed

A,T

Test 4

Completed
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D.43.
D.44.
D.45.
D.47.
D.48.

O.13.

The system should be able to be
reset with a command from the
ground station
The heating system shall work
autonomously
The experiment shall be able to
autonomously turn itself off after
landing.
The MCU should use less than 0.3
ms to read all analog signals.
The sensor box should hang on the
flight train with a ±10° angle from
vertical.
The EXIST team shall send
commands from the ground station
to the experiment before and
during the flight.
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A,T

Test 4

Completed

A,T

Test 3 and
4

Completed

A,T

Test 4

Completed

R,T

Test 4

Completed

R

-

Completed

T

-

Was done
during flight
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5.2

Test Plan

Test 1: Test for the electronic circuit
Test number
1
Test type
Electronics
Test facility
Luleå University of Technology, Space Campus
Tested item
Electronics of the experiment
The circuitry of the experiment were tested during the whole
process of developing the instrument to check the currents and
Test level/procedure and
voltages in different parts of the electronic circuits. This was
duration
tested by using an oscilloscope and a multimeter together with a
power supply in the project room at Space Campus.
Test campaign duration
Throughout the whole campaign
Test campaign date
Started in May
Test completed
Yes

Test 2: Operational test in low-pressure
Test number
2
Test type
Low pressure environment (about 25 kPa and 3 kPa)
Test facility
Esrange Space Center
Tested item
Whole sensor box with electronics and insulation
Test materials in a vacuum environment to see how the materials
change. Mainly to test the insulation material Extruded
styrofoam, and how it expanded and contracted. Also to test the
operation of the whole sensor box with insulation and its
components in a low pressure environment. The sensor box was
placed in a vacuum chamber and was operated for a long time to
achieve steady state while the temperature sensors were
monitored. If the safety of the experiment were to be endangered
due to high temperatures, the test would have been aborted and
Test level/procedure and
the pressure increased to keep it from overheating. The
duration
temperature difference between the sensors and the ambient air
was measured and compared to the results from the ThermXL
simulations in order to find out how accurate the model used in
the simulations was. The same cases used in the tests will be
simulated and compared to the test results. The anemometer
was also tested in the vacuum chamber to see the voltage
behaviour of it in low pressure. To simulate sunlight, a (lamp)
was directed towards the sensor box from the outside of the
vacuum chamber. This was to help to see the temperature
changes in the sensor box in sunlight conditions.
Test campaign duration
2 days
Test campaign date
5-6th September 2017
Test completed
Yes
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Test 3: Operational test for thermal condition
Test number
3
Test type
Electrical Box Thermal Test
Test facility
Esrange Space Center
Tested item
Sensor box with electronics
This freezing machine can test as low as −86°C [32]. This test
was to make sure the electronic box could operate as required
within the required temperature ranges during the coldest
possible case at the launchpad and to make sure the heating
system operated as expected. The electronic box was kept in the
isolated Revco freezer at least at −30°C and possibly as low as
−70°C until steady state as achieved. This was to show the
lowest ambient operating temperature for the experiment when
at 1 atm. Data from the thermometers was collected throughout
Test level/procedure and
the whole test to monitor the Arduino temperature and the air
duration
temperature inside the electronic box. The test conditions, which
were harsher than the worst flight condition (cold), were
simulated in ThermXL in order to correlate the two and obtain a
level of confidence in the simulation set up methodology. In
order to estimate the degree of condensation in the freezer a
short preliminary test of 15 minutes with the freezer temperature
at −50°C was also conducted. The anemometer was also tested
in the freezer to see the voltage behavior of it. This data and
together with the results from test 2 made it possible to calibrate
the anemometer correctly
Test campaign duration
2 days
Test campaign date
5-6th September 2017
Test completed
Yes
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Test 4: Operational test for software
Test number
4
Test type
Software
Test facility
Luleå University of Technology, Space Campus
Tested item
All software
Make sure that the software could respond to all possible
commands as well as enter and exit idle mode when commanded
to do so. Test that the experiment could shut down without
Test level/procedure and
telecommands by reading input from the pressure sensors. Made
duration
sure the heating system functions as required. Check that the
analog signals were read fast enough. As well as check that all
wanted data saved to the SD-card. A check-list for this test can
be found in APPENDIX D - Checklists.
Test campaign duration
10 days
Test campaign date
20 September - 1 October
Test completed
Yes

Test 5: Wind test for the Anemometer
Test number
5
Test type
Electronics
Test facility
Luleå University of Technology, Space Campus
Tested item
Anemometer
Test level/procedure and
The Anemometer was tested in windy conditions to determine
duration
whether it was operational by measuring the output voltage.
Test campaign duration
1 week
Test campaign date
17 July - 6 September
Test completed
Yes

Test 6: Mechanical Vibration Test
Test number
Test type
Test facility
Tested item
Test level/procedure and
duration
Test campaign duration
Test campaign date
Test completed
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6
Mechanical Vibration
Luleå University of Technology, Space Campus
Complete sensor box
A test was done to check the sensor boxes could endure the
unique vibrations experienced during flight, and made sure that
the harmonic frequencies of the sensor boxes did not coincide
with the harmonic frequencies of the flight train.
1 day
2 October 2017
Yes
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Test 7: Electrical Conduction and grounding Test
Test number
7
Test type
Electrical Conduction
Test facility
Luleå University of Technology, Space Campus
Tested item
Electronics and frame of sensor box
A test was performed by using an oscilloscope and a multimeter
Test level/procedure and
to test how the electricity was dissipated and to make sure there
duration
were not any areas with unexpected voltage. The experiment
was also tested to make sure it was well grounded.
Test campaign duration
3 days
Test campaign date
Estimated in 24-31th July
Test completed
Yes

Test 8: Gondola Compatibility Test
Test number
8
Test type
Electrical and Software
Test facility
Luleå University of Technology, Space Campus
Tested item
The software and electronics
The gondola Power supply, E-link and connection to our
Test level/procedure and
experiment were replicated as close as possible to test
duration
compatibility. This was partially completed during the
Experiment Acceptance Review.
Test campaign duration
After manufacturing and integration
Preliminarily during EAR. Complete test during launch
Test campaign date
preperations during launch campaign.
Test completed
No Yes

Test 9: Weight Measurement Test
Test number
9
Test type
Mechanical
Test facility
Luleå University of Technology, Space Campus
Tested item
The whole sensor box and its components
The complete sensor box and its individual components were
Test level/procedure and
weighed with several different scales to validate simulated model
duration
weight.
Test campaign duration
During manufacturing and integration
Test campaign date
Continuously between 16th of June until Launch Campaign
Components have been individually weighted. Full weight test
Test completed
will be done at Esrange after experiment integration with flight
train. Yes
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Test 10: Infrasound Test
Test number
Test type
Test facility
Tested item
Test level/procedure and
duration
Test campaign duration
Test campaign date
Test completed

10
Electrical and Scientific
Luleå University of Technology, Space Campus
The array and later the whole sensor box
Infrasound from a natural or constructed source was measured
on ground level, by the array and the ground sensors. Tests were
done from the same location. This was to test functionality, and
compare the two instruments measurements.
During the test and integration phase
24th August - 22nd September
Yes

Test 11: Fastening Bar & Main Frame Bend Test
Test number
12
Test type
Mechanical
Test facility
Luleå University of Technology, Space Campus
Tested item
Fastening Bar & Main Frame
Test level/procedure and
The fastening bar & main frame were tested with a static load
duration
representing ≈10g. This test was to verify the simulation model.
Test campaign duration
1 hour
Test campaign date
2 October 2017
Test completed
Yes
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5.3
5.3.1

Test Results
Test 1, Electronics

5.3.1.1 PSU Each DC-DC converter were tested to check the output ripple voltage. This
was done with an oscilloscope. The following figures illustrates ripple voltage measurements
and transient noise. For the voltage ripple measurements, the bandwidth was limited to remove
the spikes of transient noise and the probe was AC coupled and the signal was averaged and
triggered in the middle of the waveform. For the transient noise, the bandwidth limit option
was turned off and the signal were triggered near at the maximum amplitude of the waveform
and the probe was AC coupled. During the test, it was noticed that these spikes got higher
amplitudes when increasing the load.

Figure 34: The ripple voltage of the 3.3V DC-DC converter is about 53mV pk − pk. See test
1.
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Figure 35: The transient noise voltage of the 3.3V DC-DC converter is about 92mV pk − pk.
See test 1.

Figure 36: The ripple voltage of the 5V DC-DC converter is about 51mV pk − pk. See test 1.
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Figure 37: The transient noise voltage of the 5V DC-DC converter is about 412mV pk − pk.
See test 1.

Figure 38: The ripple voltage of the 12V DC-DC converter is about 93mV pk − pk. See test
1.
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Figure 39: The transient noise voltage of the 12V DC-DC converter is about 848mV pk − pk.
See test 1.
Test 1 is deemed complete and all voltages and currents are okay.

Page 88

BX24 EXIST SEDv5-0 29Jan18

- 89 -

5.3.2

Test 2 Results, Vacuum-chamber, 25 mBar (0.025 atm) and 20 degrees C

The sensor box with insulation while operating with heaters off was put into the low pressure
chamber at about 20°C and the pressure was lowered to about 25 millibar or 0.025 atm. A
picture of the sensor box inside the pressure chamber is shown below.

Figure 40: Shows the sensor box inside the low pressure chamber.
The test continued for several hours to reach a steady state temperature while the temperature
sensors on the MainPCB and the Arduino were monitored. After this, a hot lamp was shone
through the glass of the pressure chamber to simulate sunlight. This was only continued for a
short while because the lamp was deemed unreliable as a sun simulator. The graphs showing
the temperature over time can be seen below.
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Temperature of Main PCB during long vacuum test
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Figure 41: Graph showing the temperature of the Main PCB during the low pressure test.
Steady state was achieved around 190 min and then a lamp was turned on which raised the
temperature further. The part of the test with the lamp was ended before steady state was
achieved because it was deemed as unreliable as a sun simulator.
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Temperature of Arduino micro computer during long vacuum test
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Figure 42: Graph showing the temperature of the Arduino during the low pressure test. Steady
state was achieved around 190 min and then a lamp was turned on which raised the temperature
further. The part of the test with the lamp was ended before steady state was achieved because
it was deemed as unreliable as a sun simulator.
Very similar conditions were simulated in ThermXL using the previously used model and the
results were compared to the test results to verify the model used for the simulations. A
comparison of this can be seen in the table below.

Figure 43: A table comparing the simulated steady state values to the results from the test.
The temperature was very similar to the simulation which strengthens the results from the
simulation of the actual flight conditions.
The vacuum chamber results were similar to the expected results given from the simulations.
This result strengthens the simulations for the actual worst case flight conditions. The experiment also continued to run when exposed to low pressure without any sort of errors
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5.3.3

Test 3 Results, Freezer, 1 atm and −50°C

The sensor box with insulation while operating was put into the freezer at about −50°C
at normal atmospheric pressure (1 atm) with the heaters turned on. Because of the lack of
convection it was deemed that a test at −50°C in normal pressure will be more than sufficient.
A picture of the sensor box inside the freezer is shown below.

Figure 44: Shows the sensor box inside the freezer.
The test continued for several hours to reach a steady state temperature while the temperature sensors on the MainPCB and the Arduino were monitored. The graphs showing the
temperature over time can be seen below.
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Temperature of Main PCB during long freeze test
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Figure 45: Graph showing the temperature of the Main PCB during the freezer test. Steady
state was achieved around 140 min.

Temperature of Arduino micro computer during long freeze test
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Figure 46: Graph showing the temperature of the Arduino during the freezer test. Steady
state was achieved around 140 min.
Very similar conditions were simulated in ThermXL using the previously used model and the
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results were compared to the test results to verify the model used in the simulations. A
comparison of this can be seen in the table below.

Figure 47: A table comparing the simulated steady state values to the results from the test.
The temperature was very similar to the simulation which strengthens the results from the
simulation of the actual flight conditions.
The freezer test results were similar to the expected results given from the simulations. This
result strengthens the simulations for the actual worst case flight conditions. The experiment
also continued to run when exposed to cold temperatures without any sort of errors
5.3.3.1 Thermal Tests, Conclusions Because the steady state temperatures during the
tests were close to their simulated counter parts (about 7°C difference) it is deemed that the
results from the simulations stand as they passed the operating temperature of the experiment with at least 10°C during the time at the launchpad and at the floating phase where
steady state is expected to be achieved. One concern from simulations were the possibility
of overheating in the low pressure environment and lack of convection, but the tests in the
pressure chamber showed that the temperature will be lower than simulated which strengthens
the results from the simulations that the experiment will maintain operating temperatures.
Another concern was that the experiment may get too cold but the test in the freezer showed
that the temperature will be higher than simulated and this also strengthens the results from
the simulation that operating temperatures will be maintained. The tests also show that it
takes several hours for the experiment to reach steady state which strengthens the conclusion
that the experiment will not reach steady state for the coldest possible conditions which is
during the ascend phase of the flight.
There was no possibility to have a reliable source acting as the sun so there could be no testing
for the case when the sun is shining. The simulated cases when the sun is shining were overly
exaggerated to make sure the experiment does not overheat during the launch and float phase.
5.3.4

Test 4 All software

The sensor boxes was connected to the ground station both separately and simultaneously
to properly test the different parts of the software. This test is ongoing and this section will
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include actions that are planned for the near future.
Ethernet Communication
The program Wireshark was used to test the Ethernet communication between the boxes and
the ground station.
Both boxes was successfully tested to continuously send complete sensor data to the ground
station, where it was displayed as graphs or numerically as seen in figure 48. One issue
encountered during this test was that there were sometimes strange behaviour seen in the
data received from the boxes. Using Wireshark it was discovered that sometimes when the
Arduino is changing file it takes longer than expected. Since infrasound data is acquired but
not transmitted during this time, the next Ethernet packet becomes larger than the Arduino
can handle, causing it to send the data in two separate packets. This must either be dealt
with in both the ground station and the boxes, or changes need to be considered to see if the
time taken to change files can be reduced or data should be sent more frequently or with lower
resolution.
Data can also seen to be sent to the back-up storage Arduino in the ground station. This
Arduino receives data through a mirrored port on a network switch in the ground station, and
the expected data can be seen to arrive through the port when a computer running Wireshark
is connected to it, and it can be seen to be read by the Arduino by connecting it by USB to a
computer and printing to a terminal whenever it reads data over Ethernet. Since EXIST-MLG
is reading data from a mirrored port, it is running with the built-in MAC-filter disabled. A
simple custom MAC-filter has been implemented, but further testing is required to ensure that
the software reads and saves all desired packets and no undesired packets.
Communication from one sensor box to the other was tested both by connecting the boxes
to an Ethernet switch, and connecting a computer running Wireshark to a mirrored port on
that switch. Both boxes were also connected to a computer by USB, and were printing to a
terminal on the computer when they received data from the other box. It was seen that data
was sent and received between the boxes, however Wireshark showed that both boxes were
sending ARP requests before or after each transmission. This issue will be investigated further
as it slows down the experiment and may decrease performance.
All downlink tests have been conducted both with each box separately and with the entire
system connected, including the relay box and the ground station network switch.
The uplink commands that have been tested are switching modes, a reset command, and a
shutdown command.
The switching of modes changes the value of a variable that is downlinked together with sensor
data. It is also easily confirmed by looking at the data saved to the SD-card. The experiment
starts in Idle mode, in which no data is saved to the SD-card. Only by reacting correctly to
the command of changing mode can any sensor data be saved on the on-board SD-card. Both
of these methods of confirmation worked as expected, and continued to work as the mode was
switched back and forth several times.
The reset command works by trapping the program in and endless loop, causing the watchdog
to reset the system. This has been found to be one of the only safe and reliable ways of
resetting the Arduino through software. This command was confirmed to work by looking
at the data sent to the ground station. Data is always sent continuously, so when the reset
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command is sent it can be observed that data stops being sent for the time it takes for the
watchdog to reset the system and for the system to re-initialize, after which data continues
to be sent. After a reset the experiment starts in Idle mode, and the saving of data can be
continued by switching to Normal mode.
The shutdown command makes the experiment close the currently open file, disable all interrupts, turn off both heaters and then enter an endless loop in which it keeps resetting the
watchdog to prevent a system reset.

Figure 48: Ground station software showing live data being sent from both sensor boxes.
Data Management
To confirm that data is being saved to the SD-cards and that the data is formatted correctly,
MATLAB has been used to extract data.
Both sensor boxes have been tested to successfully save data separately during Test 2 and
Test 3, where the experiment was running for several hours during which all data was saved
to the SD-card and was later extracted for analysis.
Data by one sensor box from the other has been confirmed to be saved by disabling the saving
of local data in one box and having it save only data received through Ethernet. The SD-card
could then be checked and any data saved would be from the other sensor box. However,
more work needs to be done to check that the data saved in this way is correctly formatted.
Regarding save speed and amount of data saved; during testing the data saved to the SD-card
have been observed to be about 419 kB per minute from sensors in one sensor box. Assuming
a seven hour flight and saving all data in both boxes, the total size of data saved would be
about 353 MB on each SD-card. So far during testing there has been no indication that data
has not been saved due to the SD-card write speed being to slow, but more thorough testing
may be necessary to be absolutely certain.
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5.3.5

Test 5 Anemometer

The circuit was built as the schematic shows in figure 151 and tested in several ways. First,
the voltage variation of the diode was tested in room temperature, where the testers blew on
the diode to see how the voltage of the diode varied depending on speed/temperature of the
wind. The testers noticed that the voltage increased when it was exposed to the wind, as
expected. Since the diode will get hotter due to low pressure, the testers had a hot air torch
blowing on the diode to simulate the temperature and this resulted in a decreasing voltage.
The test was also done outside where the diode was exposed to wind during sunshine and
shadow. The voltage of the diode in sunshine was slightly lower than in shadow. The time
that it takes for the diode to return to its original voltage value was tested as well, which was
done by exposing the diode to wind and then hide it inside a box to protect it from wind.

Figure 49: Here, the anemometer is being tested in room temperature. See test 5.
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Figure 50: The anemometer is being tested outside under some wind and sunlight/shadow
conditions. The circuit is protected inside the box and the diode is being exposed to air. See
test 5.
The tests of the anemometer were continued during the test campaign at Esrange to be able
to calibrate it correctly, see tests 2 and 3. First, The anemometer was tested in the freezer
with temperature around −50°C and was blown on to see how it reacted in wind and cold
conditions.
Also, the anemometer was tested in vacuum chamber to simulate low pressure. During this
test, the anemometer was in shadow and the temperature increased. To simulate sunlight, a
(lamp) was placed outside the vacuum chamber. From time to time, air was released in the
vacuum chamber to test the anemometer in wind/low pressure conditions. The results from
the tests can be seen in the graphs below.
Since the Arduino Due pin that the anemometer is connected has 3.3 V as a voltage limit, the
output voltage of the anemometer is not allowed to exceed this because it could damage the
pin. With these measured data, the bias have been set to 1 V and the gain at about 100 V/V.
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Anemometer during long freeze test
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Figure 51: The anemometer voltage during a freeze test at −50°C

Figure 52: The blowing on the outer diode at the end of the above freeze test
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Anemometer during Vacuum test 2
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Figure 53: The anemometer voltage during a vacuum test down to the expected pressure with
heat from a light added towards the end

Anemometer during Vacuum test 2
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Figure 54: The anemometer voltage during a vacuum test where the valve were opened and
closed to simulate wind
The actual results from the flight, seen in fig. 55 shows that one of the anemometers was
calibrated badly. That is, it was actually colder and the heat dissipated faster than estimated.
The plot shows a saturated voltage which means the voltage on the pin was higher than the
maximum allowed on it, 3.3V. It can not be known if the voltage ever was above the absolute
maximum rating of the Arduino. The voltage later drops down again and acts as predicted
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which means that nothing broke and the only thing lost was the data from the anemometer
for the duration of the saturation.

Figure 55: The anemometer data from both boxes during the launch

5.3.6

Test 6 Mechanical vibrations

Results will be added after test 6 has been completed. The mechanical vibration test performed
on a fully assembled sensor box containing the pressure transducer tested sinusoidal vibrations
where the frequency was swept to find the natural frequencies of the boxes. The shaker was
controlled to do a sweep of frequencies together with a fixed amplitude. Several amplitudes
were used, although the documentation of which was only captured using a screen shot as the
operating system and software used for controlling the test was very old and difficult to use.
The frequencies were swept from 5Hz up to several hundred Hz in order to accurately measure
the Eigen frequencies of the test box.
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Figure 56: The sinusoidal vibration set up
As can be seen in figure 56, the fully assembled box was fastened onto the armature. The
reason to test the box was to compare it with the natural frequencies of the flight train as not
to cause mechanical problems with the interface to the flight train. If the natural frequencies
match the vibrations can create resonance which can lead to mechanical problems or even
catastrophic failures.
A smaller goal was also to see if the cables, machine elements and the overall structure could
survive these vibrations loads. Therefore the experiment was running during the tests to see
if the instruments still functioned. The results of the tests was a clear difference between the
Eigen frequencies of the flight train and the sensor box, and the box functioned fully during
the entire duration of the test. The Eigen frequencies can be shown in figure 57 resulting from
a sweep of frequencies in ascending order.
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Figure 57: Results from sinusoidal vibration test
The first natural frequency was 69,7 Hz, the second was approximately 106,9 Hz. This can be
compared to the flight train by referring to table 39, in the APPENDIX E - Extended Scientific
Background.
5.3.7

Test 7 Electrical Conduction

Test 7 is deemed completed and there are no unexpected voltages anywhere.
5.3.8

Test 8 Gondola compatibility

Results will be added after test 8 has been completed.
Test 8 was deemed completed as everything went smoothly: the experiment worked, at this
stage, as expected.
5.3.9

Test 9 Weight measurement

This test is ongoing and will be ongoing until before launch due to slight changes in the boxes.
A table can be seen below which compares the predicted mass to the weighed mass of each
component.
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Test 9 was deemed completed as all the components have been weighed successfully before
flight, and everything was been logged and documented.

Figure 58: The ongoing results of the weight test showing Current Best Estimate (CBE) mass,
with weighed mass. Table showing all the components used in the EXIST project and their
weights.
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Test 10 The array and the whole sensor box
Electrical division, Experiment for test 10
Pressure transducer First, the pressure transducer was connected to the RS-232 transceiver
and then the testers checked that it actually produced data with an oscilloscope and that the
level of the signal was converted correctly (5 V to 3.3 V). Afterwards, the output signal was
connected to an Arduino to see the pressure data on screen. The testers opened and closed
the doors to measure the pressure difference inside the room.

Figure 59: The test of the pressure transducer. See test 4.

5.3.9.1 Relay The relays were tested with a resistor acting as the heater to test if they
were working and what the cut-off voltage for the relays were. Each relay functioned as
expected with a cut-off voltage of about 1 V which gives a good safety margin for when the
heaters are supposed to be turned off or on.
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Figure 60: A relay connected on a breadboard.

Microphone array The microphone array have been tested with and without the filter that
consist of a 47 Ωresistor in series and a 33 uF shunt capacitor. The setup for the test was a
sub-woofer in a car which was able to produce reliable sound down to 10 Hz. The purple FFT
line on the oscilloscope shows the frequencies heard.

Figure 61: The setup of the microphone array test
The car produced a frequency of about 25 Hz by itself while running, as seen in fig.62.With an
app, Simple Tone Generator, a constant frequency was produced by the speakers. First 450
Hz with and without the filter fig.63.
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Figure 62: The frequency of the car running and no speakers
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(a) 450 Hz without a filter

(b) 450 Hz with the filter

Figure 63: 450 Hz test
When the speakers produced 20 Hz the oscilloscope showed a clear peak with the filter, fig.64.
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Figure 64: 20 Hz with filter
Science division, Experiment for test 10
Test 10 was done at IRFs facility Knutstorp. Knutstorp is located close to the IRF infrasound
microphones. This test was the fifth experiment performed and it was the first one yielding
data from both boxes. The experiment was done during a departure at Kiruna Airport, 13:00
UTC. Information about the experiment is presented in the table below.
Table 26: Information about experiment. The weather data is taken from the Kiruna Airport
weather station.
TEST 10
Information
From
To
Date
18/9 − 2017 18/9 − 2017
Time [UTC]
12:48:00
13:40:33
Parameter
Before
After
Temperature[◦ C]
7
7
Atmospheric pressure[hPa]
1015
1016
m
Wind speed[ s ]
5.1
2.6
Humidity[%]
93
87
For this experiment, there were two events the EXIST team wanted to find. First, it was the
departure of an air-plane from Kiruna airport. The second event EXIST wanted to find were
peaks at frequencies from a sub-woofer used at 30 Hz, 20 Hz and 10 Hz
Description of test setup
For the test EXIST used two fully isolated boxes. The test setup is shown in the figure below.
The distance between the boxes and the IRF sensors were chosen to simulate the distance
between boxes at launch. The setup gives a different surrounding environment for box 1 and
2. Pictures from the test are shown below.
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Figure 65: Test setup for the experiment. ’Kir’ is the IRF microphones and the boxes are
EXIST’s equipment.

Figure 66: Picture of box 1 during the experiment.
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Figure 67: Picture of box 2 during the experiment.
Results
The result is presented in two separate subsections. The first subsection presents plots for
the airplane departure and the second subsection covers the sub-woofer test results. For all
the power spectrum’s and microphone data graphs, the y-axis is shown as unit-less. This is
because the graphs are done with digitized values from a microphone voltage that correlates
to a Pa value.that EXIST currently don’t have.
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Plane departure, 13:00 UTC
The following seven graphs displays the microphone data from EXIST’s microphones and the
IRF microphones. The time of the test is approximately 12:50 to 13:20 UTC. 20/9-2017

Figure 68: Box 1, microphone data during the airplane departure.

Figure 69: Box 2, microphone data during the airplane departure.
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Figure 70: Box 1, reference microphone data during the airplane departure.

Figure 71: Box 2, reference microphone data during the airplane departure.
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Figure 72: IRF microphone, ’Kir1’ data during the airplane departure.

Figure 73: IRF microphone, ’kir2’ data during the airplane departure.
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Figure 74: IRF microphone, ’kir3’ data during the airplane departure.
The following seven graphs shows the power spectrum of each microphone.

Figure 75: Box 1, microphone power spectrum for the airplane departure.
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Figure 76: Box 2, microphone power spectrum for the airplane departure.

Figure 77: Box 1, reference microphone power spectrum for the airplane departure.
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Figure 78: Box 2, reference microphone power spectrum for the airplane departure.

Figure 79: IRF microphone, ’kir 1’ power spectrum during airplane departure.
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Figure 80: IRF microphone, ’kir 2’ power spectrum during airplane departure.

Figure 81: IRF microphone, ’kir 3’ power spectrum during airplane departure.
Sub-woofer test
For the Sub-woofer test EXIST science division only used the microphones from EXISTs boxes.
This was because the Sub-woofer had a lower limit at 10 Hz and the IRF microphones had a
cut of frequency at 10 Hz. Hence they aren’t of interest. In the following plots, the data from
EXISTs microphones are shown. The time of the test is approximately 13:20 - 13:42 UTC.
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Figure 82: Box 1, microphone data during the sub-woofer test.

Figure 83: Box 2, microphone data during the sub-woofer test.
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Figure 84: Box 1, reference microphone data during the sub-woofer test.

Figure 85: Box 2, reference microphone data during the sub-woofer test.
The next graphs display the power spectrum of each microphone during the Sub-woofer test.

Page 120

BX24 EXIST SEDv5-0 29Jan18

- 121 -

Figure 86: Box 1, microphone power spectrum for the sub-woofer test.

Figure 87: Box 2, microphone power spectrum for the sub-woofer test.
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Figure 88: Box 1, reference microphone power spectrum for the sub-woofer test.

Figure 89: Box 2, reference microphone power spectrum for the sub-woofer test.
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Conclusions
Wind noise for microphones ,
From a Scientific view, there were a lot of things to look into from the two tests. One of
the things that should be noticeable is that graphs presented from the EXIST equipment data
are experiencing different amount of noise. This is might been due to the location of the two
boxes. The wind data from each box is presented in the graph below.

Figure 90: Wind data from both boxes during both tests.
The reason the location might affect the both differently was that each box had a different
environment surrounding it. This can be seen in box 2 wind data presented in the figure
above. Box two were located in an open area where the wind passes easily while box 1 was
placed in a sheltered area. This gave different level of wind noise added to the data. The
reference microphones were however isolated inside both the boxes and doesn’t experience the
wind noise to the same extent as the main microphones on the boxes.
Plane departure and Sub-woofer ,
In the spectrum shown in figures (75) to (81), it was possible to distinguish that EXIST’s
microphones are experiencing large peaks close to zero Hz. This was because the microphone
data isn’t stationary at level 0 and oscillates around that level. This creates the behaviour
shown in the spectrum figures for EXIST’s microphones. The EXIST Science division optimized
the removal of this behaviour for the launch. The IRF sensors already take care of this and
had oscillations around a zero level. Another thing to point out is that EXIST’s microphones
data had less gain than the IRF microphone data. This can be seen in figures(68) to (74.)
By studying the spectrum from figures (75) to (81) it was apparent that the microphones were
measuring similar signals. From the spectrum figures, it was apparent that there are some
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peaks that existed in all the figure. The peaks were located at approximately 1.4 and 3.1 Hz.
It was a little harder to see the peaks in the box spectrum’s. But by looking at the surrounding
data structure it can be deduced.
To be able to see multiple flight departure data EXIST created four spectrum’s for two flight
departures from Kiruna Airport. The first flight departure was 04:05 UTC, the 18ht of September and the second flight departure was 11:35 UTC, the 19th of September. For these two
flight EXIST only choose to look at the IRF microphones ’Kir 1’ and ’Kir 2’. The spectra of
the departure are shown in the graphs below.

Figure 91: Power spectrum of IRF microphone Kir 1 during the departure of a flight 18/9,
04:05 UTC.
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Figure 92: Power spectrum of IRF microphone Kir 2 during the departure of a flight 18/9,
04:05 UTC.

Figure 93: Power spectrum of IRF microphone Kir 1 during the departure of a flight 19/9,
11:35 UTC.
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Figure 94: Power spectrum of IRF microphone Kir 2 during the departure of a flight 19/9,
11:35 UTC.
From figure (91) to (94) it was possible to see that peaks around similar frequencies existed
and were within similar locations from EXIST’s experiment. If data from the IRF microphones
is studied during no departures the spectrum got a lower power level at each frequency level.
Hence is possible to observe that the departure from the airport effects the IRF microphone
measurements. Because the EXIST microphones experienced a similar spectra with some extra
noise from the dc it is possible to say that the microphones experience the same event as the
IRF microphones. Due to lack of statistical data from a sufficient amount of flights, EXIST
couldn’t make any assumption which spectrum area is related to the airplane sound with good
accuracy.
Sub-woofer: In figure (86)-(89) it was possible to see peaks at 20 Hz and 30 Hz was created
from the sub-woofer. This was most apparent in the reference microphone figures (88) &
(89). For the 10 Hz sub-woofer level it was less apparent that it was detected. Each of the
frequency was running for 30 seconds in declining order (30Hz, 20 Hz and 10 Hz). The 10
Hz frequency was the frequency running for the smallest number of periods. Therefore in the
spectra, it appeared as a smaller peak because it existed fewer periods of that frequency. By
studying the spectrum figures it was possible to see a small peak, but it was not possible to
make the assumption that the 10 Hz was being collected. A coming test will try to keep the
sub-woofer at 10 Hz for a longer period of time to get some extra weight of 10 Hz to the
spectrum analysis.
Summary ,
From the airplane departure and the sub-woofer spectrum’s, EXIST could say that the microphones are reaching the infrasound range. With the wind data, EXIST could see the impact of
the wind on the sound measurements first hand. By this information test 10 was completed.
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More experiments like these were conducted during the end of September and early October
to get more data on the microphone behaviour. and make the analysis more sufficient.
5.3.10

Test 11 Fastening Bar & Main Frame Bend Test

Results will be added after test 12 has been completed.
Test 11 has been deemed successful due to the reasons listed below.
Firstly, this test was performed in order to verify the static load simulation model. It was
simulated that the sensor box would experience roughly 40kg of static load through the box,
effectively simulating the ”snap” effect after balloon cut off. This was simulated by hanging a
test frame of our sensor box and evenly distributing 40kg of load across both of the sensor
box mounting plates, as can be seen in figure 95. The small deformations can be seen in 96,
but seeing as nothing on the box deformed plastically, the test was deemed successful.

Figure 95: Figure showing the test set up using generic gym weights totalling 40kg.
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Figure 96: Figure showing the elastic deformation in the cross bar of the test box.
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6

LAUNCH CAMPAIGN PREPARATION

The following section handles flight requirement plans, including all requirements regarding
accommodation and flight. The preparations at Esrange are outlined and listed, as well as the
timeline for countdown and flight. Finally, the post-flight activities are clearly stated.

6.1

Input for the Campaign/Flight Requirement Plans

The EXIST Experiment consisted of a total of two (2) sensor boxes and one (1) relay box.
The sensor boxes were positioned on the flight train and the relay box was positioned inside
the gondola. In addition to this, one or more three pie-ball rubber balloons were attached to
the flight line.
6.1.1

Dimensions and mass

Table 27: Experiment summary table
Experiment mass (in kg):
13.5 ± 0.04
0.166 x 0.283 x 0.253 /sensor box + 0.70 x
Experiment dimensions (in m):
0.400 x 0.250 /relay box
Experiment footprint area (in m2 ):
0.06 /sensor box + 0.1 /relay box
Experiment volume (in m3 ):
0.0092 /sensor box + 0.1 /relay box
See APPENDIX C - Additional Technical
Experiment expected CoG position:
Information for detailed pictures regarding
CoG.
The above experiment mass can be broken up between the three (3) boxes and external cabling.
Each sensor box was 3.583kg ± 0.01kg, the relay box was 2.742kg ± 0.01kg, and the external
cabling was 3.59kg ± 0.01kg.
6.1.2

Safety Risks

Table 28: Experiment safety risks
Risk
Key Characteristics
Parts from, or the remains of,
Interference with on-board
the rubber balloon interact
equipment
with gondola
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6.1.3

Electrical Interfaces
Table 29: Electrical interfaces applicable to BEXUS

BEXUS Electrical Interfaces
E-Link Interface: Yes
Number of E-Link interfaces:
Data rate - downlink:
Data rate - uplink
Interface type (RS-232, Ethernet):
Power system: Gondola power required? Yes
Peak power consumption:
Average power consumption:

2
200 kbit/s
2 kbit/s
Ethernet

30 W
19.7-30 W

Power system: Experiment includes batteries? No
6.1.4

Launch Site Requirements

During the flight a laptop PC was used to monitor the experiment and thus a desk and a chairs
for the whole team were needed. preferably several chairs for the whole team consisting of 13
people Two power outlets for powering the PC were also needed, in addition to one extra for
other uses, as well as an Ethernet cable connected to the E-Link.
An area for preparations was also required. The area provided the equipment listed below:
• Oscilloscope, with probes
• Power control unit
• At least two (2) multimeters
• A soldering station with accessories
• Two mattresses, about 1x1m to 2x2m
Due to the long time that will be spent at the launch site, the opportunity to make coffee,
store and heat food, and access to water is required.
6.1.5

Flight Requirements

A desired lower limit of float duration is 1 hour, at a minimum of 20 kilometers altitude, due
to possible noise from jet streams in the tropopause. A longer flight would result in more
recorded data and a greater chance of finding signals of interest since data is recorded during
the whole flight, except when in idle mode. A desired float duration was therefore as long as
possible.
The layers of interest in the atmosphere for recording infrasound were the stratosphere and
the troposphere.
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No conditions for visibility were required for this experiment.
The experiment has no requirements regarding time of launch, nor daylight or lack of it as the
design was adapted for proper functioning across day and night time.
6.1.6

Accommodation Requirements

The experiment involved attaching two sensor boxes directly to the BEXUS flight train, and
this was the main accommodation requirement in order to ensure that the EXIST goals were
met.
Another related requirement was the distance between the two sensor boxes. In order to
ensure maximum collection of scientific data, a minimum distance of 20 m was required.
The mechanical division visited Esrange Space Center and spoke with Flight Operations who
confirmed the maximum distance between the outer most wooden rungs would be roughly
27 m, including the extension. For more information regarding this, please see figure 159 in
APPENDIX C - Additional Technical Information. It was further explained that the easiest
way to attach the sensor boxes to the flight train would be to do it within 24 hours of the
launch, which the team agreed would be achievable.
The top sensor box, the one closest to the balloon, was attached to the flight train along with
the other BEXUS components before flight. It had a temporary foam buffer attached to the
corners to protect it from moving around. This sensor box was attached to the cables and the
flight train before the flight. and the foam buffers will be removed before flight.
The bottom sensor box, the one closest to the gondola, was attached to the flight train and
on the launch day it sat on a thick mattress supplied by Esrange Space Centre, and also was
attached to the flight train prior to launch.
The Ethernet and power cables came out of the relay box and ran down the edge of the
gondola until it reached the corner, where it ran up until it reached the truck plate, and then
the flight train. On the gondola, the cables were fastened using zip ties, and these zip ties
were cut during pick up.
In terms of the electrical cabling running along the length of the flight train, there was a hard
connection roughly 1m below the sensor box so the cable did not move and tug the inside of
the sensors boxes. Below this, there was a series of looped cable connections where the the
cable could elongate and contract according to the conditions of the flight. The maximum
elongation was estimated to be no more than +10%. but will be more accurately calculated
closer to launch. The EXIST team used a combination of EXIST supplied white cable zip
ties, general zip ties, and Esrange Space Centre supplied strong tape. The tape used was
recommended by Nathan McCabe as it had been used on many previous balloon flights. This
attachment of the cables was completed within 48 hours of the launch, and the cables were
rolled up and bundled up with the flight train during transportation of the flight train prior to
launch.
Disclaimer: the information stated in the previous paragraph had been thoroughly explained
and concluded through a personal contact between the EXIST team and Nathan McCabe of
Flight Operations at Esrange Space Center, Kiruna, and has been archived by the team as
verification.
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The Relay box was fastened to the rails at the side of the gondola, with cables drawn to the
most convenient corner and then drawn upwards next to the structural frame of the gondola.
A picture of the location of the Relay box can be seen below in figure 97.

Figure 97: An image of the position of the Relay box.
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Figure 98: This shows the sensor box attached to the flight train straps during the tests at
Esrange Space Centre, 6-9-2017.
One or more pie-rubber balloons will be attached to the flight line. These will need to be
fastened at a position with no vital equipment in the direct area below them, that may be
sensitive to possible balloon parts in physical contact with them. The exact position, and the
attachment approach, are yet TBD.

6.2

Preparation and Test Activities at Esrange

The whole experiment was transported a total of approximately 45km from Space Campus in
Kiruna to Esrange by the EXIST team.
The relay box was powered up by an external power supply without connecting to the sensor
boxes. The output voltage was measured. After that, the sensor boxes were connected to the
relay box with the planned cables. The output voltage of the PSU was measured before it was
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connected to the main PCB. All other connectiones were connected before this. After this the
team continued with single instrument tests. All instruments were tested to make sure they
measured data as they were supposed to. The software division made sure all data had been
saved on the SD cards, and that the Ethernet connection was working. Table 30 realizes the
preliminary testing and activities prior to launch.
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Table 30: Preliminary preparation and testing prior to launch
Time

Action

Duration

Responsible Division

Notes

Set up ground station
Attach cabling to flight
train

2h
2h

Software
Mechanical & Electrical

Check the voltage on the
relay box
Check the voltages on the
PSU

1h

Electrical

2h

Electrical

Time includes
margin
for
problems

Test accelerometer data

1h

Software, Mechanical, Electrical

Test
single
instrument
& test data
storage on SD
card

Test thermometer data

1h

Test anemometer data

1h

Test GPS data

1h

Test pressure transducer
data
Test infrasound array data

1h

Test reference array data

1h

Software, Mechanical, Electrical
Software, Mechanical, Electrical
Software, Mechanical, Electrical
Software, Mechanical, Electrical
Software, Mechanical, Electrical
Software, Mechanical, Electrical

Test Ethernet communication
Test to change MODE
Check the physical connections between the sensor boxes and the flight
train
Check the safety strap and
its connection on the box
and the flight train side
Check the Velcro fastening
of the insulation
Remove the foam buffer
once the flight train has
been laid out

3h

Software

2h
1h

Software
Mechanical

1h

Mechanical

1h

Mechanical

1h

Mechanical

Day 1
Tests to be
conducted on
mounted system

Day 2

2h

Day 3
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6.3

Timeline for Countdown and Flight

The experiment was to be activated 45 minutes before launch and deactivated 45 minutes
after landing or when the memory is full. During this time, the experiment would enter idle
mode either three times: (during liftoff, cut-off and landing ) or two (during liftoff and before
cut-off until after landing ) times. This is not decided since recording data during the descent
is not required and is considered up-scope. The sole difference between the two options were
that in the up-scope version, the experiment needs to exit idle mode after cut-off and enter
idle mode again before landing while the other option was to stay in idle mode after cut-off
until after landing. Data would be recorded at all times when the experiment was active and
not in idle mode. The experiment would first be switched on manually, and would be able to
record data when the system would be initialized and received a telecommand.
When possible, low resolution data would continuously be downlinked, and uplink would be
used to change mode or reset the system. Table 31 below shows the expected timeline of
countdown and flight.
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Table 31: A timeline for the countdown and flight. Times after T+1min were dependent on
flight duration, here assumed to be approximately 5 hours. A * in the Notes column denotes
that this action would only occur in the case of the up-scope where data was recorded during
descent.
Time
T-4h

Action
Attachment of the cables
from flight-train to gondola
EXIST relay box, during gondola pick-up
Launch readiness check
Experiment is initialized and
enters normal mode.
Experiment enters idle mode
by telecommand
Experiment exits idle mode
by telecommand
Experiment enters idle mode
by telecommand
Experiment exits idle mode
by telecommand or timer

Duration
30 min

Altitude
1m

Notes
-

30 min
30 sec

0m
0m

Checklist to be added
-

-

0m

-

-

∼100 m

-

-

∼20 km

-

∼20 km

T+∼6h

Experiment enters idle mode
autonomously before landing.

-

∼1 km

T+∼6h
20min
T+∼7h
5min

Experiment exits idle mode
autonomously after landing.
Experiment enter shutdown
mode autonomously 45 minutes after landing.

-

0m

-

0m

Should occur about 1 min
before cut-off
Occurs when the experiment has stabilized after
cut-off and parachute deployment. *
Occurs shortly before
landing. On-board GPS
will be used to measure
altitude. *
On-board accelerometers
will detect landing.
-

T-3h
T-45min
T-1min
T+10s
T+∼5h
T+∼5h
3min

6.4

Post-Flight Activities

Recovery sheet
The real Recovery Sheet used during the campaign can be found in Appendix D
When the experiment is found:
The sensor boxes (2) are fastened to the flight train at about 7 m and 30 m above the
gondola. The sensor boxes should be removed from the flight train and placed on ground
with the primary array facing upwards. They are semi-fragile with the weakest point being
the instruments sticking out from one side. If possible, this side should not experience any
external force or pressure.
The retrieval list for the experiment:
1. Retrieval team must disconnect power from the gondola power supply.
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2. Retrieval team must disconnect power source and data link cables to the sensor box.
The details of disconnection will be specified during launch campaign.
3. Retrieval team must unfasten sensor box which will be connected to the flight train with
two M6 eye bolts and a a safety strap, and then retrieve the sensor boxes.
4. Retrieval team must retrieve the power and Ethernet-cables that are fastened to the
flight train.
5. If deemed necessary, the retrieval team may cut the power and Ethernet-cables close to
the Relay box to ease the transport of the long cables.
6. The box located on the gondola can be transported with the rest of the gondola.

When the experiment has arrived at Esrange:
Upon experiment arrival back at Esrange the electrical and mechanical divisions will check
for visible damage on the PCB’s, instruments, and access the general condition of the sensor
boxes. If nothing is found, external power will be connected and the electrical and software
teams will test the instruments as before lift off.
1. Mechanical team must check physical condition and report any damages and causes in
the log file.
2. Electronics team must evaluate physical condition of data storage card and other electronic components and create a log file.
3. Software team must make copies of data stored on data card.
4. Science team will analyze the data for infrasound sources and present the scientific
findings.

Analysis and evaluation of data:
1. As soon as the team have analyzed the equipment and returned to IRF the science
division will start analyzing the data collected.
2. The science division will evaluate the result. Then a final report will be published for
the co-operators and the public.
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7

DATA ANALYSIS AND RESULTS

The following section handles the process of data analysis. It includes descriptions of software
that was used during data handling, as well as how the recorded measurements was handled.
The section also contains information about the launch campaign, as well as results. Finally,
the lessons learned are listed.

7.1

Data Analysis Plan

The data analysis plan for the experiment was divided into two major subsections, Reference
sensors and the Analysis plan. This was revised due to technical problems. Therefore a revised
analysis method was used, this is shown in subsection 7.1.3. The use of reference sensor and
original analysis plan presented in subsection 7.1.1 and 7.1.2. is still valid but slimmed down
due to the loss of data and compatibility problems with the software.
7.1.1

Reference sensors

The experiment measured infrasound at a high altitude and can be used to determine the
azimuth elevation, 0 to 180 degrees, of the infrasound in the vertical plane. Because of this
the sensors did not get a 360 field of view of the surrounding in the horizontal plane. To
achieve such a view, three or more sensors, need to be used. The EXIST team is fortunate
enough to be in the northern part of Europe where the densest infrasound ground stations
areas in Europe are located. The network consists of stations from the International Monitoring
System (IMS), a worldwide network constructed for listening for nuclear test detonations [37],
and the Swedish Infrasound Network (SIN), constructed for scientific purposes [17]. The SIN
data is easily accessed, since the policy of the Swedish Institute of Space Physics (IRF), who
is operating the network, is to have open access to all interested in the subject. The IMS data
was acquired with the help of Dr. Johan Kero, infrasound scientist at IRF. The EXIST team
had access to data from both networks as a reference for the signals picked up on the balloon.
This could then be used to expand the field of view in the horizontal plane and to find common
peaks in the data. Through this it would be possible to make conclusions where the signal
is coming from and if it is a common signal generated in that area. For more information
regarding the ground stations, please see APPENDIX E - Extended Scientific Background.
7.1.2

Analysis plan

The EXIST team has collaborated with Dr. Johan Kero which enabled the team to have access
to infrasound analysis programs used by the IRF and the French Office of Atomic Energy
and Alternative Energies, DAM Ile de France Center; Analysis, Surveillance, Environment
Department. The Science division have gotten access to the software and MATLAB code
necessary to perform analysis on their individual computers.
MATLAB code is created by IRF. Because that the correlation code (crcorr [17]) is created for
three infrasound detectors it needed to be modified for two sensors. A standard for infrasonic
analysis program is called mseed [19], and the data was converted into this format post flight

BX24 EXIST SEDv5-0 29Jan18

- 140 -

for analyzing purposes. There was MATLAB programs accessible, used for reading and writing
mseed files [19].
The EXIST team used the GMPCC software provide by Dr. Johan Kero from the French
Office of Atomic Energy and Alternative Energies. This software can handle data as ASCII,
mseed and textfiles. If the software settings are calibrated correctly the EXIST team will be
able to analyze the collected signal in a multitude of ways. The software contains everything
from spectral analysis to azimuth analysis, given that the sensors are added in a correct way
in the program. The program also creates clusters of data points with similar characteristics
and come from the same direction. Through this the Science division was be able to decipher
the signals.
Another option was to use the program Dionios, which is another program provided by the
French Office of Atomic Energy and Alternative Energies. It gives the opportunity to study
the files in a similar way as with the GMPCC, but with contains a lot less features.
To get a result from the experiment the Science division first performed a test of the arrays
that measure the infrasound on the ground to try out the software. This was be performed
during the beginning and the end of August at IRFs testing facility, Knutstorp. This was to
see that the arrays were measuring correctly and that the data received was coherent with the
data of the SIN sensors and IRF sensors in the area. The EXIST team also tried to create
a reference sound of a balloon burst during this test. This gave the characteristics of the
infrasound of a balloon bust.
Through the previous step the team knows how the sensors operate at ground and the characteristics of a reference source. During flight, the EXIST team used three similar balloons that
bursted on the gondola to see that everything was working fine and that get a finer characteristic curve of the infrasound due to the lack of wind during the flight. Another reference source
for the flight was the microbaroms. These had have a specific frequency that the sensors were
able to pick up. Through all of this as well as comparing the whole flight to the ground sensors
and analyzing the surrounding environment during the day of launch. The EXIST team was
able to get results for the noise caused by wind for the ground infrasound instruments in the
northern part of Sweden and potential directions that produce a specific frequency infrasound
that can be related to a known phenomenon.
7.1.3

Revised Analysis Plan

After acquiring data from the pre-launch array test, the EXIST team analyzed the data using
GPMCC and found that GPMCC is not suitable for extracting all the information from the
data as available to the science team. Hence, custom MATLAB code was created to analyze the data from the test, which was further improved upon to incorporate the flight data.
The following results and conclusions are drawn upon the analysis using the MATLAB code
developed by the EXIST team.
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7.2
7.2.1

Launch Campaign
Preparations

Electrically, the only thing that needed to be prepared for the tests was to unfold the cables,
tape them together, attach the power and Ethernet connection to the sensor boxes and the
relay box and screw all the D-sub bolts. After that, a quick test was done to check that everything is working and attached properly. Lastly, the cables were attached along the flight train
with electrical tape. Under each box, the cables were fastened with many layers of duct tape
as well. Although all the fastening, the cables were not completely fixed vertically, which was
desired to avoid any tension in the cables when the flight train got stretched.
At the sweet spot test before launch, it was noticed that the microphone array, in the top
sensor box, showed inaccurate voltage levels. The team asked the BEXUS staff to do a power
cycle, but it did not show any difference. After some quick discussions, it was concluded that
it might be humidity or moisture in the D-sub that is causing this problem. The EXIST team
was allowed to check that problem, and after drying the D-sub connections of the microphone
array with some paper and blowtorch, the sweet spot test was started again and the voltage
levels was normal again. Everything worked as it should.
7.2.2

Flight Performance

Electrical performance The bias for one of the hot wire anemometers was set too high so
the measurement capped and more than the recommended 3.3 V were sent to the Arduino.
The voltage later dropped down to measurable amounts and everything worked afterwards
so no visual damage was done. Otherwise during the data acquisition everything worked as
planned.
Software failure analysis After getting the payload back the system was tested and was
found to be able to run normally immediately after recovery. As such it was concluded that
the premature shutdown was caused by a mechanical or electrical failure. In an attempt to
recreate the error, the experiment was placed outside and left running under observation. After approximately one hour, the experiment shut down, similarly to the observed behaviour
during flight. This was consistently recreated every time the experiment was run, even after
disconnecting all instruments and other connections, thus showing without a doubt that the
failure was caused by an error in the software. After further analysis of the software it was
found that the shutdown sequence was entered in error, causing the experiment to stop taking
measurements, while being unable to be restarted by command or by watchdog.
It was found that the cause was an overflow in a databuffer. The buffer was to hold data to
be transmitted, but some save-operations took longer than expected, resulting in more data
than expected to be put into this buffer. The overflow then changed the value of a boolean
that was checked to see if shutdown should be entered.
The conclusion from this is that the part of the software that handled shutdown was added
late in the development process, and was never properly tested for times similar to the flight
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duration. An afterthought is also that more safety should have been considered for such a
critical part of the software.

7.3

Results

The results of the EXIST project can be seen below, split into the relevant departments.
7.3.1

Electrical results and conclusions

Since the data acquisition stopped pretty early it cannot with total confidence be concluded
that everything electrically worked during the whole flight. But as far as the data shows everything worked and by examining the batteries both boxes got power all or most of the flight,
since they were empty. For the short time data was received it seemed like the thermal performance of the experiment held up and was successful. The cables and other equipment were
still working after the recovery.
The anemometer data from the flight, seen in fig. 55 shows that one of the anemometers was
calibrated badly. That is, it was actually colder and the heat dissipated faster than estimated.
The plot shows a saturated voltage which means the voltage on the pin was higher than the
maximum allowed on it, 3.3V. It can not be known if the voltage ever was above the absolute
maximum rating of the Arduino. The voltage later drops down again and acts as predicted
which means that nothing broke and the only thing lost was the data from the anemometer
for the duration of the saturation.
7.3.2

Mechanical results and conclusions

Mechanically speaking, everything worked as thought, with no visible signs of mechanical
stress. There is a level of uncertainty as although the boxes looked fine upon recovery, it is not
sure whether the thermal design was successful due to the lack of recovered data. But, as all
the electronics worked after recovery, and everything was within allowable limits for the data
we did receive, and the boxes survived the harsh freezer test, it can be assumed that to some
extent the thermal design was successful.
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Figure 99: The boxes recovered, where the only mechanical damage was to the anemometer
covers, which were expected to break. They also only broke post flight during recovery.

7.3.2.1 Mechanical Failures The only mechanical failure was that for both boxes, the
two D-Sub bolts for the power input on the Power PCB were not attached. This is due to no
final check before the boxes were closed. Despite this, it has been mostly concluded that this
did not cause any problems during flight.
7.3.2.2 Unexpected Mechanical Outcomes During the first launch attempt it snowed
on the launch pad, so the boxes were left exposed to the snow for roughly one hour. This
did not cause any mechanical problems, only that there was a small amount of moisture build
up on the outside aluminum that affected the outside microphone array that resulted in an
electrical problem
7.3.3

Software results and conclusions

Besides one major and two minor errors, the software functioned as expected. The data was
formatted correctly and data from all instruments was recorded for as long as the experiment
was running correctly.
There was one major software failure during flight, which caused a premature shutdown of
both the boxes resulting in a complete stop of data collection. A detailed failure analysis can
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be read in section 7.2.2. Before the major failure, two smaller failures were seen. The altitude
measurements from the GPS stopped updating, or rather, stayed constant during the final
hour before premature shutdown. The second minor failure was that, similar to the altitude,
the temperature measurements from the main PCB thermometer remained constant for approximately one hour, then functioned normally for the last 25 minutes of recorded data. No
detailed analysis has been done on these failures, and it is not confirmed that the failure was
in the software.
7.3.4

Scientific results and conclusions

The flight data was analyzed in accordance with the aforementioned analysis plan. In this
section, the launch day atmospheric conditions, ground based infrasound data, and flight data
results are presented. On the day of the launch, a strong 2.5 Hz signal was recorded by ground
based instruments, and hence, a successful effort to extract this signal from the flight data
has been presented.
The main objectives of the analysis are :
1. To evaluate whether infrasound signals were recorded during the flight
2. If any infrasound signals were recorded, study the characteristics of the signals viz.,
strength, frequency, source, region of atmosphere where present and compare with
ground data available from IRF
3. If no infrasound signals were recorded, evaluate the properties of the recorded signal and
its source
4. Evaluate if any signals were recorded in the stratosphere
Launch Day Atmospheric Conditions BEXUS 24 was launched on October 18, 2017 at
11:36.56 UTC from Esrange Space Center, Sweden. The experiment reached a peak altitude
of 26.4 km after about 1.5 hours of flight. However, the EXIST experiment setup could only
record signals up to about 11km with the bottom sensor box lost before launch. The bottom
sensor box is labelled BOX 1 and the upper sensor box as BOX 2 in the following description.
Hence, the signal analysis will be focused on the recordings of BOX 2.
Since, the possibility of detecting an infrasound signal depends on the atmospheric conditions
and understanding of the infrasound events as measured by ground based microphones, a review of the same was imperative. The following atmospheric conditions were observed at the
launch site:
Table 32: A review of atmospheric conditions on BEXUS 24 launch day
Parameter
Temperature
Wind Speed
Humidity
Sea Level Pressure
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Value
-4 to 2 °C
4 to 13 km/hr
84 - 100
1001.82 hPa
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7.3.4.1 Launch Day Infrasound Events A brief survey of the infrasound signals recorded
by ground based instruments is provided below.
2.5 Hz signal originating in Gotland,Sweden During the time of the flight, a very strong
and consistent 2,5 Hz signal was detected from the ground based microphones in Kiruna, Jamton, Sodankyla and Lycksele. The triangulation of this event indicated that the signal came
from just east of Gotland, Sweden. The software GPMCC is used to gather the characteristics
of that family, and is then compared to the data recorded by the EXIST microphones at the
same time period.
Microbaroms Microbaroms are a constant source of infrasound, and were detectable on the
ground based microphones in Kiruna at the day of the recordings, coming from the North
Atlantic ocean. Their frequency span are compared to the detected frequencies on the EXIST
instrument with a Welch spectrum.
Weather Balloon Blast During the flight, three weather balloons were attached to the
flight train of the balloon. A ground based test will aid the discussion around whether one (or
more) balloons might have blasted during the recorded flight time.
Wind Speed At approximately 18:00 UTC of the day of the flight, the winds increased significantly, which led to the detection of the wind turbines in the area becoming active. No data
was recorded from the flight at this time, but the results from the ground based microphones
are worth discussing, to highlight the importance of infrasound measurements.
7.3.4.2 EXIST flight data presentation The following section includes plots of the raw
data, read and plotted in MATLAB. BOX1 is the box closest to the gondola, while BOX2 is
the box closest to the balloon, with 27 meters spacing.
Raw data The microphones were operated in low range setting. This means that the microphones have a dB SPL of 0 for 0 V and 110 for 3.3 V as shown in the table below.
Table 33: Microphone dB SPL value (m = milli)
dB SPL
120
100
80
60
40
20
0
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20
2
0.2
0.02
2m
0.2m
0.02 m
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In figure 100, the entire recorded spectrum of BOX1 is shown, from the array as well as
from the partly isolated microphone array, with digital ADC-values as a function of time.The
sampling frequency of the microphones is 1000 Hz.

Figure 100: Plot of microphone array data for BOX 1.
In figure 101 below, the entire recorded spectrum for BOX2 is shown, where the loss of BOX1
and the balloon launch are marked. The data from the array and the partly isolated reference
array are displayed, with digital ADC-values as a function of time.
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Figure 101: Plot of microphone array data for BOX 2.
Since the ADC-values can be represented as pressure values, it can be seen that the microphone
array includes larger pressure fluctuations from the time of the balloon launch (t=2600s), than
the isolated reference array. This indicates that the isolation was, at least to some extent, successful. As the pressure decreases with altitude, and the movement of the balloon stabilizes,
the two signals come to give a similar output at roughly t=5000s, corresponding to an altitude
of about 9000 meters as shown in fig 106.
Another important feature to note is the decreasing signal amplitude after launch for BOX2 array owing to the Bernoulli’s principle. Since, the reference array is isolated, the noise variations
do not follow the same trend as in the main array.
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Figure 102: Plot of microphone array data for BOX 2 during launch and ascent
During the campaign and the tests, the vibrations from Hercules could be seen from the ground
station inside the Dome. Large fluctuations in the readings were very obvious. The first part of
the spectrum in figure 102 (2500-3000s) shows these fluctuations, just at the balloon lift off.
They correspond to the vibrations from the machines.These fluctuations somewhat stabilized
when the balloon left the ground, and can be seen even clearer in this figure.
At t=4101s, a large peak in the data can be observed, corresponding to a 109 dB SPL. This
peak is observed only on Box 2 Microphone array as shown in figure 102. The event was not
picked up by the reference array. A discussion on the same follows in the Balloon Test section.
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Figure 103: Plot of reference microphone array data for BOX 2 during launch and ascent.
Figure 103 shows the same time span as the previous figure, but for the reference array. The
same fluctuations can be seen within the same time span, but for the isolated array, they
are smaller. The characteristics of the fluctuations are comparable, with local minimum and
maximum at the same time stamps.
The impulse at t=4200 s cannot be seen in this data, which indicates that it could have been
blocked by the isolation of the reference array, or not being detected at all.

BX24 EXIST SEDv5-0 29Jan18

- 150 -

Figure 104: Pressure transducer data for BOX 1.
For BOX1, the pressure starts at 962,75 hPa (figure 104), and peaks to 963 hPa at t=1200 s.
After that, it somewhat stabilizes just below 963 hPa. This is before the balloon launch, and
the box never leaving the ground level while recording data is the reason to why the fluctuation
is so small.
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Figure 105: Wind data from both boxes.
Figure 105 displays the wind data for the different boxes. Since BOX1 did not sample after
the balloon launch, the wind data for BOX2 is more relevant. The curve to the right (BOX2)
represents digital wind values as a function of time. An increase is apparent after the balloon
took off, most likely due to winds at higher latitudes.

Figure 106: Altitude data from both boxes.

BX24 EXIST SEDv5-0 29Jan18

- 152 -

The altitude data from BOX1 in figure 106 shows a very small altitude change, where the
altitude values show meters above sea level. This box was placed on top of Hercules, and did
not collect any data after the balloon launch. The error of the GPS-values can be expected
to be +/- 15 meters. Esrange Space Center is located at 323,4 meters above sea level. The
crane height of Hercules is 12,4 meters.
BOX2 collected expected altitude data, with two misreadings (impulses) just before t=4000s.
Note that 10000 meters in figure 106 is not float altitude, but where the box stopped saving
data. The altitude displayed before the increase shows the altitude above sea level. This box
was placed on the ground.
Before showing the spectra the following subsection will contain some plots using the pascal
values of the microphones.
Pascal plots The following plots used the ADC value of the microphone and converted them
to a pascal value. This was done through a linear relationship between the ADC values and
the dB SPL values. Once the dB SPL was calculated the pascal value was easily determined
from the following equation,
pascal = Pref erencemedium 10

dbSP L
20

, Pref erencemedium = 20µP a(Air).

The following two plots show the pressure data during the whole process (before launch, launch
and ascent).

Figure 107: Pressure data from BOX 1. This is similar as figure (100).
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Figure 108: Pressure data from BOX 2 during the whole process. This is similar but still
different from figure (101). This is due to the difference in scale.
From both the plots it is apparent that the data is similar in structure as the previous plots
utilizing the ADC values. A larger difference can be seen between figure (108) and figure
(101) plots.This difference comes from the scale difference between a saturated value of the
microphone for the ADC and pascal values. But it is still very apparent that it is the same
event. Both the plots will however yield similar spectrum’s but with different amplitudes. The
next two plots show the pressure value for the microphones during launch and ascent.

Figure 109: Pressure data from BOX 2 during the launch and ascent phase from the main
microphone array.
The pressure data for the pascal case is very similar to the launch and ascent data presented
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earlier. The characteristics of the curves are similar. Due the conversion to pascal the oscillation
down towards zero isn’t as apparent as in the previous plots. But it can still be seen. This only
shows a small variation in pressure. The small variations are very important for accuracy in the
measurements. The final pressure plot will be of the event noted during the ascent phase. This
can clearly be seen in figure (109). The data is taken from part 2 presented in the spectrum
data in the next subsection.

Figure 110: Pressure data from event during the launch and ascent. The time of the event is
approximately 12:01:46 UTC.
As seen in figure (110) the event saturates the microphone to a pascal value of about 6.4
Pa. Then the pressure fluctuates briefly and then starts to stabilize again. The other data
disappears from view due to the huge difference between the normal pressure level and the
saturated value for the pressure value.
A final thing to note about the pressure data is that it will yield a similar spectrum behaviour
as the ADC data. The positive thing about using a pressure scale is that the spectrum won’t
be as effected by a huge DC level as the ADC data. The negative effect is that the spectrum
amplitudes will be much smaller due to the smaller scale. The ADC level is also easier to
navigate and the behaviour is easier to look at. For the following subsection the spectrum
plots are shown. These spectra are made from the ADC values presented earlier.
Spectrum Plots For the spectrum’s, a Butterworth filter was used with a cut-off frequency
of 25 Hz (to not make the 20 HZ to disappear). The positive aspect with this filter is that
the gain is 1 for signals bellow 25 Hz, approximately. This is good to send in a signal and get
the same signal out. The mean value of the signal was used to remove the DC level to some
extent.
BOX 1 - Spectra For the spectrum plots, the data from figure (100) was divided into
3 different sections. This to get set intervals for each spectrum. Then the spectrum for the

Page 154

BX24 EXIST SEDv5-0 29Jan18

- 155 -

whole data set was made. The table below shows the description of the cases and why they
are chosen.
Table 34: BOX1 data windows
Name of part
Part 1

Interval
0 - 1/3 Data
length

Part 2

1/3 Data length 2/3 Data length
2/3 Data length Data length
Whole data set

Part 3
Part 4

Description
This part was
chosen to get a
slice of the total
data.
- II - II This part was
chosen to get a
total overview of
the spectrum.

The figures for all the spectrum’s are shown below.

Figure 111: Spectrum of microphone array of BOX 1.
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Figure 112: Spectrum of reference microphone array of BOX 1.

BOX2 Spectra For the BOX2 the data was divided into 2 separate cases. The first case
will contain the pre-flight spectrum and the second case will contain the flight spectrum’s. For
each case there are 3 - 4 different parts of interest.
Case 1: Before flight
As for the first box the data before flight was split into 3 slices. Check table (1) for further
information. The fourth spectrum was removed.

Figure 113: Spectrum of microphone array pre-launch BOX 2.
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Figure 114: Spectrum of reference microphone array pre-launch BOX 2.
Case 2: Flight
For the second case, figure (102) was observed and four different interesting points in the data
were chosen for analysis. These points are described bellow in a similar fashion as table (1).
Table 35: Points of interest
Name of part
Part 1

Interval
5250 s - End of
flight data

Part 2

4000 s - 4250 s

Part 3

2600 s - 2800 s

Part 4

3000 s - End of
flight
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Description
This is the end of the data
where the jet streams are at
a lower magnitude.
The peak that came up during ascent phase.
The third part contains the
spectrum between balloon release and Hercules release.
This part was chosen to get
a total overview of the spectrum during ascent.
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Figure 115: Spectrum of microphone array launch and ascent BOX 2.

Figure 116: Spectrum of reference microphone array launch and ascent BOX 2.
This concludes the spectra of the boxes’ data.
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7.3.4.3 Infrasound and ground based measurements The day of the launch was a
relatively active day considering infrasound. The wind was calm until around 18:00, the microbaroms were consistent (laying below 1Hz), and during the time for the ascend (and therefore
recordings from our microphones) a strong signal at 2,5Hz were recorded from the ground
based microphones around Sweden. This signal was present for around 5 minutes. At 18:00
UTC, the wind speed increased, and at the same time, the wind turbines were detected in
the ground recorded data. The following sections present the signals mentioned above, and
a comparison is made to the data recorded from BOX1 ,except for the wind turbines, that
occurred after the flight.
Analysis of 2.5 Hz signal recorded by ground based instruments
Ground Data Below we will discuss the 2,5Hz signal, its characteristics, origins, and compare this data to the data recorded on the BEXUS balloon. The figures below are extracted
from the software GPMCC, and correspond to the data recorded from the Kiruna station.

Figure 117: Overview of the signals around the time for the 2,5 Hz recording
Figure 117 above shows an overview of the time for the 2,5Hz signal, with the signal marked
with dashed lines. One can see that the time before the signal is somewhat quiet in this
frequency region, except from the low frequency signal (less than 1Hz), being microbaroms
consistent at an azimuth of about 270 degrees.
The characteristics of the signal are:
1. The signal starts at 11:58:30, and fades at 12:01:36 UTC.
2. Frequency span: 2,5386 +/- 1.153630Hz
3. Azimuth: 183,410713 +/- 0,001781 deg
4. Speed: 0,333536 +/- 0,000703 km/s
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Figure 118: Polar plot of the time for the signal, signal speed as parameter. 11:56:00 to
12:07:30 UTC
Figure 118 above shows a polar plot, with frequency as the radius parameter and speed as the
color scaled axis. The 2,5Hz signal is clear at 180 degrees. Within the < 1Hz region, at about
270 degrees, the microbaroms can be observed with somewhat higher speeds.

Figure 119: Polar plot of the time for the signal, signal speed as parameter
Figure 119 above shows the same representation as figure 118, but with the 2,5 Hz signal
clearly marked.
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Figure 120: Polar plot of the time for the signal, PP amplitude as parameter. 11:56:00 to
12:07:30 UTC
The figure above shows the same polar plot, but with amplitude as the color scaled axis. The
PP amplitude of the 2,5Hz signal is relatively strong compared to the surrounding ones at the
same time. PP amplitude describes the peak-to-peak amplitude.
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Figure 121: When the signal was detected by ground microphones
Figure 121 above shows the triangulation for the signals from the different stations where it
was detected, Kiruna, Jämtön, Lycksele and Sodankylä. The intersection of the lines shows
the source of the signal which was just outside of Gotland.
Below follow graphs for the times when the signals reached the different stations. The 2,5Hz
signal was followed by the weaker signal.

Figure 122: When the signal was detected by ground microphones in Kiruna
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In figure 122, the signal can be seen between 11:58 and 12:03 UTC.

Figure 123: When the signal was detected by ground microphones in Jamton
In figure 123, the signal can be seen between 11:48 and 11:50 UTC.

Figure 124: When the signal was detected by ground microphones in Lycksele
In figure 124, the signal can be seen between 11:38 and 11:41 UTC.
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Figure 125: When the signal was detected by ground microphones in Sodankyla
In figure 125, the signal can be seen between 11:49 and 12:04 UTC.

Figure 126: Flight data for the time of the 2,5Hz signal (11:55:22-12:05:00 UTC)
EXIST data There is an apparent signal (see figure 126) at 2,5 Hz in the recorded data
from the flight, at the same time as the ground based microphones detected it. This indicates
that the same signal can be seen here, as the one in figure 117, coming from Gotland (see
figure 121). It was detected in the microphone array (to the left), as well as in the reference
microphone array (to the right).
Microbaroms
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Figure 127: Part from the infrasound spectrum (11:48:00-12:08:00 UTC)
Ground based data In the upper part of figure 127, one can see low frequency signals being
consistent over the whole spectrum. A short time spectrum was chosen to make this lower
frequency signal more apparent, being mainly microbaroms.

Figure 128: Polar plot of the low frequency signals (11:45:33-12:11:57 UTC)
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The polar plot in figure 128 clearly shows the microbaroms at about 270° below 1 Hz, with
the characteristics shown in the bottom of the image.
Figure 129 displays a polar plot of the low frequency signals (marked) in the same time period
as when BOX2 started sampling data (10:51:12 UTC).

Figure 129: Polar plot of the low frequency signals (start at 10:47:21 UTC)
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EXIST data for Microbaroms The figures below (130, 132 and 131) show the welch
spectrums from the flight from BOX2, where frequencies below 1 Hz can be seen.

Figure 130: Welch spectrum of the last 60 000 data points
The last 60 000 data points in figure 130 show an apparent peak at 0,5 Hz in the microphone
array, where the reference microphone array also shows an increase of welch power at 0,5 Hz.
Both spectra seem to have similar characteristics.

Figure 131: Welch spectrum of the first 60 000 data points
In figure 131, the first 60,000 data points are displayed, with many peaks below 1 Hz. This is
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specifically apparent in the reference microphone array, being less noisy with less probability
of low frequency signals being cancelled.

Figure 132: Welch spectrum of the first 60 000 data points
The main difference between the plot presented above and 131 is that the settings of the
Welch spectrum is slightly different. This makes the plots looks slightly different and some
characteristic peaks become more apparent. This is due the Welch spectrum needs fine tuning
to make the plots reasonable. The spectrum uses overlap between data points and window
size of the data. From these the difference in the plots stem.
Due to the loss of BOX1 before the balloon launch, no azimuth angle can be determined for
the above signals. One can therefore only compare the frequency span of the two spectrum’s,
and see similarities between them. The microbaroms are consistent in the ground based data,
and it is therefore reasonable to say that the below 1 Hz frequencies in the EXIST data might
be (all or partly) microbaroms.
7.3.4.4 The Balloon Test Three (3) weather balloons were attached to the flight train
during the flight. They were estimated to blast as the pressure dropped with height and the
event would be recorded by the sensor boxes.
The same type of balloon were blasted on ground level, roughly 5 meters from the microphones,
with a wall being behind the instrument. The loss of BOX2 at about 10,000 m altitude might
have resulted in no recording at all, depending on whether the balloons were intact or not
during the ascend.
The results of the test, and a discussion regarding a possible recording of a balloon blast,
follow in the section below.
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Balloon Test data As shown in figure 102, at t=4101s, a large peak in the data can be
observed, corresponding to a 109 dB SPL and a height of approximately 5000 m. This peak
is observed only on Box 2 Microphone array. Interestingly, the event was not picked up by the
Box 2 reference array. Since this is a single event, we suspect that it corresponds to the blast
of the balloons on the flight, but there is no certainty to the claim since Box 1 had stopped
recording at the time of the event and the recording cannot be confirmed as a blast.
Figures 133 and 134 are the time series for the balloon test conducted on ground. Two balloons were blasted and consequently can be seen on the time series. The first blast stamp is
observed between 220s and 232s in 133 while the second blast is stamped between 492s and
500s in 134 as a pressure variation. Digital values range from 0-4095 in the same manner as
described earlier.

Figure 133: Time series data of balloon test on ground
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Figure 134: Time series data of balloon test on ground
A frequency plot (figure 135) of the data provides an insight into the dominant frequencies
being below 1 Hz and in the range of 2.3 - 2.5 Hz. This range of frequencies is not seen
to be carrying the same energy and is subdued on the reference array data and hence, may
correspond to the infrasound created by the balloon blast.

Figure 135: Frequency spectrum of balloon test on ground

Conclusion on balloon test recording The flight data does record a single event and we
believe that it is most probably the blast of the weather balloon. However, it is not possible to
confirm the same from the data available. A similar reading on BOX 1 could have been used
to confirm the event which is unfortunately not available.

Page 170

BX24 EXIST SEDv5-0 29Jan18

- 171 -

7.3.4.5 The winds and wind turbines The following section will not include any results
from the EXIST data, but only ground based data. The reason to the following discussion
is to extend the analysis of infrasound and its usefulness when it comes to weather and the
detection of different sources of infrasound.
The day of the launch was a clear day with low winds, up until about 18:00 UTC.

Figure 136: Raw signal with increased noise at around 18:00 UTC
This can be seen in figure 136, where the fluctuations of the signal increase significantly.

Figure 137: Overview of the time of the increased noise
When focusing on a smaller time span, these fluctuations become more apparent in 137, and
can be seen from all four channels.
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Figure 138: Polar plot over the same time period as figure 137
The polar plot of the spectrum show the direction for the incoming signals, with PP-amplitude
as the color scale.
7.3.5

Outlook

Each year, the International Institute of Space Law (IISL), the International Academy of
Astronautics, and the International Astronautical Federation (IAF) holds the International
Astronautical Congress (IAC). It is typically held in September or October, with a change of
location every year. Lectures, meetings and plenary sessions are common programs, as a part
of the global covering of space sectors. This is a suitable platform for EXIST to share the
experiment with a worldwide range of engineers, scientists, and researchers [10].

7.4

Lessons Learned

Having already submitted an accepted experiment proposal, the EXIST team has learned
valuable lessons regarding all forms of management and document creation, as well as learning
to formulate and unify an idea into a project worth working on. With international connections
spanning the world, EXIST managed to set-up multinational co-operations from the USA in
the west to Japan in the far east. And, apart from the already learned lessons, the EXIST
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team expects that the BEXUS program will grant them an enormous amount of experience
regarding fully fledged space projects, where deadlines are real, documents are published, and
team work dependency is crucial to a whole new level. The amount of knowledge and joy
already acquired from the EXIST project is met only by the gratitude the team has for the
organisations who have given the opportunity for students to partake in such an extensive
program.
The following lists summarize some of the aspects, tools, ideas, and abilities the division
members have learned. This list will be continuously updated throughout the project time
line.
Management
Managing a larger project completely new to the project manager, and bringing the project
from its start to its current state has been an immense learning opportunity. While setting up
a time schedule or distributing workload, the management of this project has implied bridging
the gap between technical engineering and human resourcing, and at times it has been unclear
to what level the project manager should intervene.
• Managing a project with new people, thereby getting to know them
• Distinguishing between personal goals with a group’s goals
• Formally planning a project with WBS and Gantt Charts
• How a movie script is written and practically implemented
• Applying the Pareto Principle to the teams workload
• Experiencing and solving issues with Long Lead Items
• Communicating with a large amount of stakeholders and external supporters
• Holding ones temper and remaining calm in times of project hardship
• Handling possible manufacture procedure through external company, and therein comply
to their manufacturing standards
• Using LaTeX to create large documents together with several people
• Monitoring and managing during vacation times involves a more flexible schedule as
members are abroad or busy during normal work hours
• Knowing when and when not to step into situations and understanding the work distribution and requirements of members during practical project phases
Outreach
In order to successfully managing the outreach post, one need to constantly reach out for
established people or papers for publicity. Beyond searching for publicity, one key point is to
manage all of the available social media sites for pushing out information about what is going
on and so forth.
• How a movie script is written
• How to design a website and maintaining it continuously.
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• Forward planning is crucial when planning PR events etc.
• How to edit and put together short movies.
• Outreach requires delegation.
Economics
Managing the budget isn’t only about distributing assets to the teams distinct divisions. You
have to plan for events such as shortage of funds, sudden need of more assets etc. This
information can be gathered if the communication between the management division and the
division of need is good.
• Putting together a budget and planning for sudden changes in how the assets are distributed.
• Writing sponsoring pitches
• Planning with safety margins
• Using Spread Sheets such as Excel
Science
The science division of the team has spend a lot of time doing research regarding infrasound,
and the fundamental understanding of the low frequency spectra. The important aspects in
the learning process are listed below.
• General knowledge about infrasound; its characteristics and applications
• Engage and maintain contact with international channels
• Study scientific papers in detail
• The importance of infrasound in the northern Scandinavia area
• Introduction to data analysis and programs for this
• Apply theoretical equations to practical solutions
• Work as a group from different locations
• Divide a broad subject into smaller pieces to study the subject more efficiently
• Take step back when something isn’t clear right away and let the information sink in
• Experience in producing a presentation and presenting a project in front of a panel
• Including a new member to the division
• Using MATLAB to extract information from time series signals and performing fourier
analysis
Mechanical
• Working in a group both inside the mechanical division and with others
• Understanding the client requirements, both internal and external
• Understanding and improving knowledge in managerial techniques and applications

Page 174

BX24 EXIST SEDv5-0 29Jan18

- 175 -

• Constantly learning new software such as Catia
• The importance of Gantt charts and how easy it makes it to track progress throughout
the project
• Using high-end workbenching in CATIA V5
• Following the DIN-ISO-2768 standard for drawings
• Handling possible manufacture procedure through external company, and therein comply
to their manufacturing standards
• Simulating complex geometry thermal problems with simplified node based approach
• Using Excel based analysis software (ThermXL) for thermal analysis
• Understanding the flexibility of ThermXL over commercial software
• Learned how materials behave in a vacuum environment, and extreme temperature environment
• How to perform detailed mechanical failure analysis, documenting every step of postflight dissassembly to high standard
• The principles behind how a launch campaign works, mainly the planning and organization required
• How to use LaTeX for professional document building, and it’s ability to easily standardize documents
• Understanding how to model for and perform structural simulations in CATIA V5
• Learned to change designs and design according to requirements from other groups, test
and simulation results
• How to prepare and plan suitable tests that test the real life environment of the experiment
• Replicating the planned tests and real world in computer FE simulations, and used that
as information for real world tests
Electrical
The electrical team have increased their knowledge in the dos and don’ts of electrical design
as well as getting an insight into the challenges of electrical design. This project has provided
a clearer view of real life applications of electronics and below are some important points about
the teams improved general understanding of electrical design.
• Gaining experience in circuit design
• Getting familiarized with the market of electrical components
• Becoming more comfortable in basic power calculations for components
• In the beginning, there was a lot of uncertainty when reading and understanding datasheets and the specifications given there. During the course of the project, team members have become much more familiar with this sort of content
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• Understanding the complexity of grounding and getting familiar with some of the approaches to this
• Learned the basics of thermal calculation and simulation
• Learned about cable specifications and calculation regarding power loss through them
• Learning some tricks in Eagle and how to design PCB
• Learning more about ripple voltages, filtering DC-DC converters and getting familiarized
with usage of oscilloscope
• ESA Soldering certificate through the REXUS/BEXUS Program
• What Gerber files are and how to create them
• To always prepare for the worst
• Fixing contacts for the Ethernet and power cables
• That cable shield needs to be grounded
• The importance of creating a thorough flight preparation checklist and following it
• The need of communication between different team divisions
• How much easier and quicker the work can be done if the whole team are working at
the same time and in the same place
Software
Besides the items below, the software team has gained invaluable experience in what it’s like
to go through a full software development cycle. Working together with other parts of the
team and writing and adapting software to work with the demands of hardware and new realizations during the course of the project has been a very educational. The software team has
learned much through the research needed to create this documentation. Some of the items
are presented below:
• How an ADC, SPI and MCUs work in depth
• Software related calculations
• Software design through object oriented coding
• Using HOOD graphs
• That HOOD hasn’t been used by ESA for 10+ years.
• About Ethernet communication and UDP and TCP protocols
• How the Arduino language works in depth and how to create libraries
• How to use LabView and basic principles of dataflow programming
• A more intuitive understanding of how to use data types and what they mean
• That Arduino and LabView use different Endian-ness
• Learning how a network switch works, and that it cannot duplicate data.
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• Lots of general experience with programming and programming related concepts
• That there is no such thing as writing code, compiling it and having it work instantly
• Consider whether things like a shutdown procedure is actually necessary and, if so, make
sure that it is properly implemented and tested.
• How to do proper failure analysis
• How to create and structure larger software projects.
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8

ABBREVIATIONS AND REFERENCES

8.1

Abbreviations

ABS
ADC
AGS
B.Eng.
BEXUS
BPO
BX
CAD
CAE
CBE
CDR
CEA/DASE
CLK
CoG
CPU
CTBT
DC
DLR
DPT
Dr.
D-sub
E-link
EAR
ECTS
ECSS
ESA
FOS
EXIST
FCS
FEA
FEM
FFT
FOS
GC
GB
GND
GPIO
GPS
GS
GUI
HASP
HOOD
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Acrylonitrile butadiene styrene
Analog to Digital Converter
Atmospheric Science Group
Bachelors in Engineering
Balloon Experiments for University Students
Balloon Program Office
BEXUS
Computer Aided Design
Computer Aided Engineering
Current Best Estimate
Critical Design Review
Commissariat à l’énergie atomique et aux énergies alternatives/ Département analyse surveillance environnement
Serial Clock
Center of Gravity
Central Processing Unit
Comprehensive Nuclear-Test-Ban Treaty
Direct Current
Deutsches Zentrum für Luft- und Raumfahrt (German Aerospace Center)
Differential Pressure Transducer
Doctor
D-subminiature
Ethernet up and downlink system
Experiment Acceptance Review
European Credit Transfer System
European Cooperation for Space Standardization
European Space Agency
Factor of Safety
Examination of Infrasound in Stratosphere and Troposphere
Frame Check Sequence
Finite Element Analysis
Finite Element Method
Fast Fourier Transform
Factor of Safety
Ground Control
Gigabyte
Ground
General Purpose Input/Output
Global Positioning System
Ground Station
Graphical User Interface
High Altitude Student Platform
Hierarchic Object-Oriented Design
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Hz
IAC
IAF
ID
IISL
IMS
Inc.
INIT
InSight
IPR
IR
IRF
ISU
JAXA
JPL
KUT
LaSPACE
LTU
Max
MCU
MLG
Min
MISO
MORABA
MOSI
M.Sc.
NASA
NW
OB
PBS
PC
PCB
PDR
Prof.
PPS
PSU
PSA
QRB
FreeRTOS
RBF
REXUS
RX
RX
SD
SD-card
SED

Hertz
International Astronautical Congress
International Astronautical Federation
Identification
International Institute of Space Law
International Monitoring System
Incorperated
Initiate
Interior Exploration using Seismic Investigations, Geodesy and Heat Transport
Integration Progress Review
Infrared
Institutionen för Rymdfysik (Swedish Institute of Space Physics)
International Space University
Japan Aerospace Exploration Agency
Jet Propulsion Laboratory
Kochi University of Technology
Louisiana Space Consortium
Luleå Tekniska Universitet (Luleå University of Technology)
Maximum
MicroController Unit
Memory Logging Guarantee
Minimum
Master In Slave Out
Mobile Raketenbasis (Mobile Rocket Base)
Master Out Slave In
Master in Science
National Aeronautics and Space Administration
North West
On-board
Per Bengtssons Stiftelse (Per Bengtsson’s Educational Grant)
Personal Computer
Printed Circuit Board
Preliminary Design Review
Professor
Pulse Per Second
Power Supply Unit
Pressure Sensitive Adhesive
Quick Release Buckle
Free Real Time Operating System
Remove Before Flight
Rocket Experiment for University Students
Receive (Depending on context)
REXUS (Depending on context)
Secure Digital
Secure Digital card
Student Experiment Documentation
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SIN
SNSB
SPI
SSC
STEM
T
TBD
TCP
TVS
TX
UDP
USA
UV
WBS
ZARM
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Swedish Infrasound Network
Swedish National Space Board
Serial Peripheral Interface
Swedish Space Corporation
Science, Technology, Engineering, and Mathematics
Time from reference, e.g. lift-off, depicted with plus or minus sign
To Be Determined
Transmission Control Protocol
Transient-Voltage-Suppression
Transmit
User Datagram Protocol
United States of America
Ultraviolet
Work Breakdown Structure
Zentrum für Angewandte Raumfahrttechnologie und Mikrogravitation
(Center of Applied Space Technology and Microgravity)
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APPENDIX A - EXPERIMENT REVIEWS
The following appendix contains copies of the four review stages of the experiment from the
REXUS/BEXUS SNSB-side of the panel.
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Preliminary Design Review - PDR
REXUS / BEXUS

Experiment Preliminary Design Review

Flight: BEXUS 24
Payload Manager: TBD
Experiment: EXIST
Location: DLR, MORABA

Date: 23 Feb 2017

1. Review Board members
Koen DeBeule (ESA) - Chair
Alexander Kinnaird (ESA)
Armelle Frenea-Schmidt (ESA) – Minutes
Emanuele Piersanti (ESA)
Stefan Krämer (SSC) – Chair
Jianning Li (SSC)
Benny Norendal (SSC)
Simon Mawn (ZARM)
2. Experiment Team members
Sven Robert Persson (Team Leader)
Lucas Svensson (Electrics)
Jonas David Blidnert (Mechanics)
Max Nilsson (Software, Outreach)
Hannah Inga Margareta Petersson (Science)
3. General Comments


Presentation
- Next time: ensure that everyone presents something (Hannah was not speaking)
- Good presentation, good behaviours when you are not speaking (smiling, perfect!)
- Nice to have the names on the slides
- Add also the on-going issues and a questions slide



SED
- Good level of details
- Good technical drawings and views
- ‘’Department’’ is linked to a big company, change the word

4. Panel Comments and Recommendations


Requirements and constraints (SED chapter 2)
Functional requirements
- Functions are there but avoid the obvious ones like storing the data for example
- F19: “The EXIST team may produce infrasound during the fight”, specify that you plan to generate
sound from the ground (speakers to produce IS for example…)
Design requirements
- Generally good
- Some of your requirements are expressed in several requirements from D20 to D27, just add the
data rate, make it short to avoid having too much tests at the end
- Sensors mass: important. Make it clear in your table
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Performance requirements
- Requirements P7, P8 and P16 are design requirements
Operational requirements
- You have a lot of operational requirements! 12 is too much compare to what you really need in
operation. These requirements are linked to what you want or need to operate
- O10 “The experiment should be able to exit safe mode by command from the ground station” is a
design requirement
- O7, O8 and O10 about safe mode: explain why you need a safe mode (safe mode means a minimum
set of functions in case of problem, for you it is more an un-operational status, remove it or re word
it)
Constraints
- C6 “Delayed components from third-party manufacturers and suppliers” is not a constrain, it is a
risk


Mechanics (SED chapter 4.4)
- The mounting of the experiment on the flight train has to be detailed (see off line with Stefan K and
SSC):
BEXUS Flight train

Belt

Experiment box

-

-

-

The belt material is responsibility of SSC and this belt will be attached to the rope of BEXUS, EXIST is
responsible of the interface between the experiment box and the belt
Detail this interface in your next version of the SED (location on the flight train, fixation, distance
from the gondola…)
Specify the mass constrain also in this new configuration
Sensor board is outside so need outside the insulation.
Maybe consider to attached a structure outside to protect the sensors during the landing (bumper)
Consider a late operations access: add a cover and a “remove before the flight”
Specify the frequencies that you expect to receive during the flight. The string of the flight train has
frequency and it could interfere with your experiment! You can calculate it: you know the length,
the material…
Specify that you will have a box also inside the gondola and define the interface with your boxes
(simple connectors? Unit box with more complex electronics?)
For the cables:
- They want to strap the cables from the boxes on the flight train to the gondola
- This interface box: SCC provides 1 cable for E-link however, SSC can offer two E-link
connections
- Decide and precise in your SED what do you want: 1 cable to the next box and the last one or
two cables in parallel from the gondola box?
Cable for E-link and power for the gondola box are responsibility of SSC
From there, team is responsible
For tables 8 and 14, specify if the values are per box or for the whole experiment?
Use self-locking nuts instead of standard nuts
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For safety reasons You will need a kind of extra line (f.ex. dyneema) to prevent the equipment from
unwanted falling down



Electronics and data management (SED chapter 4.5)
- Be careful with the choice of the cable along the flight train
- Power loses because of the length, calculate it and be sure that it is ok for you (specify it in your
SED)
- Describe more your power resistor: Minco heater type or normal resistor? Look at the Minco heater
- Make sure that you are using the GPS receiver
- SPI ports, need to check it and how fast you can take your data in these ports
- Make sure that the cables are long enough!



Thermal (SED chapter 4.6)
- Your setup will have a very special situation of accommodation. It will be always outside. On one
hand the temperatures will go down to -80°C but on the other hand half of the setup will face to the
sun and will be heated up a lot. This will also attack the microphone arrays – so please ensure that
they will also withstand higher temperatures (which exactly depends on colours and materials)
- You have thermal constrains from outside, inside and coupling effects so by analysis with software
tools it could be easier. Do it with different scenarios and check your analysis before test
- You want to use foam but some kinds of foam expand in low pressure, ask Tomas Kuhn for the
insulating material
- Furthermore you will have a heat bridge in the connecting wires to the microphone arrays
- The aluminium profiles are good heat conductors. Ensure they will be covered completely
- Consider the use of hand warmers which you could insert directly into the housings before LO



Software (SED chapter 4.8)
- Good software section
- Process flow with safe mode or automatic mode? Automatic mode is better than safe mode in
terms of wording
- Telecom standard internet: precise what data you are storing and transmit to your ground station
- Process flow has different states, describe for each state, especially for normal mode
- Contact Janning Li for more comments



Verification and testing (SED chapter 5)
- Verify ALL your requirements (including top-level functional requirements)
- All of your design requirements are verified by test but in fact you can analyse before testing
- P17: not by analysis but by similarity
- D2 and D3, you can analyse during the process also and then test
- D5 “The sensor boxes shall have a minimum distance of 20m between them” and D6 can’t be
verified by inspection
- Distance between sensor boxes is measured (T) and/or reviewed in the CRP (R)
- Testing range, accuracy (and sometimes frequency) of sensors is possible but may not be necessary
(weigh the costs involved against the experiment objectives)
- Test also the functionality of the microphone in frozen environment
- Test accuracy of the sensors, sometimes it is not necessary
- Vibration test: be sure that it is available at university or try with a car… not necessary to look for a
company
- Vibration testing is a good idea and vibration resilience definitely cannot be proved by inspection.
- You will have convection and radiation, your freezer test is a test but with just one effect
- If you want to test e link or power before the campaign ask but usually it is not available before the
launch campaign
- Does Esrange have a facility that runs to -86C and operate your experiment? I.e. a feed through?
Remember there is still going to be convective effects and no solar radiative inputs
- Improve your test plan and be sure that the tests really respond to the requirements they are
verifying
- Remember the launch and flight environment described in the SED and covered in lectures is for the
gondola, it will be different on the flight line



Safety and risk analysis

(SED chapter 3.5)
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Risk register quite complete and very good
TC60 “Microphone array from Japan will not arrive on time or deal is off” is your main risk, keep on
top with that
Mass is risky but you can reduce the probability
EN10 “No sources emits infrasound during the fight” is also a big risk
On ground explosion or plane passing the sound barrier could be a great thing to record!



Launch and operations (SED chapter 6)
- Quite complete section here
- Specify just who is the responsible for the long cables



Organisation, project planning & outreach (SED chapters 3.1, 3.2, 3.3 & 3.4)
- Be sure to consider your paths of communication with key stake holders (i.e. organisers) – direct
talks with SSC are OK, but for example ESA needs to kept in the loop, in some cases also ZARM
Resources
- Detailed about your specific skills and feedback (for example can your software responsible code,
has your electronics responsible any experience in circuit design or PCB fabrication? To what extent.
- Avoid the ‘’I’’ and use more often ‘’we’’
- Excellent recording of your resource availability. Two points: How (if?) is this maintained? And what
is the overall conclusion? Track this in your next SED
WBS
- Good WBS
- Good description of each work package
- Number the different WP to link them easily to your Gantt chart
- Ensure that you don’t miss system level such as budget, interface, Assembly/Integration/Tests and
operations
Schedule
- Excellent schedule and good use of the Gantt chart (phase diagram breaking down into WPs)
- Now is sensible to elaborate the next phase and ‘inter-phase’ tasks
- Now also try trace the critical path
- Don’t forget about those LLIs which might fall outside of normal task planning
- Good work on identifying components availability
Outreach
- Good website
- REXUS/BEXUS (capitals)
- Add an on-going part in your website
- Use the REXUS/BEXUS golden sentence
- Keep the text as minimum, use more often pictures and videos
- Good online presence
- Try to link the social media to Facebook or Twitter for example
- Good Facebook content and reasonable reach for this time
- A reasonable start with local outreach (snofestivalen) but try and also speak to local newspapers
and radio stations
- Also think about outreach ‘back at home’ for some of the students who are not from Kiruna/Lulea
- National outreach may also be feasible – partnering with the other Swedish teams and making use
of contacts at SSC and/or SNSB (Rymdkanelen)
- In general you should start to develop an outreach plan, when you might release press releases, and
plan for build up around events (i.e. more posts/videos in the run up to campaigns, major tests etc
to build anticipation)



Others
- Add a safety line in case of fall down
- Shock up to 10G

5. Internal Panel Discussion


Summary of main actions for the experiment team:
- Specify and detail clearly the interface between your experiment and the flight train
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Specify the choice of the cable(s) along the flight train (length…)
Detail the gondola box (role, interface…)
Develop your thermal analysis



PDR Result: conditional pass



Next SED version due: yes



SEDv1-1 on 21 March 2017



SEDv2-0 on 10 May 2017
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Critical Design Review - CDR
BEXUS
Experiment Critical Design Review

Flight:

BEXUS 24

Payload Manager: TBC
Experiment:

EXIST

Location:

ESA ESTEC, Noordwijk, The Netherlands

Date: 31 May 2017

1. Review Board members
Kristine Dannenberg (SNSB)
Piero Galeone (ESA)
Alexander Kinnaird (ESA) - Minutes
Armelle Frenea-Schmidt (ESA) – Chair
Stefan Krämer (SSC)
Maria Snäll (SSC)
Koen DeBeule (ESA)
Piotr Skrzypek (ESA)
Emauele Piersanti (ESA)
Hanno Ertel (ESA)
Katharina Schüttauf (DLR)
Dieter Bischoff (ZARM)
Marion Engert (ZARM)
Simon Mawn (ZARM)

2. Experiment Team members
Robert PERSSON
Carl Jacob OSTBERG
Sandra Sofia NILSSON
David Bertil SKANBERG

3. General Comments


Presentation
- May 31st not 31th
- Good clear presentation, well finished with open issues and managed with progress line



SED
- Remove the File Naming section p ix
- Generally a good SED
- Consider having EUR in the SED instead/as well as SEK
- It would be helpful to highlight the changes of a new SED

4. Panel Comments and Recommendations


Requirements and constraints (SED chapter 2)
- Updated since PDR
- Deleted performance requirement P6 (measurement range of temperature) perhaps should
not have been deleted
- No design requirement for reduced pressure environment
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Some design requirements for operational requirements may be combined, this may simplify
the verification
D17: total power (not current) consumption for both boxes should be 13Ah
May need to add a different requirement for the maximum current (e.g. 1.8A)
P7: GPS should function across the whole altitude range (not only at 30km)
From Giovanni Chirulli: D.7 and D.8: not clear why the requirements are on the temperature
inside the sensor boxes. Of more importance is that the sensor boxes shall/should be able
to operate within their temperature ranges (which can be assumed as the ranges enveloping
those of each component within the boxes)



Mechanics (SED chapter 4.2.1 & 4.4)
- Attachment of the main box needs definition, this should also take into account the
tolerances of the gondola rail
- Additional considerations needed for the new launch environment – may experience
uncharacterised shocks and vibrations (even ‘rubbing’ against the top of Hercules)
- Consider the user of dampers instead your experiment to damp vibrations
- Regarding the attachment of the sensor box onto the flight train you already got the
information about a possible shackle? Otherwise you could search for climbing equipment
and belt attachment for a proper fixation
- Welding 3 points with aluminium is not so simple, professional experience is recommended,
and the team should be aware of that welding may introduce some distortion in the overall
structure
- Consider how the very precise dimensions in the drawings can be checked post-production
- Consider providing the final dimensions of the Al sheet after folding as well as before
- Finalise the attachment and design of the polyester belt (Velcro, glue, etc?)
- Be sure the cross bar loop can be opened to attached the flight train and this opening is
considered in simulations and testing
- Perhaps produce a summary of critical mechanical points including their design
margins/factors of safety for a ‘quick look’
- Consider the high manufacturing tolerances you’ve put on the Styrofoam and consider the
thermo-mechanical effects on the Styrofoam
- How are the electronics cables connected to the flight train? Consider the use of Velcro
cable ties. You may need additional strain relief along the line (i.e. some ‘loose ties’ and
some fixed ties)
- Consider also the cable corresponds to the length of the harness when loaded (cable loops,
zig-zag or coils)
- Add strain-relief to the cable at the sensor boxes
- The proposed mass increase to 3.6 kg is acceptable (excluding the cable), however as the
mass increases the launch becomes more difficult
- The welding of the square tubes is difficult to realize. Wouldn’t it be better to use Strut
profiles out of aluminium such as 15x15 or 20x20 mm? Which offer much more possibilities
in attachments?
- Regarding the manufacturing drawings, please ensure how you will check those very
precise values like a hundreds of millimetres. Who will manufacture the parts for your setup?



Electronics and data management (SED chapter 4.2.2, 4.2.3, 4.5, 4.7, 4.9)
- It is recommended to double check the spectrum array of the microphone stays within
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Nyquist range of sampling
Be aware of launch handling, especially with regards to your cables – the cables should
mechanically shielded (for example protected against someone standing on them)
A single core cable may be advantageous
It should be clarified when the cable is added to the flight harness – it is recommended that
this happens before lay-out for launch
Remove the ‘remove before flight’ arm device’. Consider whether any arm device is needed
at all, it is recommended to remove it entirely (maybe it is useful for testing)
Do not use fuses during flight – only during testing. It seems that are included in the PSU
board schematic and layout
Test the Ethernet switch to confirm power consumption
Mass of the cable is not negligible – please estimate and include this (we expect this could
around 10kg)



Thermal (SED chapter 4.2.4 & 4.6)
- Ensure the Styrofoam is suitable for the low pressure (and return to normal pressure)
- The cross bar acts as a considerable heat bridge/heat sink
- There is no useful thermal simulator for solar radiation, so this needs to be taken into
account manually
- Cover in the boxes in white – consider how this can be achieved with the Styrofoam
- For Styrofoam, ensure that this material is suitable for the low pressure environment. The
foam expands in low pressure but will not restore completely when back in normal pressure
which could damage the insulation cover
- Relay box ground plate is steel and this will act a large heat sink, consider this material
choice and/or insulation
- Are you going to use the microphone array with the belonging cover? Consider that it is
made out of metal which is not optimal for thermal protection. A cover out of plastic material
would be better
- From Giovanni Chirulli:
o Clarify how you intend to retain knowledge of measured temperature inside the
sensor boxes if no storage and/or downlink of data is considered (functional
requirements F.8 and F.12 covering such aspects are now deleted)
o Storage (even if temporary) is particularly relevant if heaters are needed. Stored
temperature is compared to reference values used for activation/deactivation of
heater circuits
o Also if no storage and downlink of temperature data is foreseen how do you intend
to act in the event of software and electrical fail to control heaters (see TC10 in risk
register)?
o justification given in TC11, residual of TC10, affirms that extensive tests will be
performed to prevent failure. It then redirects to the test plan but details related to
such tests are not found. Note that heaters may fail open due to ice-crystal for
o Include/expand the thermal chapter to better describe:
thermal model,
simplification with respect to mechanical model,
o Assumptions taken for analyses (steady state vs. transient analyses, explain why
steady state chosen vs transient and possible consequences of such assumptions
on thermal design),
o Cases analysed (hot, cold) and for which phases of the mission (pre-flight, in-flight,
post flight)
o Boundary and initial conditions assumed for each case,
o Heaters algorithm to be used



Software (SED chapter 4.8)
- Arduino has one A/D convertor and multiplexer (not multiple inputs), this will affect
your synchronisation. You may need an external A/D convertor. Confirm the level of
synchronisation needed (add a requirement)
- A high synchronisation requirement will also have a significant impact on the software.
- Storage of data in .txt is much less efficient
- Opening/closing files often may not help with file corruption. Consider the use of a journal
file system or no file system at all. FAT may not be ideal, as if a failure if experienced while
the file allocation table is being edited it may corrupt the data
- An Ethernet switch will not duplicate packets on the ground, it will only direct them to one,
unless a multi-cast packet is used. Suggestion is to send to one client, and then keep the
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other in cold redundancy
SD card write speed calculation is wrong, your assumption uses fast SD interface not the
SPI you will be using
Estimation of the packet size for E-link is optimistic don’t forget the header



Verification and testing (SED chapter 5)
- Ensure you have the full experiment vacuum test – this may have dropped off due to the
requirement of low pressure dropping out
- Idle modes are verified by review – analysis may be difficult
- Mechanical vibration test will need to be different to the ‘standard’ BEXUS test due to the
unique location
- Esrange may not have a facility capable of -86C – this needs to be confirmed, the panel is
only aware of -70C – this will be warmer if you need a cable feed through
- Consider also the ‘hard-snap’ during the cut-down
- Do not plan to have late access if it’s not needed, it’s quite unlikely you will be allowed on
top of Hercules
- Consider the impact of humidity during the ‘freezing’ test (particular on the sensors), may
use silica bags
- From Giovanni Chirulli :
o General comment to test plan: At CDR it is expected that a detailed test plan is
provided. It should be clearly identified for each test how and at what level the test
will be conducted, what kind of parameters will be tested, in which environment,
etc. A more detailed test plan and test procedures should be included in the SED;
o It appears that for thermal testing only a cold test using a freezing machine will be
used. It should be included also a test in hot conditions. In particular the thermal
tests shall validate the thermal design and correlate the thermal model



Safety and risk analysis (SED chapter 3.5)
- Good mitigation of main project risk – LLI microphone
- High risk due to unknown mechanical launch environment



Launch and operations (SED chapter 6)
- Request protection from SSC staff for boxes
- Consider recovery sheet – i.e. should they be removed from the flight line, and how (this is a
trade-off for the team, but it is recommended that the boxes are removed OR the flight train
is treated differently to usual)
- Consider when the boxes and cables are connected and how this effects your campaign
planning
- Consider what needs testing on ground before FCT (I.e flight cables), this needs carefully
discussing with Esrange and SSC
- Any requirements on how the boxes are orientated on the ground (this side up for example)
- Bring your own specific tools and consumables (e.g. white gaffer-tape)
- A pie-ball rubber balloon may be attached the flight line, it cannot be guaranteed that this
will not rupture during – it may be idea to add more
- The team would like the balloon to pop at float – this may be difficult with the suggested
balloon – to be discussed with SSC
- Balloon popping may affect other experiments (DREX) and this needs to be considered



Organisation, project planning & outreach (SED chapters 3.1, 3.2, 3.3 & 3.4)
- Generally very good – keep it up
- Minor comment on the website – website states float at 20-25km, you should expect above
25km
- Good budget section
- Good presence on Facebook – last post on the 12th May
- Nice video to present BEXUS

5. Internal Panel Discussion


Summary of main actions for the experiment team
- Synchronisation considerations
- Cable design
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Risk and mitigation of unique mounting position
Continued contact with Esrange with regards flight mounting, cable and reference balloons
(specifically timing)
Focus more effort on software – consider recruiting an experienced software engineer



CDR Result: Conditional pass



Next SED version due: SED v2-1 on 26 June 2017
SEDv3-0 on 23 July 2017

BX24_EXIST_CDR-REPORT_V1-0_31MAY17.DOCX

- 195 -

Integration Progress Review - IPR
BEXUS
Experiment Integration Progress Review
Page 1
1. REVIEW
Flight: BEXUS 24
Experiment: EXIST
Review location: LTU Rymdcampus – Kiruna, Sweden
Date: 03rd August 2017
Review Board Members
1. Stefan Krämer (SSC)
2. Giovanni Chirulli (ESA)
3. Piotr Skzrypek (ESA)
Experiment Team Members
Robert Person

Vince Still

Jonas Blidert

Lucas Svensson

Jakob Östberg

Sandra Nilsson

David Skanberg

Max Nilsson

2. GENERAL COMMENTS
2.1.

Presentation



Presentation was agile, no PPT but very clear and structured



Presentation done on hardware

2.2.

2.3.


SED
SED is very complete, very clear and detailed
Hardware
Mechanics
o



All mechanical parts are manufactured for:


2 Sensor boxes including 1 spare



Interface box in gondola



Shackles are on the way

Electronics
o

PCBs are manufactured and tested


Flight HW and spares have still to be soldered
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o



Almost all components for soldering are in house



Spare components are in house

nd

2 GPS has to ordered

3. PHOTOGRAPHS

Picture 1: EXIST Sensor box in flight train mock-up
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Picture 2: welded Aluminum frame with insulation material

Picture 3: EXIST Custom PCBs
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Picture 4: Ground station GUI

Picture 5: Structural components for EXIST Sensor Boxes
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Picture 6: Spare PCBs

Picture 7: Top view of Sensor Box
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4. REVIEW BOARD COMMENTS AND RECOMMENDATIONS
4.1.

4.2.

Science
Insufficient low pass filtering may affect science outcome – see electronics section
Requirements and constraints (SED chapter 2)



Update D20



No further comments

4.3.

Mechanics (SED chapter 4.2.1 & 4.4)



Reconsider accessibility of connectors on Sensor boxes



Update mass budget with cables!!!



Mechanical parts are well manufactured. Some holes have to be improved, sharp
edges to be removed

4.4.

Electronics and data management (SED chapter 4.2.2, 4.2.3, 4.5 & 4.7)



Keep an eye on the increased power consumption / peak and average power. Check
your power budget for the whole flight again.



Consider to implement low pass filter by following options:

4.5.

o

High order filtering on separate PCB (to be developed and tested)

o

Implementing active filtering using OP amp

o

Increasing the sampling rate on the A/D converter input

Thermal (SED chapter 4.2.4 & 4.6)



Take care while attaching the heaters.



During thermal testing in chamber, minimise the contact surface between
experiment and chamber



Thermal test on integrated Flight hardware



In case extra heaters are needed – fast delivery of heaters possible (5-7days)

4.6.

4.7.

4.8.


Software (SED chapter 4.8)
No concerns regarding CDR follow up actions anymore
Verification and testing (SED chapter 5)
Testing
Safety and risk analysis (SED chapter 3.4)
No comments
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4.9.


Launch and operations (SED chapter 6)
Consider to change pre-launch procedure
o

Attach cables to flight train maybe even before campaign and test

o

Keep sensor boxes removed from flight train despite of FCT and Launch

o

Attach sensor boxes during launch preparations



Prepare recovery sheet during campaign with pictures



Consider shut down sequence by enabling before cut off of balloon

4.10. Organisation, project planning & outreach (SED chapters 3.1, 3.2 & 3.3 )


No concerns right now regarding financial budget. Residual budgets are reallocated
for the sub-teams which require more money

4.11. End-to-end Test


Communication test between On board unit and Ground station via Ethernet works
sending dummy data



Re connection of UDP reception after interruption works



TCP uplink - automatic reconnection has to be implemented



No full End to End test possible since not all hardware in the loop and not all
software packages and function combined yet

5. FINAL REMARKS
5.1.

Summary of main actions for the experiment team



Design and implement a filter to ensure scientific value of the recorded data



Update mass budget with cables

5.2.

5.3.

5.4.


Summary of main actions for the organisers
No actions
IPR Result: pass / conditional pass / fail
Conditional Pass
Next SED version due
SED v4-0 before the 22nd September
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Experiment Acceptance Review - EAR
BEXUS
Experiment Acceptance Review
Page 1
1. REVIEW
Flight: BEXUS 24
Experiment: EXIST
Review location: LTU Rymdcampus / Kiruna - Sweden
Date: 03rd October 2017
Review Board Members
Stefan Krämer (SSC, Science Services, Payloads)
Experiment Team Members
Robert Persson

David Skånberg

Jonas Blidnert

Kasper Wikman

Lucas Svensson

Max Nilsson

Sandra Nilsson

Sarah Zayouna

Vincent Still
2. GENERAL COMMENTS
2.1.

Review Summary

The experiment was fully integrated and in flight configuration. The ground station and the
additional data saver were in the loop and all components functional. During a short
presentation, the team presented the actual status and the progress of work since IPR.
2.2.

Mechanics

Net Mass (measured)

-

kg

Gross Mass (measured)

13.5 total

Kg incl. cables

10.5 on the flight train


Cross bar will be reinforced after analysis proofing risk of possible deformation for
maximum load case



The sensor boxes are already fit checked with flight train



Cables are mounted to flight train by SSC / Nathan



Safety straps included and mounted around flight train

2.3.

Electronics

Low Battery Voltage

20V

0.6A
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Average Battery Voltage

28V

0.4A

High Battery Voltage

32V

0.3A



Max power consumption measured without heaters



Heaters are activated automatically



Interfacing connectors for E-Link and power are obscured by the insulation cover of
the replay box. MIL Ethernet connector has not been used



Acceleration sensor failed on upper sensor box

2.4.

Software

Uplink

Not measured

Downlink

16kB/s (~128 kb/s)



Ground Station:
o



Experiment:
o

2.5.

2.6.


2.7.


Software is finished and running

Experiment software is finished and was tested

Verification and testing
All requirements, which could have been verified at this point of the program are
verified
End-to-end Test
The end-to-end test was performed including all flight hardware in the loop. The
functions of the experiment were verified in real time via the reading on the ground
station GUI. The output of the microphones and the pressure sensors was recorded
and showed the pressure difference while opening and closing the door. Average
power consumption was measured without the heaters since the heater control is
fully automatic. The heater control has been tested in the thermal chamber at SSC
Esrange.
Launch Site requirements
No comments
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3. PHOTOGRAPHS

Picture 1: Top view of Sensor Box with GPS and Pressure Sensor

Picture 2: Bottom View of Sensor box with reference Infra Sound Sensor (left)
and Power and Communication Boards
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Picture 3: Screenshot of recorded sound samples
in the low frequency regime (20-30Hz) for testing purpose

Picture 4: EXIST Team with two Sensor boxes in the front and Relay box in the back
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4. REVIEW BOARD COMMENTS AND RECOMMENDATIONS
4.1.


Science
1 ton of explosives will be blown on demand during the flight as reference signal
 This will be performed by LKAB


4.2.

4.3.

4.4.

Weather balloons for reference measurements before campaign have been
provided by SSC
Requirements and constraints (SED chapter 2)
The Requirements section and Verification has been updated from the last issued
SED v4.0
Mechanics (SED chapter 4.2.1 & 4.4)
Add prepared the reinforcement on the crossbar
Electronics and data management (SED chapter 4.2.2, 4.2.3, 4.5 & 4.7)



Consider to implement a manual mode for the heater control the remotely disable
the automatic mode; this could safe your battery from draining



Mount the Ethernet shield with a longer M3 screw and a spacer



Isolate the Ethernet connector electrically from the cross bar



Glue the connectors which do not have a mechanical safety



Add the provided Ethernet connector and MIL Power connector on the outside of
the relay box

4.5.

4.6.


Thermal (SED chapter 4.2.4 & 4.6)
The results of the Thermal test at Esrange are promising; the actual temperature
development was better than the simulation
Software (SED chapter 4.8)
Ground Station:
o



Experiment:
o

4.7.


No comments

Add a manual heater control/overwrite to be able to switch off the in case
of power constraints during flight

Verification and testing (SED chapter 5)
All the Requirements have been verified
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4.8.

Safety and risk analysis (SED chapter 3.4)



Safety risks of the experiment in the flight train have been excessively evaluated
with SSC Esrange



No further comments

4.9.


Organisation, project planning & outreach (SED chapters 3.1, 3.2 & 3.3 )
The team has about 20.000sek / 2000€ Budget left

4.10. End-to-end Test


The end-to-end test was successful in terms of crucial experiment functions



The acceleration sensor function of the upper sensor box could not be verified due
to unknown problem

5. FINAL REMARKS
5.1.

Summary of main actions for the experiment team



Fix the problem with the acceleration sensor; it is the important for the science



Implement the interfaces to the BEXUS systems on the outside of the relay box

5.2.

5.3.

5.4.

Summary of main actions for the organisers
No actions
EAR Result: pass / conditional pass / fail
PASS
Next SED version due
The submission deadline for the SEDv5-0 will be given later
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6. EXPERIMENT ACCEPTANCE REVIEW – EAR

Experiment documentation must be submitted at least five working days (the exact date will
be announced) before the review (SED version 4) This will take place upon delivery of the
completed experiment to EuroLaunch. The review may take place at either the location of
the students’ university, or a DLR, SSC or ESA institute.

Content of EAR:


Team presentation of project status



Follow-up of IPR action items



Review of schedule status with respect to REXUS program timeline and upcoming
activities



Demonstration of the fully integrated experiment



Experiment mass properties determination/discussion



Mechanical and electrical interface checkout



Electrical Interface Test (REXUS service system simulator test or BEXUS E-link
functionality test)



Flight Simulation Test (FST) – including a full end to end system demonstration



Experiment acceptance decision: Passed/conditional pass/failed. If a conditional
pass is elected, the immediate action items should be discussed, along with an
appropriate deadline(s)
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APPENDIX B - Outreach and Media Coverage
• Website and social media pages:
– Official website: existbexus.com
– Facebook: facebook.com/ExistBexus/
– Instagram: instagram.com/existbexus/
– YouTube: https://www.youtube.com/channel/UCP7nv93eT6ZoONEjimKnuiQ
• Media Coverage
– Article published by the LTU Atmospheric Science Group (AGS):
https://atmospheres.research.ltu.se/index.php/2016/12/21/two-new-ltus-projectsselected-for-rexusbexus-programme/
– Article published by the institution of System and Space Technology at LTU
https://www.ltu.se/edu/program/TCRYA/Rekord-for-studentprojekt-i-Rexus-Bexus1.162702?l=en
– Interview with Sveriges Radio P4 (Swedish Radio channel 4)
http://sverigesradio.se/sida/artikel.aspx?programid=98&artikel=6640754
• Presentations/Exhibitions
– Exhibition at Kiruna Snowfestival
The 28th of January EXIST had an exhibition at the ”Meet Space Kiruna!” part of
the Kiruna Snow festival.
– Exhibition at Kiruna Spacefair on the 9-10th of May. During the fair, EXIST will
stand there and represent the REXUS/BEXUS program and talk about EXIST.
– A teaching presentation about the project and the REXUS/BEXUS program were
held for Astronomical Youth(sw. Astronomisk Ungdom) during the 17/18 year
olds’ weeklong space camp at Esrange.
• Logo:
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Figure 139: The EXIST logotype
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APPENDIX C - Additional Technical Information
Data sheets
The following data sheets are hyper linked into the names of the components:
1. Microphone array
2. Micro-controller
3. GPS
4. Wiznet W5500 Ethernet chip (ethernet-shield)
5. Atmel Smart SAM3X / SAM3A series (micro controller CPU)
6. DC-DC converter 15 W, 12 V
7. DC-DC converter 10 W, 5 V
8. DC-DC converter 2 W, 3.3 V
9. Freezer Test Machine
10. Micro-SD card
11. Relay
12. Heaters
13. Industrial Gigabit Ethernet Switch
14. Accelerometer
15. Power cable
16. Ethernet cable
17. MAX232
18. Temperature sensor SMT172
19. PMAFLEX Conduit
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Thermal Calculations
Regarding Convection
To find out the corresponding heat transfer coefficient for air at different altitudes the equations
in figure 140 to 142 were used.

Figure 140: Shows the equation for the relation between convective heat transfer coefficient
for different properties of air.

Figure 141: Shows the explanation of n for the equation in the figure above.

Figure 142: Shows the expression for F in the equation in the figure above.
Only air-density was major enough to be considered and the density at 25000 m is 1/30 of
the density at sea-level and 1/4 at 10000 m. The Heat Transfer Coefficient was assumed to
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be 10 inside and 18 outside which were then multiplied with the factor depending on altitude
to be able to get the equivalent Heat Transfer Coefficient
Thermal Power
The equation for the amount of heat transferred per second through conduction with a certain
area and thickness is given by
P =

k · A · (T 1 − T 2)
x

(9)

Where P is the power, k is thermal conductivity, A is the area, T1-T2 is the temperature
difference and x is the thickness.
The equation for the amount of heat transferred per second through convection is given by
P =

h · A · (T 1 − T 2)
K

(10)

Where P is the power, K is a factor which decreases the amount of convection occurring at
high altitudes [30], A is the area, T1-T2 is the temperature difference and h is the convective
heat transfer coefficient.
The equation for the amount of heat transferred per second through radiation is given by
P = e · sigma · A · (T 14 − T 24 )

(11)

Where P is the power, e is the emissivity, A is the area, T1-T2 is the temperature difference
and sigma is the Stefan-Boltzmann constant.
The equation for the amount of heat transferred per second to a surface in space through
radiation from the sun is given by
P = alpha · S · A · (1 + albedo)

(12)

Where P is the power, alpha is the absorption, A is the area, albedo is the fraction of sunlight
reflected by the earth and S is the Solar constant.
The equation for the amount of heat transferred per second to a surface in space through IR
radiation from the Earth is given by
P = e · IR · A

(13)

Where P is the power, e is the emissivity, A is the area and IR is the Infrared flux of Earth.
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Inside Temperature
The equations used to estimate the inner temperature of the box for the coldest and hottest
case scenario is the equation of thermal conductivity, Stefan-Boltzmann’s equation of radiation,
the equation for the amount of heat absorbed by a surface in space from the sun, the equation
of IR-flux from Earth and Newtons law of cooling.
For these calculations the inside of the box is thought to be an uniform temperature which
will conduct heat through the insulation and steel fastening to the outside layer of the box.
This outside temperature of the box will also be uniform and disperse heat to the surrounding
environment via convection and radiation.

Preliminary calculations at steady state at 30000m
For the coldest case when the temperature of the box is in steady state all the heat generated
by the experiment, 18.2 W including heaters, and the IR flux from Earth is set equal to the
amount of power the outside of the box will disperse through radiation and convection. The
convection is decreased at 30000 m altitude by a factor of 6.7 [30] and the total area of
the outside of the box, 0.38m2 , is used. The convective heat transfer coefficient is set to
18W/(m2 K), which corresponds to the wind speed being about 0.5 m/s on the outside of the
box, the ambient temperature (Ta) is 193 Kelvin, the IR flux is 220W/m2 and the emissivity
is set to 0.84.
P + e · IR · A/2 =

h · A · (T a − T o)
+ e · sigma · A · (T o4 − T a4 )
K

(14)

This can be solved for the outside temperature of the box which gives
T o = 225Kelvin

(15)

Then the amount of heat generated by the experiment (P) is set equal to the amount of heat
transferred by the components through conduction via the insulation and the steel fastening
of the box and the array on the outside.
P =

k1 · A1 · (T i − T o) k2 · A2 · (T i − T o)
+
x
x

(16)

The area for the insulation conduction is set to 0.18m2 , which corresponds to the inner area
of the insulation, and the area of the steel-fasteners is set to 0.0006m2 (which corresponds
to steel beams and bolts used to fasten the array on the outside). The thickness is set to
0.04 m and the thermal conductivity constant is set to 0.033 for the insulation and 16 for the
steel fasteners. This equation can then be solved for the inner temperature of the box which
is found to be
T i = 272Kelvin
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Now for the hottest possible case scenario when the sun is shining directly on half of the box.
This calculation is made the same as the coldest case scenario except that another heat source
is added, the sun, and the ambient temperature (Ta) is set to 223 K instead of 193 K. This
gives

P + e · IR · A/2 =

h · A · (T o − T a)
+ e · sigma · A · (T o4 − T a4 ) − alpha · S · A (18)
K

where the Solar constant, S, is set to 1400W/m2 , the absorption to 0.2 (white paint) and
the area to half of the outside area of the box, 0.38/2m2 . This is solved for the outside
temperature of the box which gives
T o = 273Kelvin(with.heaters)

(19)

T o = 271Kelvin(without.heaters)

(20)

Then the amount of heat generated by the experiment (P) is set equal to the amount of heat
transferred by the components through conduction via the insulation and the steel fastenings
of the box. This will give
P =

k1 · A1 · (T i − T o) k2 · A2 · (T i − T o)
+
x
x

(21)

This equation can then again be solved for the inner temperature of the box which is found
to be
T i = 320Kelvin(with.heaters)

(22)

T i = 303Kelvin(without.heaters)

(23)

Preliminary Microphone array calculations
It is also possible to calculate the expected temperature of the microphone array (on the
outside of the box) if it is made of aluminum. Assume that the array is connected to the inside
of the box with 4 bolts made of stainless steel with an total area (Aa) of 0.0004m2 and a
length (x) of 0.02m and calculate the temperature of the array in the hottest possible scenario,
meaning that the ambient temperature (Ta) is 223 K, the inside of the box is 320 K and the
sun is shining straight at it. By setting the amount of heat absorbed by the array from the
sun and the heat generated by the array (Pa) equal to the amount of heat dissipated to the
surrounding environment through radiation and convection and to the box though conduction
you get

P a+alpha·S·A =

h · A · (T array − T a)
k2 · Aa · (T array − T i)
+e·σ·A·(T array 4 −T a4 )+
K
x
(24)
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The absorption (alpha) is set to 0.4 which corresponds to aluminium, the solar constant (S)
is set to 1400W/m2 , the area (A) is set to 0.0042m2 , the convective heat transfer coefficient
(h) is set to 18W/(m2 K), the emissivity (e) is set to 0.2 which corresponds to aluminium and
the ambient temperature (Ta) is set to 223 Kelvin. This can be solved for the temperature of
the array (Tarray) and gives
T array = 318Kelvin.

(25)

The coldest possible temperature of the array was calculated using the same method, meaning
no solar radiation and the ambient temperature (Ta) is 193 and the temperature inside the
box is 272 K. This gives
T array = 270Kelvin

(26)

Conclusions for preliminary calculations
All calculated temperatures show that the experiment should be able to operate. The heat
bridge between the microphone array and the inside is not expected to be a problem because
the microphone array on the outside is expected in worst case scenario to reach temperatures
above the operating temperature of the components inside the box.
Many assumptions and simplifications were done in these calculations and should only be
considered an preliminary estimation which will be verified through simulation and testing.
For example the insulation will not be perfect and other connections to the outside (through
cables and wires) will exist. This will lower the expected inner temperature. Meanwhile the
components and metal on the outside will create heat-bridges to the components on the inside
which should lower the expected inner temperature of the boxes. The inner temperature of the
sensor boxes will not be evenly distributed and and a larger temperature should be expected
on the PCB’s. But the heat resistance of the thermal bridge between the PCB’s and the frame
of the sensor boxes should be quite low and not make a huge temperature difference. All these
considerations make the heat calculations unpredictable but should still give a fair preliminary
estimation.

MATLAB calculations
More advanced calculations were done in MATLAB using the fsolve() function. The same
model as in previously calculations were used. The calculations were done in a steady state
condition for varying altitudes from 0 to 30000 m. First the calculations were done for the first
10000m with a steadily decreasing temperature, and convection factor. For the altitudes from
10000m to 30000m the temperature is constant and only the convection factor continues
to decrease. The calculations were done in two separate conditions. The first one being
when the sun is shining on a quarter of the box and the coldest temperature the ambient air
reaches is 223 K and the starting temperature on the ground is 273 K. The second case in
when there is no sun shining and the coldest temperature reached is 203 K and the starting
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temperature on the ground is 253 K. For the second case the heaters were also turned on if the
temperature dropped below 283 K. The results were plotted in graphs showing the expected
inner temperature of the box for varying altitudes. These can be seen in 4.6.

Simulation in ANSYS
The simulations in ANSYS were conducted with the CAD-model as a basis. Small elements
such as screws and bolts were removed and replaced by equivalent thermal connections. The
heat dissipation of components were assumed to be uniform over their respective models and
the connection from the components to the frame or plates were assumed to be perfect with
respect to their contact surfaces. Inside the box, only conduction was considered, except
for components with high heat dissipation. These were added a condition of radiation to
a temperature equal to the insulation inside the box. No surface to surface radiation was
considered in the whole simulation. All the surfaces on the outside of the sensor boxes were
considered white and transmitted transmit heat through convection and radiation. IR radiation
were added to all the sides and the bottom of the sensor boxes.

Simulations in ThermXL
The simulations of the sensor boxes were made up of 172 nodes and 538 connections. 116
nodes for the structure, 24 nodes for insulation, 20 nodes for the PSU PCB, 1 node for the air
inside the box, 1 node for the air outside, 1 node for the array cover (the radiator), 9 nodes
for the rest of the components (one each). All the components except for the PSU were single
node components with a number of connections to the rest of the box. The PSU was modelled
detailed by 4x5 nodes for the PCB and with the DCDC converters attached to this board.
The insulation for each face (6 faces total) was split into one inside-part and one outside-part
with respective thermal conduction between them. The radiator (microphone array cover),
nodes that represent the outside of the insulation, and also the fastening bars of the crossbar
at the top of the sensor box are connected to outside air through radiation and convection.
Everything inside the sensor boxes including the nodes that represent the inside of the insulation
are also connected to a node called ”inside air” through convection.
The hottest components, the Arduino and the DCDC converters are connected to one inner
insulation face each through radiation. The node called ”inside air” had no direct connection
to the node called ”outside air”. There were also ”corner” nodes connecting the different
faces of the insulation with each other. One node per connection which makes a total of 8
”corner nodes”. Components were attached with corresponding thermal conductance to the
appropriate nodes on the plate and frame.

Details about the ThermXL simulation
Initial conditions for all nodes except the ”outside air” were set to 0◦ C. The insulation was
considered to be 20 mm thick. The convection heat transfer coefficient was determined to
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be 1/4 of the value at sea level when at 10000 m altitude and 1/30 at 30000 m altitude, see
8.2. The heat transfer coefficient at sea level was set to 18 (0.5 m/s) for everything on the
outside and set to 10 (0 m/s) for everything on the inside. Everything on the outside was
considered to have an emissivity of 0.9 and absorption of 0.2. For the hot cases where the
sun was considered to shine there were direct sunlight (1400 W/m2 ) on the top face of the
insulation (the largest face) and at the radiator (microphone array cover) and fastenings bars.
Albedo sunlight (0.4 ∗ 1400 W/m2 ) was incident on all surfaces on the outside except for on
the top. IR was present on all external surfaces except on the top for both the cold and hot
cases.
Contact conductance for the PSU, MainPCB and the Arduino was considered to be 0.0055
W/(mK) per attachment to the frame. The DCDC converters had 4 connections each to
the PSU with a conductance of 0.1 W/(mK) each. Contact conductance for the rest of the
components was considered to be 0.4 W/(mK) per connection. Contact conductance between
the radiator (microphone array cover) and the plates was considered to be 0.4 W/(mK) per
contact (4 contacts). See figure 143-146 for more details. It was assumed that each part
of the frame was connected through conductance via 0.1 mm of air to the respective inner
faces of insulation with areas corresponding to the contact. Internal power dissipation of each
respective component was taken from the table for power consumption, see 21. The radiator
was assumed to have an effective area of 0.01 m2 .
General simplifications from the mechanical model
The insulation was considered to be equally thick and solid on each face when in reality there
will be small connections trough the insulation, such as cables and small imperfections resulting
in small air-flows. This will be mitigated in the mechanical construction of the box as well as
possible to insulate the inside of the box and was therefore deemed a reasonable simplification.
The insulation will not be completely symmetrical as in the simulation and the thickness where
the microphone array is attached will be slightly thinner. The inner insulation for each face
was modelled as a single node which will have a small effect on the heat conductance from
the frame.
There will also be direct conductance through wires between different component which was
not considered in the simulation. These connections will slightly improve the spread of heat
for the components and probably decrease the risk of overheating for the hottest components
and the risk of being to cold for the coldest components. This was therefore deemed as a
reasonable simplification in the simulation. Several holes and bolts through the plates were
deemed small enough to be disregarded as well, though the big hole in the top plate caused by
the presence of the Pressure Transducer was modelled in the simulation. The impact of the
use of paint on the array cover and white duct tape on the insulation were overlooked except
for the change of emissivity (0.9) and absorption (0.2). This was deemed reasonable because
of how thin the layers of paint and duct tape are.
Below are some figures that visualize the node setup of the sensor boxes.
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Figure 143: Shows the plates (10-250 & 510-750) where the components and radiator are
fastened (color-coded where they have a connection). Shows also the vertical aluminum bars
(center bars, 1010-1350) and the top bars (2010-2350) together with the crossbar (4010-4160)

Figure 144: Shows the bottom bars and where the PSU is partially mounted as-well as the
environment nodes
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Figure 145: Shows the nodes of the insulation. 20000-series are the inside nodes and 30000series are the outside nodes.
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Figure 146: Shows a simple visualization of the nodes for the PSU PCB and and where the
DCDC converters are connected. The connections to the structure of the box are in the corners
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Tables
Table 37: Component thermal ranges

Component

Microphone Array
ADX II-INF03
Reference
Microphone array,
ADX II-INF03
Digiquartz
Pressure
Instrumentation
series 6000

Min
Operating
T (◦ C)

Max
Operating
T (◦ C)

Min
Survivable
T (◦ C)

Max
Survivable
T (◦ C)

Comments

-110

90

-110

90

Values taken from ADX
II-INF03 datasheet

-110

90

-110

90

Values taken from ADX
II-INF03 datasheet.
Values taken from
Paroscientific Intelligent
Transmitters datasheet.

-54

60

TBD

TBD

Arduino Due

-40

85

-60

150

GPS Receiver
18x-LVC Garmin

-30

80

-40

90

-40

85

-65

150

-40

85

-40

85

Values taken from Kingston
website

-45

130

-50

150

Values taken from datasheet
for SMT172

-50

150

-50

150

Values from ADXL362
datasheet

125

Values taken from
S24SE/S24DE series
datasheet

125

Values taken from
S24SE/S24DE series
datasheet

Arduino Ethernet
Shield V2
Industrial
temperature
microSD XC
UHS-I 16GB
Temperature
sensor SMT172,
Smartec
SparkFun Triple
Axis
Accelerometer
Breakout ADXL362
DC/DC converter
S24SE/S24DE
series (5 V, 10 W)
DC/DC converter
S24SE/S24DE
series (12 V, 15
W)
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-40

-40

85

85

-55

-55

Values from the Atmel
SMART SAM3X/A series
datasheet.
Values taken from GPS 18x
technical specification. Has
the lowest temperature
range.
Values taken from the
W5500 datasheet.
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DC/DC converter
TEL 2 Series(3.3
V, 2 W)
Polyimide
Thermofoil
Heaters: HK6901
(Minco
heating-pad)
Panasonic
PhotoMOS relay,
AQV251
Power cable, ZL
2219 STZ2
9 Position D-Sub,
Amphenol FCI
D09S24A4GV00LF
Texas Instruments
MAX232ING4

-40

75

-55

125

Values taken from TEL 2
Series datasheet

-32

100

-32

100

Values taken from Minco
website

-40

85

-40

100

Values taken from
AQV25-series datasheet

-90

155

-90

155

Values taken from ZL xxxx
STZ 2 series datasheet

-55

125

-55

125

Values taken from Digikey

-40

50

-65

150

Values taken from MAX232
datasheet
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D-sub Cable

Description Pole number Will Connect to

SCK, clock
MOSI,
MISO
CP_acc, chip select
Pulse output
12V
Interupt pin accelerometer
GPS CMOS from Arduino
GPS CMOS to Arduino

1
2
3
4
5
6
7
8
9

Arduino ICSP middle inner pin
Arduino ICSP middle outer pin
Arduino ICSP inner away from SD-card
Arduino pin 2
Arduino pin 3
Arduino pin Vin
Not needed
Arduino pin 16
Arduino pin 17

Digital_Out

PT cmos to arduino
PT cmos from arduino
PT overpressure
PT tare input
PT Tare output
Control heaters
Control heaters
Output Thermometer
Digital GND

1
2
3
4
5
6
7
8
9

Arduino pin 19
Arduino pin 18
Not needed
Not needed
Not needed
Arduino pin 51
Arduino pin 53
Arduino pin A7
Arduino GND

Analog_out

Reference array
Array
Anemometer out
GND
GND
GND
GND
GND
GND

1
2
3
4
5
6
7
8
9

Arduino pin A9
Arduino pin A10
Arduino pin A11
Should be best to leave floating
Short to previous pin
Short to previous pin
Short to previous pin
Short to previous pin
Short to previous pin

GPS input + Power

Pulse output
GPS RS232 to GPS
GPS Rs232 from GPS
5V
Digital GND
3.3V
5V
12V
28V

1
2
3
4
5
6
7
8
9

To GPS, Yellow cable
To GPS RX, green cable
To GPS TX, white cable
To GPS Vin, red cable
PSU power output pin 5 + GPS GND
PSU power output pin 1
PSU power output pin 2
PSU power output pin 3
PSU power output pin 4

Reference_array_in

28V
Gain Select
Array output
Gain Select
28V
GND
GND
GND
GND

1
2
3
4
5
6
7
8
9

28V
Gain Select
Array output
Gain Select
28V

1
2
3
4
5

Digital_out_acc_GPS

Array_in
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GND
GND
GND
GND

6
7
8
9

Digiquartz Pressure
Transducer 6000-16B

Digital GND
PT RS232 from PT
PT RS232 to PT
Digital GND
Tare output
Tare input
Overpressure
12V
-

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

To same poles on the Pressure Transducer

Kopplingsplint, from
Heater

Relay 1
Relay 1
Relay 2
Relay 2

1
2
3
4

To heater 1
To heater 1 (not needed)
To heater 2
To heater 2 (not needed)

Kopplingsplint, to
Heater

12V
12V
12V
12V

1
2
3
4

To heater 1
To heater 1
To heater 2
To heater 2

PSU, power output

3.3V
5V
12V
28V
GND
-

1
2
3
4
5
6
7
8
9

GPS input + Power pin 6
GPS input + Power pin 7
GPS input + Power pin 8
GPS input + Power pin 9
GPS input + Power pin 5
-

PSU, Power input

28V
GND
-

1
2
3
4
5
6
7
8
9

Power cable from gondola
Ground of power cable from gondola
-

Figure 147: All cables and their connections, colors of the poles match the colors of soldiered
on wires
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Electronics design
The components to the anemometer are located on the analog side of the main PCB. On the
same PCB but on the digital side the accelerometer and a thermometer is located. The rest
of the main PCB is mainly D-sub contacts that both receive data from instruments, send it to
the Arduino, and power the instruments up. The Minco heaters will have their relays on and
get their power from the main PCB as well.

Figure 148: The PCB design of the main PCB

Page 226

BX24 EXIST SEDv5-0 29Jan18

- 227 -

Figure 149: The PCB design with ground planes of the main PCB
In figure 148 the main PCB is seen with the large black gap being the split between the
digital(left) and analog(right) ground plane. The two planes are connected by a low resistance
resistor, the reason being it is easy to remove for testing purposes. The only traces going over
this gap are the supply voltages that are needed on the analog side, 28 and 5 volt.
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Figure 150: The schematic of the main PCB

Page 228

BX24 EXIST SEDv5-0 29Jan18

- 229 -

Figure 151: The schematic of the anemometer
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Figure 152: The anemometer on the PCB
Two instruments uses RS-232 as communication which the Arduino cannot handle. Therefore
the signals are converted to 3.3V CMOS communication with an integrated circuit, as seen in
fig.(153) and fig.(154)

Figure 153: The conversion circuit from RS-232 to CMOS
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Figure 154: The PCB design of the conversion circuit
The PSU PCB will be connected to the power from the gondola through a D-sub and converting
it to the right voltages before passing it on to the main PCB, also through a D-sub.

Figure 155: The schematics of the PSU
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Figure 156: The PCB design of the PSU
The fuses on the PSU-board will only be used during testing and will be shorted with soldered
on cables before the launch campaign. Each DC-DC converter was tested to be ensure that
the ripple voltage and noise are in an acceptable range, less than 100 mV pk − pk. This was
done by placing a resistor as a load and measure the voltage over it. See 5.3.1 for test results
and figures.
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Electrical Budget

Catagory
Main PCB:

Anemometer:

D-Subs:

PSU:

L/C components:

Other inside box:

Other:

Part

Accelerometer
Thermometer
Relay
RS-232 to CMOS
Amplifier
Potentiometer
Power resistor
Diod, 75V
Diod, 150V
9p male, cable
9p female, PCB
15p male, cable
15p female, PCB
9p female, PCB horizontal
15p female, cable
Kontaktplint, 4p, 3.5mm
PCB

Supplier

Quantity
Price incl. Price x
Required Price SEK
VAT
Amount
(with spares)

Sparkfun
Elfa
Elfa
Digi-Key
Elfa
Elfa
Elfa
Elfa
Elfa
Digi-Key
Digi-Key
Digi-Key
Digi-Key
Elfa
Digi-Key
Elfa
Multiteknik

7
4
6
4
3
3
3
6
6
40
20
10
5
10
10
10
6

127,00 kr
112,00 kr
58,60 kr
9,30 kr
25,60 kr
29,20 kr
8,89 kr
0,24 kr
0,75 kr
9,56 kr
19,38 kr
8,86 kr
18,68 kr
35,90 kr
8,86 kr
12,50 kr

127,00 kr
140,00 kr
73,25 kr
9,30 kr
32,00 kr
36,50 kr
11,11 kr
0,31 kr
0,94 kr
9,56 kr
19,38 kr
8,86 kr
18,68 kr
44,88 kr
8,86 kr
15,63 kr

889,00 kr
560,00 kr
439,50 kr
37,20 kr
96,00 kr
109,50 kr
33,34 kr
1,83 kr
5,63 kr
382,40 kr
387,60 kr
88,60 kr
93,40 kr
448,75 kr
88,60 kr
156,25 kr
2 100,00 kr

DC-DC 12V
DC-DC 5V
DC-DC 3.3V
Decoupling Capacitor
Fuses, fast blow
1 uH, 1.2 A
10 uH, 1.3 A
40 uH, 2 A
PCB
Fuse Holders

Elfa
Elfa
Elfa
Elfa
Elfa
Elfa
Elfa
Elfa
Multiteknik
Elfa

3
3
3
50
30
10
10
10
6
10

367,00 kr
351,00 kr
171,00 kr
1,34 kr
1,59 kr
2,57 kr
6,62 kr
9,58 kr

458,75 kr
438,75 kr
213,75 kr
1,68 kr
1,99 kr
3,21 kr
8,28 kr
11,98 kr

18,80 kr

23,50 kr

1 376,25 kr
1 316,25 kr
641,25 kr
83,75 kr
59,63 kr
32,13 kr
82,75 kr
119,75 kr
2 100,00 kr
235,00 kr

Arduino Due
Ethernet shield
GPS
Heating pads
SD-card

Elfa
Elfa
Elfa
Minco
Elfa

4
4
3
6
3

342,00 kr
207,00 kr
710,00 kr
382,00 kr
94,70 kr

427,50 kr
258,75 kr
887,50 kr
382,00 kr
118,38 kr

1 710,00 kr
1 035,00 kr
2 662,50 kr
2 292,00 kr
355,13 kr

Switch
Power Cable, 100 ft
Ethernet Cable, 100 ft
Ethernet Cable, 50 ft
Power connector,MIL
Power connector,MIL, male
Thermal Paste
White Spray Paint
RJ-45
Plastic part to RJ-45

Elfa
Mouser
Digi-key
Digi-key
Elfa
Elfa
Elfa
Elfa
Digi-Key
Digi-Key

1
2
1
2
3
3
0
1
5
5

1 275,00 kr
1 852,00 kr
2 703,00 kr
2 088,00 kr
205,00 kr
91,10 kr
170,00 kr
112,00 kr
160,00 kr
130,00 kr

1 593,75 kr
1 852,00 kr
2 703,00 kr
2 088,00 kr
256,25 kr
113,88 kr
212,50 kr
140,00 kr
200,00 kr
162,50 kr

1 593,75 kr
3 704,00 kr
2 703,00 kr
4 176,00 kr
768,75 kr
341,63 kr
0,00 kr
140,00 kr
1 000,00 kr
812,50 kr

Total:
Money Available
Money Left

11 068,52 kr

Figure 157: The budget for the electrical division
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The budget for the electrical division have exceeded the amount given initially. This is however
not a big problem since the mechanical and software division did not need all of their allotted
money, which is not added into the electrical money in the budget above.

Software Calculations
Determination of the uplink data rate
Uplink will only be used to change mode and restart the system, only a few times per flight if
all goes to plan. The data to be sent up is 16 bits and the TCP header has a size of up to
480 bits. Adding the IP header and the Ethernet frame, the total size of one transmission will
be approximately 1120 bits. This will be sent a maximum of once per second. This makes the
uplink data rate 1120 bit/s. 2 kbit/s will be used to include a safety margin.
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Detailed Mechanical Component List

Figure 158: Mechanical Component List with order status
Table 38: General mechanical budget green=underbudget, yellow=TBC, red=overbudget)
Components

Allocated [SEK]

Actual [SEK]

Allocated [EUR]

Actual [EUR]

Aluminum
Machine Elements
Insulation
Manufacturing
Structural Testing
Thermomechanical Testing
Tools
Total Cost:

0
2500
2000
0
0
0
5500
10000

0
2364
969
0
0
0
2025
5358

0
259
207
0
0
0
259
1035

0
245
100
0
0
0
210
555

As of 19/09/2017 and From figure 158, it can be seen that all components have arrived where
the only thing left to do is to weigh some components. It can be noted that the Mechanical
total budget has been reduced by 3000 SEK, as this was transferred to Electrical. There was
some big financial reductions that have also been made due to the fact that both NSR and
Progatec have waived any invoice; effectively sponsoring 100% of the costs. Also only half of
the initial Styrofoam was purchased due to over-calculation, and the EXIST team completed
all of the structural and thermomechanical testing for free.
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Figure 159: Diagram taken from the BEXUS user manual and edited to show the position of
the sensor boxes.
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Full sized Mechanical Division Pictures
Sensor Box Views

Figure 160: Full size view of the front of the sensor box with the full insulation, including the
white thermal gaffa tape.

Figure 161: Full size view of the front of the sensor box showing the components.
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Figure 162: Full size view of the components in the fastening system.

Figure 163: Full size view of all the main components in the sensor box.
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Figure 164: Full size back view of all the main components in the sensor box.
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Figure 165: NOT TO SCALE view of the flight train with both the sensor boxes fastened.
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Relay Box Views

Figure 166: Full view of relay box without the external insulation.
The above was agreed and implemented, as can be seen in figure 166

Figure 167: Full view of relay box showing the components inside.
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Figure 168: Full view of position of relay box inside the BEXUS gondola.

Figure 169: Full view of the entire BEXUS Gondola with the relay box inside.
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Sensor Box Center of Mass

Figure 170: View of the centre of mass of the sensor box in the XY plane.

Figure 171: View of the centre of mass of the sensor box in the ZY plane.
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Relay Box Center of Mass

Figure 172: View of the centre of mass of the relay box in the XZ plane.

Figure 173: View of the centre of mass of the relay box in the YX plane.
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Figure 174: View of the centre of mass of the relay box in the YZ plane.
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Sensor Box Simulations
This section shows the results of various simulations of the experiment. In all of the below
situations, the parameters are set to replicate what is specified in the BEXUS user manual in
order to accurately simulate the effect of both cut-off and landing. These parameters measure
to a ∼ 12g, 10g in the vertical axis and 5g in the horizontal axis.
Simulation on Fastening Bar with 12g force

Figure 175: Full view of the von Mises stress analysis on the fastening bar, with a mesh size
of 1 and a sag size of 0.5.
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Figure 176: View of the forces applied in this simulation.

Figure 177: View of the maximum von Mises stress point.
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Figure 178: Full view of the displacement of the part, with a 200x amplification for easy
visualization.
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Simulation on Main Frame Assembly with 12g force

Figure 179: Full view of the von Mises stress analysis on the main frame assembly bar, with
a mesh size of 1mm and a sag size of 0.5mm.

Figure 180: View of the forces applied in this simulation.
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Figure 181: View of the maximum von Mises stress point.

Figure 182: Full view of the displacement of the part, with a 200x amplification for easy
visualization.
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Simulation on Main Frame Assembly with 12g force

Figure 183: Full view of the von Mises stress analysis on the joint fastening bar and main
frame assembly, with a mesh size of 1mm and a sag size of 0.5mm.
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Figure 184: View of the forces applied in this simulation.

Figure 185: View of the maximum von Mises stress point.
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Figure 186: Full view of the displacement of the part, with a 200x amplification for easy
visualization.
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Figure 187: View of materials with their properties used in the Catia FEA structural analysis
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Figure 188: Properties in different temperatures regarding the different selected cryogenic
steels
[28].

Photographic Progress of Mechanical Division Manufacturing and Testing

Figure 189: A labelled view of the mechanical components received from manufacturing
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APPENDIX D - Checklists
The following checklists summarize steps and procedures for the experiment tests, and assembly
of the Sensor Box.

Test 4 - Operational Test for Software
• Check that all data is properly saved to SD-card on EXIST-OB, EXIST-GC and EXISTMLG.
• Check that all data is properly sent to EXIST-GC from EXIST-OB, between the sensor
boxes and to EXIST-MLG.
• Send all expected commands to EXIST-OB to check event detection software and overall
behavior.
• Send unexpected/random commands to EXIST-OB to check overall behavior.
• Send expected data to EXIST-GC to check overall behavior.
• Send unexpected/random data to EXIST-GC to check overall behavior.
• Check that the data save speed is at least 14 kbit/s.
• Disconnect and then connect all cables to sensors, power and Ethernet to see how the
software handles the event.
• Make sure that EXIST-OB takes less than 0.3 ms to read all analog signals.
• Make sure that the SD-card can hold enough data.
• Go through the verification matrix to make sure everything related to this test have been
checked.

Sensor Box Mechanical Assembly
Before and during the launch campaign, the mechanical team needed to assemble and disassemble the sensor boxes many times due to testing and integrating components. To fully
assemble and disassemble the experiment the following tools were required.
1. Hex key (Allen key), M3, M4, M8.
2. Ratchet wrench, M3, M4, M6, M8.
3. Pliers to hold nuts and washers.
The following steps were followed to disassemble and assemble the sensor boxes. This details
the assembly steps for the lower box with pressure transducer, the upper box with dummy
weight was easier to assemble and therefore some of the steps were skipped. Washers were
used for all PCBs (non conducting PVC spacers between PCB and mechanical body, frame
and plates). For all the attachments onto the frame and the plates, bolts were used, which
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meant that the hex keys and ratchets were used. The assembly steps are listed in descending
order:
1. Attached the anemometer with clamps into large M8 holes on bottom plate, used hole
closest to unbent edge with ratchet and hex key.
2. Inserted bottom plate to frame and bolted using M4 bolts, washers and nuts.
3. Bolted bottom plate to frame using steel spacers, bolts and washers. Used thermal paste
between contact surfaces of plate and frame.
4. Used Hex key and ratchets (M3) to connect internal array to bottom plate.
5. Inserted pressure transducer into cut out hole in top plate and insert both into frame.
6. Fastened the power PCB to the frame, M3 bolts, washers and nuts.
7. Bolted top plate to frame, M4 bolts, washers and nuts. Used thermal paste between
contact surfaces of plate and frame.
8. Bolted the pressure transducer into bottom plate using countersunk M3 bolts, nuts and
washers.
9. Attached ”Main PCB” on bottom plate using spacers between PCB and plate.
10. Attached the GPS to the top plate using one M3 bolt and washer between bolt head
and plate.
11. Secured the Arduino with M3 Bolts washers and nuts, including shield.
12. Bolted the fastening bar to the frame, using M4 bolts, washers and nuts. Used thermal
paste between contact surfaces of bar and frame.
13. Connected cables, bolt D-sub cables using D-sub bolts.
14. Inserted experiment into bottom part of insulation, later put on top part of insulation
when fitted correctly. Lastly insert cover for Anemometer and small insulation pieces into
slots on top part of insulation.
15. Fastened safety straps on insulation.
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RECOVERY SHEET
EXIST BX24

1. REMOVE WHITE SAFETY STRAPS (2)
2. REMOVE VELCRO-ATTACHED INSULATION BY LIFTING
VERTICALLY
3. UNFASTEN CABLE CLAMPS:
i. UNFASTEN M6 BOLTS (4) USE 10MM SPANNER
ii. UNFASTEN LOCK NUTS (4) USE 5MM ALLEN KEY
(CLAMPS MAY REMAIN ON CABLES)

4. UNPLUG BAYONET POWER CABLES (2)
5. UNPLUG ETHERNET CABLES (2)
(CLIPS FACING DOWN)

6. CUT VELCRO CABLE TIES CONNECTING CABLES TO
GONDOLA FRAME
7. PULL CABLES OUT FROM GONDOLA. CABLES TO
REMAIN WITH FIGHT TRAIN
8. TWO SENSOR BOXES REMAIN ON FLIGHT TRAIN
HANDLE WITH CARE !
PICTURES ON BACKSIDE
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APPENDIX E - Extended Scientific Background
Scientific Background
Just as in any field of study, setting boundaries institutes interest in what lies outside the limits.
Infrasound is defined as a wave with frequency lower than that of human hearing, namely 20
Hz as an upper limit [1]. The perfect place to monitor infrasound is in the stratosphere since
the noise decreases at higher altitudes, but the amount of measurements conducted there are
limited to a few in the early 1960’s [17], and the High Altitude Student Platform (HASP)
experiments in the 2010’s [4]. The atmospheric study of infrasound is therefore a sparsely
investigated subject in which the EXIST group intend to further humankind’s knowledge.
Environmental Influences and Atmospheric Infrasound
The Newton-Laplace equation can be seen in equation 27, where γ is the adiabatic index, k
is Boltzmann’s constant, and T is the temperature. From this, it can be concluded that the
speed of sound is proportional to the square root of the temperature.
r
cideal =

γkT
m

(27)

This, in turn, can explain an important phenomena that occurs in the lower atmosphere. Generally speaking, an increase in altitude leads to a linear temperature decrease. This implies
that the speed of sound decreases with height, and considering only vertical propagation of
sound waves in a medium with a negative temperature gradient, the speed of sound will encounter a retardation. A two dimensional ground-level source producing a circular sound wave
propagation will tend to bend upward.
In the troposphere, where there is a negative temperature gradient, the sound wave bends
upwards. As the altitude increases, the sound waves will begin propagating through the ozone
infused stratosphere, and the temperature gradient inverts, becoming positive; the temperature in the stratosphere increases with altitude due to the ozone absorbing UV-radiation. This
will tend to bend the sound waves back down again. The two effects together ensure a stable
propagation layer for any sound waves produced in the lower atmosphere [1].
Due to a multitude of attenuation effects in the medium, the atmosphere, higher frequency
sound is absorbed while lower frequency sound can more easily pass through [31]. The two
main mechanisms that cause the attenuation of high frequency sound waves are the classic
effect and the relaxation effect [13]. The attenuation is, in both cases, a function of the
frequency squared [15].
The vertical component of the propagation is lost when measuring infrasound on the ground,
since the sound is normally only measured in two dimensions in the azimuth plane. Some
sources of infrasound might only produce sound with a vertical polarization which makes balloon measurements important as a complement to ground measurements. The interesting
bending of the sound waves in the troposphere and stratosphere is relatively uncharted since
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the ground stations have no chance of detecting this. The largest noise factor for infrasonic
measurements is wind. This makes balloon measurements, again, very attractive since the
balloon will follow the wind, making the relative wind speed very low. The air is also very thin,
resulting in less noise [38].
Another potential source of noise is the vibration of the flight train. The eigen frequencies of
the string has been calculated with the help of equation 28, the equation for a string under
tension. Values used includes for the harmonic number: K = 1, 2,..., 48, for the length of the
BEXUS flight train: l = 35 m [9], the mass of the payload and instruments on the flight train:
m = 144 kg [9], the density of the flight train: µ = 57 kg/35 m = 1.6285 kg/m [9].
K
f=
2l

r

mg
µ

(28)

This is an ideal case, since an exact solution adapted to the case of a BEXUS flight train is
extremely complicated [5]. The result of the fundamental and the first 47 overtones can be
seen in table 39. The reason for the large number of frequencies in the report are the fact
that they are all in the infrasonic range, giving an approximation of how many flight train
frequencies that might be encountered.
Table 39: The harmonics of the eigen frequency of the BEXUS flight train in the infrasonic
range
Harmonic
number
Fundamental
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Frequency
[Hz]
0.4210
0.8421
1.2631
1.6842
2.1052
2.5262
2.9473
3.3683
3.7894
4.2104
4.6314
5.0525
5.4735
5.8946
6.3156
6.7366
7.1577

Harmonic
number
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Frequency
[Hz]
7.5787
7.9997
8.4208
8.8418
9.2629
9.6839
10.1049
10.5260
10.9470
11.3681
11.7891
12.2101
12.6312
13.0522
13.4733
13.8943
14.3153

Harmonic
number
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Frequency
[Hz]
14.7364
15.1574
15.5785
15.9995
16.4205
16.8416
17.2626
17.6837
18.1047
18.5257
18.9468
19.3678
19.7889
20.2099

Previous Atmospheric Measurements
Several high-altitude balloon experiments (16.7 to 22.8 km) were carried out in the 1960’s
to map the acoustic sounds, occurrence of infrasound and turbulence in the stratosphere.

Page 270

BX24 EXIST SEDv5-0 29Jan18

- 271 -

Signals from aircrafts and other unknown sources were picked up and also a steady background noise of 0.000002 N/cm2 were monitored, but other sources ranging from 0.0000003
to 0.00001 N/cm2 were also picked up. The spectrum decreased in energy with a slope of
6 db/octave and by using several probes it was concluded that most of the background originated from a multitude of independent sources at lower altitudes in the atmosphere. These
sources were deemed as turbulent eddies in the atmosphere [39] [40] [7]. From these measurements to the following ones it would take around 50 years, when Dr. Daniel Bowman
and his team took part in the High Altitude Student Platform (HASP) in 2014. HASP is a
North American student program affiliated with both NASA Balloon Program Office (BPO)
and Louisiana Space Consortium (LaSPACE) and is very similar to BEXUS in nature. Dr.
Bowman has been flying experiments similar to EXIST in 2014, 2015, and 2016, all on HASP
balloons. The main instrument used was an infrasound microphone constructed by Dr. Jeffrey
Johnson, consisting of two ports separated by a diaphragm. Data from all 9 microphones (4
on the gondola and 5 on the flight train) was logged using Omnirecs Data-Cube-3. On board
were also an accelerometer, a thermometer, and an anemometer [4].

Dr. Bowman’s results are very interesting, with high amplitude spikes, thought to belong to
thunder, and a broad energy band, probably due to the ongoing storm [12]. The EXIST team
has a great collaboration with Dr. Bowman, as he’s agreed to be a scientific advisor to the
team. Some relevant and memorable information the EXIST team can use include:
• That temperatures will get extremely cold in a worst case scenario, such as if the experiment is flown at night. It can cause slight discrepancies (pressure fluctuations). This low
temperature should not be underestimated and adequate testing must be completed.
• There was a variety of disturbances coming from within the gondola. This is in Dr
Bowman’s opinion the most important factor to consider.
• Make the sensor boxes white, since flights at day time can cause high temperatures.
All of the HASP flights have been done over New Mexico and Arizona (USA), leaving the
question of measurements in the rest of the world open. Infrasonic measurements in the arctic
region has never before taking place.
Applications
Weather Tornadoes and other vortexes are known sources of infrasound in the atmosphere
due to core vibrations, core bursting, shear instabilities among other things [25][15]. From
listening for and analysing these sounds one can detect vortexes and their characteristics. Especially for smaller vortexes, infrasound can provide a lot of important information because
commonly used methods have a hard time detecting them [25]. Storms and thunder produce
infrasound that can be used to estimate the location and energy of the storm [15].
Better understanding of the connection between weather and infrasound gives the possibility
to detect and predict storms more accurately and possibly predict other things about calmer
weather, making this very interesting for meteorologists. Turbulence in the air is also a source
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of infrasound and it would in theory be possible to equip airplanes with instruments to detect
this, making the airplane able to avoid or compensate for the rough air [15].
Meteors and Auroras Large meteoroids produce shock waves when entering the atmosphere
which over a long distance will transform into infrasound. The fragmentation of the meteor
can further produce shock waves which also can be detected. Besides detecting meteors and
their direction, the kinetic energy of it can also be calculated from the infrasound [17].
Auroras have also been shown to be a source of infrasound. A 2 Hz signal was recorded in
Kiruna in 1971, and is thought to be a product of the auroras. However, no final conclusions
were made, partly due to potential interference from human-made sound [17]. The relationship
between aurora and infrasound is not known but there are two main hypotheses:
• The motion of auroral arcs, contain strong electrojet currents, which set up a shock
wave [18]
• Auroral electrons cause heating in the atmosphere.
Volcanoes Volcanic eruptions are sometimes able to create powerful infrasonic sound waves
that are able to travel long distances, even around the earth. A benefit of being able to detect
these is that it requires no visible confirmation and can be measured at a long distance which
avoids the problem caused from the smoke and ash eruption. Detecting an eruption from a
long distance is very beneficial, but a difficulty of measuring this is the global winds that effect
the sound waves. High altitude wind speed must be taken into consideration and be corrected
in order to successfully locate the origin [6]. Using infrasound to locate and measure volcanic
activity can warn aviation to avoid the area where a volcano has erupted. Data can be collected from the IMS network and compliment the data from other volcanic activity measuring
system such as the ’Volcanic ash measuring system’. Depending on how large the volcanic
eruption is, which can range from a few KT up to hundreds of MT of TNT, the frequency
and pressure may vary greatly at distances. A large explosion can create infrasound with a
frequency range of somewhere between 0.002 − 20 Hz and a pressure wave in the nearby
area of about 100 P a. This propagation can travel thousands of kilometers with a pressure of
about 10 P a [1].
Even if the sound waves from volcanoes are able to propagate throughout and around the
planet, the importance of localising and understanding their specific properties change when
on Earth. In the polar region and around Kiruna volcanoes or volcanic activities are not as
prevalent as other countries or regions.
Earthquakes Earthquakes are also a source of infrasound where the waves are both transferred to the atmosphere where they are refracted around the Earth as well as propagate in the
Earth as ’Rayleigh waves’. The Rayleigh waves that travel in the solid earth can be diffracted
by mountains which causes a wave propagation. The refraction of the sound waves created by
earthquakes occur at an altitude of about 110 km up in the atmosphere [14]. The infrasound
from the earthquakes return back to earth around 200 − 250 km away from the center of the
quake [14]. The frequency range of the waves created can be between 0.1 − 16 Hz and the
amplitude can be between 0.09 − 1 P a. In order to locate the source of infrasound from a

Page 272

BX24 EXIST SEDv5-0 29Jan18

- 273 -

specific station several factors such as the duration of the waves, propagation in the earth,
or the atmosphere and the azimuth and its deviation, as well as the average velocity of the
waves is needed. An example to interpret and process the sounds created from earthquakes
are Fourier domain correlation beam formers as well as a processing algorithm used by J. Paul
Mutschlecner and Rodney W. Whitaker [14]. Applications of studying infrasounds can be
many, to measure the magnitude the amplitude of the infrasonic waves has to be known, and
can be calculated with this equation log(A) = 0.55M − 4.01 Where ’A’ is the amplitude of
the wave and ’M’ is the magnitude of the earthquake [14]. Other than just determining the
magnitude infrasound measurements can also give a deeper understanding of the Earth itself.
Seismology has highly improved the understanding of the inner workings of the Earth and it
has been shown that many activities, such as earthquakes, radiate energy both into the crust
and atmosphere of the Earth [18]. Several studies have been made where conversion between
seismic energy and infrasound has been used. Research has shown that the atmosphere exhibits
three different kinds of waves in the seismic spectra.
1. Background internal gravity waves at 1 to 5 mHz with a phase velocity of 50 m/s
2. Background acoustic waves with frequency dependent phase velocity ranging from 0.1 Hz
and 400 m/s to 0.01 Hz and 800 m/s
3. Microbaroms caused by standing waves ranging from 0.1 to 0.5 Hz with a phase velocity
of 350 m/s
It has been shown that microbaroms and microseisms at 0.1 − 0.5 Hz, caused when gravity
waves interact with the waves in the atmosphere such as during a storm, exhibit very similar
power spectra and also the same temperature and seasonal variation. Earth’s free background
oscillation at 2 to 7 mHz is the major cause of noise during ground measurements. They are
thought to be caused by atmospheric turbulence and research has shown that the excitation
of these waves occur in mountain ranges and not caused by the internal gravity waves because
the phase velocity does not match [16]. An added scientific study of waves propagating
through the atmosphere can further complement the scientific studies of seismic activities.
The synergy between these fields is quite apparent and not only because of source similarities.
A study of waves propagating in the atmosphere gives a new non-opaque material through
which infra-sound travels and can give further understanding on how the waves distort.
Calving The phenomenon of calving is when giant blocks of ice separate from glaciers or ice
bergs fall off into water [11]. The giant waves created by this in turn creates infrasonic sound,
with a frequency range of 0.5 − 8 Hz and pressure range of about 0.01 − 1 P a. The sounds
created from them are picked up from the IMS. An example of a station which measures this
in particular is located on Greenland at a latitude of 77.5◦ north. An application for measuring
this is to gather information about the increasing temperature since the number of calving
events from icebergs and glaciers could be linked to the increasing temperature [1].
For a nice overview of the different applications and areas of research from different infrasound
source, please see figure 190.
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Figure 190: Potential applications for understanding infrasound sources [15]
Some sources EXIST are likely to capture are:
1. Microbaroms caused by standing waves from the Norwegian Sea, Barents Sea, and Gulf
of Bothnia ranging from 0.1 to 0.5 Hz with a phase velocity of 350 m/s [16]
2. Mine explosions in the area [37]
3. Background internal gravity waves at 1 to 5 mHz with a phase velocity of 50 m/s [16]
[8]
4. Background acoustic waves with frequency dependent phase velocity, ranging from
0.1 Hz and 400 m/s to 0.01 Hz and 800 m/s [16]
5. Aviation [1]
Infrasound on Terrestrial Planets and Future Missions
Infrasound studies are not only applicable on Earth, but also on other planets to investigate
different processes such as volcanic activities and severe weather. An advantage for such a
study is that the basic technology of infrasound detection already exists. But using these
technologies, on a planet like Venus, can be a challenge due to the extreme temperatures.
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Despite that, there are studies and future missions that include examinations of infrasound on
terrestrial planets like Mars and Venus.
Mars It is known that the pressure in the Earth’s stratosphere is similar to the atmosphere
close to the surface of Mars. Therefore, a deeper understanding of infrasound in the stratosphere may help future investigations of the Martian atmosphere and weather conditions such
as dust devils [29]. Mars dust is a major threat to both robotic and human exploration of
this planet. These Martian dust devils can be enormous and could damage computers and
sensitive electronics, and interfere with radio communications.
In May 2018, the Mars lander InSight (Interior Exploration using Seismic Investigation, Geodesy
and Heat Transition) will be launched to study the red planet’s deep interior. In this mission,
there will also be a pressure sensor that will be sampled at 20 Hz, and have a noise level on
the order of 5 mP a. With this sensor, researches expect that this may open up possibilities to
measure infrasound coming from bolide impacts or other events [23][22][2].
Futhermore, the mission ExoMars 2020 may carry an instrument called Mars Microphone.
This instrument is expected to detect Martian infrasound coming from dust devils, wind,
asteroid impacts, and thunderstorms [20] .
Venus This planet has a thick atmosphere and a very hostile environment, where the temperature of the surface can reach 470◦ C due to the greenhouse effect that the CO2 creates.
It also has volcanoes and craters between 1.5 and 2 km in diameter. Since the smaller meteoroids burn up in the thick atmosphere of Venus, only the larger ones reach and create impact
craters [24]. That’s why the examination of infrasound could help scientists to understand
infrasonic sources and seismic events both on Venus, the Earth, and other planets.
Unfortunately, there are no planned missions for infrasound detection on Venus and also developing the technology for such a hostile environment can be challenging. Therefore, in 2014,
a KISS (Keck Institute for Space Studies) study called ”Venus Seismology” was conducted,
where development of seismic sensors that can operate at the surface of Venus and other
technologies that can be done in the middle atmosphere of Venus or in space.
A major accomplishment of this study was the recognition that quakes on Venus produce
strong infrasound signals that can be measured as pressure at altitudes where long duration
measurements are possible and the temperature is similiar to Earth’s. The goal of this investigation is to build a sensor instrument that can measure the infrasonic waves and to test it
on Earth with a balloon, similar to the planned one for Venus [27].
Ground Stations
Swedish Infrasound Network The Swedish Institute for Space Physics (IRF) started to
research ionospheric infrasound during the beginning of the 1960’s. The goal was to listen to
propagation from volcanoes, supersonic jets, and industrial sources [37]. The global interest
in infrasonic measurements began shortly after, when instruments started to pick up signals
from distant nuclear tests [17].
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Figure 191: Some national ground station networks together with the IMS stations [37]

International Monitoring System The International Monitoring System (IMS) is a world
wide network of infrasound sensors created to capture infrasound caused by nuclear detonation. This is to verify that all countries follows the Comprehensive Nuclear-Test-Ban Treaty
(CTBT) [37].
The IMS and SIN often work together, since the national network is far denser and therefore can pick up on smaller emissions, whereas the IMS have the advantage of worldwide
measurements [37].
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Figure 192: Mines (red) and ground stations (black) in northern Scandinavia [37]

Ground stations and EXIST In figure 191 both the IMS stations (black) and national
stations (white) can be seen. The EXIST team has a good collaboration with Dr. Johan
Kero, scientist at IRF, who is working with infrasound in the area. Through him the team will
have access to data from the Norweigan IS37 IMS station, and possibly from stations located
in Germany, Russia, and Kazakhstan as well. The SIN data is accessed through open source
access.
Dr. Kero will also collaborate with the team on tasks such as post-processing and analyzing data, the EXIST team will have access to the software IRF is using for analyzing.
The advantage of getting access to data measured at the same time the BEXUS balloon
will fly, is the possibility of having a reference for the data obtained, what type of waves might
be picked up, and recognize the pattern to determine the source, it will be even more interesting to see how these sources behave in the atmosphere. An example of this could be the
mines located in this area. They can be seen as red stars in figure 192, and by knowing the
time and location of emitted infrasound it provides an excellent reference as well. In fact, this
is a common method for determining the quality and accuracy for IMS sensors. At the ARCES
station in northwest Russia this has been done for years by listening to detonations from the
Kovdor mine [35]. Another common way to quality test the instruments is to compare them
to bonides [36]. The EXIST team will probably not be fortunate enough to capture this sound
since those are erratic events.
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Figure 193: The worldwide IMS ground station network [37]
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Appendix F - Project Planning
This appendix presents figures containing in-depth information regarding the project planning
and time distribution of the EXIST project. It also includes a detailed list of the purchases
made during the course of the experiment.
First the summarized and the extended Gantt charts are presented. The addition of the
summarized chart was been made to simplify comparison. Afterwards figures 195 through 207
represents each member’s approximate hour delegation and reported worked hours based on
the color and hour scheme in Table 40. This was originally an hour delegation based on their
own personal scheduling from RXBX workshops, exams, vacations, and jobs. As the project
continued this workload distribution was followed up through weekly reports from each division
and member including an approximate amount of hours spent on project work packages per
week. As of mid March, the schedules have been updated to present actual work hours ,
up until present day, based on those weekly reports. The first two months were therefore
unconfirmed estimations, and were therefore not included in the left-hand side summery of
each schedule.
The extended work breakdown structure is presented afterwards, and the results from the
Belbin test that each member conducted, can be seen in figure 208. The Belbin test is one
of several Team Inventory behavioural tests. Each member of the EXIST team completed a
special made Belbin test put together by Alex Kinnaird of the REXUS/BEXUS group. Lastly,
the agreement between IRF and EXIST can be found as a letter of intent that Dr. Kero would
pick up the Japanese instruments. The last part of the appendix shows a detailed list of all
the purchases made by all the divisions. All costs are in SEK and includes the quantity, list of
items and it also describes from which assets the item was purchased from.
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Management
PM.1 - Project Manager:
PM.1.2 Project Planning
Project Phases
Design Phase
Soft Testing Phase
Manufacture Phase
Full System Testing Phase
Launch Campaign
Post-Processing Phase
Exam Periods
Exam Period 1
Exam Period 2
Exam Period 3
Exam Period 4
Exam Period 5
Exam Period 6
Exam Period 7
Delivery of Japanese Instruments
PM.1.5 Student Experiment Documentation
SEDv1-0
SEDv1-1
SEDv2-0
SEDv2-1
SEDv3-0
SEDv4-0
SEDv5-0
PM.1.4 Setting Goals & Deadlines
Project Reviews
PDR
CDR
IPR
EAR
Final Report

Figure 194: Project Phase Chart
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Complete Gantt Chart
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Table 40: Workload explanation
h/week
40
30
20
10
0

Percentage
100%
75%
50%
25%
0%

Color code

Examples
0 course/module, SED deadline, launch, etc
1 course/module, workshop, testing, etc
2 course/module, standard expectation
Exam, trips, summer job, etc
Several exams, holiday, wedding, funeral, etc

Management

Figure 195: Robert Persson - Project Manager

Figure 196: Yared Woldu - Outreach and Economics Responsible
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Scientific Division

Figure 197: Sandra Nilsson - Data Analysis

Figure 198: Kasper Wikman - Background Research

Figure 199: Mohd Bilal - Science Documentation & Thermal Simulations
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Mechanical Division

Figure 200: Vince Still - Mechanical Integration

Figure 201: Jonas Blidnert - Structural Engineering
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Electrical Division

Figure 202: Lucas Svensson - Instrument Integration

Figure 203: Sarah Zayouna - Power Engineering

Figure 204: David Skånberg - Electrothermal Engineering
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Software Division

Figure 205: Max Nilsson - Ground Station & Software Responsible

Figure 206: Hannah Petersson - Onboard Data & Scientific Background

Figure 207: Jakob Östberg - Onboard Systems

Page 290

BX24 EXIST SEDv5-0 29Jan18

- 294 -

Figure 208: Belbin results explanation chart including strength, weakness, and risks
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