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ABSTRACT 
The objective of the experiment is to study the impact of cosmic radiation on CIGS 
(Copper Indium Gallium Selenide) solar cells. To examine the radiation-induced 
defects, the following measurements will be made on the CIGS, both before and after 
exposure of cosmic radiation, Open circuit voltage Voc and short circuit current Isc 
measured in darkness, Capacitance vs. Voltage (CV), quantum efficiency (EQE), 
Current vs. Voltage vs. temperature (IVT) and Capacitance vs. Voltage vs. temperature 
(CVT). Our literature review did not find any studies where IVT and CVT measurement 
have been measured by other research groups on CIGS solar cells before and after 
exposure to cosmic radiation. The measurements will be performed using high 
precision measuring devices from Uppsala University. In addition to this the on-board 
temperature, total radiation counts, Voc and Isc will be measured at regular intervals 
during the flight. The project also contains a study of the annealing process of the 
defects with the aim of determining the recovery rate. One possible application of CIGS 
solar cells is in energy production for space travel therefore it is relevant to study how 
CIGS solar cells degrade due to cosmic radiation influence. 
 
The planned measurements on the CIGS before and after flight will be done by 
measuring devices that are at the frontier of solid state physics research at division of 
solid state electronics, Uppsala University. This research group is world leading in 
Photovoltaic technology and characterization of solar cells. All the components in these 
measuring devices are well tested and more than accurate enough for our analysis, 
this is guaranteed by professor Jörgen Olsson and Dr. Uwe Zimmerman, expert in 
CIGS solar cells. These devices have been used for measurements in peer reviewed 
publications such as ‘‘From Light to Dark: Electrical Phenomena in Cu(In,Ga)Se2 Solar 
Cells’’ [14]. In appendix C, table 1, the different measurement devices are listed. 
 
The solar cells in the experiment are placed on a horizontally facing plate to maximize 
the exposure. The in-flight measurements are done with Arduinos which operate from 
the electronics box. The box also contains reference solar cells protected from the 
radiation.  
 
The LODESTAR experiment is an Uppsala University student experiment. 



1 INTRODUCTION 

 Scientific/Technical Background  
Beyond the atmosphere of the Earth, cosmic radiation is a hazard that needs to be 
accounted for when designing space applications. Furthermore, solar cells are 
essential to generate electricity in space. Therefore, it is important to study the defects 
on different solar cells when exposed to such environments. The proposed experiment 
aims to study how CIGS solar cells are affected when exposed to cosmic radiation. 
Specifically, IVT and CVT measurements, which to our knowledge have not been 
employed before in the current setting, are to be performed. The expected dose from 
the cosmic radiation is based on multiple studies. The radiation spectra at different 
heights comes from a review article from the Particle Data Group [8]. The expected 
radiation intensity is based on a study of cosmic rays in the atmosphere conducted by 
the Lebedev Physical Institute, Russian Academy of Sciences [9].  
 
A Litterature study has been performed which found no previous research groups that 
have performed IVT and CVT measurements before and after exposure to cosmic 
radiation. Perhaps the most famous study on cosmic radiation induced defects in CIGS 
solar cells is by Kawakita et al. [10] who attached CIGS solar cells to the MDS-1 
satellite in GEO stationary orbit subject to several orders of magnitude higher proton 
fluence than what can be expected on BEXUS. They studied the annealing, open 
circuit voltage and short circuit current. But they did not publish any results from IVT or 
CVT measurements. IVT, CV and CVT can investigate the microscopic defects that 
determine the macroscopic behaviour of the solar cells, such as open circuit voltage 
(Voc) and short circuit current (Isc). 
 
There have been many studies of CIGS solar cells but few that use IVT or CVT 
characterization. Y. Hirose et al. studied the properties of electron-irradiated CIGS 
solar cells in 2010 but only changes in Voc and Isc [16]. In 2010 Chiharu Morioka et al. 
published their measurements of CIGS solar cells on a small satellite. The satellite flew 
in Low-Earth Orbit over a year but only measured Isc, Voc and temperature [17]. 
Friedrich Kessler and Dominik Rudmann studied technological aspects of multiple 
CIGS type solar cells in 2004, but they did not perform any IVT or CVT measurements 
[18]. 
 
In 2003 L. L. Kerr et al. did CV measurements on CIGS solar cells to study deep-level 
electron and hole traps. But the CIGS solar cells used were not, to our knowledge, 
intentionally subjected to any irradiation [19]. 
 
The measurements will be executed both before and after exposure to cosmic 
radiation, which in turn will be done using a high-altitude balloon. Moreover, 
parameters such as on-board temperature, open circuit voltage, short circuit current 
and cosmic radiation counts during the flight will be investigated. Further relevant 
attributes of the solar cell to study before and after flight include Voc and Isc measured 
in darkness, capacitance voltage (CV) and quantum efficiency. 
 

 Mission Statement 
CIGS solar cells are cost effective [15], have low mass, have environmentally friendly 
production, and potential to rival the quantum efficiency of GaAs Multijunction solar 
cells. But there is an insufficient amount of studies of the microscopic defects in CIGS 
due to cosmic radiation. Through IVT and CVT measurements before and after flight 
such an analysis can hopefully be provided. 
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 Experiment Objectives 
Main objectives: 
Obj. 1. Expose CIGS solar cells to cosmic radiation using a high-altitude balloon. 
Obj. 2. Study microscopic defects with IVT and CVT measurements before and after 
exposure. 
Obj. 3. Measure in-flight parameters such as: cosmic radiation counts, on-board 
temperature, and Voc and Isc. 
 
Secondary objectives: 
Obj. 4. Study additional CIGS attributes before and after flight, such as Voc and Isc 
in darkness, CV, and quantum efficiency. 

 Experiment Concept 
The project has three phases: Pre-flight measurements, in-flight measurements and 
exposure, post-flight measurements. Pre- and post-flight measurements are 
performed using the measuring devices specified in table 1, Appendix C, at Uppsala 
university. 
 
The in-flight measurements and the exposure is performed with the experiment itself. 
The experiment consists of two types of modules; the solar cell modules and the 
electronics module. The solar cell modules host the CIGS solar panels and one of the 
modules also holds a particle detector. The measurements and signals from one of the 
solar cell modules are sent to the electronics module where they are processed, stored 
on both a SD card and sent via the E-link to the EGSE. The electronics module also 
contains a temperature sensor and reference solar cells. 

 Team Details 
The LODESTAR experiment is an official Uppsala student experiment, but the team 
consists of students from both Uppsala, Linköping, and Lund university. 

1.5.1 Contact Point 
Team leader phone number: +46735327995,  
Email: LODESTAR.BEXUS@gmail.com,  
Team leader address: Hugo Laurell, Thomanders väg 2B, 22465, Lund, SWEDEN 
  

mailto:LODESTAR.BEXUS@gmail.com


1.5.2 Team Members 

 

Hugo Laurell 
Team Leader 
Project manager 
Current: Engineering physics at Uppsala 
University year 5. 
Group affiliation: Management group, 
Theory group 
Responsibilities: Project Planning, 
Outreach, Funding 
University: Uppsala 

 

Linus Hägg  
Documentation controller 
Payload manager 
Current: Engineering physics at Uppsala 
University year 5 
Group affiliation: Management Group 
Responsibilities: Risk management, 
Project management, Documentation 
control 
University: Uppsala 

 

Louise Augustsson, 
Design controller 
Current: Engineering physics at Uppsala 
University year 5. 
Group affiliation: Management group 
Responsibilities: Design control 
University: Uppsala 
 

 

Patrik Laurell  
Software responsible 
EGSE responsible 
Telemetry and telecommand system 
responsible 
Current: Master programme in electrical 
engineering at Lund university year 4, 
Worked as a programmer for big 
Swedish companies. 
Group affiliation: Software group 
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Responsibilities: E-link communication 
design, Software testing, Bench test 
University: Lund 

 

Tom Waern 
Theory and measurements 
Current: Engineering physics at Uppsala 
University year 5, Specialized in solid 
state physics.  
Group affiliation: Theory group 
Responsibilities: Solar cell theory, 
Measurement theory, IVT 
measurements, CVT measurements, CV 
measurements, IV measurements, EQE 
measurements 
University: Uppsala 

 

Arvid Larsson 
Software 
Current: Applied Physics and Electrical 
engineering at Linköping university year 
3.  
Group affiliation: Software group 
Responsibilities: Ground station 
software design, Storage function design 
University: Linköping 

 

Jonathan Sundell 
Mechanical design responsible 
Current: Engineering physics at Uppsala 
University year 3 BSc project worker 
(15c) 
Group affiliation: Mechanical design 
group 
Responsibilities: CAD drawings, 
Experiment construction, Vibration test, 
Bench test 
University: Uppsala 



 

Oscar Hultmar 
Mechanics 
Current:  Engineering physics at Uppsala 
University year 3 BSc project worker 
(15c) 
Group affiliation: Mechanical design 
group 
Responsibilities: Order materials, Drop 
test, Static load test, Experiment 
integration 
University: Uppsala 

 

Johan Paulsson 
Mechanics 
Current:  Engineering physics at Uppsala 
University year 3 BSc project worker 
(15c) 
Group affiliation: Mechanical design 
group 
 
Responsibilities: Mechanical design, 
Prepare simulation and CAD software, 
Temperature test, Pressure test 
University: Uppsala 

 

Dag Lindgren 
Electronic design responsible 
Current: Engineering physics at Uppsala 
University year 3. BSc project worker 
(15c) 
Group affiliation: Circuit design group 

Responsibilities: Simulation of design in 
LTSpice, Pressure test, Temperature 
test, IV measurement accuracy test, 
Bench test 
University: Uppsala 
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Lowe Lundin 
Electronics 
Current: Engineering physics at Uppsala 
University year 3. BSc project worker 
(15c). 
Group affiliation: Circuit design group 

Responsibilities: Arduino theory, 
Attending Arduino lab, Program Arduino, 
Test breadboard design with Arduino 
University: Uppsala 

 

Lowe Erickson 
Electronics 
Current: Engineering physics at Uppsala 
University year 3. BSc project worker 
(15c). 
Group affiliation: Circuit design group 
Responsibilities: Circuit design, Design 
theory, Construct design on breadboard, 
KiCad theory, Convert circuit to PCB, 
PCB construction 
University: Uppsala 



 

Elvira Brenner 
Radiation measurement 
Current: Engineering physics at Uppsala 
University year 3. BSc project worker 
(15c). 
Group affiliation: Radiation 
measurement group 
Responsibilities: PCB construction, 
Testing with radiation source, 
Temperature test, Pressure test, Bench 
test 
University: Uppsala 

 

Carl Tysk 
Particle analysis 
Current: Engineering physics at Uppsala 
University year 3. Particle analysis 
responsible, BSc project worker (15c). 
Group affiliation: Radiation 
measurement group 
Responsibilities: Geiger theory, 
Attending Arduino lab, Particle analysis, 
Construct design on breadboard, 
Convert circuit to PCB 
University: Uppsala 

 

Anton Olsson,  
Geiger counter safety responsible 
Current: Engineering physics at Uppsala 
University year 3. BSc project worker 
(15c). 
Group affiliation: Radiation 
measurement group 
Responsibilities: Circuit design, Voltage 
amplifier theory, Construct voltage 
amplifier on breadboard, Voltage test for 
constant supply to Geiger tube, Electrical 
insulation test 
University: Uppsala 
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Johan Hillborg 
COMSOL Simulations 
Current: Engineering physics at Uppsala 
University year 5. Specialized in 
COMSOL simulations. 
Group affiliation: Mechanical design 
group 
Responsibilities: Simulation of the 
design 
University: Uppsala 

 
 



2 EXPERIMENT REQUIREMENTS AND CONSTRAINTS 
 

 Functional Requirements  
F.1.: The experiment shall fly twelve CIGS solar panels 
F.2.: The experiment shall continuously measure cosmic radiation counts during the 
flight. 
F.3.: The experiment should continuously measure the temperature at both reference 
solar cells located inside the electronics module. 
F.4.: The experiment shall periodically measure Voc and Isc of the solar cells. 

 Performance requirements 
P.1.: Temperature measurement rate should be one measurement per minute. 
P.2.: The radiation measurement should measure at least 20 detections per second 
P.3.: The radiation measurement should measure protons in the energy interval of 14 
MeV – 1 TeV. 
P.4.: The radiation measurement should be made with a sampling frequency of 17 
mHz. 
P.5.: The temperature measurement’s range inside the gondola should be between -
80 and +50 degrees centigrade. 
P.6.: The temperature measurements inside the gondola should be made with an 
accuracy of +/- 2 degree centigrade. 
P.7.: In flight Voc measurements shall be in the range 0-0.8 V.  
P.8.: In flight Voc accuracy shall be no lower than 0.78 mV. 
P.9.: In flight Isc measurements shall be in the range of 0-20 mA. 
P.10.: In flight Isc accuracy shall be no lower than 0.02 mA. 
P.11.: Voc measurement sweep periodicity shall be 5s. 
P.12.: Isc measurement sweep periodicity shall be 5s. 
P.13.: Voc measurement rate shall be 20 Hz. 
P.14.: Isc measurement rate shall be 20 Hz. 

 Design Requirements  
D.1.: The experiment shall operate in the vibration profile of the BEXUS vehicle flight 
and launch. 
D.2.: The experiment should operate in the temperature profile of the BEXUS vehicle 
flight and launch. 
D.3.: The experiment shall operate in the pressure profile of the BEXUS vehicle flight 
and launch. 
D.4.: The experiment should not consume more energy than supplied by the SAFT-
batteries. 
D.5.: The experiment mass shall not exceed 2.5 kg 
D.6.: The experiment volume inside the gondola should not exceed 0.003 m^3  
D.7.: The experiment shall connect to the gondola power supply with an Amphenol 
PT02E8-4P connector.  
D.8.: The experiment shall connect to the gondola E-link with a RJF21B connector. 
D.9.: The experiment shall safely insulate the 400 V between the poles of the Geiger 
tube from the rest of the experiment. 
D.10.: The experiment shall have a mechanical pull the plug function. This function is 
an electrical switch which is designed so that is clear whether the power is off or not. 
D.11.: The experiment shall have a passive pull the plug function. This consists of a 
Zener diode which limits the voltage to a maximum of 500 volts. 
D.12.: At least one solar panel shall, without breaking, return to the ground 
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D.13.: The experiment shall continuously store the in-flight measurements locally on 
a SD card as well as send the data to ground via the E-link. 

 Operational Requirements 
O.1.: The experiment shall be fully autonomous. 
O.2.: The mechanical pull the plug function shall be able to be activated manually by 
the recovery personnel. 
O.3.: The experiment shall be able to conduct measurements autonomously in case 
connection with the ground segment is lost. 

 Constraints 
 
C.1.: The thermal testing setup cannot provide temperatures below -40 degrees. 
C.2.: The thermal testing setup cannot provide low temperatures and pressure at the 
same time. 
  



3 PROJECT PLANNING  

 Work Breakdown Structure (WBS) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A red box in the WBS indicates a critical work package. Elvira Brenner is the leader of 
the radiation work package as can be seen in the work breakdown structure.  
 
Project planning means to ensure that the team follows the Gantt schedule and add 
new tasks, often introduced by the review panels, to the Gantt schedule. Project 
management means to coordinate the sub groups of the LODESTAR team and ensure 
that the design and the integration of the LODESTAR experiment is efficient. 
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 Schedule 

 
For the full schedule see Appendix C or the Microsoft Project file 
“LODESTAR_Gantt.mpp”. 
 

 Resources  

3.3.1 Manpower 

 
There are six different groups of the project; the management group, the theory group, 
the circuit design group, the radiation measurement group, the mechanical design 
group and the software group. 
 
Daniel Hjerpe left the LODESTAR team in early January due to him not having time 
working on the project. His intended duties was project management. Daniel did not 
start working on the project. The fact that Daniel Hjerpe left the team did not affect the 
planned work. 
 



The Management group 
Supervisors: Jörgen Olsson 
Location: Solid state electronics, Ångströmlaboratoriet, Uppsala University. 
Members: Hugo Laurell, Linus Hägg, Louise Augustsson 
 
The Management group’s primary task is to control the design and documentation 
produced by the Lund and Uppsala group and check its quality. By this process of 
continuous review of the produced design and documentation the risk of submission 
of low quality design and documentation is reduced. The internal control is mainly done 
by Linus Hägg and Louise Augustsson with some assist from Hugo Laurell. The 
members of the management group are MSc students graduating the spring of 2018 
working in parallel with their MSc projects. 
 
The theory group 
Supervisors: Jörgen Olsson 
Location: Solid state electronics, Ångströmlaboratoriet, Uppsala University. 
Members: Tom Waern, Hugo Laurell 
Responsibilities: Responsible for the theory of the defects in the CIGS. Responsible 
for the IVT and CVT measurements on the CIGS before and after flight. Tom Waern 
has a strong theoretical background in solid state physics, and semiconductor theory. 
Tom will be assisted by Hugo Laurell in the measurements on the CIGS and on the 
theory of the defects. 
 
The circuit design group 
Supervisors: Uwe Zimmermann 
Location: Solid state electronics, Ångströmlaboratoriet, Uppsala University. 
Members: Dag Lindgren, Lowe Lundin, Lowe Erickson. 
Responsibilities: Design main Arduino Mega circuit. Design IV measurement circuit. 
Design Temperature measurement. The measurements from the IV measurement 
circuit shall be stored locally on an SD card on the Arduino Mega as well as sent to the 
EGSE via the E-link. The Arduino Mega circuit shall collect the measurements from 
the Radiation measurement circuit. Simulate the Arduino mega circuit and the IV 
measurement circuit in LTSpice. Construct the circuit on two PCB’s. Program the 
Arduino Mega. Test the Arduino Mega circuit and the IV measurement circuit in Low 
pressure, Low temperature and High temperature. Perform drop test of the circuits. 
Perform IV measurement accuracy test. 
 
The radiation measurement group 
Supervisors: Uwe Zimmermann, Jörgen Olsson, Dragos Dancila. 
Location: Solid state electronics, Ångströmlaboratoriet, Uppsala University. 
Members: Elvira Brenner, Anton Olsson, Carl Tysk 
Responsibilities: Construct a Geiger counter that can measure the radiation count that 
the solar cells are exposed to. The Geiger counter shall operate in low temperatures 
and pressures and a possible rough landing with parachute. The components of the 
circuit must be able to operate in the radiation environment of the upper stratosphere. 
The circuit must also be designed such that there are no discharges between 
components of the circuit. Program an Arduinio Uno that can compute how much 
radiation the Geiger counter detects and sends the information to the main Arduino 
Mega circuit constructed by the circuit design group. Circuit design of the high voltage 
circuit that generated a high voltage over the Geiger tube. The circuit was printed on a 
PCB. Test the radiation board with an alpha source. Test the radiation board for low 
temperatures. Drop test the radiation board. Perform electrical insulation test. 
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The mechanical design group 
Supervisors: Reza Afshar 
Location: Applied Mechanics, Ångströmlaboratoriet, Uppsala University. 
Members: Oscar Hultmar, Jonathan Sundell, Johan Paulsson, Johan Hillborg 
Responsibilities: Construct and design Two solar modules and an Electronics module. 
Mount the finished mechanical design on the BEXUS gondola. Construct a redundant 
mounting mechanism for the two solar modules. Perform COMSOL simulations on the 
CAD models of the design including thermal simulations and stress/strain simulations. 
Perform a vacuum test, a temperature test and mechanical tests of the construction. 
The mechanical tests include static, vibration and chock tests. Johan Hillborg assisted 
the mechanical design group with COMSOL simulations analysing the stability of the 
mechanical design. He has before worked on several projects on COMSOL 
simulations.  
 
The software group 
Supervisors: Jörgen Olsson 
Location: Lund University. 
Members: Patrik Laurell, Arvid Larsson 
Responsibilities: The software group designed the software for the EGSE, the E-link 
communications and storage of the measurements on the SD card on the Arduino 
Mega. Performed software test where for the E-link, EGSE and storage function. 
Tested the autonomy of the experiment. Patrik is an experienced programmer who has 
worked as a programmer on major companies in Sweden and is currently specializing 
his master towards theoretical computer science. Arvid is also a very experienced 
programmer. 
 
Comments on the manpower 
The BSc student workers lack expertise in mechanical and thermal engineering. 
However, their supervisors who are experts in thermal and mechanical engineering 
have the competence to both educate the students in mechanical and thermal 
engineering and control the thermal and mechanical design. 
 
If a member of one of the BSc project groups would quit there are plenty of other 
students at Uppsala university willing to join the project. Since the members of the BSc 
project have little experience they are easier to replace than for example the design, 
and documentation controllers. 
 
The manpower decreased drastically during the summer since the BSc students were 
finished with their BSc project. The management group had got insurance from each 
participating BSc student groups that representatives from their respective groups can 
work during the summer. Especially during important events such as software testing, 
IPR, EAR, and other vital tests there were BSc students present. Apart from this the 
BSc student worked partially during the summer, finishing the integration of the 
experiment. The BSc students worked approximately 5 hours per week per student 
during the summer. The manpower decrease during the summer were managed 
actively since it was identified as a major risk of the completion of the project. 
 
Below follows the time allocation sorted per team member and sorted per task. 
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Personnel availability for critical events: 
Representatives from all BSc student groups, software and management were present 
at all remaining reviews. 
  
Representatives from the software group were present at the software testing week in 
Uppsala. 
 
Representatives from all BSc student groups, software and management were present 
at the bench test. 
 
These events are identified as critical events in the WBS, which means that someone’s 
absence could delay the project as a whole. Therefore, care has been taken at multiple 
meetings to ensure everyone’s attendance.  
  



 

3.3.2 Budget 

The costs have been estimated by looking at current market prices for the actual, or 
similar, components. The cost of the solar cells is covered by Uppsala University, the 
cost is calculated based on salaries over the construction time.  
 
The travel expenses and accommodations are based on the sponsorship information 
for REXUS/BEXUS sponsored students. For the items in Table 3-1 with the status 
pending LODESTAR have applied for sponsorship but it has not been approved yet. 
 
The items on the travel budget are either already guaranteed or pending. It would be 
advantageous if they were fulfilled but it is not essential to the completion of the 
experiment. 
 
Table 3-1: Budget 

 

3.3.3 External Support 

LODESTAR is supported by the following senior scientists. 
       
Professor Jörgen Olsson, Department of Engineering Sciences, Solid State 
Electronics, Uppsala University 
       
Dr. Uwe Zimmermann, Department of Engineering Sciences, Solid State Electronics, 
Uppsala University  
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Dr. Sethu Saved Suvanam, Department of Engineering Sciences, Solid State 
Electronics, Uppsala University 
 
Dr. Dragos Dancila, Department of Engineering Sciences, Solid State Electronics, 
Uppsala University 
 
Dr. Reza Afshar, Department of applied mechanics, Uppsala University. 
 
The senior scientist are supervisors to the BSc students. The senior scientists have 
competence in thermal engineering, mechanical engineering and electrical 
engineering among other complementing the teams lacking expertise in these areas. 
 
The project is sponsored by Solid State Electronics, Uppsala University, with 1000 SEK 
for each BSc student summing up to a total of 9400 SEK. 
 
Through our cooperation with Uppsala university and scientists at Ångström 
laboratory we have access to the following labs: 
- Mechanical workshop 
- Electronics manufacturing facilities 
- Cryolab 
- Advanced photovoltaics lab 
- Radiation lab 
- Pressure chamber 
 
The LODESTAR team have full access to the labs and facilities needed for the 
testing and manufacture of the experiment. 

 Outreach Approach 
Before flight multiple Swedish news agencies directed towards science was contacted. 
These include Uppsala Nya Tidning (UNT) a local newspaper in Uppsala, ERGO an 
Uppsala University student paper, Astronomical society paper and inform them about 
our BEXUS experiment. LODESTAR has a webpage with information regarding our 
experiment and a facebook page with updates on the project progress. During flight 
the webpage and the facebook page will updated continuously on how the flight is 
going. After the flight, LODESTAR held a presentation at Uppsala University 
presenting the results. See Appendix B for more information. 



 Risk Register 

 
 
Risk ID  
TC – technical/implementation  
MS – mission (operational performance)  
SF – safety  
VE – vehicle  
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PE – personnel  
EN – environmental  
SU – support 
MA – Management  

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  
 



4 EXPERIMENT DESCRIPTION 

 Experiment Setup 
 
The experiment featured 12 CIGS solar panels, 6 of which are connected to their own 
IV measurement circuits and 6 non wired solar panels mounted on a secondary setup 
constructed primarily for safety precautions. The former solar cells are connected in 
groups of three to an Arduino Nano which in turn is connected to an Arduino Mega. 
The IV measurement circuits measured current and voltages in sweeps between short-
circuit current and open circuit voltage at regular intervals. The Arduinos 
communicated with the I2C protocol through the SDA and SCL ports. This allowed for 
decentralization of the measurements to the Arduino Nanos while allowing the Arduino 
Mega to only collect data and send/store it. 
 
During the experiment, there were continuous measurements of the incoming radiation 
by a Geiger counter, which was connected to an Arduino Nano, which in turn was 
connected to the Arduino Mega. The temperature inside the electronics module was 
measured throughout the experiment, this was done with a temperature sensor 
connected to the Arduino Mega. The temperature sensor was an Adafruit BMP280 
thermometer which can measure with an uncertainty of ±2 degrees Celsius. The 
Arduino Mega stores all the information on a local SD-card and the Ethernet shield for 
transmission to the EGSE via the downlink. The Arduino Mega, the Arduino Nanos, 
the SD-card and the IV measurement circuits current sensor boards were located in 
the Electronics module. The CIGS solar panels and the Geiger counter were located 
on the Solar module. The different components and their connections are displayed in 
figure 4-1. 
 

 
Figure 4-1: Block diagram over different subsystem. 
 

 Experiment Interfaces 
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4.2.1 Mechanical 
The experiment consisted of two different types of modules; two Solar modules and 
one Electronics module. One solar module was mounted with a Geiger counter and 
both had different configurations of solar panels each. The Geiger Counter and the 
solar panels, through cables, sent their data to the Electronics module, which held all 
the data processing units and the circuit boards. Only one of the two solar modules 
were analysed during flight and had an electronic module connected to it. The other 
one was just for safety reasons, to increase chances of having a whole solar panel 
after landing for reference. The solar modules were mounted on top of the gondola to 
maximize the radiation experienced during flight. One of the solar modules were 
fastened using the electronic module mounted beneath, therefore the Electronics 
module was mounted onto a base plate which hung from the top of the gondola, directly 
under the first solar module (see figure 4-2-3). The secondary setup was mounted in a 
similar way as the primary setup, but without the electronics box. Both setups were 
mounted using two beams from the top of the gondola, where the screws were placed 
within the two beams. Also for extra insulation and to avoid heat bridges, PVC-foam 
were placed between the two base plates and the beams of the gondola for both 
setups. Then, to minimize risk, both the primary and secondary solar modules were 
connected to the gondola by using a metal wire. The wire was drawn through the 
primary solar module, the electronics box and the secondary module, through drilled 
holes in the plates. This ensured that no loose parts from the experiment fell of the 
gondola.  
 
Table 4.2.1-1: Table over bolts, nuts and washers: 

Short bolts Long bolts Nuts Washers 
48 M6 8 M6  72 M6  158 M6 

 
 
 

 
Figure 4-2-1: Placement of the electronics module and the two solar modules 
on the gondola. 



  

 
 Figure 4-2-2: Top down view over the experiment placement.  
 

 
Figure 4-2-3: Experiment mounting  
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4.2.2 Electrical 
As the Arduinos needed to be loaded with 12V and our batteries were of 28.8V the 
voltage regulator (TRACO TEN 10-2412 and TEN 10-2411) was used between the 
batteries and the Arduinos and BMP 280. The highest estimated current was 178.6mA 
which is well below the capacity of the volt regulators 3A. Each measuring device was 
soldered with one node to a solar cell and one node to the metallic border of the solar 
panel. The only high voltage component in the experiment was the Geiger tube. The 
Geiger tube was electrically insulated with shrink tubing. Distributed single point 
grounding was used. A safe arm plug was mounted on the outside of the experiment. 
All wires connecting the electrical components were insulated with PVC coating. 

Figure 4-3-1 Connectivity schedule for the CIGS solar panels and IV 
measurement circuit 



Figure 4-3-2 Connectivity schedule for entire electrical setup 
 

 
Figure 4-3-3 One of the six IV measurement circuits 

 
The solar panels were connected at Solar+ and Solar-. The panels were then sweeped 
by alternating the resistance over the MOSFET (2N7000), from Isc to Voc, this was 
achieved by Pulse Width Modulation (PWM) voltage from the digital ports of the 
Arduino NANO as well as a feedback containing a LM324A OP-amp. LM324A was 
chosen as it is easy to implement and has proven function from earlier use in similar 
implementations. The resistance alternates from 1Ω to virtually infinite. This was 
achieved through the feedback circuit which allowed us to adjust the resistance in order 
to obtain a desired voltage over the panel. The current and voltage were then scaled 
to be measured at the nodes ScaledV and ScaledA. 
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Figure 4-3-4 The PCB as designed in KiCAD, two of these will be printed, with 3 

IV-measurement circuits each 

4.2.3 Thermal 
The sensors in the construction were tested to see how they performed at the low 
temperatures and the low pressure they would experience in the experiment. The tests 
will be performed at as low temperatures as the testing facilities could provide. 
Temperatures could drop as low as -80 degrees Celsius at the altitude the experiment 
took place. The Geiger tube that was used in the experiment can work in temperatures 
as low as -60 degrees Celsius up to +70 degrees Celsius. The Geiger tube was 
equipped with conductive thermal heating via thick film heating elements. The 
electronics box was also thermally insulated to protect the components inside that 
could not operate at the low temperatures.  
 
 
 



 Experiment Components 
Table 4-1: Experiment summary table 

Experiment mass (in kg): 2.1 kg 
Experiment dimensions (in m): Primary base plate (solar): 0.225 m x 

0.225 m x 0.001m 
Primary solar plate: 0.225 m x 0.225 
m x 0.004m  
Secondary solar plate: 0.164 m x 
0.225 m x 0.004 m 
Secondary fastening plate 
(reference): 0.164 m x 0.225 m x 
0.001 m 
Box: 0.080 m x 0.150 m x 0.225 m 

Experiment footprint area (in m2): 
 
 

Primary setup: 0.225x0.225 m^2 
Secondary setup: 0.164x0.225 m^2 
Total: 0.389x0.225 m^2 

Experiment volume (in m3): 
 
 

Primary base plate: 0.00005 m3  
Primary solar plate: 0.00020 m3  
Secondary solar plate: 0.000148 m3  
Secondary fastening plate: 0.000037 
m3  
Box:  0.0027m^3  
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Experiment expected COG (centre 
of gravity) position: 
 
Calculated in AutoCad 

Electronics box, Primary base plate 
and Primary solar plate:  
X = 114 mm  
Y = 120 mm  
Z = 83 mm   
Secondary solar plate, Secondary 
fastening plate:  
X = 114 mm  
Y = 120 mm  
Z = 20 mm  
 
See Figure 4-3-1 
 

 

 
Table 4-2: Electrical components 

Component Number Specifications Cost Supplier Function Status 

CIGS panel 12 50mm*50mm 
*2mm 
50g 

382 
EUR 

 Uppsala 
University 

To be tested Built 

Arduino Mega 1 101,52mm*53,3 
mm*10mm 
37 g 

44.17 
EUR 

Arduino Collect and save 
data from slaves 

Delivered 

IV measurement 
circuit 

6 3.91 
mm * 4.90 
mm*2mm  

100 
EUR 

Self made Measure voltage 
and current 

Built 

Figure 4-3-1: Electronics box, fastening plate (solar) and solar plate 
with a coordinate system. 



Arduino Nano 3 18 mm * 45 mm 
* 15 mm 

3.35 
EUR 

Arduino Collect and send 
data from IV 
circuit and 
Geiger counter 

Delivered 

Geiger Counter 
tube STS-5 

1 110 mm12 
mm*12 mm 
8 g 

11 
EUR 

- Measure 
radiation counts 

Delivered 

Temperature 
sensor 
BMP280 

1 2*2.5*0.95 mm 
0.1 g  

8.49 
EUR 

Adafruit Measure 
temperature 

Delivered 

DCtoDC 
converter 
Traco TEN 10-
2412  

1 25.4 x 10.2 x 
50,8 mm  
132 g  

43 
EUR 

TRACO Converts the 
magnitude of the 
voltage 

Delivered 

DCtoDC 
converter 
Traco TEN 10-
2411 

1 25.4 x 10.2 x 
50,8 mm  
132 g 

 

43 
EUR 

TRACO Converts the 
magnitude of the 
voltage 

Delivered 

Radiation 
measurement 
unit 

1 100*80*15 mm  9.57 
EUR 

Self made Measure 
radiation 

Built 

Thick film 
heating element 

1 TBD TBD TBD Geiger tube 
heating 

Delivered 

Bourns 3314J-1-
103E 

1 8*5*2 mm 1.933 
EUR 

Uppsala 
University 

Voltage 
feedback 

Built 

STMICRO 
ELECTRON 
TS881ILT 
comparator 

1 2.2*1.35*1 mm 0.44 
EUR 

Uppsala 
University 

Voltage 
feedback 

Built 

 

 Mechanical Design 
The mechanical design consisted of three different parts: The Solar module, the base 
plate and the electronics box. The base plate and the electronics box together made 
the Electronics module. The base plate was made of aluminium (ISO Al 99.5) and had 
the dimensions 22.5x22.5 cm^2. The aluminium met our criteria according to table 
C.1.1 in ECSS-Q_70_71A, it is also cheap and well tested in space. The base plate 
had holes for M6 bolts connecting the experiment to the solar module, for attaching the 
electronics box and for connecting the cables between the Arduinos and the Solar 
module. The Electronics box was made of aluminium (ISO Al 99.5) and had the 
dimensions 22.5x15x8 cm^3. The box was mounted to the base plate using aluminium 
brackets, M6 bolts and nuts. The box contained an Arduino mega, three Arduino 
Nanos, one 1.67x5.00 cm^2 solar panel, and all the electronics circuits. The electronics 
box were mounted using aluminium brackets, hedges, nuts, washers, bolts and two 
locking devices (see figure 4-4-1). Furthermore, the electronics box had three main 
holes; one for the power connector (Amphenol PT02E8- 4P), one for the ethernet 
connector and one for an analog safe arm plug. The safe arm plug consisted of a d-
sub connector. When the safe arm plug was removed, the experiment shut of. The 
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electronics circuits were placed inside of the electronics box onto a pertinax insulation 
base, using screws. Then, since there were a lot of electronics that needs to fit inside 
of the electronics box, the electronics were fastened using 3D printed holders and 
plastic spacers. The pertinax plate was placed in the bottom of the box. To make the 
electronics components easily accessible the pertinax base was removable through 
the side of the electronics box by mounting rails to the sides of the inside of the box. 
Then, to open the side of the electronics box, one side of the box was mounted with 
two hedges and two locking devices instead of brackets, as can be seen in figure 4-1-
1. The locks could be easily opened and were locked using aluminium keychains. The 
electronics components were fastened onto the the pertinax plate by using screws, 
bolts and nuts. Then, to optimize space inside the electronics box, the two Arduino 
circuits were mounted on top of each other using spacers. The reference solar panels 
were mounted underneath the pertinax board. The 3D-printed parts were made out of 
PLA plastic. According to dr. Uwe Zimmermann, the 3D printer will be precise enough 
to create holder not containing air pockets and that was also the case. To keep the 
inside of the electronics box at a operative temperature, all sides inside of the 
electronics box were insulated with two layers of 2mm thick PVC-foam. All solar 
modules were further protected using metal handles to create a protective cage on top 
of the modules. The primary design had two larger 224 mm long handles and the 
secondary design had four 160mm handles, as can be seen in figure 4-4-0. 
 

 
Figure 4-4-0: Both solar modules mounted with their special cages. 

 
The primary solar module consisted of 3 different layers of plates, all with the 
dimensions 22.5x22.5 cm^2 (see figure 4-4-1). The first layer was 1 mm thick 
aluminium (ISO Al 99.5) base plate. The second layer was a 5 mm thick PVC 
(polyvinylchloride) foam plate. The function of this layer was to dampen the shock of 
impact, hold the solar panels in place and also divert some heat created by the solar 
cells. The PVC foam was milled according to figure 4-4-1 with a depth of 1 mm. The 
third layer was a protective SAN (styrene-acrylonitrile) plastic, whose only purpose was 



to protect the solar panels. The two top layer both had cut out holes for a Geiger 
counter, which was placed on the base plate. All layers were mounted together with 
screws, bolts, nuts and aluminium stripes whose function was to even out the pressure 
over the top layer (see figure 4-4-1). The Geiger counter was mounted using two 3D-
printed holders. Since the Geiger counter is fragile, it was protected pre-flight by a 3D-
printed cover. It was removed just before flight. 
 

The secondary solar module was constructed as the primary solar module, except with 
dimensions 22.5x16.4 cm^2 and without the Geiger counter.  This means the 
secondary solar module had 3 different layers of plates as well as the primary solar 
module. The first layer was a 1 mm thick aluminium (ISO Al 99.5) base plate. The 
second layer was a 5 mm thick PVC (polyvinylchloride) foam plate and the third layer 
was protective SAN (styrene-acrylonitrile) plastic. 

When constructing the experiment all sharp corners were trimmed down to be 
harmless and all bolts and nuts were tightened using Loctite. 

At last, an action camera was mounted to the primary solar module. The camera was 
fastened to the metal wire. It was mounted through an external holder placed on the 
opposite side of the Geiger counter, on the gondola, facing the solar panels and the 
Geiger counter. The primary reason for the camera was documentation, observation 
and outreach.  

 
Figure 4-4-1: Solar plate together with the Electronics module 
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Figure 4-4-2: Reference plate with six solar cells.  

 Electronics Design 
 
4.5.1 Solar Panel 
CIGS, Copper indium gallium (di)selenide solar panels is a type of solar panel that has 
been developed partly by Uppsala University. They are believed to be more durable to 
cosmic radiation than other panels in use at the moment. 

 

 
 
 

4.5.2    Core Unit 
The core unit is an Arduino Mega with an Ethernet shield, making it capable of 
communicating with the EGSE as well as saving the data to an SD-card. It received a 
constant stream of information throughout the entire flight time. It needed an input 



voltage of 12V, which was fixed by a DC to DC regulator, lowering the voltage from 
28.8V.   

 
 
 
 

4.5.3   Current/Voltage Measurement Unit 
The current and voltage was measured by an IV measurement circuit designed 
according to the paper [22]. As in the paper two voltmeters were used to measure the 
voltage over two resistors, determining the voltage and current running through the 
circuit. To achieve this two Arduino NANO:s were used to measure and collect the data 
from the internal voltmeters of the NANO board. The CIGS solar cell has a maximum 
open circuit voltage of 0.8 V. The maximum short circuit current per surface area is 40 
mA/cm2. For the standard cells developed at Uppsala University, this gives an 
expected maximum short circuit current of 20 mA. The Arduino A/D transformer has a 
10 bit resolution, from this the resolution of our performance requirements have been 
calculated. The circuit design group worked during Spring 2018 in close collaboration 
with the Solid state electronics group at Uppsala University to design the IV 
measurement circuit to adhere to these parameters. It was designed to run on the 5V 
supplied from the Arduino Mega. The listed power consumption is calculated for a 
similar type of circuit with a 1 ohm resistor. 
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4.5.4   Power distribution unit 
Our distribution is controlled by two DC/DC regulators TRACO TEN 10-2412 and TEN 
10-2411. TEN 10-2412 can transform voltages in the input range of 18-36V to output 
of 12V the TRACO TEN 10-2411 is able to transform in the input range of 18-36V to 
output 5V. The batteries supplying the system supplied a voltage of 28.8V that the 
regulators lowered to 12V and 5V to suit the Arduinos and BMP 280 respectively. 

 
 
 

4.5.5 Temperature Measurement Unit 

The temperature sensor Adafruit BMP280 is a chip which can measure temperatures 
and pressures in the range of -40 ℃ and +85 ℃, 300 hPa and 1100 hPa. It 
communicates the measurements through a I2C communication, the unit needs a 
supply line, ground and two lines for the SDA and SCL I2C pins to operate. The unit 



has an accuracy of 0.01 Celsius between 0 ℃ and +65 ℃. The temperature 
measurement unit was placed inside the electronic box on one of the walls close to the 
electronic circuits to measure the temperature of the circuits. 

 
4.5.6 General Hub Unit 

The general hub unit connected the SDA, SCL, ground, 12V and 5V lines of our 
different units through 5 shared nodes. The general hub unit also had the temperature 
measurement unit mounted on it and using the SDA, SCL, ground and 5 V nodes on 
the General Hub unit. 
 
4.5.7 Radiation Measurement Unit 
The radiation intensity was measured by a Geiger-Müller tube and the circuit was 
powered by the same 12 V from the regulator that powered the arduinos. The arduino 
Nano supplied a square wave signal opening and closing the MOSFET transistor in 
the boost converter. The Geiger tube was of the model STS-5. The STS-5 Geiger tube 
was chosen since it can operate under low temperatures, measure proton radiation 
and have been used in experiments measuring cosmic radiation before [24]. The STS-
5 is a windowless tube which was chosen instead of window tubes normally used to 
measure alpha radiation because of its reliability and sturdiness. The walls of the tube 
consist of 50 μm thick stainless steel. Since stainless steel consist mainly of iron and 
since iron and stainless steel har similar densities, the approximation was made that 
stainless steel has similar properties as iron shielding proton radiation. Figure 4-5-1 
shows a graph of tabulated values for protons range supplied by the National Institute 
of Standards and Technology (NIST) [23]. The range was divided by the density of the 
stainless-steel walls of the Geiger tube to obtain an approximation of the range in μm. 
The graph shows that the STS-5 Geiger tube registers events from protons with 
energies higher than 4 MeV. The protective plastic that covered the CIGS solar cells 
consisted of styrene acrylonitrile (SAN) with a density very near to that of pure 
polystyrene, implying that the acrylonitrile levels are low so that they could be 
neglected in proton range calculations. Figure 4-5-2 shows the range of protons in 
polystyrene, provided by NIST, divided by the density of the SAN cover. From the figure 
an estimation was made that the 2 mm SAN covering the CIGS solar cells would be 
capable of stopping protons with energies up to 14 MeV. Hence the STS-5 tube was 
assumed to be able of measuring all the relevant radiation during the experiment. The 
range of interest was therefore set to be 14 MeV to 1 TeV. The upper limit 1 TeV was 
motivated by very low probability of encountering any particles of particles with 
energies of higher magnitudes [8]. 
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Figure 4-5-1. Approximated range of protons in stainless-steel. 
 

 
Figure 4-5-2. Approximated range of protons in SAN. 
 



The Geiger tube was connected to a boost converter that stepped up the voltage to 
400 Volts. The arduino then registered the voltage at the geiger tube through a 
feedback 
loop and adjusted the duty time of the square wave used by the boost converter, this 
ensured that the voltage over the geiger tube remained constant at 400 V even if the 
characteristics of some components in the circuit was altered due to the change in 
temperature etc. The tube registered particles ionizing it and each particle generated 
a current pulse that was converted into a digital signal. The Arduino counted how many 
pulses the tube registered every minute and sent the information to the Arduino mega 
via an I2C bus.  
 
Due to the relatively high voltage powering the Geiger-Müller tube and the low pressure 
during the flight, there was a high risk of electrical discharges. To avoid this the circuit 
was coated with an conformal coating. The distance over which electrical discharges 
possibly could take place was calculated with Paschen’s law using the expected 
pressure and voltage. Furthermore, Corona effects had to be taken into account to see 
whether it would pose a risk of impacting on the circuit. Corona effects could be 
calculated in a similar way 
to the discharges using Peek’s law. Corona effects and discharges was mitigated by 
using electrical insulation and by implementing safe distances between conductors 
carrying high voltages. Peeks law gave a safe distance between conductors to 
approximately 2.5 mm in the conditions expected during the experiment and Paschen’s 
law gave a safe distance of approximately 1.6 mm. When the PCB of the radiation 
measurement unit  was designed a minimum distance between conductors of at least 
5 mm was used when possible. The spacing of the connections of the STP6NK60Z 
transistor used in the boost converter made it impossible to maintain that distance, this 
was mitigated by using extra insulation between the connections in form of shrink 
tubing. Shrink tubing was also used on the connectors of the Geiger-Müller tube which 
was otherwise unprotected on the outside of the experiment.  
 
The duty cycle delivered by the Arduino Nano was be limited by software to  78% of 
maximum, which in tests equaled a voltage of 470 volts. The LODESTAR team 
decided to use a comparator circuit for monitoring the stepped up voltage powering the 
Geiger-Müller tube. This was recommended during the CDR and after further analysis 
our conclusion was 
that it was the most suitable solution. The additional circuit was implemented on the 
functional PCB without changing any other components. A Bourns 3314J-1-103E trim 
potentiometer was used in the comparator circuit to read a voltage proportional to the 
voltage over the tube. If the voltage would have become too large (greater than 4 volts 
which represents around 490 volts over the tube) a STMICROELECTRON TS881ILT 
comparator would give a signal triggering the reset pin on the Arduino. The comparator 
circuit was mounted directly to the 5V, GND, RST and feedback pin on the Arduino. 
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 Figure 4-5-3. Schematic of the radiation measurement unit circuit in 
 LTspice. 

 
  



 
4.5.8 Proof of concept of circuit 

 

 

Figure 4-5-2: Proof of concept circuit 
 
In Figure 4-6 the proof of concept circuit can be seen. Two Arduinos connected via the 
Master writer/Slave receiver protocol. Where the radiation Arduino makes an analogue 
measurement, and sends the data to the main Arduino, in this case an Arduino Uno 
but which will be an Arduino Mega. The Arduino Mega makes measurements on the 
solar cells here represented as photodiodes and the temperature, compiles all the data 
and sends it via an Ethernet cable. 

 Thermal Design 
 
A heat generator was deemed unnecessary as insulation had been installed and the 
internal linear stepdown converters in the Arduino Nanos and Mega produced some 
heating. The operating temperature interval for the different components are listed in 
the table below. 
 
Table 4-3: Operating temperature interval table 

Unit Operating temperature [°C] 

Solar panel N/A 

Arduino Mega 2560 -40 to 85 
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IV measurement circuit -40 to 125 

DC/DC regulator TRACO TEN 10-2412 -40 to 85  

DC/DC regulator TRACO TEN 10-2411 -40 to 85 

Temperature sensor BMP280  -40 to 85 

Radiation measurement unit -40 to 85 

W5100 Ethernet shield -40 to 85 

Geiger tube STS-5 -40 to 50 

Arduino Nano -40 to 50 
 
The electronics box may shrink due to the low temperatures. How much it shrinks can 
be estimated theoretically. Using equations for linear expansion and applying them on 
the base plate the calculations have been done for an extreme case, if the temperature 
would drop to -80 degrees Celsius. The base plate would shrink by 1 mm, that is 0.25% 
of its length. The sides of the box would shrink by ⅓ mm. For both the box and the 
base plate the change is size is far from the breaking point, which is at 25% of its 
length. 
 
To investigate the need for thermal insulation of the electronics box a thermal 
simulation was performed and can be seen in the section test results under Analysis 
1. The simulation was carried out in the program COMSOL Multiphysics 5.2a. The 
outside temperature was set to -80C. The simulation were for a 2mm PVC insulation 
coating on the inside of the electronics module. The wanted inside temperature is 0 
degrees Celcius. The internal heat can be varied  
 
In Table 4-5 and 4-6 the heat generation of the electrical components is estimated. 
 
Table 4-5: Thermal estimation of the radiation measurement unit 
RMU sub system Name Heat prediction 

Boost converter Diode 
Inductor 
Capacitor 
Transistor 
Resistors 

MEDIUM 
HIGH 
MEDIUM 
HIGH 
NONE 

Geiger tube Geiger-muller tube 
Resistor 

MEDIUM 
NONE 

Pulse detection Transistor 
Arduino 

LOW 
MEDIUM 

 
Table 4-6: Thermal estimation of the IV measurement circuit 
Name Heat prediction 

Arduino MEGA LOW 



Arduino nano LOW 

Ethernet shield MEDIUM 

Solar panel LOW 

TRACO TEN DC/DC 
Regulator 

MEDIUM 

BMP280 LOW 

 
In Tables 4-5 and 4-6 the power intervals are the following: 
NONE is close to 0 mW, LOW is between 0-100 mW, MEDIUM is between 100 mW 
– 1 W, above 1 W is HIGH. 

 Power System 
The LODESTAR is supplied with power from eight SAFT LSH20 batteries which 
together supplies 28.8V/1mA(13Ah), these are provided by the gondola.  
 
The LODESTAR consumed at most 358.3 (431.7 with the power loss in the DC/DC 
regulators) mA in total. The Geiger tube needed 0.05mA per detection and was 
estimated to make about 20 detections a second, which meant it had to be supplied 
with 1 mA. The IV measurement circuit current sensors needed to be supplied with 
0.05mA per unit and since the experiment consisted of six of them they were together 
supplied with 0.3mA. The Arduino Nano and Arduino Mega were supplied with 50mA 
and 57mA and the radiation measurement unit needed 150 mA. The Ethernet shield 
needed 100mA. The flight time was expected to be 5 hours which meant our 
experiment needed our batteries to provide at least 0.568Ah which was well below the 
limit of 13Ah. As all the components were used all the time, no spikes or lows in the 
current usage were expected.  
 
Table 4-7: Current draw of components. 

Part Number 
of parts 

Current 
(mA) 

Voltage 
(V) 

Power 
(mW) 

Ampere 
hours 
(mAh) 

Geiger tube 1 1 400 400 5 

IV measurement 
circuits* 

6 0.3 5 1.5 1.5 

Arduino Nano 3 57 12 684 285 

Arduino Mega 1 50 12 600 250 

Radiation 
measurement 
unit 

1 150 5 175 175 

Ethernet shield  1 100 5 500 500 
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Total - 358.3 - 2360.5 1216.5 

*The IV measurement circuits are treated as a single component 
 

 Software Design 
The on-board software responsibility is to collect data, to store the collected data on 
the onboard SD-card and to transmit the collected data to the ground station. The data 
is collected by reading the dose measurement and the temperature measurement, as 
well as the short-circuit-current and open-circuit-voltage measurements from the CIGS. 
All the measurements are time-stamped together and saved to the SD-card. If 
transmission is allowed the data is then transmitted to the ground station. The 
transmission control is carried out using UDP. 
 
The main loop of the Arduino Mega software starts as soon as the Arduino is supplied 
with power. An overview of the process is shown in the flow chart in Figure 4-8-1. The 
software can be roughly divided into the following parts: 
• Data acquisition 
• Data storage 
• Data transmission 
• Ground communication 
 
 

 
 
Figure 4-8-1: Flow chart of the software process. 
 

4.8.1 Data Acquisition 
As can be seen in Figure 4-8-3, there are three separate Arduino Nanos doing the 
measurements from the solar cells and the Geiger tube, which are then sent to the 
Arduino Mega. The Arduinos will communicate through the I2C protocol which 
transmits one byte at a time. Thus the 2-byte integers will be transmitted one byte at a 
time and reassembled on the Arduino Mega. The clock is set to work at the speed of 



100 kbit/s which means that it should take 0.16 ms to send a 2-byte integer. The 
measurements will be structured according to the data format in Figure 4-8-2, both for 
transmission to ground and storage on SD-card. 
 

 
 
Figure 4-8-2: Measurement structure format. 
 
Solar Cells 
The Arduino Nano on one of its solar cells as soon as it doesn’t already have a stored 
measurement. It does this by sweeping the length of the Square in the square wave 
from 0 to the whole period in 256 increments. At every specific length of the square 
wave there is an delay for several ms to allow the circuit to settle into a steady state. 
This is what causes the most delay in the whole measuring process. When the Arduino 
Nano has collected a whole measurement series it will wait for the Mega request the 
data. When the Mega starts the communication the Nano will break down the 2-byte 
integer arrays into bytes which will then be reassembled in the Mega. When the data 
transfer is completed the Mega will send a request to receive data from the second 
Nano and the first Nano starts collecting new measurements on the next solar panel. 
 
Geiger Tube 
The Arduino Nano regulates the voltage over the Geiger tube by varying the on-time 
of a square wave sent to the unit. A PID regulation makes sure that the voltage is 
constant. If a request to turn off the Geiger tubes is received from the Arduino Mega 
the PID is turned off and the on time of the square wave is set to zero. The Arduino 
Nano registers an event from the Geiger tube when the input of a digital pin switches 
from HIGH to LOW using a interrupt routine. The interrupt protocol counts the number 
of events and after 60 seconds the count is saved as a 2-byte integer and resets. The 
counts per minute is broken down to bytes and sent to the Arduino Mega over the I2C 
protocol when requested by the Mega. 
 
Temperature Sensor 
The Temperature will be measured by the Arduino Mega once every loop, it will be 
delivered as a float as the bmp280 has a digital (I2C) connection with the Arduino 
Mega. The 4-byte float, which describes the temperature in celsius, will then be 
converted into a custom temperature unit and stored as an unsigned 2-byte integer. 

4.8.2 Data Storage 
The data is stored on an SD-card on the Arduino Mega. The SD-card has a FAT16 
file system to contain the data. After the data is collected it is bundled according to 
the data format in Figure 4-8-2 and written to the SD-card.  

4.8.3 Data Transmission 
The collected data bundled with a timestamp in milliseconds relative to experiment 
start-up. The collected data bundled with a timestamp in milliseconds relative to 
experiment start-up. The data transmission is carried out over UDP. The protocol UDP 
was chosen over TCP because the implementation is much less complex. Since UDP 
does not require a handshake between the sender and receiver a temporal loss of 
connection will not result in a system stall. There is also no requirement for declaring 
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a server and a client. The drawback with using UDP is that there is not guarantee that 
all data arrives at the receiver. In a normal data transmission this is fine since the data 
is also stored on the SD-card. 

4.8.4 Ground Communication 
For the same reasons mentioned in section 4.8.3, UPD will be used over TCP for 
communication with the ground station. However, during command transmission data 
loss or transmission errors are not acceptable. To compensate for this a checksum 
was implemented together with a reply saying that the command was received and 
understood. The command will be processed only if it agrees with the checksum and 
the reply will state what command was received and executed. This enables the 
responsible person at the ground station to see which command has been executed 
and take suitable action. This ensured safe transmission of commands without using 
TCP.  
 

 
Figure 4-8-3: Information flow diagram. 
 
Watchdog timers 
Both the Nanos and the Mega will utilise the built-in watchdog timers. If the timer was 
not reset within 8 seconds the microcontroller will reset. The timer was reset after every 
major task, eg. the transmission of data. This makes sure that the controller will not be 
stuck in the event of an improbable error. 

 Ground Support Equipment 
The ground station consisted of one computer connected to the E-Link system. This 
computer has two objectives. First to receive and store all data sent over the E-Link. 
The received data will be stored on the computer for later analysis. Parallel to the data 
saving process there was a process for sending commands to the Arduino Mega. This 
functionality is detailed in section 4.8.4. All software for this ground station computer 
will be written in Python 3.6. 
Apart from the computer connected to the E-Link, backups for all critical components 
will be kept at the ground station. 



5 EXPERIMENT VERIFICATION AND TESTING 
 

 Verification Matrix 
Table 5-1: Verification table 

ID Requirement text Verification  Test 
number 

Status 

F.1 The experiment shall fly twelve CIGS solar panels R  Verified 

F.2 The experiment shall continuously measure 
cosmic radiation counts during the flight. 

R, T Test 7 
Test 5 

Verified 

F.3 The experiment should continuously measure the 
temperature at both reference solar cells located 
inside the electronics module. 

R, T Test 5 
Test 9 

Verified 

F.4 The experiment shall periodically measure Voc 
and Isc of the solar cells. 

R, T Test 5 
Test 9 

Verified 

P.1 Temperature measurement rate should be one 
measurement per minute. 

R, T Test 4 Verified 

P.2 The radiation measurement should measure at 
least 20 detections per second 

R, T Test 7 Verified 

P.3 The radiation measurement should measure 
protons in the energy interval of 14 MeV – 1 TeV. 

R   Verified 

P.4 The radiation measurement should be made with a 
sampling frequency of 17 mHz. 

R, T Test 4 Verified 

P.5 The temperature measurement’s range inside the 
gondola should be between -80 and +50 degrees 
centigrade. 

R  Verified 

P.6 The temperature measurements inside the 
gondola should be made with an accuracy of +/- 2 
degree centigrade. 

R  Verified 

P.7 In flight Voc measurements shall be in the range 0-
0.8 V  

R, T Test 6 Verified 

P.8 In flight Voc accuracy shall be no lower than 0.78 
mV. 

R, T Test 6 Verified 

P.9 In flight Isc measurements shall be in the range of 
0-20 mA. 

R, T Test 6 Verified 

P.10 In flight Isc accuracy shall be no lower than 0.02 
mA. 

R, T Test 6 Verified 

P.11 Voc measurement sweep periodicity shall be 5s. R, T Test 4 Verified 

P.12 Isc measurement sweep periodicity shall be 5s. R, T Test 4 Verified 

P.13 Voc measurement rate shall be 20 Hz. R, T Test 4 Verified 

P.14 Isc measurement rate shall be 20 Hz. R, T Test 4 Verified 

D.1 The experiment shall operate in the vibration 
profile of the BEXUS vehicle flight and launch. 

A, T Test 2, 
Analysis 
2 

Verified 

D.2 The experiment should operate in the temperature 
profile of the BEXUS vehicle flight and launch. 

A, T Test 1, 
Analysis 
1,  

Verified 
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D.3 The experiment shall operate in the pressure 
profile of the BEXUS vehicle flight and launch. 

R, T Test 3 Verified 

D.4 The experiment should not consume more energy 
than supplied by the SAFT-batteries. 

A, T Test 5 Verified 

D.5 The experiment mass shall not exceed 2.5 kg 
 

A, T Test 5 Verified 

D.6 The experiment volume inside the gondola should 
not exceed 0.003 m^3  

R  Verified 

D.7 The experiment shall connect to the gondola 
power supply with an Amphenol PT02E8-4P 
connector.  

R  Verified 

D.8 The experiment shall connect to the gondola E-link 
with a RJF21B connector. 

R  Verified 

D.9 The experiment shall safely insulate the 400 V 
between the poles of the Geiger tube from the rest 
of the experiment. 

R, T Test 5 Verified 

D.10 The experiment shall have a mechanical pull the 
plug function. This function is a safe arm plug 
which is designed so that is clear whether the 
power is off or not. 

R, T Test 5 Verified 

D.11 The experiment shall have a passive pull the plug 
function. This consists of a Zener diode which 
limits the voltage to a maximum of 500 volts. 

R  Verified 

D.12 At least one solar panel shall, without breaking, 
return to the ground. 

R, T Test 8 Verified 

D.13 The experiment shall continuously store the in-
flight measurements locally on a SD card as well 
as send the data to ground via the E-link. 

T Test 4 Verified 

O.1 The experiment shall be fully autonomous. R, T Test 5 
Test 9 

Verified 

O.2 The mechanical pull the plug function shall be able 
to be activated manually by the recovery 
personnel. 

R, T Test 5 Verified 

O.3 The experiment shall be able to conduct 
measurements autonomously in case connection 
with the ground segment is lost. 

R, T Test 4 
 

Verified 

A partially verified requirement implies that at least one, but not all, of the 
verifications have been completed. For example, a requirement with verifications R 
and T would be partially verified if the review was completed but not the test. 
 
  



 Test Plan 
 
After the EAR it was suggested to refabricated the PCB’s for the experiment. Test 4, 6 
and 7 was then performed successfully on the new PCB’s. Since the design of the 
PCB’s have not been changed, using the same components as the old PCB’s, it was 
not deemed necessary to perform test 1, 2, 3, 5 and 9. 
 
Table 5-2: Thermal testing 

Test number 1 
Test type Thermal 
Test facility Uppsala University 
Tested item Circuit, Mechanical construction 
Test description Cryogenic test of stability of circuit 
Test campaign 
duration 

2 days (1 day build-up, 1 day testing)  

Test campaign date 14th of May 
Test completed YES 

 
Table 5-3: Vibration testing 

Test number 2 
Test type Vibration 
Test facility Uppsala University 
Tested item Circuit, Mechanical construction 
Test description Vibration test of circuit and mechanical construction 
Test campaign 
duration 

2 days (1 day build-up, 1 day testing) 

Test campaign date 18th of May 
Test completed YES 

 
Table 5-4: Vacuum testing 

Test number 3 
Test type Vacuum test 
Test facility Uppsala University 
Tested item Circuit, Mechanical construction 
Test description Pressure test of stability of circuit 
Test campaign 
duration 

2 days (1 day build-up, 1 day testing) 

Test campaign date 16th of May 
Test completed YES 

 
Table 5-5: Software testing 

Test number 4 
Test type Software testing 
Test facility Lund University 
Tested item Circuit, E-link, EGSE, 
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During the two week test phase several tests will be performed 
to ensure the stability of the software, these include: Overnight 
test, SD-card failure test, disconnection of ground station test 
and broken Nano test. 
 
 
Overnight test 
The test will be passed if the ground station and the electronics 
can operate, transmit and receive data during normal conditions 
over a period of 10 hours. 
 
SD-card failure test 
The SD-card failure test will be passed if the system can 
continue transmitting data even though the SD-card is removed 
during the operation. 
 
Disconnection of ground station test 
This test will be passed if the system can still can make 
measurements and store the data on the SD-card even though 
the ground station's ethernet is disconnected. 
 
Broken Nano test 
This test will be passed if the system can keep operating even if 
one Nano is not answering when called on by the Mega. 
 

Test campaign 
duration 

14 days (1 day build-up, 13 day testing) 

Test campaign date 28th of June 
Test completed YES 

 
Table 5-6: Bench test 

Test number 5 
Test type Bench test 
Test facility Uppsala University 
Tested item Entire experiment 
Test campaign 
duration 

5 days 

Test campaign date 7th of September 
Test completed YES 

 
Table 5-7: IV measurement circuit test 

Test number 6 
Test type IV measurement test 
Test facility Uppsala University 
Tested item The IV measurement circuit will be tested by measuring Voc 

and Isc over the CIGS with a current voltage meter with a much 



higher accuracy than specified in performance requirements P5 
and P6. 

Test campaign 
duration 

2 days (1 day build-up, 1 day testing)  

Test campaign date 5th of June 
Test completed YES 

 
Table 5-8: Radiation measurement test 

Test number 7 
Test type Radiation measurement test 
Test facility Uppsala University 
Tested item The geiger tube will be tested by reading measurements from a 

radiation source with known emission rate. The readings will be 
compared to a calibrated detector. 

Test campaign 
duration 

2 days (1 day build-up, 1 day testing)  

Test campaign date 2nd of May 
Test completed YES 

Table 5-9: Mechanical drop test 

Test number 8 
Test type Mechanical drop test 
Test facility Uppsala University 
Tested item The experiment will be dropped from a height with glass panels 

fastened to simulate the CIGS solar cells. 
Test campaign 
duration 

2 days (1 day build-up, 1 day testing)  

Test campaign date 23rd of May 
Test completed YES 

 
Table 5-10: Thermal simulation 

Analysis number 1 
Analysis type Thermal simulation 
Analysis facility Uppsala University 
Analysed item Measuring device 
Analysis description Thermal simulation of stability of circuit 
Analysis campaign 
duration 

2 days 

Analysis campaign 
date 

20th of April 

Analysis completed YES 
 
Table 5-11: Mechanical simulation 

Analysis number 2 
Analysis type Mechanical simulation 
Analysis facility Uppsala University 
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Analysed item Mechanical construction 
Analysis description Mechanical simulation of mechanical construction. 
Analysis campaign 
duration 

2 days 

Analysis campaign 
date 

10th of June 

Analysis completed YES 
 
Table 5-12: Thermal-vacuum test 

Test number 9 
Test type Thermal-vacuum test 
Test facility SSC 
Tested item The experiment will be tested in similar conditions to the flight, a 

low temperature and low pressure environment.  
Test campaign 
duration 

1 day  

Test campaign date 13rd of September 
Test completed YES 

 
  



 Test Results 
 

5.3.1 Test 1 
A thermal test was done at the Department of Physics and Astronomy: High Energy 
Physics at Uppsala University. A Forma Scientific –86C freezer was used for the two 
tests performed. For the first test the IV measurement circuits, the solar module and 
the entire radiation unit together with a radioactive Thorium source was placed in the 
freezer. For the second test only the Geiger-Müller tube and the Thorium source was 
placed in the freezer. The radiation measurement circuit was placed on the outside. 
Wires connecting the two could be drawn through a small hole in the freezer. A tube 
supplying nitrogen gas to the freezer was mounted through the same hole. The 
purpose of the nitrogen gas was to avoid the water in the freezer forming ice crystals 
or damaging the electronics. The objective of the first test was to see if the two circuits 
could operate down to -40°C and if the PVC foam in the solar module would break at 
-80°C. The objective of the second test was to see if the Geiger-Müller tube can 
operate at -80°C. Measurements of the two electronic circuits were done every 10°C 
to see if they were still working and the solar module was examined when the freezer 
reached -80°C. For the radiation measurements five measurements were done and a 
mean value calculated.  
 
The first test showed that both circuits could do measurements down to -40°C. At -
38°C the voltage over the Geiger-Müller tube dropped and the duty time had to be 
altered in the feedback loop to get the voltage back up to 400 V. The radiation 
measurement unit stopped working at -49°C. The results can be seen in figure 5-3-1. 
The solar module did not break at -80°C. These results were expected. 

 
Figure 5-3-1: The result for the radiation measurement unit in the first thermal test. 
 
The expected operating temperature for the STS-5 Geiger-Müller tube according to its 
datasheet was -40°C. The second test showed that it could operate down to -80°C 
which is the lowest temperature it can experience during the flight. The particle counts 
it measured decreased after -60°C. The results can be seen in figure 5-3-2. 

https://www.facebook.com/groups/154307918450026/permalink/259502474597236/
https://www.facebook.com/groups/154307918450026/permalink/259502474597236/
https://www.facebook.com/groups/154307918450026/permalink/259502474597236/
https://www.facebook.com/groups/154307918450026/permalink/259502474597236/
https://www.facebook.com/groups/154307918450026/permalink/259502474597236/
https://www.facebook.com/groups/154307918450026/permalink/259502474597236/
https://www.facebook.com/groups/154307918450026/permalink/259502474597236/
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Figure 5-3-2: The results for the radiation measurement unit in the second thermal 
test. 
 

5.3.2 Test 2 
Random vibration simulation was performed to simulate a car ride. A PSD was 
collected using a LSM6DS3 accelerometer, as seen in figure X. This PSD was used in 
a random vibration simulation, which was done in Ansys Workbench. Later, both 
setups underwent a bumpy car ride, which did not show any deformations.  
 

https://www.facebook.com/groups/154307918450026/permalink/259502474597236/


 
Figure 5-3-3: Acceleration PSD collected during bumpy car ride. 

5.3.3 Test 3 
A vacuum test was performed in the REN-laboratory at Uppsala University. The 
objective was to investigate how low pressure affected the circuit. A chamber that 
primarily is used during the construction of the CIGS solar cells had the capacity of 
lowering the pressure to about 0.2 mBar. This is well below the estimated pressure of 
about 20mBar. The circuit was connected to a power source that was outside the 
chamber. Two diodes were connected to the circuit, one was lit every time the Arduino 
registered more than five particles every second and one was lit to show that the 
voltage over the tube remained at 400V. The diodes were visible through an 
observational window. During the lowering of the pressure the circuit functioned 
properly. The diode that indicated whether or the Arduino registered a pulse or not was 
repeatedly lit and the diode that confirmed the high voltage was constantly lit. After the 
experiment the circuit was analysed and it showed no damage of electrical discharges 
and it measured radiation. 
 

5.3.4 Test 4 
The software tests were carried out at Ångströms, Uppsala, by the Software Team. 
The objective was to test the long-term stability of the software, as well as the 
robustness of the software in case of a few different crucial failure scenarios. 
 
The circuit used in the tests was the final design but not the final assembly. Before the 
final assembly one PCB will be re-made, and the current placeholder solar cells will be 
replaced with the CIGS solar cells. Thus, further testing is necessary to guarantee the 
robustness of the final assembly, once it is ready. The assembled electronics circuits 
were powered via a power outlet and not via a battery. To emulate the E-link, both the 
ground station computer and the Arduino Mega were connected via ethernet to a 
router, without internet access. 
 
Test requirement Result 

The whole system is required to keep 
operating over at least 10 hours. 

Passed. 
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The system is required continue 
collecting and sending data even 
though the SD-card is disconnected 
during operation. 

Passed. 

If the ground support disconnects from 
the network the system is required to 
keep collecting and storing data onto 
the SD-card. 

Passed. 

If one of the Arduino Nanos stops 
working the system will keep collecting 
data from the other Arduino Nano. 

If one Nano has a software failure or looses 
power the rest of the system keeps operating. If 
the Nano disconnects from the I2C bus the rest 
of the system stops operating.  

 

5.3.5 Test 5 
See Bench test protocol in Appendix C. 

5.3.6 Test 6 
The test was performed by running the Arduino code while the IV measurement circuit 
was placed outside in the sun and the test data was compared with data given by a 
multimeter. The test was successful and both the voltage and the current was 
measured correctly. 

5.3.7 Test 7 
A radiation measurement was done in the Tandem-laboratory at Uppsala University. 
A radioactive material, Americum, with a known dosage was placed at different 
distances from our Geiger tube and the registered dosage was noted. Thereafter, the 
dosage was compared to that of two other radiation measurement units. The objective 
was to analyse whether our tube measured a reasonable dosage. One of them, a RAM 
GENE-1 had a mica window which alpha particles were able to pass through. The 
other, Mini Monitor was very similar to ours. It had a detection device that was a steel 
walled tube. The three devices were of different size, so to do a relevant comparison 
the dosage that was registered was divided with the cross sectional area of each 
device. The result was that our STS-5 Geiger Müller tube measured less than the RAM 
GENE-1 and more than the Mini Monitor. The expected result was that the measured 
dosages should be different for the three devices. The RAM GENE-1 had a mica 
window which allowed it to measure alpha radiation. Consequently, this device should 
measure a higher dosage than our tube which is impenetrable for alpha particles. The 
Mini Monitor measured a lower dosage probably due to the fact that the dosage was 
divided with its entire cross sectional area. The particles did not strike every part of its 
area evenly but it was a rough approximation. 
  
Distance to 
radiation 
source [cm] 

STS-5 [min-1  
cm-2] 

RAM GENE-
1[min-1  cm-2] 

Mini Monitor 
[min-1  cm-2] 

2 280 449 60 

4 103 244 45 

8 51 83 20 



No source 
(background 
radiation) 

3.4 3.8 3.0 

    

5.3.8 Test 8 & Analysis 2: 
The simulation of the drop test was set up according to the criterion. The design is 
mounted onto two aluminium beams, which represents the beams on the gondola. 
Furthermore, there are two additional beams on which the gondolas beams are 
supposed to land on top of. The simulation was done in Ansys Workbench.  
 
At first the simulation showed high stress points on the solar module. Therefore, 
pressure deloaders was introduced onto the solar module to even out the pressure. 
After the usage of the deloaders, only low stress was present, as seen in figure 5-3-1. 
 
The design showed deformation in the base plate near the four holes, towards the 
middle. Nothing broke, which is our criteria.  
 
The real drop test was done using a self-constructed drop test setup. The setup is built 
with regular wood and has a low friction plastic line that guides the experiment during 
the drop to make sure impact is the same as the simulation for verification.  
  
The velocity at impact is measured using a high-speed camera, which shoots at 960 
fps to compare with the simulated impact velocity.  
 
The result from the drop test matched those of the simulation. Deformation was shown 
in the same areas as the simulation with no signs of breaking. All of the deformation 
occurred on the electronics module base plate. No other part of the setup showed any 
signs of deformation as can be seen in 5-3-2. 
 

5.3.9 Test 9 
The Thermal Vacuum test was performed at SSC in Solna. The whole experiment was 
put in a thermal vacuum chamber and operated without issues over 3 hours. The 
temperatures were as low as -25°C in the surrounding air, pressures were as low as 1 
mbar. The temperature inside the electronics box was as low as -17°C and as high as 
11°C.  
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Figure 5-3-1: Simulation showing maximum stress point on the solar module with 
deloaders. 
 

 
Figure 5-3-2: Simulation showing maximum stress points in electronics module base 
plate during impact.  
 



 
Figure 5-3-3: Base plate of the electronics module post drop test.  
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5.3.10 Analysis 1 
 
The following thermal simulation have been performed in COMSOL Multiphysics. The 
purpose of the thermal simulation is to verify for which circuit power the temperature 
inside the electronics box is approximately 0 degrees Celsius. 
 
The measuring circuits inside the electronics module are defined in the simulation as 
heat sources. The electronics module aluminium plating, the PVC insulation (2mm) 
and the pertinax plate (27mm) is defined as diffuse surfaces meaning that they absorb, 
re-emit and diffuse the heat generated from the measuring circuits.  
 
The heat equation used in the simulation in COMSOL for the heat transport includes 
conduction and black-body radiation and is given by 

 
 
where rho is the solid density, C_p is the specific heat for the solid, k is the solid thermal 
conductivity and Q is the heat source. The heat source is directly proportional to the 
power of the measuring circuit. By varying the power the ambient temperature inside 
the electronics module can be computed. At the node specified in figure 5-3-4 figure 
5-3-3 shows how the ambient temperature varies with circuit power. 
 

 
Figure 5-3-3 Variation of ambient temperature at node specified by figure 5-3-4 as a 
function of circuit power 

 



 
Figure 5-3-4 Definition of the measuring node 

 
At around 2.3 W of circuit power the ambient temperature at the node specified in figure 
5-3-4 is close to 0 degrees Celsius.  
 
There is a strong thermal coupling between the electronics module and the rest of the 
gondola at the surface where the electronics module is fastened to the gondola. Since 
the experiment has thermal insulation between electronics module and the gondola 
the conduction contribution has been neglected. Due to this additional conduction the 
temperature for a power of 2.3 W will probably be lower than 0 degrees. Therefore a 
circuit power slightly over 2.3 W should be chosen. 
 
Figure 5-3-5 shows the steady state thermal profile for a circuit power of 2.3 W. 

 
Figure 5-3-5: Steady state heat distribution inside the electronics module for a circuit 

power of 2.3 W. 

Material Thermal 
conductivity 
(W/mK) 

Density 
(g/cm^3) 

Heat 
capacity at 
constant 
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temperature 
(J/(kgK)) 

Circuits 0.29  1.850 950 

Thermal 
insulation 
(PVC) 

0.0033 0.08 1650 

Table 5-3-1: Material constants used in the thermal simulation 
 

5.3.10.1 Trade off analysis between insulation thickness and circuit power 
Here we try to estimate how much PVC-foam is needed for the same amount of heating 
as increasing the heat generated from the circuits by 1 W. This is a simplified way of 
doing this, in reality the thermodynamic state of all the components (Arduinos, 
electronics box etc) are coupled. Here we first consider how much heat flux is going 
through the walls at a temperature difference of 80 degrees Celsius (ideal inside 
temperature in the most extreme condition) between the inside and the outside of the 
box then try to estimate how much insulation is needed to increase the heat in the box 
by 1W. First we consider the case for thicker insulation on the walls. We can use 
Fourier’s law of heat conduction in differential form: 
 

�⃗�𝑞 = −𝑘𝑘∇𝑇𝑇 
 
Where �⃗�𝑞 [ 𝑊𝑊

𝑚𝑚2] is the local heat flux, 𝑘𝑘 [ 𝑊𝑊
𝑚𝑚𝑚𝑚

] the materials thermal conductivity and T is 
the temperature. Now, consider a wall of thickness d consisting of an insulating layer 
PVC-foam with thermal conductivity 𝑘𝑘 = 0.0033 𝑊𝑊

𝑚𝑚𝑚𝑚
. For simplicity we assume that 

the heat flux is completely in the direction normal to the wall which we call x-direction. 
The heat flux through the wall is then: �⃗�𝑞 = |𝑞𝑞|𝑥𝑥�  𝑊𝑊

𝑚𝑚2 and the temperature is constant 

along the borders of the wall on both sides. This leads to: ∇𝑇𝑇 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

. 
Thus, we have: 

𝑞𝑞𝑑𝑑 = −𝑘𝑘
𝑑𝑑𝑇𝑇
𝑑𝑑𝑥𝑥

 
 
Integrating on both sides using boundary conditions from 0 (start of wall) to d (end of 
wall) on both sides: 

𝑞𝑞𝑑𝑑 � 𝑑𝑑𝑥𝑥
𝑑𝑑

0
= −𝑘𝑘� 𝑑𝑑𝑇𝑇

𝑑𝑑𝑑𝑑

𝑑𝑑0
 

𝑞𝑞𝑑𝑑 = −𝑘𝑘
(𝑇𝑇𝑑𝑑 − 𝑇𝑇0)

𝑑𝑑
 

 
Thus, the heat flux through the walls are proportional to the inverse of the wall 
thickness: 

 
 
Ideally the inside temperature would be 0C and the outside temperature is at it’s 
worst −80C. This gives us: 

𝑞𝑞𝑑𝑑 = −0.0033 ∗
0 + 80
𝑑𝑑

= −
0.264
𝑑𝑑

 
 



The minus comes from the definition of the direction of the x-axis going from the outside 
to inside. When the circuit boards generate 1W of heat this translates to 𝑞𝑞 = 𝑄𝑄

𝐴𝐴
=

1𝑊𝑊
0.0001𝑚𝑚2 = 1000 𝑊𝑊

𝑚𝑚2 in heat flux, where 0.0001 𝑚𝑚2 is the area of the circuit boards. Thus, 
to achieve the same cooling effect as lowering the unit of heat generated from the 
circuit boards a thickness of 𝑑𝑑 = 0.264

1000
= 0.000264 𝑚𝑚 = 0.264 𝑚𝑚𝑚𝑚 is needed. From this 

we can conclude that adding 0.2 − 0.3 𝑚𝑚𝑚𝑚 of PVC-foam accounts for the same effect 
as increasing the heat generated by the boards by 1 W. Thus, we have a trade-off ratio 
of 0.2 − 0.3𝑚𝑚𝑚𝑚

𝑊𝑊
. 
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6 LAUNCH CAMPAIGN PREPARATION 
 

 Input for the Campaign / Flight Requirement Plans 

6.1.1 Dimensions and Mass 
 
Table 6-1: Experiment mass and volume 
 
Experiment mass (in kg): 2.1 kg 
Experiment dimensions (in m): Primary base plate (solar): 0.225 m x 

0.225 m x 0.001m 
Primary solar plate: 0.225 m x 0.225 
m x 0.004m  
Secondary solar plate: 0.164 m x 
0.225 m x 0.004 m 
Secondary fastening plate 
(reference): 0.164 m x 0.225 m x 
0.001 m 
Box: 0.080 m x 0.150 m x 0.225 m 

Experiment footprint area (in m2): 
 
 

Primary setup: 0.225x0.225 m^2 
Secondary setup: 0.164x0.225 m^2 
Total: 0.389x0.225 m^2 

Experiment volume (in m3): 
 
 

Primary base plate: 0.00005 m3  
Primary solar plate: 0.00020 m3  
Secondary solar plate: 0.000148 m3  
Secondary fastening plate: 0.000037 
m3  
Box:  0.0027m^3  
 



Experiment expected COG (centre 
of gravity) position: 

Electronics box, Primary base plate 
and Primary solar plate:  
X = 114 mm  
Y = 120 mm  
Z = 83 mm   
Secondary solar plate, Secondary 
fastening plate:  
X = 114 mm  
Y = 120 mm  
Z = 20 mm  
 
See Figure 6-1-1 
 

 
 

The primary solar module consists of a 22.5x22.5 cm^2 piece and the secondary solar 
module consist of a 22.5x16.4 cm^2 piece, both made out of aluminium (ISO Al 99.5). 
The two solar modules will be mounted with six solar panels on each one, where one 
of them will have a Geiger counter. The order of the mounting will be to first attach the 
six (5x5)cm^2 solar panels on the Solar module using metal clamps on each of the 
four sides. The Geiger counter will thereafter be fastened on the Solar module using 
two metal cable clamps. The clamps will be screwed to aluminium plate. The 
placement of the solar panel should be horizontal for maximal exposure of vertical flux 
of cosmic radiation. 

6.1.2 Safety Risks 
 
Table 6-2 Experiment safety risks 

Risk Key Characteristics Mitigation  

Figure 6-1-1: Electronics box, fastening plate (solar) and solar plate 
with a coordinate system. 
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Part of the experiment 
falls from balloon 
gondola over populated 
area during flight.  

The experiment will be 
cased in a box with a 
hatch made of a total of 
2.1 kg of aluminium 
plates that may cause 
harm if they fall from 
balloon. 

Seek advice of the 
supervisors of the 
mechanics group and 
BEXUS personnel for 
instruction on proper 
assembly and fastening of 
the experiment. Making sure 
that the hinges and locking 
of the hatch as well as the 
rest of the case is properly 
dimensioned using 
simulations of possible 
scenarios. There will also be 
a safety wire for 
redundancy. 

Injury during experiment 
integration. 

Types: 2.1 kg Aluminium 
plates, discharges.  

Follow standard safety 
regulations during 
integration. 

Injury during experiment 
testing. 

Types: 2.1 kg Aluminium 
plates, discharges. 

Follow standard safety 
regulations during testing. 

High voltage powering 
Geiger tube may cause 
injury if touched.   

The Geiger tube requires 
a high voltage around 
400 V to function, this 
may cause harm if 
touched. 

Great caution will be used 
when handling the circuit 
during integration and 
testing, no alterations are to 
be done while the circuit is 
active. The radiation 
measurement PCB will be 
mounted on a pertinax plate 
so that it is not in direct 
contact with the aluminium 
casing. The PCB will be 
sprayed with an insulating 
spray as well so that it is 
safe to touch. The shell of 
the Geiger tube is insulated 
but the anode and cathode, 
where the wires to the PCB 
are connected, will be 
covered in heat-shrink 
tubing. During the 
integration the Geiger tube 
circuit will, if possible, be the 
last circuit to be plugged in 
before sealing/closing the 
hatch on the aluminium 
casing to minimize the 
chance of accidentally 
touching the live circuit. On 



the outside of the case there 
is a safe arm plug that can 
turn of the current. 
 

Sharp edges may occur 
on the aluminium case. 

Sharp edges on 
aluminium case may 
cause cuts during 
integration. 

Grinding down sharp edges 
after construction and when 
possible wearing gloves 
during integration 
 

 

6.1.3 Electrical Interfaces 
 
Table 6-3: Electrical interfaces applicable to BEXUS 

BEXUS Electrical Interfaces 
 
E-Link Interface: E-Link required? Yes 
 Number of E-Link interfaces: 1 
 Data rate - downlink: < 0.5 kBps 
 Data rate – uplink NA 
 Interface type (RS-232, Ethernet): Ethernet 
 
Power system: Gondola power required? Yes 
 Peak power (or current) consumption: 2.360 W 
 Average power (or current) consumption: 2.360 W 
 
Power system: Experiment includes batteries? No 
 Type of batteries:  
 Number of batteries:  
 Capacity (1 battery): Ah 
 Voltage (1 battery): V 

 
The Uplink is needed only for reset, and radio silence commands. No continuous 
data stream is needed. 
 

6.1.4 Launch Site Requirements 
- 3 desk 
- 8 chairs 
- 8 power outlets (230 V, 50 Hz) 
- Whiteboard 

6.1.5 Flight Requirements 
The defects LODESTAR aim to detect does not require the solar panels to be exposed 
to sunlight. The direct sunlight is needed for the in-flight measurements of Voc and Isc, 
these are only complementary measurements and not the main aim of the study. 
Hence it is not an issue that the exposure is limited during the flight. The optimal 
altitude interval and time duration of the flight is 17 - 27 km and as long time as 
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possible. However, the maximum altitude of 27km is not required to achieve relevant 
results. Our approximations of the flux of cosmic radiation was based on 
measurements [9] taken at an altitude of 25km, any altitude in proximity to these 
altitudes will deliver a sufficient dose. This can be seen in Figure 6-1-2. The lowest 
altitude to that still provides at least 3000 events per minute is 17 km. In the calculations 
of the degradation of the Isc and Voc, under the section of the objective of the 
experiment, a two hour flight time at 27 km was used. 
 

 
Figure 6-1-2: Figure 2 from “Cosmic ray measurements in the atmosphere” by Y.I. 
Stozhkov et al. The measurements were taken in the Murmansk region, at Mirny 
(Antarctic) and in the Moscow region, at different dates in September 1997. 

6.1.6 Accommodation Requirements 
It is desirable to place the Solar module horizontally on top of the gondola. It should 
either be placed outside the protective canvas or if not possible a hole through the 
canvas would suffice. As indicated in figure 4.2.1-1. The Electronics module have no 
preferential position. 

 Preparation and Test Activities at Esrange 
The four sponsored students were present at ESRANGE. The remainder of the 
LODESTAR team was accommodated at STF Kiruna during the campaign. Eight 
students were present at ESRANGE during the days, two of which were rotating from 
day to day. The students not present at ESRANGE participate in the IRFU Kiruna 
conference Lift Off. The listed participants in Table 6-4 can also be rotated out for 
another member of their group to avoid overworking the students. 



 
Table 6-4: Team structure at the campaign 

Group Participants Responsibilities 

Electronics group Anton Olsson + 
ev. rotating 
student 

IV and temperature measurement testing 

Radiation group Carl Tysk + 
ev. rotating 
student 

Radiation measurement testing 

Mechanics group Oscar Hultmar + 
ev. rotating 
student 

Experiment mounting, safety inspection, 
experiment unpacking 

Software group Patrik Laurell + 
ev. rotating 
student 

Software testing, EGSE testing, EGSE 
monitoring, data housekeeping. 

Management group Linus Hägg 
Hugo Laurell 

Outreach, organisation, technical expertise, 
group meetings. 

 
The campaign timeline is presented in Table 6-5. The assigned days are preliminary. 
 
Table 6-5: Campaign timeline 
Day Main task Description Responsible Estimated 

duration 

Daily Attend official 
meetings 

 Hugo Laurell 2 h 

Daily Group morning 
meeting 

The group discusses the 
objectives and challenges 
of the day. 

Linus Hägg 30 min 

Daily Group end of 
day meeting 

The group presents what 
has been done during the 
day and if any problems or 
challenges occurred. 

Hugo Laurell 30 min 

1 Experiment 
unpacking 

 Oscar 
Hultmar 

1 h 

1 Experiment 
mounting 

Mounting the different 
modules on the BEXUS 
gondola. 

Oscar 
Hultmar 

2 h 

1 Power 
connection 
check 

Check if the circuits are 
being powered properly by 
the gondola batteries. 

Anton Olsson 1 h 

1 EGSE 
connection 
check 

Check if the EGSE can 
receive data through the E-
link, 

Patrik Laurell 1 h 

1 EGSE 
communication 
and function 
test 

Check if the EGSE can 
perform the basic 
implemented functions of 
the experiment. 

Patrikl Laurell 1 h 
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3, 4 Official test Preparation for and 
participation in the official 
tests, such as interference, 
compatibility and flight 
simulation tests. 

Carl Tysk 5 h 

3, 4 Preparation for 
the flight 
readiness 
review 

Extra group meeting to 
review the tests. 

Hugo Laurell 3 h 

4 Flight readiness 
review 

 Linus Hägg 2 h 

2 Software 
testing 

 Patrik Laurell 4 h 

2 Power 
consumption 
test 

Check the experiment 
power consumption over 
an extended time. 

Anton Olsson 8 h 

2 Mechanical pull 
the plug test 

 Carl Tysk 2 h 

3 Radiation 
measurement 
test 

 Carl Tysk 2 h 

3 IV 
measurement 
test 

 Anton Olsson 2 h 

3 Temperature 
measurement 
test 

 Anton Olsson 2 h 

3 Safety 
inspection 

Check safety wire, the 
stability of the experiment 
mounting and the 
electronics box hatch.  
Inspection of the safe arm 
plug. 
General visual inspection. 

Oscar 
Hultmar 

2 h 

7 Results 
presentation 

 Linus Hägg 3 h 

 

 Timeline for Countdown and Flight 
The launch countdown timeline is shown in Table 6-6. 
 
Table 6-6: Launch countdown timeline 
Time Subsystem Action 

-5H00 EGSE Start EGSE data collecting software. 

-4H00  POWER ON for end-to-end tests via E-link. 

-3H30  POWER OFF (transport to Sweet spot) 



-3H30  POWER ON 

-3H30  Sweet spot tests 

-3H30 Geiger 
counter 

Remove Geiger counter safety cover 

 

 Post-Flight Activities 
The LODESTAR recovery consists of disarming the safe arm plug. This was done by 
removing the bolts of the DSUB connector and taking out the connector out of its 
socket. This cuts of the power to the entire circuit. 
WARNING. Before the safe arm plug is disarmed there is a high voltage over the 
Geiger Tube, this poses a risk of harmful electrical discharges. 

 

 
 

Figure 6-4-1: The primary module. The safe arm plug is the right most black DSUB 
connector. 

 
The post-flight activities are listed in Table 6-7. 
 
Table 6-7: Post-flight activities 
Day Event Description Responsibility Estimated 

duration 

5 Experiment 
dismount 

 Oscar 
Hultmar 

2 h 
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6 Data extraction  Patrik Laurell 4 h 

6 Analysis and 
evaluation of 
experiment data 

 Linus Hägg 8 h 

6 Experiment 
packaging for 
transport home 

 Oscar 
Hultmar 

2 h 

8 Experiment 
transport home 

 Anton Olsson - 

 



7 DATA ANALYSIS AND RESULTS 

 Data Analysis Plan 
In order to find radiation-induced defects the following attributes will be studied with 
high precision measuring devices at Uppsala University both before and after 
exposure:  

The instruments that are going to be used are mostly the same as in “From light to 
dark” by Piotr Szaniawski. In this he describes in a very good way the different 
applications of each device. 

The first step when analysing a solar cell is a ICVT or IVT measurement. Where each 
letter represents a quantity being measured, I for current, C for capacitance, V for 
voltage and T for temperature. The setup for these measurements uses a liquid-
nitrogen-cooled cryostat that is 5 by 5 cm. This is large enough to hold an entire solar 
cell module this means the measurements can be done on either the entire module or 
individual cells. The cryostat is able to keep the module at a constant 25°C in dark 
conditions and while the sample is being warmed by the incoming light. It can also be 
used to cool the temperature of the sample for the low temperature measurements. 
The measurements are done attaching four probes to the solar cell sample, two on 
each side. The reason why double probes are used are so that the voltage and current 
can be measured in separate systems. This allows for more exact measurements. 

Quantum efficiency is another very interesting quantity that can be used to describe 
the efficiency of the solar cell. It describes in per cent how many electrons are collected 
for each incoming photon at different wavelengths of incoming light. This is measured 
by a spectral sensitivity measurement. This device cannot however measure a whole 
module but only individual cells, to get a complete picture of a whole module each cell 
has to be measured. The device can do adjustable sweeps over the entire spectrum 
of workable wavelength for the solar cell. This also allows for very small step sweeps 
and extra analysis in defect heavy areas of the spectrum if those would exist. 

The names of the measuring devices are tabled in appendix C. 

In addition to this the on-board temperature, total radiation count, Voc and Isc will be 
measured at regular intervals during the flight. The project will also study annealing 
process of the defects to determine the recovery rate.  

To better determine what causes defects, if there are any, three different CIGS 
modules will be measured after exposure. The first one attached to the outside of the 
balloon receiving maximum amount of exposure. A second one still attached to the 
balloon but shielded from exposure. This module will however still be affected by the 
low temperature of the flight. If there are defects that are temperature dependent 
having a shielded module might help characterize these. The last module will be kept 
on ground as a reference sample to compare with natural changes that occur in the 
CIGS. The measurements before the flight will be made in September on newly 
produced CIGS solar cells. The flight is scheduled for October which means the post-
flight measurements will be done mainly in November.  

In the paper ``Cosmic ray measurements in the atmosphere’’ by Y.I. Stozhkov et al. [9] 
the proton flux is measured over Murmansk. Murmansk is geographically close to 
Esrange, Kiruna, and it is assumed in our experiment that the proton flux profile is 
similar at Esrange and Murmansk. The BEXUS balloon will be at an altitude between 
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25- 30 km for approximately 2 hours according to the BEXUS manual. The detector 
that was used by Stozhkov et al. had a surface area of Ad = 15.1 [cm^2]. The surface 
area of our CIGS module is at = 25 [cm^2]. From figure 2 in ``Cosmic ray 
measurements in the atmosphere’’ the total number of high energy protons passing 
through the CIGS cell can be estimated to be around 500 000 detections. This gives a 
proton fluence of 23 000 [cm^-2]. In the review ``Cosmic rays’’ [8] the spectrum of the 
cosmic rays is given. Approximately 80% of the cosmic radiation background 
comprises of protons. In this experiment the cosmic ray spectrum is approximated to 
only consists of protons. 

The CVT and IVT measurements before and after flight can probe for microscopic 
defects in the CIGS induced by the cosmic radiation. According to our literature study 
this has not been performed by other research groups before and after exposure to 
cosmic radiation. The analysis of the spectral response could offer a new insight in the 
possible degradation of the CIGS or set a lower bound for spectral degradation.  

According to Dr. Uwe Zimmerman the effect of cosmic radiation induced defect will be 
possible to measure through CVT and IVT measurements of microscopic defects at 
Uppsala University before and after flight. 

 Launch Campaign 
The experiment successfully exposed the solar cells to cosmic radiation, measured 
the cosmic ray counts, monitored the temperature in the electronics box, and 
measured the in-flight IV characteristics of all but one of the silicon solar cells. 
  
During the experiment disassembly at Uppsala University, a soldering failure was 
deemed the most likely cause for the silicon solar cell measurement failure. 

7.2.1 Data collection and communication 
This section will briefly discuss the events during flight and recovery related to data 
collection and communication. Leading up to the moment of launch there were two 
problems that were later resolved.  
 
The first problem was a problem related to the ground station. The laptop acting as the 
ground station had a daemon process that sent packages on the network that 
exceeded the allowed bandwidth limit. The packages had not been present during the 
previous network tests. The problem was resolved by simply rebooting the computer. 
 
The second problem was a problem related to the E-link. When the balloon was 
stationary on the launch pad we were informed that the reception was poor but would 
be improved once the gondola gained altitude. Because of this, we experienced broken 
packages which in turn created a frameshift in our data file on the computer. This was 
an unforeseen consequence of the method we used to stored data on the ground 
station (see section *lessons learned*).  
 
The frameshift was resolved by restarting the ground station software once the gondola 
gained altitude there were no further problems with the connection. Data collection 
during flight was nominal and no data packages were lost. 

 Results 
1. There are three possible outcomes of the experiment. 

1. The first possible outcome is that there is no meaningful detectable difference 
between post-flight and pre-flight measurements. This would mean that the 



CIGS solar cells experienced no measurable long lifetime, annealing immune, 
microscopic defects. This would set a lower bound for the CIGS solar cell 
radiation hardness by using the calculated radiation dose. 

2. The second outcome is that microscopic defects due to the cosmic radiation 
are detected. This is the most interesting scenario from a scientific perspective. 
While it is hard to say exactly how well the defects can be characterized before 
actually having measured the cells this scenario will always provides some 
results. The worst case scenario is a quantitative analysis where we only see 
that something changed and by what amount it changed with but without finding 
the defects that are responsible. This the amount of conclusions that can be 
drawn from such a scenario are limited. However, it is the hope of this project 
that the defects can in fact be characterized. This can potentially offer new 
insights in how defects are formed in CIGS solar cells and how these 
microscopic defects will affect the macroscopic properties and durability of the 
solar cells.  

3. The CIGS are destroyed during landing and no conclusions be drawn or 
analysis can be performed.  

In case 1 and 2 there is a scientific result and in case 3 there is not a scientific result. 
The risk of case 3 is noted in the Risk register. 
2. After the flight LODESTAR will hold a presentation at Uppsala University 
presenting the results.  

7.3.1 In-flight results 

 

Figure 7-1: Picture of the LODESTAR experiment in-flight. 
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Figure 7-2: Comparison between the radiation counts from the LODESTAR experiment 
and from Stozhkov et. al. [9]  

 
The measured radiation counts show the same behaviour as Stozhkov’s 
measurements.  



 

Figure 7-3: Measured radiation counts (top) and temperature (bottom) during the flight. 
The measured radiation counts peaked at approximately 2000 Counts/min during 
float. The temperature in the electronics box never dropped below 0°C during the 
flight, this shows that the thermal design worked well and kept the electronics in 
operating temperatures. 
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Figure 7-4: IV measurements for each of the different solar cell types. 

Figure 7-4 shows three examples of from in-flight IV measurements, this figure 
shows that the in-flight IV characterization worked well. 



 

Figure 7-5: Voc (top) and Isc (bottom) during the flight for one of the monocrystalline 
silicon solar cells. 

Figure 7-5 and 7-6 shows Voc and Isc for one of the monocrystalline solar cells, and 
one of the CIGS solar cells, respectively. The fluctuations are due to shadowing of 
the solar cells and temperature differences. 
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Figure 7-6: Voc (top) and Isc (bottom) during the flight for one of the CIGS solar cells. 

 

7.3.2 Pre- and post-flight results 
In this section are the results from accurate measurements done at Ångström 
laboratory in Uppsala both before flight and after. The initial hypothesis of was that 
CIGS solar cells would be largely unaffected by the flight. Some of the 
measurements seem to indicate this, however, there are also some differences that 
would require even further testing to pin point what has happened to the cell. 
 

 
 
Figure 7-7: The IV curves of two CIGS cells, title of each graph is the cell name. 
 
The IV curves for both measurements in figure 7-7 seem identical. The two cells 
have different short circuit current, the current when zero voltage is applied. They do 
however behave in the same way, that is unaffected by the flight. 



 

 
Figure 7-8: The quantum efficiency measurements from two cells. 

 
Figure 7-8 shows a solar cell which have changed significantly between the 
measurements before flight and the measurements after. This radical change is 
probably due to damages associated with the crash or the handling of the solar cells 
in transport. While this is unfortunate it was the only cell which obtained this kind of 
damage. 

 
Figure 7-9: The quantum efficiency measurements from two cells. 
 
The quantum efficiency curves from the before and after measurements are nearly 
identical as seen in figure 7-9, the cells are the same as in the previous figure, 7-7. 
This means that even if microscopical defects have been introduced they have not 
impacted the cells ability to act as solar cells. The samples are not identical CIGS, in 
the left graph a buffer layer consisting of CdS (cadmium-sulphur) absorbs some of 
the blue light. The right graph shows a CIGS cell with a cadmium free buffer layer 
which does not have the same issue. 
 

 
Figure 7-10: Temperature dependent IV measurements. 
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The temperature behaviour is largely the same in the two graphs of figure 7-10. One 
temperature point in the measurements before flight was corrupted and therefore 
removed. 
 

 
Figure 7-10: Logarithmic plot of temperature dependent IV. 

 
Figure 7-10 is the same temperature dependent measurements but with a logarithmic 
y-axis. While we see that the trends stay the same even on a logarithmic scale this 
figure could potentially provide even more information. From this graph it could be 
possible to estimate even more data by interpolating were the linear part of the 
curves would cross the y-axis if extended. This was not done in this analysis but it 
could be interesting in the future. Since it is hard to see the differences between the 
graphs in a side by side comparison the measurements that were made on the most 
similar temperatures are shown in figure 7-11 below. 
 

 
Figure 7-11: IV measurements before (dashed lines) and after (solid lines) flight at 

similar temperature. 
 

When showing the temperature dependent IV data in the same graphs as in figure 7-
11 it is much easier to see changes that happened during the flight. The data when 
temperature is at 209-210K is especially interesting. The data at this temperature 
changed much more after flight than all the others. This could be an indication that a 
microscopic defect due to the cosmic radiation has occurred. Intuitionally it makes 
sense that some changes could appear in this region as temperature dependent 
defects. The lowest temperatures will freeze almost all of the free charged carriers to 
the point of almost no activity in the cell, and for high temperatures the inherent 
doping of the cell will be the deciding factor for the behaviour. The temperatures in 
between are harder to predict and defects could influence the results. However, 
further testing would be required to know exactly what caused the change. 
 



 
Figure 7-12: Admittance measurements, top linear plots, bottom logarithmic plots. 

 
Immediately when looking at the graphs in figure 7-12 differences between the post-
flight and pre-flight admittance measurements are noted. In the top two graphs when 
a linear space is used the differences appear monumental and it appears that the 
solar cell has completely changed behaviour. This is however not necessarily the 
case, instead the logarithmic space should be considered. Here there is still a 
difference between the two measurements but it is clear the main difference is in an 
extremely high frequency range. This is probably due to a contact error during the 
measurement, it is much harder to maintain a good connection at high frequencies. 
Even if bad contact in the measuring device is bad it is not the end of the world as 
the solar cells optimal working frequency most probably is way below 10^5 Hz. 
 
 

 
Figure 7-13: Arrhenius plot showing differences before and after flight. 

 
Using the data in the admittance figures and processing it further reveals the data 
shown in figure 7-13. Here the true extent of the bad connection at the higher 
frequencies are visible, only three data points from the post-flight measurement were 
without noise and could be used. However, the data from the pre-flight 
measurements was good and as the solar cells still exist new measurements could 
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be made to achieve better results. The activation energy for the solar cell was 
166.4meV pre-flight and only 151.0meV post-flight. While there were some bad data 
points this change could indicate defects and further testing would be interesting. 
 

 
Figure 7-14: Mott-Schottky plots for three different frequencies. 

 
The Mott-Schottky plots in figure 7-14 are all from frequencies below the noise region 
with the highest frequency at 10^5, just below before noise influences. The overall 
behaviour is logical in the sense that higher temperature will lower the starting point 
on the y-axis. Increasing the temperature will in turn increase the charged particles 
that move around in the cell and with this the capacitance will increase, since the y-
axis is 1/C^2 this will lower the starting point. This behaviour is similar in both pre-
flight and post-flight measurements but the post-flight starts at a considerably higher 
point on the y-axis. This could partially be explained by different starting values in 
temperature but not completely. If this also is because of defects lowering the 
capacitance in the cell or perhaps an effect of bad contact while measuring is hard to 
say. According to theory the capacitance in an ideal Mott-Schottky plot should be 
linearly dependent on the voltage. However, thin film solar cells are often not ideal in 
this regard so the results are within expectations. In further analysis a carrier 
concentration depth profile could be estimated from the Mott-Schottky plot. 



 

 Lessons Learned 

7.4.1 Electrical design group 
Special experiences and problems 
1. Problem: Our circuits IV-measurements had a weird sinusoidal behaviour.  
 
1. Solution: This however turned out to come from the lamp we used in the 
measurements.  
 
2. Problem: The Arduino Mega was not able to conduct measurements and at the 
same time communicating it back to earth.  
 
2. Solution: Introduction of two Arduino Nanos and decentralizing the measurements 
to them so that the Arduino Mega only deals with communication. 
3. Problem: The measurements experienced a lot of noise. 
 
3. Solution: Switching to mean value measurements. 

7.4.2 Mechanical design group 
Special experiences and problems 
1. Problem: The electronics module is supposed to transport and protect electronics, 
circuits and reference solar panels. One problem that we encountered was how to 
fasten the contents in the electronics module, while still protecting them and having 
them easily accessible. 
 
1. Solution: In order for the electronics, circuits and reference solar panels to be 
protected we chose to fasten them to a wooden plate. This wooden plate will then be 
fastened using rails. For the components to be easily accessible, we decided to 
make one of the sides of the electronics module into a door that can be opened and 
locked. This will enable us to fasten all the components and still make it easily 
accessible.   
 
2. Problem: To determine which materials to use for protection of the solar panels, 
the design was simulated. In the simulations of the drop test we detected the problem 
that the plastic materials had a tendency to break near the screws. 
 
2. Solution: In order to even out the pressure around the screws, we chose to add 
thin strings made out of aluminium. These strings helped to expose the protective 
plastic to less pressure, which led to the plastic not breaking.  
 
 
Possible improvements 
One improvement that is possible for the design is to add a camera that will film the 
space travel. In order to do that, an attachment needs to be placed on the design, but 
we still need to work out where to place the camera and attachment for optimal 
viewing of the experiment. 

7.4.3 Radiation measurement group 
1. Problem: The boost converter needed components that could endure high 
voltages. 
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1. Solution: Our first try was with a transistor with a maximum collector-emitter 
voltage of 100 V instead of the 400 V that was needed. The output voltage of the 
boost converter was much lower than expected. 
 
2. Problem: The values of components and the frequency of the oscillator 
determined the output of the boost converter. As the frequency got higher so did the 
output voltage, up to a point where the coil and transistors couldn’t keep up. And an 
even higher output frequency lowered the output voltage. 
 
2. Solution: At first a common Wien bridge was used. It was later exchanged with 
the Arduino that created a square wave. Changing the frequency to find the 
maximum point then became much easier. 
 
3. Problem: Choosing a suitable Geiger tube. The Si-3BG could not detect 
background radiation, only high energy beta and gamma radiation. Most tubes with 
mica-windows that can detect lower energy particles break easily and can’t operate 
under low temperatures. 
 
3. Solution: The Geiger tube STS-5 fulfils our requirements.  
 

7.4.4 Management 
1. A good Gantt schedule is useful for a whole project overview. 
 
2. The early reqruitement of many BSc student was vital for the success of the 
project. The BSc student being able to work many hours on the design and 
implementation. 
 
3. It is a very good idea to have at least two persons responsible for the project 
management. This since there are many tasks and groups to oversee in the project. 
 

7.4.5 Software group 
One lessoned learned is to set up a common Git repository for all code at the 
beginning of the project and make sure that everyone using it is comfortable with Git. 
 
We chose to store the data from the flight in the same format on the ground station as 
on the onboard SD-card. Since the format was sequential it relied on the length of 
previous packages to find the beginning and end of the next package. When partial 
packages were received due to the connectivity problems, this lead to a frameshift that 
rendered subsequent data unreadable by our program. A data format robust to partial 
packages could have been implemented in many ways and would have been a much 
better choice. Previously we had planned to implement a checksum in order to handle 
broken packages, however, we were told that checksum was unnessecary since 
broken packages were rare. 
 



8 ABBREVIATIONS AND REFERENCES 

 Abbreviations 
Add abbreviations to the list below, as appropriate and delete unused 
abbreviations. 
 
AIT  Assembly, Integration and Test 
asap  as soon as possible 
CDR  Critical Design Review  
COG  Centre of Gravity 
CRP  Campaign Requirement Plan  
DLR  Deutsches Zentrum für Luft- und Raumfahrt 
EAT  Experiment Acceptance Test  
EAR  Experiment Acceptance Review 
ECTS  European Credit Transfer System 
EIT  Electrical Interface Test  
EPM  Esrange Project Manager 
ESA   European Space Agency  
Esrange Esrange Space Center 
ESTEC European Space Research and Technology Centre, ESA (NL) 
ESW  Experiment Selection Workshop 
FAR  Flight Acceptance Review 
FST  Flight Simulation Test 
FRP  Flight Requirement Plan 
FRR  Flight Readiness Review 
GSE  Ground Support Equipment 
HK  House Keeping 
H/W  Hardware 
ICD  Interface Control Document 
I/F  Interface 
IPR  Integration Progress Review 
LO  Lift Off 
LT  Local Time 
LOS  Line of Sight  
Mbps  Mega Bits per second 
MFH  Mission Flight Handbook 
MORABA Mobile Raketen Basis (DLR, EuroLaunch) 
OP  Oberpfaffenhofen, DLR Center 
PCB  Printed Circuit Board (electronic card) 
PDR  Preliminary Design Review  
PST  Payload System Test 
RBF  Remove Before Flight 
SED  Student Experiment Documentation  
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SNSB  Swedish National Space Board  
SODS  Start Of Data Storage 
SOE  Start Of Experiment 
STW  Student Training Week  
S/W  Software 
T  Time before and after launch noted with + or - 
TBC  To be confirmed 
TBD  To be determined 
WBS  Work Breakdown Structure  
ZARM Zentrum für Angewandte Raumfahrttechnologie und 

Mikrogravitation 
IVT  Current voltage temperature measurement 
CV  Capacitance voltage measurement 
Voc  Open circuit voltage 
Isc  Short circuit voltage 
CIGS  Cu(In,Ga)Se2 solar cells 
PV  Photovoltaic 
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SED v1-1 Feedback 
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SED v1-2 Feedback 
 

 
  



 

Critical Design Review – CDR 
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SED v2-1 Feedback 
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Integration Progress Review – IPR 
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Experiment Acceptance Review – EAR  
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APPENDIX B – OUTREACH AND MEDIA COVERAGE 
 
Webpage 
Webpage: http://www.lodestarbexus.se/ 
The team webpage will continuously during the project post updates on the project progress. 
The Lodestar webpage has a brief description of the projects objective, a news section with 
recent updates, a list of team members and contact information.  
Presentations 
Louise Augustsson held a presentation presenting the project at a lecture in the course 
Analogue electronics at Uppsala University the 17 Nov 2017. This was to seek the attention of 
possible team members and to inform university students about the project. 
Logo design 
During December 2017, the LODESTAR logo was designed. 
Facebook page 
Facebook page: https://www.facebook.com/Lodestar-BEXUS-Project-2031787173527972/ 
The Lodestar Facebook page follows the work of the Uppsala groups and announces 
important events. 

 
Media plan 
Establishment of media objectives 
The LODESTAR media objectives are the following 
 
1. Promote the REXUS/BEXUS programme in a positive manner. 

http://www.lodestarbexus.se/
https://www.facebook.com/Lodestar-BEXUS-Project-2031787173527972/


2. Promote the sponsors of the REXUS/BEXUS programme. 
3. Inform the public through the media about the LODESTAR experiment. 
4. Give correct information at all times about the REXUS/BEXUS programme and the 
sponsors of the REXUS/BEXUS programme. 
 
Media strategy development and implementation 
The media strategy consists of three main pillars: 
 
1. Contact Swedish news agencies about the experiment for interviews. 
2. Present the experiment at conferences. 
3. Inform the public of the LODESTAR experiment via social media channels. 
 
The following actions remain of the media plan implementation: 
 
t-1month: Contact Swedish new agencies and University newspapers. 
t-1month: Promote the LODESTAR experiment at Uppsala University.   
t-1week: Update the Facebook page frequently. 
 
Evaluation and follow-up 
After the campaign, the media plan and implementation will be evaluated according 
to the objectives specified above. 
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Article in UNT, Uppsala Nya Tidning, 26th of February 2018 

 



APPENDIX C – ADDITIONAL TECHNICAL INFORMATION 
Table 1: Table of measuring devices 

Devices Measurement Description 
Agilent 4284 A IVT LCR meter 
Kiethly 2401 IVT, IV Current Voltage meter 
Lakeshore 325 IVT Temperature controller 
Cryostat IVT Liquid nitrogen cooler 
LED lights IVT RGB light 
Oriell Sol2A IV Light to emulate sunlight 
Newport Short Arc Xenon lamp EQE  
Oriell cornerstone 130 EQE Monochromator 
Stanford preamplifier SR5750 EQE  
Stanford lock-in amplifier SR810 EQE  
Stanford lock-in amplifier SR830 EQE  
Bentham PVE 300 IV, EQE Photovoltaic 

characterization 
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Bench test protocol 
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Full CAD drawing of the experiment 
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Full Gantt schedule 
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