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0

ACHIEVEMENTS AND FINAL RESULTS
0.1

Experiment achievements

The achievement of this experiment is the study of the Earth‟s Magnetic Field. We
want to evaluate the size and direction of Geomagnetic Field to compare it with the
standard I.G.R.F. (International Geomagnetic Reference Field) model.
Moreover we want to measure the Solar Flux that reaches our planet and its
variation in different altitude.
Finally the last objective of our experiment is to determine the attitude of the
gondola during the flight and reconstruct it.

0.2

Final Results

After all the analysis it is possible to get to these conclusions about the experiment.
From the engineeristic point of view:
 this experiment has been a success. In fact all the mechanics, the electronics,
the software and every component worked well. The data collected are
reasonable and consistent, the experiment was ready in time and almost every
possible problem has been predicted and avoided.
 the attitude has been successfully reconstructed and implemented in the STK
software, both using the IMU and the Sun Sensor data.
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From the scientific point of view:
 the results reached are interesting, consistent and useful. It is possible to get to
conclusions about the geomagnetic field and its model. Concerning with the
second target of the project, the solar flux measurement, we can assert that the
experiment has had a good response, too.
 a difference of about 15 mG (less than 10%) in the size of the geomagnetic field
has been measured all flight long, between the IGRF predicted model vector and
the measured one, also considering the intrinsic error of the sensors and of the
attitude determination. Moreover an angle of less than 10° but almost always
present during the flight has been measured between the two vectors. This
means that a tiny imprecision in the IGRF model has been found, not very
relevant but existing, anyhow this can be acceptable considering that it is a
model at the end of its validity. This difference can be adduced to various causes,
but mainly to the intrinsic imprecision of the model. However the unpredicted low
Sun activity of this year can be considered as a reason for this difference. In fact
the sun activity influences the geomagnetic field shape and a difference of it with
the predicted behavior can affect the goodness of the magnetic field model.

 The Sun sensor has recorded satisfactory data that have enabled us to obtain
interesting conclusion about the sensor and its payload. In the figure below it is
shown the solar flux measured during the flight by the sensor: the percentage of
bad data is very meager. Interesting conclusions has been obtained about the
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Sun measurements. The Sun Sensor has recorded an increasing solar flux in
the first ascent phase and an almost constant value when the gondola level off,
about twice than the one at the ground level, as shown in the figure below.

With other calculation the value of solar flux outside the atmosphere has been
obtained. This not very simple analysis has given quite good results: as it is
shown in the figure below, the solar flux calculated assumes reasonable values
that oscillate around 1350 W/m2, very near to the Solar Flux Constant (1367
W/m2).
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1

INTRODUCTION

1.1

Experiment objectives

The main target of this experiment is the study and observation of Earth‟s Magnetic
Field. We want to evaluate the size and direction of Geomagnetic Field to compare
it with the standard I.G.R.F. (International Geomagnetic Reference Field) model.
Another goal for our experiment is to measure the Solar Flux that reaches our
planet and compare it with values predicted by N.O.A.A.(National Oceanic and
Atmospheric Administration).
Finally the last objective of our experiment is to test some part under severe
operative conditions, in particular our self-made sun-sensor.
The main reason that pushed us to decide to study the magnetic field is its
importance in a number of different field. In fact the I.G.R.F. is used for navigation,
both from airplanes and satellite. Comparing the model to the values obtained from
onboard magnetometers it is possible to determine the position or the attitude.
Moreover Geomagnetic Field mapping is very important in Geology, Astronomy and
Environmental studies because its behaviour is influenced from some external
factors as Solar Activity. In these days this topic is under investigation by many
scientist because of the of 24th Solar Cycle delay that influences Earth‟s
Environment. The magnetic field behaviour is linked with Solar Flux, therefore a
joint analysis of both this phenomena could be extremely useful
We want to evaluate the I.G.R.F accuracy close to the North Pole, looking for the
reasons of possible discrepancies and their connection with Earth‟s Environment.
(See attachment A for more details).

1.2

Experiment overview

First of all we want to measure Magnetic Field, so we use a magnetoresistive
magnetometer. But to measure that field in the same Reference System of the
model we have to determine the attitude of the gondola. To do this we use an
Inertial Measurement Unit (I.M.U.) that give us the attitude during the flight using
both rotational matrix and Eulero angles. But both to have initial conditions and to
have the possibility to correct possible IMU‟s drifts, an Horizon Sensor and a Sun
Sensor provide us other attitude information. So we can multiply the attitude
rotational matrix by the magnetometer data to have our Geomagnetic Field
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behaviour in the same refererence system of the IGRF and compare them. To do
this we obviously have to know the Geodetical position and altitude of the gondola,
given from the BEXUS GPS.
Moreover the Sun Sensor provide us the information about the Solar Flux using its 5
solar cells. It is self-made by ourselves with rapid prototyping technology and it has
to be putted outside the gondola (with also the Horizon Sensor) to be directly visible
from the sun. Also the magnetometer and the I.M.U. has to be putted outside the
gondola to avoid other projects disturbance (see Chap.3 for details and attached
CAD drawings).
The horizon sensor is composed by two cameras, putted at 90° to each other to
have the possibility to see the Earth horizon in almost every attitude of the gondola.
Most of the data are acquired from a PC/104, a mother board that provide also to
store all the data in a Solid State Disk.

1.3

Scientific support

The team is mainly supported by the laboratories of the University of Bologna ALMA
MATER STUDIORUM, in particular the Space Robotics Laboratory. Coordinated by
Assistant Professor Fabrizio Piergentili, he supports the devolpement of this project.
Also the Laboratory of Astrodynamics of Scuola di Ingegneria Aerospaziale of
University La Sapienza of Rome help us with their facilities.

1.4

Team Organisation

The team members of this project are:
-

Riccardo Ravaglia (Team Leader): graduated in Aerospace Engineering,
interested in Astronomy and Physics, working on the experiment mechanical
structure, the development and organization of the project, thermal insulation
and data analysis.
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-

Serena Donati: graduated in Aerospace Engineering, interested in
Mechanical Engineering, working on Sun Sensor development and
realization, CAD drawings and structural analysis.

-

Tommaso Cardona: graduating in Aerospace Engineering, interested in
informatics, working on Hardware and Software development for data storing
and analysis.

-

Gian Paolo Candini: graduated in Electronic Engineering, graduating in PhD
in Aerospace Engineering, developed the power system of a hexapod rover
and worked on the ALMASAT satellite, working on the electronic and power
system.

The work on the project is almost equally divided within the team. Each of us always
knows the work of the others, so we can work both individually and together.
The team is also supported from Luca Gasperini (graduating in Energetic
Engineering at Bologna University) for the thermal insulation development and from
all the Space Robotic Lab. team.

1.5

Funding support

The most cost of this experiment is covered by sponsors.
The DIEM department (Dipartimento di Ingegneria delle Costruzioni Meccaniche
Nucleari Aeronauticheri e di Metallurgia) provide us 600 € with wich we bougth the
PC/104 for data handling, 500 € for the mechanical BOSCH components and 200 €
for the electronical boards.
The BCC (Banca di Credito Cooperativo Ravennate ed Imolese) and the Lorilabors
provide us 1000 € each, for a total amount of 2000€, with wich we bought the IMU.
The first is an important regional bank, the second is a company of Modena (Italy)
specialized in ododontotecnical products for dentists.
ESA support us with the purchase of the magnetometer for a total amount of about
600€.
Our University ALMA MATER STUDIORUM will reimburse all the little expenditure
for mechanical and electrical stuff, and provided us 110€ for the aluminum plates,
450€ for the cables and connectors and 300€ for the batteries.
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2

2.1

MISSION REQUIREMENTS

Technical Requirements

Four sensors provide us their measurements; three are Commercial Off The Shelf,
the Sun Sensor is produced by the team:
- The Sun Sensor gives 5 outputs, the 5 currents (one for eache solar cell)
transformed in voltage and then in digital signal for the serial output connection. It‟s
accuracy is of about 3 degrees.
- The horizon sensor gives 2 outputs from the 2 cameras taking pictures of the
horizon. The cameras are ATC3K from Oregon Scientific, that can be used both as
cameras and as webcam. Their field of view is 45 deg., enough for our use.
- The magnetometer gives 3 outputs (the three components of the magnetic field),
each as a 16-bit value, for a total amount of 7 bytes for every measurement. Its
resolution is 67µG (6.7 nT) and its accuracy is Max. 0.52 FS%, that means 102 nT
that is a precision of 1% on the mean value expected from the Earth‟ Magnetic
Field, in the worst case. It is a Honeywell HMR2300, with serial output RS-232.
- The Inertial Measurement Unit (I.M.U.) gives several selectable outputs for a total
of 115200 bps. It can gives in output Angular Rate, Acceleration, deltaAngle,
Rotational Matrix, Eulero Angles, all selectable from the user. The accuracy is ±2°
for dynamic test conditions, that means an error of 0.6% on the total range of the
IMU. It is a Microstrain 3DM-GX2 with serial output RS-232.
The total amount of data depends on the frequency of collection and the type of
data we‟re going to take from the IMU. We decide to take take measurements on
our PC/104 every 4.2 seconds for a total amount of about 4 MB of data. We
decided to take measurement every 4.2 seconds to have full coverage of the
magnetic field during the flight; in fact considering a mean horizontal speed of the
balloon of about 50m/s, collecting data every ten seconds means collecting data
every 500 meters (horizontally), that means a change of longitude of about 00° 01‟
at the latitude of the launch at Kiruna. Seeing that the change of the value of a
component of the Magnetic Field from the model IGRF is of about ±2 nT for a
variation of 00°01‟ we decide that to have full coverage all flight long that rate of
data collection was the best for our purposes.
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2.2

Functional Requirements

The evaluation of all the experiment data will be made in the University laboratories
after the flight using the IGRF model. Once determined our experiment data we will
compare it to the model. Possibe differences will be analized and also the Solar
Flux values will help us in understanding the reason of them.

2.3

Operational Requirements

The experiment will take measurements all the flight long, from when it‟s turned on
to the end of the flight, to collect data in a wide range of altitude and longitude and
latitude. As said before the Horizon Sensor, the Sun Sensor, the Magnetometer and
the I.M.U. have to be placed outside the gondola both to avoid magnetic
interferences and to see direcr sunlight.
It‟s also necessary that the flight take place during the day, possibly without too
much clouds. In the case of a night flight the pictures taken from the cameras will
not be usable. Moreover it‟s not known yet if the sun sensor sensitivity will be
enough to work only with moon light.
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3

EXPERIMENT DESCRIPTION

3.1

Experiment overview

The experiment is composed by 6 main components:
 Magnetometer - HMR2300 - Honeywell:
It‟s a three axis digital magnetometer, with magneto-resisitive sensors oriented in
orthogonal directions. The sensors outputs are converted to 16-bit digital values
using an internal delta-sigma A/D converter. The data output is serial full-duplex
RS-232.
We have selected it because it has an accuracy of ± 10 nT, so, compared with the
average local value of the magnetic field, we can have a maximum percentage
error of 1%. Moreover it can withstand vacuum conditions and low temperature.
(see dataheet in the Team-Site as attachment)
(see photos and characteristics in Image B.7 as attachment)
 Inertial Measurement Unit - 3DM-GX2 - Microstrain:
3DM-GX2™ is a high-performance gyro enhanced orientation sensor which utilizes
miniature MEMS sensor technology. It combines a triaxial accelerometer, triaxial
gyro, triaxial magnetometer, temperature sensors, and an on-board processor
running a sophisticated sensor fusion algorithm. It offers a wide range of outputs,
like acceleration, angular rate, Euler angles and Orientation Matrix. The
communication interface is RS-232. The use of six independent Delta-Sigma A/D
converters (one for each sensor) ensures that all sensors are sampled
simultaneously, and that the best possible time integration results are achieved. Onboard coning and sculling compensation allows for use of lower data output rates
while maintaining performance of a fast internal sampling rate.
We have chosen this particular component because of its accuracy and its
resistance at low values of temperature and pressure.
(see dataheet in in the Team-Site as attachment)
(see photos and characteristics in Image B.6 as attachment)
 2 Cameras - ATC-3K - Oregon Scientific :
ATC-3K is a water-proof camera created for extreme conditions. It has a 320x240
pixel resolution image (30 frame per second) with auto-focus from 3 meters to
infinite. It‟s light and small at it can store the images in an external SD card.
They will be used as horizon sensor, in order to determine the horizon inclination
during the flight.
(see photos in Image B.2 as attachment)
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 Sun Sensor:
It is developed by Serena Donati. We have decided to construct it by ourselves in
order to reduce the cost, to test the material of support structure (see details to
paragraph 3.3.1) in this particular kind of environment, and mainly to improve our
knowledge and experience in this field. (see Image B.4 and B.5 as attachment)
The sun sensor is a component often used on board of spacecraft to take the initial
vehicle attitude, but it is too coarse to determine the attitude all mission long.
The sensor developed in this case is composed by a polymeric structure in ABS
(acrilonitrile-butadiene-stirene) on which 5 solar cells were glued. In this way the
solar cells are the faces of a cube (as shown in figure below).

By measuring the current generated by every cell, the system is able to determine
the Sun direction. Thanks to the principle of functioning of a solar cell, we can
determine the inclination angle of the power source respect to the perpendicular
direction of cell layer. In fact, when the Sun is to zenith respect to this layer (case
(a) in te figure below), the current generated is maximum; in the case (b), when the
Sun is inclined at an angle θ, the current is smaller.

Caso (a)

q

Caso (b)
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I  I 0  cos 
The law that can be applied is:
Supposing that we know the maximum current I0, by measuring the current I
generated by the cells, is possible to determine the angle θ.
Now we can identify a conical surface that contains all the possible directions of the
Sun.

It is necessary having at least 3 cones to determine an unambiguous direction, that
is obtained as the intersection of the three surfaces. In this sensor there are 5 solar
cells, in order to have an high probability of having at least 3 cells always
illuminated during the flight.
The current I0 can‟t be determined in every instant during the flight, because it
depends on the height of flight and weather conditions that influence the solar
irradiation. But in this case we can use the geometry correlations to introduce an
equation that makes it possible to resolve the problem:
I 1  I 0  cos 1


I 2  I 0  cos 2


I 3  I 0  cos 3

2
2
2

cos 1  cos 2  cos 3  1

In this way the three angles are known and so also the direction of the Sun in the
reference system of gondola. The value of the currents generated by all the cells
will be used to have information about the solar flux.
This is the schematic of sun sensor electronic board. As it is shown in the figure
below, every current produced by solar cells is amplified by operational
amplificators and then it is sent to the processor ADC (Analogic Digital Converter) in
order to obtain a digital signal. In this way the value can be sent to the mother board
via serial where it is storaged.
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The flowchart below shows the design of the software that permit to send the cells
signal to the mother board.
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NO

DELAY

PC
INPUT?

YES

SET ADC
CHANNEL

READ ADC
VALUE

SEND DATA TO
SERIAL OUTPUT

 Mother Board Data Storing - ARK-4153 – Advantech:
This component is able to resist in low temperature and vacuum conditions and it
can manage and store data coming from all the other instruments, thanks to the four
serial ports and four USB 2.0 ports. Moreover, it has on board a 1 GB flash memory
and we will expand it with a USB Device Memory in order to reach a 5 GB total
memory. For more detail about the Hardware see Chap 3.6.
(see photos in Image B.1 as attachment)
The main guideline that we have followed to choose the sensors has been
characterized by three different aspects:
 Operational temperature and presssure
 Accurancy and range of measurements
 Low weight
A summary of these characteristics of every items presented in the Table B.1 as
attachment.
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3.2

Experiment setup
3.2.1

System

The experiment system is described in the flowchart below:

PAYLOAD:

ACHIEVEMENTES:

* Magnetometer

* Bx By Bz in IRS

* Sun Sensor

* IGRF comparison
* Solar Flux

DATA STORING:
Mother Board
+

GONDOLA ATTITUDE:
* Sun Sensor

U.S.B. S.S.D.

* Inertial Measurement
Unit

( USB Solid State Disk)

* HorizonSensor

The data measured by the sensors will be sent to the mother board and
collected in the memory, and also will be downloaded with the E-link system.
The figure below represents the project system collocated in the balloon
gondola. It is composed by three main subsystems:
1)

Box placed inside gondola: it contains the mother board, the electrical
board and the batteries that will supply all the components.

2)

Box placed at the middle of the pole: it contains the magnetometer and
the IMU.

3)

Attitude Sensors System: it will be placed outside, at the top of the bar;
there is a box which contains the two cameras and the sun sensor on it.
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Sun Sensor &
Horizon Sensor Box
(see attachment C
for CAD details
Figure C.3-C.4-C.5)

Magnetometer & IMU
Box (see attachment
C for CAD details
Figure C.2)

Inside Gondola Box
(see attachment C for
CAD details Figure
C.1)
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Another more detailed layout of the system is here described.
Sun Sensor
Horizon Sensor Box
Resistor2
Camera1
Camera2

The serial connectors coming
from the components will be
connected to the serial ports
of the PC/104

Magnetometer Box
IMU
Magnetometer

Here will be fixed in
the
box
the
connector for the ELink
System,
connected to the
power board with
LAN connector.

Resistor1

Pole

All the cables will exit from the
“inside gondola box” from the specific
hole and they all will pass through the
pole in the specific grove.

Inside Gondola Box
The wire coming from the
components will separate into
2 parts (serial and power)
inside the gondola box.

Mother Board + USB Serial
Device
Power Board
Here there will be serial
connection between the
EEPROM and the PC/104.

Switch

Batteries

In the Power Board box will be
fixed the connectors described
later (MIL-C-5015 IT Series) for
the components power supply.
The PC/104connector is a DB9
The switch will be fixed in the box,
easely usable at the start of the
experiment
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3.2.2

Interfaces
Mechanical interfaces:

a)

Box inside gondola:
The box is made in aluminum and it will be fixed safely to the main
structure rails by bolts with 4 L-shaped angular profiles. Inside box: the
batteries pack is linked to the base by 2 bolts; the mother board and the
electronical board are fixed by bolts on the aluminum plate; all this
connection will permit the components to dissipate the heat produced
during the functioning to the aluminum and then to the rails in order to
avoid overheating during the flight where there is no convection. The lid
of the box is fixed by one side with hinges and locked in the other side
with snap locks (like shown in the pictures below) to permit fast and
easy open and close operations. Moreover in every face of the box an
insulating wall 4 centimeter wide is linked to the box with a special glue,
resistant in vacuum conditions.
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b)

Magnetometer - IMU box:
It is composed by an aluminum box. It is essential that this box will not
move during the flight, because it contains the magnetometer and IMU,
so it must be fixed solidly to the structure, in order to obtain accurate
data. Therefore the box is connected to the pole by 2 “L” shaped
angular profiles, that prevent from any movement. Moreover the box
has a square hole in which there will be fitted in the rod in order to help
the supports to avoid every possible movement. The lid of this box is
fixed to the box with L-shaped supports locked with screws and rivets.
As for the inside gondola box the magnetometer and the IMU are fixed
to the aluminum plate with bolts.
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c)

Attitude Sensors System:
It is important that the system will not rotate compared with the gondola,
in order to give us the sun direction and the horizon inclination in the
same reference system of the other sensors. So the box which contains
the cameras is linked to the pole by a central screw and 2 “L” shaped
angular profiles below the box base. The cameras are connected to the
base by their supports with screws, in order to prevent any movement.
Moreover two little vents over the cameras permit to switch on the
cameras manually and see from the LCD monitor if they are working or
not. The sun sensor will be fixed to the box cover by four bolts. The sun
sensor box is made in ACRYLONITRILE BUTADIENE STYRENE
(ABS) and it contains inside its own electronical board. It is closed at the
bottom from an aluminum plate from wich will depart only a couple of
wires for the power and the serial port, that will pass through the square
hole that has been made in the lid of the cameras box. This has been
done to have separate parts of the experiment that can be easily
mounted and dismantled.

All the interfaces are designed so that it is quick and simple to mount
and dismantle the structure and the components placed in it.
Mainly important is also the safety so every link is dimensioned as to
be sure it can withstand the g-force and all the acceleration of the
gondola. For every link we used single bolt fitting equation as
𝑃
𝑑2

𝜋∙ 4

< 𝜏𝑐𝑟

using security factor as Fitting Factor and Ultimate Loads and
considering all this results with wide security margin.
All the links between angular profile and the pole are done with
„hammer bolts‟ (like the ones in the image below) while for the links
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between the angular profile and the boxes (and also between
components and boxes) we use normal bolts of the necessary
diameter.

Both the magnetometer-IMU box and the attitude sensor system are
linked to a pole that will be linked to the gondola as shown in the picture
below. It is a folding pole to permit the switch on of the two cameras.
The mobile system is shown in the picture below. It is composed from 2
poles. The first will be fixed permanently with 2 spindles locking two
different C-shaped profiles to the structure of the gondola (see pictures
below), in one of the four columns externally. The two spindles will pass
through the gondola structure as shown in the picture below and will be
placed at the top and at the bottom of the pole. The second pole is fixed
to the first one with a hinge and 2 locks with a key to easily block them.
The reason of this interface is that in this way at ESRANGE we will
have only to link the pole to the gondola while the hinge and the locks
(more difficult to assemble) will be already ready to work and they will
be already tested with structural strength analysis. In the attachment C
(Figure C.6) you can see the CAD design of this component.
Moreover in the Attachment F are shown all the pictures taken during
the built up of the experiment, and also the components described
before.
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For all the mechanical interfaces (bolts, angular profiles, poles, hinges,
locks) BOSCH Rexroth modular profiles will be used.
Detailed mechanical analysis is shown in Chapter 3.3.
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Electrical interfaces:
From the electronical board all the cables and connectors will depart to
the right component. Every device is linked to the board with a
connector MIL-C-5015 IT series (see picture below) for the power
supply, while from every component will depart the proper connector
depending on the component itself.

The experiment will be powered on with a simple switch (with a key that
will permit us to be sure that none can accidentally switch it off) like the
one shown below.

Every component has a different connector that has been installed at
the end of the cable in order to have a simple connection procedure at
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ESRANGE. Moreover the battery input uses a simple connector that
permit it to connect other batteries packs that we will use before the
flight to check the correct working of the system.
Other connection are needed for the data storage. The IMU, the
magnetometer and the sun sensor are connected to the mother board
with serial interfaces RS 232 using their apposite cables and the
PC/104 will be also connected to the E-link system with the proper
connector
(MIL-C-26482-MS3112E-12-10S)
(See
pictures
in
Attachment F). Below it‟s possible to see the PC/104 connectors.

All the cables coming from the boxes placed outside the gondola will
pass inside the grove of the first pole, from the top to the hinge through
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also the magnetometer and IMU box, covered by plastic gaskets. Then
at the hinge all the cables will pass inside the second pole, also covered
by plastic gaskets, reaching the bottom of the gondola. Then they will
come into the gondola covered by some cable sheaths and they will all
reach the component inside the “inside gondola box” passing through
the specific hole in the box.
Moreover in the “inside gondola box” there are 2 holes; one for the
switch, the other for the E-link connection, both to have the possibility to
easily reach them without opening the box.

3.3

Mechanical design

All the mechanical design and links have been studied to withstand with safety all
the forces and acceleration that can be produced on the structure during the flight.
For the static loads the forces considered are:
- Drag forces on the attitude system and on the magnetometer and
IMU box.
- Acceleration forces due to gondola movements and boxes weight,
for a maximum of 10g vertically and 5g horizontally.
This forces have been considered applied in every conditions of inclination of the
pole and all the mechanics have been dimensioned on the worst conditions of drag,
acceleration and inclination. Moreover, for safety reason, ultimate loads have been
considered, multiplying limit loads by a safety factor of 1.5.
Considering of this, the pole has been studied with a load of 640N horizontally and
1000N vertically applied at the top of the pole.
This produce loads on the hinge, on the locks and on the spindle of both the poles
different from these due to the length and the weight of the poles themselves.
Considering this, for the hinge has been considered a load of 1740 N in every
direction, for the locks 2900 N and for the spindle 1860 N.
Moreover the bolts connecting the boxes to the pole or the gondola has been
dimensioned considering the weight of the boxes multiplied by the necessary
coefficients.
The technical data used to dimension both the pole and the connections are taken
from the BOSCH profiles dataheet and are here listed:
-

Young module
Moment of Inertia
Ultimate Tensile Strenght

E= 70000 N/mm2
J= 11 cm4
σ= 220 MPa

This are the data for a 45x45 mm pole, the one we‟re going to use, with a length of
free deformation (from the locks to the attitude sensor box) of 0.5 meters.
Considering a maximum inclination of the gondola respect the nadir vector of 45° in
the condition of maximum acceleration and drag force it‟s possible to extimate the
maximum deformation of the pole and its resitance.
In fact using
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𝐹 ∙ 𝑙2
𝑡𝑔 𝛼 = −
2∙𝐸∙𝐽
and
𝜎=

𝑁 𝑀
+ ∙𝑑
𝐴
𝐽

(where α is the angle of deformation, F the force, l the length of free deformation of
the pole, N the normal force, A the area of the section of the pole, M the momentum
on the section considered, d the distance from the neutral axes considered of the
pole and σ the tensile strength in that condition of loads in the section of the locks),
it‟s possible to find that
-

α= 1.55°
σ=150 MPa

that is much less than the ultimate tensile strength.
Moreover the deformation is acceptable because it will not disturb our
measurements (cos 1.55°=0.9996).
This loads are also acceptable from the hinge that permit the pole to be folded down
because as shown below they are much less than the maximum that that hinge can
withstand. Moreover it will be helped also from the locks, that can also withstand
strong forces.

Considering an ultimate tensile strength of 250 MPa for the bolts (σcr) (144MPa of
ultimate shear strength = τcr) and a fitting factor of 1.2 that multiply the loads, sigle
bolt fitting equations has been used to determine the minimum bolts (or screws)
diameter (d).
In particular for the inside gondola box:
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-

Failure for Bolt Shear (for bolts between angular profiles and box)
𝜏=

𝑃
< 𝜏𝑐𝑟
𝑑2
𝜋∙
4

𝑑≥

8∙𝑃
𝜋 ∙ 𝜏𝑐𝑟

d ≥ 5 mm
where P is the weight of the box multiplied by all the necessary coefficient.
For the Magnetometer and IMU box:
-

Failure for Bolt Tension (for bolts between angular profiles and box)
𝐴≥

𝑃
𝜎𝑐𝑟

d ≥ 2 mm
where P is the weight of the box multiplied by all the necessary coefficient.
For the Attitude Sensors Box:
-

Failure for Bolt Tension (for bolts between angular profiles and box)

𝐴≥

𝑃
𝜎𝑐𝑟

d ≥ 2 mm
-

Failure for Bolt Shear (for bolts between angular profiles and box)
𝜏=

𝑃
< 𝜏𝑐𝑟
𝑑2
𝜋∙
4

𝑑≥

8∙𝑃
𝜋 ∙ 𝜏𝑐𝑟

d ≥ 3 mm
where P is the weight of the box multiplied by all the necessary coefficient.
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-

Failure for Bolt Tension (for bolts between cameras and box)

𝐴≥

𝑃
𝜎𝑐𝑟

d ≥ 0.5 mm
where P is the weight of the camera multiplied by all the necessary coefficient.

For the pole:
-

Failure for Bolt Tension (for bolt between the hinge and the pole)
𝐴≥

𝑃
𝜎𝑐𝑟

d ≥ 3.5 mm

-

Failure for Bolt Shear (for bolt between the hinge and the pole)

𝜏=

𝑃
< 𝜏𝑐𝑟
𝑑2
𝜋∙
4

𝑑≥

8∙𝑃
𝜋 ∙ 𝜏𝑐𝑟

d ≥ 6 mm
where P is the load mentioned above.
-

Failure for Bolt Shear (for bolt between the lock and the pole (considering
only one lock))

𝜏=
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𝑑≥

8∙𝑃
𝜋 ∙ 𝜏𝑐𝑟

d ≥ 8 mm

-

Failure for Bolt Tension (for bolt between the lock and the pole (considering
one lock))
𝐴≥

𝑃
𝜎𝑐𝑟

d ≥ 5 mm
where P is load mentioned above

-

Failure for Bolt Shear (for the spindle between the pole and the gondola)

𝜏=

𝑃
< 𝜏𝑐𝑟
𝑑2
𝜋∙
4

𝑑≥

8∙𝑃
𝜋 ∙ 𝜏𝑐𝑟

d ≥ 6 mm

All this minimum diameter are satisfied from our components.
Another study has been made, using finite elements software CATIA V5 with CAE
(Computer Aided-Engineering) for static loads. The model created in the software
was simplified respect the real one to avoid too “heavy” simulations, but all the main
characteristic were modeled. The simulation was composed by the pole where the
two boxes will be placed, with the real loads and all the constraints modelled. The
model created is shown in the picture below.
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F

F
2
A

B

1

The forces F considered in this simulation were the weight of the boxes multiplied
by 10 due to the maximum acceleration of the gondola. Moreover the worst case of
inclination and loads were considered. After the creation of the mesh with the right
accurancy, the deformation and the maximum tension of the pole were given out as
output; it‟s also possible to see the results from the pictures below.
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The results are:
-

35.9 N/mm2 as maximum tension (220 N/mm2 the ultimate tensile strength)
0.135 ° of maximum deformation of the pole

This results are better than the previous ones because they consider a little less
strong loads, because they not consider the 1.5 security factor. However it model
the real situation that the pole will face, giving important results.
Furthermore the analytic analysys confirm in a stronger way that the pole is strong
enough both to have a safe flight and to avoid disturbances in the measurements,
so we can be really optimistic about the security of this system.
At last the tests that we have done (see Chap.4) finally ensure the security and
resistance of our system, in particular of all the little connection like screws and
bolts.
As results of this analysis the CAD drawings of our structure is shown in the
attachment C (CAD drawings).
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Material:
ALUMINUM:
The most important requirement of our experiment is that the sensors must collect
data in the same reference system. So mechanical connections must be safe and
solid. The structure components that have to be fixed by screws are made by
aluminum, because it is the material which has the best compromise between
resistance and weight.
STEEL, ZINC:
All the interfaces (bolts, hinges, angular profiles) are made of steel or zinc, more
resistant materials than aluminum to be sure of the links. The extreme importance
of security of the links take us to choose this materials.
INSULATING MATERIAL – EXPANDED POLYSTYRENE SINTERED (EPS):
In order to keep the components at a higher temperature than the external one, the
walls of boxes are made by insulating material. We have chosen a particular kind of
material (expanded polystyrene sintered) that resist in vacuum conditions and we
have already tested it to prove this. For details of test see paragraph 4.3.

ACRYLONITRILE BUTADIENE STYRENE (ABS):
The sun sensor support structure will be made by ABS, which is a very strong
thermoplastic resin. In fact it is a rigid and tenacious material also at low
temperature. It also resists to scratches and it has an high crash resistance. This
component will be made by the rapid prototyping technology that is available at our
university. We can also choose the colour of the structure and it is important that it
will be dark, because it must not reflect solar rays in order to not influence the solar
cells working.
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3.4

Thermal design

After an accurate study of the heat transfer and thermal design, we found that to be
sure to mantain a temperature in the outside boxes over about -30 °C all flight long
we have to use an active temperature control system, while for the inside gondola
box insulating material is enough. To do this we considered conduction between
components and boxes, convection at the beginning of the flight, irradiation created
from the components and mostly from the sun rays (for the external boxes) and
finally the heat generated from the components themselves. We extimate heat flux
during all the flight with every conditions of clouds and using temperature profile
given in the Bexus User Manual. Results indicate the need to use an active control
system in the two boxes installed outside the gondola. To do this we will employ
resistors installed on the boxes to heat them (and so the components) with
conduction and irradiation. The first has to be putted on the box where the IMU and
the magnetometer are placed, the second on the electronical board of the Sun
Sensor.
Using equations like

𝑄=

𝑚 ∙ 𝑐𝑝 ∙ ∆𝑇
∆𝑡

we found that for every resistor 2W of dissipate power are enough. The resistors will
activate themselves when analogic temperature sensors putted on the components
will give signals of temperature below -20°C and will remain switched on until a
temperature of -15°C is reached. Here you can see an example of the resistor:

On the contrary, in the box inside the gondola the heat produced by components
and some centimetres of insulating material will be enough to mantain a
temperature of every system higher than the limit one (-40°C). Here below you can
see results from Matlab analysis where is resolved the differential equation of the
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resistance net considering heat generated by components and the conduction to the
aluminum plates. The temperature profile considered is:
-

2 hours at -15°C of external temperature at sea level with all the components
switched on, started from the external temperature

-

2 hours of ascending flight with a profile of external temperature that linearly
goes from -15 °C to -73 °C

-

5 hours of high altitude flight with a constant temperature of -73°C

-

1 hour of descent flight with increasing temperature that goes from -73°C to
-15°C

The results are plotted for different power generated from the components, as listed
in the legend below.

For the inside gondola box the PC/104 has been taken as example. Its temperature
has been plotted considering different values of generated power (the same electric
power consumed), also to simulate the other component placed in that box. The
result is a temperature always increasing during the flight, permitting us to avoid an
active control system.
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For the magnetometer and IMU box instead the temperature profile of the two
components has been plotted separately to verify their behaviour. The graphs plot
the temperature of the components without considering the solar irradiation
(because it can‟t be really extimated due to too much variables). So it is probably
that the temperature will be a little higher than the shown ones. In any case to get
the temperature a little more higher and to have a kind of redundancy there will be
also the active system, that probably will be functioning very rarely. It‟s possible to
see the differences between the two components due to the different heat
generated and the different mass and dimensions.
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Finally the behaviour of the attitude sensors box will be similar to this one. So only a
little resistor for the electronical board of the sun sensor will be used to be sure that
the temperature will not descend below -30° C.
Here below it‟s possible to see the behaviour of the temperature profile of the
magnetometer in the case of active control system on. This example assumes that
the resistor is switched on from when a temperature of 253 K is reached to when a
temperature of 258 K is reached again. It‟s possible to see that a 2 W resistor is
enough for our use, giving the component the right heat in the right time.
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3.5

Power System

The experiment is powered from a batteries pack made by a series of 8 batteries
LSH20 (3.6 V 13.0 Ah) that provide us 3.6*8=28.8 V and 13.0 Ah. Batteries are
lithium batteries, smaller and with a better capacity-mass ratio. In particular SAFT
Lithium-thionyl chloride (Li-SOCl ) - LSH cell range are used (See picture below). An
equal batteries pack is used for power supply testing.
2

The battery pack will be our power source, giving a little more than 28 V. The
experiment needs 0.65 A (theoretical maximum with all the components at full
power, 0.51 A for instruments, 0.14 for active thermal control) at 28 V.
In the table below power consumption of every component is reported. The power
budget has been calculated accounting 10 working hours for the experiment, with
full theoretical power consumption, resulting 6.5 Ah needed.
DEVICE

POWER CONSUPTION (mW)

Magnetometer

280

IMU

720

Cameras (x2)

4000

Sun Sensor

10

Mother Board

7000

Others

4000

POWER BUDGET

16 W

[@ 28V 0.65 A]

Separated and independent power supplies convert the input voltage to the required
values for the different devices: 5V and 12V for PC/104, 3V for cameras, 7.5V for
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magnetometer and IMU. Where voltage conversion is not required, as safety
measure a current limiter has been incorporated.
The same board controls the thermal active system: the circuit detect up to two
different temperatures and turns on and off heaters according to the reading.
A telemetry system has been also incorporated: all current and voltage values,
temperatures and heater status are transmitted to on board computer and stored in
separated waterproof EEPROM for redundancy.
Here below you can see the board scheme and the board general layout, in the
Attchement E it‟s possible to see the whole electrical system design while in the
Attachment F it‟s possible to see the Board under construction. The PCB
dimensions are 138x114 mm.
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3.6
3.6.1

Experiment Control System
Hardware

For our experiment we decide to use as O.B.D.H. a PC/104 with AMD Geode™
LX800 Processor.
We have chosen this PC/104 for its thermal resistance (-40 ~ 75° C) and antivibration and shock resistant characteristics.
See attachment [Figure B.1] for Processor Electronic Design

Features:
AMD Geode™ LX800
Four serial ports and four USB 2.0
ports
VGA, Dual LAN, and KB/MS ports
Embedded 1 GB onboard Flash and
256 MB Industrial DDR SDRAM
Ultra small size, robust construction
with fanless operation
Modularized and Stackable design
Aniti-vibration and shock-resistant

The magnetometer, the IMU and the Sun Sensor will be connected to the mother
board by serial interfaces RS-232 to permit the data storage of all the data.
Moreover the PC/104 will be connected to the E-Link system of the gondola to
have a redoundance of data storage and to permit us the evaluation of the
experiments status and functioning during the flight.
A USB Memory Device will be connected to the board to expand the memory of
the board in order to have enough memory to install all the necessary softwares.

3.6.2

Software Design

On the mother board we‟re going to use an Embedded Windows XP Operative
System and Matworks Matlab 2005b Lite software to create the data
management program. Moreover a macro software is used to launch
automatically the softwares and a UDP sender software is used for the E-Link.
Finally a software that restart the mother board every half an hour is used to
recover any possible failure of the software.
The scheme of the software created for Data Handling is shown in the flowcharts
below:
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This is the main program: after the definition of the four serial ports a counter
(t=1) will permit to wait 4 seconds before the data collection, without entering the
main program befor it. Then it runs together the seven functions (described
below) to collect data and also get the time to know when the data has been
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collected. Moreover some data are sent to the EEprom in the PCB and to the ELink system for the groud station software. This cycle is continuosly repeated.
Every 15 minutes the serial ports are closed and re-opened, to recover possible
problems.

This is the schemes of the functions that collect data from the IMU, the
magnetometer and the sun sensor. When a condition is verified it enters in the
real programm that download the data from the component. First of all it requests
an input code, then the “answer” of the IMU is collected and saved on the ARK.
They are converted directly into real values, i.e. the acceleration in g and the
angular rate in rad/sec. All the next data are appended in the same file, so the
new data are collected without overwriting on the previous ones.
This collects the three different thing we want to know from the IMU (acceleration
& angular rate, Orientation Matrix) by a different control input. Morevore for the
magnetometer the 3 component of the Geomagnetic Field are collected, while for
the sun sensor we collect the number of the cell and the value given out (count)
of that cell.
Moreover the scheme of the programm that collects the date of that collection is
shown. It works in the same way as before.
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Then the software that send the data collected from the magnetometer and the
sun sensor to the Eeprom is shown. It is a serial communication with the software
inside the Eeprom, that also collects by itself the telemetry data of the PCB.

Finally the ground station software is shown. It is composed by two different
functions; the first collects the data sent by the E-Link, the second create a figure
where the three body axes of the gondola are shown during the flight, using the
Rotational Matrix for one graph and the acceleration and the magnetometer for
the other graph (TRIAD). This graphs help us during the flight to understand if the
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IMU and the magnetometer are working well and they show immediately the
behavior of the gondola attitude.

The main program will be started up at the power on of the PC/104 by a
MACROS software function.
During the flight the data saved like shown before will be also stored in an
Eeprom in the PCB with a serial connection. In particular the sun sensor data and
the magnetometer data will be sent to the EEprom, while the magnetometer and
the IMU to the E-Link. In fact there will be another redundancy with the E-link
system, that will send to our laptop the data collected by the PC/104.
Here below it‟s also listed the final version of some of the Matlab functions that
will be used for OBDH.
This is the main function descripted before:
function main_volo
close all
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clear all
clc
warning off
global S_COM1 S_COM2 S_COM3 S_COM4 out_imu_matrice out_imu_velocita
out_magnetometro out_campo_magnetico out_campo_magnetico2 out_sun_sensor
dimensione_sun_sensor out_orario pacchetto_dati t
global oo1 ox1 oy1 oz1 oo2 ox2 oy2 oz2 oo3 ox3 oy3 oz3
global xxX1 xxX2 xxX3 xxY1 xxY2 xxY3 xxZ1 xxZ2 xxZ3 yyX1 yyX2 yyX3 yyY1
yyY2 yyY3 yyZ1 yyZ2 yyZ3 zzX1 zzX2 zzX3 zzY1 zzY2 zzY3 zzZ1 zzZ2 zzZ3
global dati dati_seriale aus_1 aus_11 aus_2 aus_3
global imu_accelerazioni imu_vel_angolari imu_vel_tot imu_matrice_tot
campo_magnetico_gpc
global ipA ipB portA portB udpA udpB
S_COM1 = serial('COM1',
S_COM2 = serial('COM2',
%Magnetometro
S_COM3 = serial('COM3',
Sensor
S_COM4 = serial('COM4',
%Salvataggio EEprom

'BaudRate', 115200);
'BaudRate', 9600,'Terminator',13);

%IMU

'BaudRate', 9600);

%Sun

'BaudRate', 19200);

S_COM4.Timeout=0.5;
fopen(S_COM1);
fopen(S_COM2);
fopen(S_COM3);
fopen(S_COM4);

t = 1;
pause(0.1)
imu_matrice;
%function
out_imu_matrice-->imu_matrice_tot
imu_velocita;
%function
out_imu_velocita-->imu_vel_tot
magnetometro;
%function
out_magnetometro-->out_campo_magnetico
sun_sensor;
%function
out_sun_sensor & dimensione_sun_sensor
orario;
%function
out_orario
invio_dati;
%function
pacchetto_dati
comunicazione_seriale; %function
dati_seriale
pause(0.5)
for

t = 1:60*60*10
if mod(t,(60*30+1))==0
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t;
'chiudo e riapro le porte seriali'
fclose(S_COM1);
fclose(S_COM2);
fclose(S_COM3);
fclose(S_COM4);

%

S_COM1 = serial('COM1', 'BaudRate', 115200);
%IMU
S_COM2 = serial('COM2', 'BaudRate', 9600,'Terminator',13);
%Magnetometro
S_COM3 = serial('COM3', 'BaudRate', 9600);
%Sun Sensor
S_COM4 = serial('COM4', 'BaudRate', 115200);
%Salvataggio EEprom
S_COM4.Timeout=0.5;
fopen(S_COM1);
fopen(S_COM2);
fopen(S_COM3);
fopen(S_COM4);
elseif mod(t,4)==0
t;
pause (0.5)
imu_matrice;
%function
out_imu_matrice-->imu_matrice_tot
imu_velocita;
%function
out_imu_velocita-->imu_vel_tot
magnetometro;
%function
out_magnetometro-->out_campo_magnetico
sun_sensor;
%function
out_sun_sensor & dimensione_sun_sensor
orario;
%function
out_orario
invio_dati;
%function
pacchetto_dati
comunicazione_seriale; %function
dati_seriale

per matrice rotazione
per componenti velocità
per comp. campo magnetico
per correnti celle solari
per orario operazioni
per invio dati
per seriale Gian Paolo

else
t;
comunicazione_seriale;
pause (0.6)
t = t+1;
end
end
fclose(S_COM1);
fclose(S_COM2);
fclose(S_COM3);
fclose(S_COM4);

Here you can see the IMU function defined above:
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function imu_matrice
global S_COM1 S_COM2 S_COM3 S_COM4 out_imu_matrice out_imu_velocita
out_magnetometro out_campo_magnetico out_sun_sensor dimensione_sun_sensor
out_orario pacchetto_dati t
global oo1 ox1 oy1 oz1 oo2 ox2 oy2 oz2 oo3 ox3 oy3 oz3
global xxX1 xxX2 xxX3 xxY1 xxY2 xxY3 xxZ1 xxZ2 xxZ3 yyX1 yyX2 yyX3 yyY1 yyY2
yyY3 yyZ1 yyZ2 yyZ3 zzX1 zzX2 zzX3 zzY1 zzY2 zzY3 zzZ1 zzZ2 zzZ3
global dati aus_1 aus_11 aus_2 aus_3
global imu_accelerazioni imu_vel_angolari imu_vel_tot imu_matrice_tot
%fopen(S_COM1);
fprintf(S_COM1,'Å'); %0xC2 = Alt + 194
pause(0.1)
aus_1=get(S_COM1,'BytesAvailable');

if aus_1>0
if aus_1<=42
out_imu_matrice=[0.000001 0.000001 0.000001; 0.000001
0.000001 0.000001; 0.000001 0.000001 0.000001];
imu_matrice_tot=out_imu_matrice;
else
pause (0.1)
out_imu_matrice= fread(S_COM1,aus_1,'char');
if length(out_imu_matrice)<=42
out_imu_matrice=[0.000001 0.000001 0.000001; 0.000001
0.000001 0.000001; 0.000001 0.000001 0.000001];
imu_matrice_tot=out_imu_matrice;
else
Input=out_imu_matrice';
Input=Input(2:5);
if size(Input)*[1;0] == 4 && size(Input)*[0;1] == 1
Input = Input';
end
Coefficients = [ones(1,23)/2].^(1:23); %#ok<NBRAK>
Bin =
strcat(dec2bin(Input(:,1),8),dec2bin(Input(:,2),8),dec2bin(Input(:,3),8),dec2
bin(Input(:,4),8))-48;%The "-48" is just a shortcut to turn the character
array into a matrix of ones and zeros - the ASCII codes for 0 and 1 are 48
and 49, respectively
Sign = (-Bin(:,1)+.5)*2; %Get signs
Exponent =
bin2dec(reshape(sprintf('%d',Bin(:,2:9)),size(Bin)*[1;0],8))-127; %Get
exponents
Mantissa = Bin(:,10:32)*Coefficients'+1; %Get
mantissas
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Dec1 = Sign.*Mantissa.*(2.^Exponent); %Compute
decimal
Input=out_imu_matrice';
Input=Input(6:9);
if size(Input)*[1;0] == 4 && size(Input)*[0;1] == 1
Input = Input';
end
Coefficients = [ones(1,23)/2].^(1:23); %#ok<NBRAK>
Bin =
strcat(dec2bin(Input(:,1),8),dec2bin(Input(:,2),8),dec2bin(Input(:,3),8),dec2
bin(Input(:,4),8))-48;%The "-48" is just a shortcut to turn the character
array into a matrix of ones and zeros - the ASCII codes for 0 and 1 are 48
and 49, respectively
Sign = (-Bin(:,1)+.5)*2; %Get signs
Exponent =
bin2dec(reshape(sprintf('%d',Bin(:,2:9)),size(Bin)*[1;0],8))-127; %Get
exponents
Mantissa = Bin(:,10:32)*Coefficients'+1; %Get
mantissas
Dec2 = Sign.*Mantissa.*(2.^Exponent); %Compute
decimal
Input=out_imu_matrice';
Input=Input(10:13);
if size(Input)*[1;0] == 4 && size(Input)*[0;1] == 1
Input = Input';
end
Coefficients = [ones(1,23)/2].^(1:23); %#ok<NBRAK>
Bin =
strcat(dec2bin(Input(:,1),8),dec2bin(Input(:,2),8),dec2bin(Input(:,3),8),dec2
bin(Input(:,4),8))-48;%The "-48" is just a shortcut to turn the character
array into a matrix of ones and zeros - the ASCII codes for 0 and 1 are 48
and 49, respectively
Sign = (-Bin(:,1)+.5)*2; %Get signs
Exponent =
bin2dec(reshape(sprintf('%d',Bin(:,2:9)),size(Bin)*[1;0],8))-127; %Get
exponents
Mantissa = Bin(:,10:32)*Coefficients'+1; %Get
mantissas
Dec3 = Sign.*Mantissa.*(2.^Exponent); %Compute
decimal
Input=out_imu_matrice';
Input=Input(14:17);
if size(Input)*[1;0] == 4 && size(Input)*[0;1] == 1
Input = Input';
end
Coefficients = [ones(1,23)/2].^(1:23); %#ok<NBRAK>
Bin =
strcat(dec2bin(Input(:,1),8),dec2bin(Input(:,2),8),dec2bin(Input(:,3),8),dec2
bin(Input(:,4),8))-48;%The "-48" is just a shortcut to turn the character
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array into a matrix of ones and zeros - the ASCII codes for 0 and 1 are 48
and 49, respectively
Sign = (-Bin(:,1)+.5)*2; %Get signs
Exponent =
bin2dec(reshape(sprintf('%d',Bin(:,2:9)),size(Bin)*[1;0],8))-127; %Get
exponents
Mantissa = Bin(:,10:32)*Coefficients'+1; %Get
mantissas
Dec4 = Sign.*Mantissa.*(2.^Exponent); %Compute
decimal
Input=out_imu_matrice';
Input=Input(18:21);
if size(Input)*[1;0] == 4 && size(Input)*[0;1] == 1
Input = Input';
end
Coefficients = [ones(1,23)/2].^(1:23); %#ok<NBRAK>
Bin =
strcat(dec2bin(Input(:,1),8),dec2bin(Input(:,2),8),dec2bin(Input(:,3),8),dec2
bin(Input(:,4),8))-48;%The "-48" is just a shortcut to turn the character
array into a matrix of ones and zeros - the ASCII codes for 0 and 1 are 48
and 49, respectively
Sign = (-Bin(:,1)+.5)*2; %Get signs
Exponent =
bin2dec(reshape(sprintf('%d',Bin(:,2:9)),size(Bin)*[1;0],8))-127; %Get
exponents
Mantissa = Bin(:,10:32)*Coefficients'+1; %Get
mantissas
Dec5 = Sign.*Mantissa.*(2.^Exponent); %Compute
decimal
Input=out_imu_matrice';
Input=Input(22:25);
if size(Input)*[1;0] == 4 && size(Input)*[0;1] == 1
Input = Input';
end
Coefficients = [ones(1,23)/2].^(1:23); %#ok<NBRAK>
Bin =
strcat(dec2bin(Input(:,1),8),dec2bin(Input(:,2),8),dec2bin(Input(:,3),8),dec2
bin(Input(:,4),8))-48;%The "-48" is just a shortcut to turn the character
array into a matrix of ones and zeros - the ASCII codes for 0 and 1 are 48
and 49, respectively
Sign = (-Bin(:,1)+.5)*2; %Get signs
Exponent =
bin2dec(reshape(sprintf('%d',Bin(:,2:9)),size(Bin)*[1;0],8))-127; %Get
exponents
Mantissa = Bin(:,10:32)*Coefficients'+1; %Get
mantissas
Dec6 = Sign.*Mantissa.*(2.^Exponent); %Compute
decimal
Input=out_imu_matrice';
Input=Input(26:29);
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if size(Input)*[1;0] == 4 && size(Input)*[0;1] == 1
Input = Input';
end
Coefficients = [ones(1,23)/2].^(1:23); %#ok<NBRAK>
Bin =
strcat(dec2bin(Input(:,1),8),dec2bin(Input(:,2),8),dec2bin(Input(:,3),8),dec2
bin(Input(:,4),8))-48;%The "-48" is just a shortcut to turn the character
array into a matrix of ones and zeros - the ASCII codes for 0 and 1 are 48
and 49, respectively
Sign = (-Bin(:,1)+.5)*2; %Get signs
Exponent =
bin2dec(reshape(sprintf('%d',Bin(:,2:9)),size(Bin)*[1;0],8))-127; %Get
exponents
Mantissa = Bin(:,10:32)*Coefficients'+1; %Get
mantissas
Dec7 = Sign.*Mantissa.*(2.^Exponent); %Compute
decimal
Input=out_imu_matrice';
Input=Input(30:33);
if size(Input)*[1;0] == 4 && size(Input)*[0;1] == 1
Input = Input';
end
Coefficients = [ones(1,23)/2].^(1:23); %#ok<NBRAK>
Bin =
strcat(dec2bin(Input(:,1),8),dec2bin(Input(:,2),8),dec2bin(Input(:,3),8),dec2
bin(Input(:,4),8))-48;%The "-48" is just a shortcut to turn the character
array into a matrix of ones and zeros - the ASCII codes for 0 and 1 are 48
and 49, respectively
Sign = (-Bin(:,1)+.5)*2; %Get signs
Exponent =
bin2dec(reshape(sprintf('%d',Bin(:,2:9)),size(Bin)*[1;0],8))-127; %Get
exponents
Mantissa = Bin(:,10:32)*Coefficients'+1; %Get
mantissas
Dec8 = Sign.*Mantissa.*(2.^Exponent); %Compute
decimal
Input=out_imu_matrice';
Input=Input(34:37);
if size(Input)*[1;0] == 4 && size(Input)*[0;1] == 1
Input = Input';
end
Coefficients = [ones(1,23)/2].^(1:23); %#ok<NBRAK>
Bin =
strcat(dec2bin(Input(:,1),8),dec2bin(Input(:,2),8),dec2bin(Input(:,3),8),dec2
bin(Input(:,4),8))-48;%The "-48" is just a shortcut to turn the character
array into a matrix of ones and zeros - the ASCII codes for 0 and 1 are 48
and 49, respectively
Sign = (-Bin(:,1)+.5)*2; %Get signs
Exponent =
bin2dec(reshape(sprintf('%d',Bin(:,2:9)),size(Bin)*[1;0],8))-127; %Get
exponents
Mantissa = Bin(:,10:32)*Coefficients'+1; %Get
mantissas
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Dec9 = Sign.*Mantissa.*(2.^Exponent); %Compute
decimal
imu_matrice_tot=[Dec1 Dec2 Dec3;Dec4 Dec5 Dec6;Dec7
Dec8 Dec9];

end
end
elseif aus_1==0
imu_matrice_tot=[0.000001 0.000001 0.000001;0.000001 0.000001
0.000001;0.000001 0.000001 0.000001];
end
save C:\file_out_imu_matrice.txt imu_matrice_tot -ascii append

%fclose(S_COM1);

Finally the serial Eeprom communication program:
function comunicazione_seriale
global S_COM1 S_COM2 S_COM3 S_COM4 out_imu_matrice out_imu_velocita
out_magnetometro out_campo_magnetico out_campo_magnetico2 out_sun_sensor
dimensione_sun_sensor out_orario pacchetto_dati t
global oo1 ox1 oy1 oz1 oo2 ox2 oy2 oz2 oo3 ox3 oy3 oz3
global xxX1 xxX2 xxX3 xxY1 xxY2 xxY3 xxZ1 xxZ2 xxZ3 yyX1 yyX2 yyX3 yyY1 yyY2
yyY3 yyZ1 yyZ2 yyZ3 zzX1 zzX2 zzX3 zzY1 zzY2 zzY3 zzZ1 zzZ2 zzZ3
global dati dati_seriale aus_1 aus_11 aus_2 aus_3
global imu_accelerazioni imu_vel_angolari imu_vel_tot imu_matrice_tot
out_sun_sensor_gpc campo_magnetico_gpc comunicazione_gpc
global ipA ipB portA portB udpA udpB
A=fread(S_COM4,1);
S=char(A);
pause(0.1)
if S=='C'
comunicazione_gpc=[campo_magnetico_gpc out_sun_sensor_gpc];
fprintf(S_COM4,'%c',02);
fprintf(S_COM4,'%0.4u',campo_magnetico_gpc);
fprintf(S_COM4,'%0.3u',out_sun_sensor_gpc);
fprintf(S_COM4,'\n\r');
pause(0.1)
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save C:\file_comunicazione_gpc.txt comunicazione_gpc -ascii -append
end

3.6.3

Data management

The O.B.D.H. has got an embedded 1 GB onboard Flash and 256 MB Industrial
DDR SDRAM, but we can expand memory with an USB-SSD memory of 8 GB.
The estimated amount of data collected from the sensors is of about 6 MB in the
O.B.D.H that will be also downlinked with the E-Link system of the gondola. The
videos taken with the cameras will be stored directly in SD Cards inside the
cameras themselves. Using SD cards of 16GB of capacity we can take video for
more than 20 hours, enough for our use. We decide not to collect videos or
pictures on the mother board for many reasons:

3.6.4

-

The images are too “heavy” to be downlinked with the E-link

-

The mother board memory can be not enough for all this data

-

The storing of the images can become a problem for the software
and it can make the data collection very slow

-

The cameras are water resistant and shock resistant, so we are
almost sure that we can recover them and the videos inside. In fact
we choose that cameras because they are water resistant (3 meters
under the sea level) and they can withstand very low temperature,
lower than the one that our thermal control will keep into the boxes.

Communication Links

Nor transmitter or reciver are used.
For the E-Link system we extimate a data-rate of 1400 bit/sec for our data, as
shown from some tests. Here below there is a table where it‟s listed the division
of the total amount of data. Each component gives in output some bytes, that we
save in ASCII format, so every byte become a number, each of one is of about
16 bytes. We save in ASCII format to have a quick comprehension of the status
of the system and for an easier post-processing. During the test the software was
working for 15 minutes, collecting 90 times the data from the components and
storing them into the mother board.
The E-Link software is composed by two main programs. The first, installed in the
PC/104, gives in output from the LAN connector the data that the other main
program is storing in the Mother Board. The second, installed in our ground
station laptop, receives and stores the data. Moreover another software has been
made, that reconstructs in real-time the attitude of the gondola fron the IMU
Rotational Matrix and from the Magnetometer and IMU accelerations and angular
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rate data. In this way 2 different attitude will be reconstructed to see the
differences due to the Geomagnetic Field and the drift of the IMU.

Component
Sun Sensor
Magnetometer
I.M.U.
Clock
TOTAL
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Data Rate
8.6 Kb in 15 Minutes
80 bps
15 Kb in 15 Minutes
140 bps
118 Kb in 15 Minutes
1100 bps
8.6 Kb in 15 Minutes
80 bps
1400 bps
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4
4.1

REVIEWS AND TESTS
Experiment Selection Workshop (ESW)

Date:

03-05/02/2009

Location: ESTEC, Noordwijk, The Netherlands
Recommendations of the ESW-Review Board:
- Assess the sensitivity and quality of measurement of the magnetometer and all
the other sensors.
- Take magnetic field perturbation on the Esrange balloon pad into account if the
calibration is performed at Esrange.
- Assess the behaviour of the cameras in low pressure/temperature conditions.
- Provide more details on the electrical/electronics design and integration.

4.2

Preliminary Design Review - PDR

Date:

23-27/03/2009

Location: MoRaBa, Oberpfaffenhofen, Germany
Participants:
a) Experimenters
Riccardo Ravaglia
Serena Donati
Tommaso Cardona

b)Review Board
Olle Persson
Mikael Inga
Andreas Stamminger
Harald Hellmann
Marcus Wittkamp
Koen de Beule
Helen Page
Cyril Arnodo

Recommendations of the PDR-Board:
The main recommendations are:
 Strength calculation to be done
 Magnetometers calibration procedure to be written
 Assessment if downlink capability can be used
 Power distribution and all electrical design to be detailed
 Software to be detailed
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 Operational requirements to better defined
See the full report in the attachment (D.1).

4.3

Test plan

TEST N.1

VACUUM TEST (a)

In the first test we want to verify that both the cameras and the insulating material
can work in vacuum conditions. The insulating material to be tested was a little
piece of EPS thinner of the one we were going to use and the camera was the ATC3K that we are going to use. We tested them in a vacuum chamber in the
Astrodynamic Laboratories of Scuola di Ingegneria Aerospaziale (University of
Rome). The test has been executed by Ing. Fabrizio Piergentili and it lasted for two
hours reaching a pressure near the vacuum conditions. During the test the camera
was powered by 2 batteries NiCd AA and it worked all test long. The test results
was positive: both the camera and the insulating material were not damaged after
the test, and the camera was able to record again. See the attached photos [Image
B.3] for details.
TEST N.2

SUN SENSOR CALIBRATION (a)&(b)

The second test we‟ ve done is the calibration of the Sun Sensor. In fact we wanted
to measure the given output voltage signal from every solar cell with variation of the
angle between Sun Rays and the cell. To do this we used a telescope. The
association GRUPPO ASTROFILI ANTARES, astronomers from Cotignola (RA),
Italy, permit us to use their astronomic observatory placed in Monteromano (RA)
and their wonderful telescope (diameter of the mirror 500 mm). The test took place
Thursday July the 2nd. Working together with the astronomers, Serena and Riccardo
take measurement of the output of the Sun Sensor while variating the pointing of
the telescope, variating RA from Est to West and then from West to Est. Before the
sensor was placed at the top of the telescope and the telescope was accurately
pointed in the direction of the sun. The telescope provide the coordinates that it‟s
pointing and it was possible to move it in Azimuth and Declination of precise angles
decided from us. Moreover it has an automatic electric engine that provide the
automatic sun pursuit. So first of all the telescope has been pointed directly to the
sun. In this way only the upper solar cell recives sun rays and produces a current.
Then the telescope has been moved of 10 degrees in Azimuth to see the variation
of the output while changing the apparent direction of the sun. Then clouds come
and cover the sky so another test will be made to get all the data and make the
calibration. See photos in the Attachment for details [Images B.8 B.9 B.10].
Then another calibration has been made to the new sun sensor, the one that is
going to flight. This test took place in the 3rd week of September, with Serena and
Riccardo at the telescope described before. During this test the sun sensor was
powered by it‟s power system and the data were stored and shown by graphs using
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a software script implemented by us. We tested both the maximum value of count
(from 0 to 255) given by the sun sensor while variating the angle of the sun rays
(the real calibration) and the precision of the output of the software (azimuth and
elevation) comparing them to the telescope coordinates. To do this we first pointed
the telescope with the sun sensor over it directly to the sun. Then we moved it in
elevation and azimuth at specific speed and knowing the angle of variation in
respect to nadir. So we can compare the data of the telescope and the sun sensor.
The test was really good. With the sun rays perpendicular to the cells the count
value was of 140, that is good considering that it will be much more strong the solar
flux at 30 km than on the ground. Moreover the other cells gave out values around 0
or 3, because of some little sparkling of the telescope (it‟s white). Then changing the
elevation of 10 degrees the count value changed of a little more than 10 counts,
that means an accuracy of 1 degree for the sun sensor. Moreover we can see that
the precision is of about 1 or 2 degrees, comparing the values of elevatin and
azimuth of the sun sensor with the telescope ones.

TEST N.3

MAGNETOMETER TEST

We tested the magnetometer behaviour to study how much it is influenced by
external disturbances, and from what type of sources, and at wich distance from it.
The test took place Monday July the 20th. To do this we placed the magnetometer in
our laboratory keeping it away from external magnetic fileds and measuring its
output. Than we putted near of it various type of magnetic disturbances. First of all
we tested high frequency electromagnetic waves placing at various distances a
mobile phone ringing and studying the magnetometer output behavior. Then to test
the disturbance due to electronics working (like the IMU) we putted a laptop near to
the magnetometer and see the output. Moreover we tested the behaviour of the
magnetometer with electronic engine working near to it (to simulate possible
variable magnetic fields due to other experiments) placing an electronic engine at
various distances from the magnetometer switching it on and off. We also tested the
possible influence of the electric wires that will be near of the magnetometer in our
experiment. To do this we putted around the magnetometer its electric wires and
studied the variation of the output. Besides we putted a power unit at various
distances from the magnetometer switching it on and off to study the disturbances
created during transients. Finally we tested the magnetometer behaviour with
disturbances due to constant magnetic field created by iron-magnetic materials (like
the gondola itself or other experiments) by using a magnet and moving it around the
magnetometer at various distances and directions. The final results of all this test
was:
- The magnetometer output is not influenced by high frequency electromagnetic
waves, by electronic engine, by electric wires and the power unit.
- The transients give a little error to the magnetometer but only instantaneusely,
returning to the right output after the transient.
- The major disturbance is due to iron-magnetic materials or magnets, but these are
constant disturbances that can be simply avoided with the calibration.
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- All the disturbances affect the magnetometer only at a low distance from it. In fact
we can see a change in the output only if the disturb is at 30 cm or less from the
magnetometer, and the change of the value is always of some percentages points,
not very influent in our measurements.
TEST N.4

STRUCTURE STRENGHT TEST

Immediately after the build up of the structure, a lot of tests about its resistance
have been done. First of all we tested the folding pole system. This test took place
at the MAS Assembly Technology Factory in Cesena (FC) Saturday August the
22th with Serena Donati and the help of some of the workers of that industry. The
test wanted to verify the structural analysis and the strength of both the locks and
the hinge. To do this we create the worst case possible; in this way we can be sure
of the resisitance of our system. So we linked the first pole (the one that has to be
linked to the gondola) to a fork lift with some terminals at the end of the pole. The
locks were closed and the system putted horizontally. Then at the other end of the
second pole (the one were the boxes will be placed in) were linked an object (a disk
containing an electomagnet) with a weight of more than 110 Kg with some straps,
and all the system was lifted with the fork lift. This condition was maintained for
more than 5 minutes to ensure the strength of the system. The results were very
good. In fact nor the locks or the hinge of the pole were damaged and everything
was not changed or ruined by the test. We could only see a bending of the pole, but
in the real conditions it will be less than this because it will be shirter the free
bending length.
Then the same test were done to the hinge. In fact the locks were opened and the
second pole was placed vertically, with some weight at its end. Again the test was
passed with success, without any damage for the hinge.
At last some test on the interfaces of the pole system were done, in particular on the
links between the pole and the boxes and between the boxes and their covers. This
test took place in Cotignola (RA) with Riccardo Ravaglia Tuesday August the 25th.
First of all was tested the link between the Horizon Sensor box and the pole. To do
this some weight for a total amount of 6.5 Kg were placed on the base of the box
linked to a piece of pole in both the vertical direction (up and down). This simulated
the weight of the cameras and the sun sensor multiplied almost for 10. The test
gave positive responses, with the links not damaged and no movements of the
system. Then the locking system of lid of the box was tested. The pole was linked to
the base of the Horizon box and the box itself was locked with its screws to the
base. Moreover it was filled with bolts, screws and a lot of mechanical stuff for a
total amount of 5 Kg, simulating the weight of the Sun Sensor multiplied by safety
factors. Then the system was lifted and shacked and inclinated in every direction
and no signs of damage or partitioning were shown.
Furthermore the link between the pole ad the magnetometer and IMU box and the
lid of this box were tested, with the same test. In fact the box was linked to a piece
of pole with the apposite L-shaped profiles and the lid was locked to the box with it‟s
screws. Then all the box were filled with screws, bolts, etc reaching a total weight of
5 Kg (simulating the weight of the IMU and the magnetometer multiplied more than
10 times). Then it was lifted and overturned and shacked creating all the loads that

RXBX-09-03-23 SED vers1

Page 64

can be created during the flight. Also this time the results were good, without any
damage or negative results.
Finally the “iniside gondola box” has been tested. To do this some weights for a
total amount of 32 Kg has been putten over the lid of the closed box to test if it can
withstand this loads without any movement or problem. The test was successfull, so
it‟s possible to say that the structure is strong enough for the security of our
experiment.
All this tests are shown in the Attachment B in the pictures from B.11 to B. 21.
TEST N.5

ELECTRONIC BOARD TEST (a, b, c and d )

When the electronic board was completed it has been tested. In fact we wanted to
test if every voltage and current was correct. The test took place at Esporles, Iles
Balears, Spain on Saturday August the 29 th by Gian Paolo Candini. The test was
structured as listed: the PCB was powered by a power unit with 28 V, the same
given out by the batteries. Then every voltage and current was measured with the
apposite instruments, with a load to simulate the different components. The results
was good. Every different system gave out the expected voltage: 2.8 V at maximum
load for the 3 V output, 4.9 V for the 5 V output, 7.58 V for the 7.5 V output and 11.8
V for the 12 V output. In this way we can be sure that the power system works well
and that every component can be powered with the right voltage and current. This
test are shown in the Attachment B in the pictures from B.22 to B. 26. Moreover
also the telemetry system has been tested, three times. In fact in the first test with
the eeprom connected to the mother board the PCB was powered on and after 2
hours of working it was powered off and then the data were downloaded on the
laptop. Here it was possible to see the behaviour during the functioning of all the
volatage and the currents and temperatures, with the relative date. The test gave
positive responses, with all functioning well, as it‟s possible to see from the table
below.
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V Ext
0,4
0,35

0,3
0,25
0,2
V Ext

0,15
0,1
0,05
0
1 21 41 61 81 101121141161181201221241261281301321341361381401421441461481501
V Batt
22,7
22,6
22,5
22,4
22,3
22,2

V Batt

22,1
22
1 21 41 61 81 101121141161181201221241261281301321341361381401421441461481501
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5V
5,155
5,15
5,145
5,14
5,135
5,13
5,125
5V

5,12
5,115

5,11
1 21 41 61 81 101121141161181201221241261281301321341361381401421441461481501

45
40
35
30
25

T Board
T Alim

20
15
10
5
0
1

21

41

61

81 101 121 141 161 181 201 221 241 261 281 301 321 341 361 381 401 421 441 461 481 501

The same test was repeated with the PCB functioning for almost 9 hours, to see the
behaviour of the eeprom when it is full. The test gave positive responses again,
overwriting again and again the last recorded data in the last record position. In this
way we do not lose all the data and we can see how much of the telemetry we lose
by the timer of the eeprom. Again this results is shown in th pictures below, where
it‟s also possible to see the behaviour of the temperature (the test took place during
night, so we can see the temperature going down and then rising up again).
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V Ext
24,4
24,2
24
23,8
23,6
23,4
V Ext

23,2
23
22,8
22,6
1 162 323 484 645 806 967112812891450161117721933209422552416257727382899306032213382354337043865
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5V
5,16
5,155
5,15
5,145
5,14
5,135
5,13
5V

5,125
5,12
1 160 319 478 637 796 9551114127314321591175019092068222723862545270428633022318133403499365838173976

T Board
32
31
30
29
28
27
26

T Board

25
24
1 162 323 484 645 806 967112812891450161117721933209422552416257727382899306032213382354337043865

Finally it the PCB has been tested with the complete discharge of the batteries. It‟s
possible to see that the 12 V is the first to loose volts, while the other remain at a
good level. Then also 5 volts stops, stopping also the telemetry because of the
switch off of the digital part of the PCB. Then the 7.5 and 3 volts remain powered on
until the total discharge of the batteries, as shown in the picture below.
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However when all the cables and connectors will be ready another test to verify that
every pin is correct and that everything is ok will be made: in fact all the
components will be connected to the electronic board supplied with a battery pack
similar to the one we‟re going to use during the flight; then all the system will be
switched on and it will remain switched on for some hours to be sure all is working
well. Moreover we will test if the power consumption is similar to the one calculated
before. Then also the active thermal control system will be test, as shown in the test
N.7.
TEST N.6

SOFTWARE TEST

During the development of the software system a lot of tests have been made to
ensure that it works and all the data are recorded in the right way and everything
works. The final tests to ensure that everything was ok took place in the Space
Robotic Laboratory in Forlì in the 3rd week of September, with Serena , Tommaso
and Riccardo. During this different tests the IMU, the Sun Sensor, the
Magnetometer and a laptop that were using Term90 software (to simulate the PCB
requesting and saving the data for redundandcy) have been connected to the
Mother Board and then the Matlab script has been launched to see if it collects all
the requested data. The test gave us positive answers. In fact all the components
gave the right output, the software saved all the data and it also saves it in the
Term90 (the “PCB” telemetry). Moreover the test was of about 4 hours and
everything was fine. We also tested the line of code of the software made to avoid
the crash of the system if some periphericals fails. To do this, during the running of
the software, we disconnected and reconnected the serial connector of the various
components again and again, and we also switched them off and on and off. In this
case the data saved are a list of zeros, to show in the post analysis that in that
instant the device was not able to communicate. The data saved in the PC/104
were 6 different .txt files. One for the magnetometer data, one for the sun sensor
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data, one for the IMU rotational matrix data, one for the IMU acceleration and
angula rate, one for the time of these data collection, and the last is a matrix (3x6)
where are putted together the magnetometer data and the IMU data. This matrix is
also the one that will be send to the ground station with the E-link system and to the
Eeprom of the PCB. Finally stopping the software and making it work again we can
see that the files was not deleted but the new outputs were appended to the
previous files.
Also the autorun software has been tested. In fact we powered-on the PC/104 and
we saw that, once started, it opens automatically the Matlab software (it is selected
for the opening at start up of the operative system) and then the MACRO wrote on
the command window the name of the main function and then all the software was
running and everething worked.
Furthermore the E-link software has been tested; in fact we connected our laptop
with the PC/104 with a LAN cable and we sent to the laptop the data from the
Mother Board.
TEST N.7

VACUUM TEST

Another very important test has been the vacuum one. It has been done by Gian
Paolo Candini in the vacuum chamber of the Albatros Marine Technologies,
Esporles, Illes Balears, Spain; it was 4 hours long and a pressure of 0.02 bars was
reached. The facility was a MTT 5/01 ULC and can reach a pressure of 20 mbar.

During the test the PCB with the batteries and the other components connected
were tested. The test was successfully passed and everything was ok. You can see
also from the telemetry taken from the PCB during the test and from the photos in
the attachement B in the picture B.27.
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TEST N.8

EXPERIMENT TEST

The final and much important test was the interface one. It took place in the Space
Robotic Lab of our University the 3rd week of September with Serena, Riccardo,
Tommaso and professor Piergentili. In this test all the final experiment was putted
together. All the components were connected with their cables and connectors to
the PCB and withe the serial connectors to the PC/104. Moreover the PCB and the
Ark were connected by a serial connection. Finally the PC/104 was connected by a
LAN cable to one of our laptop to simulate the E-Link system. The PCB was
powered first by our power unit, then by the batteries that are going to flight, with the
switch between the batteries and the PCB. After some little problems immediately
solved this test was perfect. At the turning of the switch key the PCB immediately
started up and all the leds was switched on. Then the PC/104 started up and the
software began to work. In our laptop the attitude (non sense because of the casual
position over the table of the IMU and magnetometer) was reconstructed and every
file was saved. The cameras started up and began to record and everything was ok.
After one hour of working the PC/104 restarted itself and everything return to work
well. Finally after the switching off of the entire experiment we saw that the
telemetry and the files sent to the EEprom was stored in the right way. We tried to
switch off and on and off the experiment ad everything was ok. So we could say that
the experiment works. Se the photo in the attachement B in the picture B.28.

4.4
Date:

Critical Design Review – CDR
03/06/2009

Location: ESTEC, Noordwijk, The Netherlands
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Participants:
a) Experimenters

b)Review Board

Riccardo Ravaglia
Serena Donati
Tommaso Cardona
Gian Paolo Candini

Olle Persson
Harald Hellmann
Bruno Sarti
Koen de Beule
Helen Page
Martin Siegl

Recommendations of the PDR-Board:
The main recommendations are:






Structural analysis (FEA)
Thermal analysis
Magnetometer calibration procedure
Software design
Test plan

See the full report in the attachment (D.2).
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5

PROJECT PLANNING (PHASE B AND C)
5.1

WBS – Work Breakdown Structure

The experiment has four main fields of work as shown in the flowchart above, for
each of one all the members work on; but everyone develops the specific tasks in
which they are more competent. See Attachment F for pictures of the built up of the
experiment.
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5.2

Time schedule of the experiment preparation

In the next month we are going to finish the built up of the structure, in parallel with
the software development and the tests. All the things missing in this documentation
will be soon defined and/or done.

(see Team-Site Picture for details)
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5.3

Resource estimation

MANPOWER: All the work will be equally divided within the team. All the members
will work every moment possible on their tasks, both on themselves and all
together. By this way we optimize time and we can organize ourselves to hold by
the deadline of each phase.
TIME: As shown in the project file above the time between the selection workshop
to the results submission has been scheduled and divided in every task. It
comprises building up the experiment, uploading documentation, doing tests and all
things necessary.
COST: Costs of all the experiment are shown in the Table B.1 in the attachment
and it comprises costs of the components, the structure, the tests and
consumables. They are mostly covered by our sponsors mentioned above. They
are approximated costs and the total could change in the future due to some
changes in the experiment.

5.4

Hardware and software development and production

In the attachments [Table B.2] there is a list of hardware components and their
availability. Some little changes could be done because of the experiment
continuous development. They are all described in the chapters before and they all
will be tested as mentioned above.
The software development is competence of Tommaso Cardona and he is working
on OBDH system. We have been assisted in the software developement by
ADELSY (ADvanced ELectronic SYstem), a company from Bologna that helped us
with the PC/104 Operative System installation.

As said above we use Windows XP and Matlab 2006 as software, and we are
working on a program (Matlab script) to collect all the data.
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5.5

Risk management
ID

M - 01

Name

Security problem

Description

Something placed outside the gondola breaks and fall
down

Consequences Risk to hit and injury someone
Severity

5

Probability

0.5

Total Risk

2.5

Prevention

A lot of tests to be sure it will not happen, overstimated
loads

Reaction

We can‟t do anything

Recovery

Too late

ID

M - 02

Name

Data Storing switch-on

Description

Failure of data recording program

Consequences At the experiment switch-on the data recording program
does not start in auto-run
Severity

5

Probability

2

Total Risk

10

Prevention

A lot of tests to be sure it will not happen, reset
command from e-link system.

Reaction

We can‟t do anything

Recovery

Too late
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ID

M – 03

Name

Sun sensor precision and accuracy

Description

The sun sensor data are disturbed from light reflects
from clouds or balloon

Consequences The sun sensor data can‟t be used both for attitude and
solar flux determination in every moment but only
sometime
Severity

3

Probability

2

Total Risk

6

Prevention

The solar cells are positioned in the structure so as to
be protected from reflection coming from below the
balloon and the structure near them is covered with
opaque materials or paint

Reaction

Exclution of wrong data at the moment of postprocessing

Recovery

None

ID

M - 04

Name

Magnetometer calibration

Description

Calibration of the magnetometer is wrong, or too strong
magnetic field produced sometimes during the flight

Consequences All the magnetometer data are influenced by external
factor, they can‟t be used
Severity

5

Probability

1

Total Risk

5

Prevention

A lot of tests to be sure it will not happen, downlink
during launch to see influences.

Reaction

We can‟t do anything

Recovery

Too late

RXBX-09-03-23 SED vers1

Page 78

ID

M – 05

Name

Cameras disturbance

Description

The horizon is not visible for total coverage of clouds or
sunlight directly into the cameras

Consequences The cameras data can‟t be used for
determination everytime but only sometime

attitude

Severity

2

Probability

3

Total Risk

6

Prevention

Two cameras are used, positioned at 90 deg. to cover
more horizon and to be sure that almost one of them is
in condition to take pictures

Reaction

Exclution of pictures that can‟t be used

Recovery

None

ID

M - 06

Name

Night flight

Description

If the flight take place during the night, we can‟t assure
that the horizon sensor and the sun sensor will work

Consequences No correction for the IMU data, no Solar Flux data, no
initial conditions
Severity

5

Probability

1

Total Risk

5

Prevention

Requirements of a daylight flight

Reaction

We can try to use the sun sensor as a moon sensor

Recovery

At the end of the flight we discover if pictures can be
used
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6

OUTREACH PROGRAMM
- We realized a website in which we publish all news about the experiment.
The site is: www.compassteam.altervista.org

- An article has been published about the project, the team and the sponsorization
on a national newspaper “Il Resto del Carlino” on 17th May 2009.
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- A link to our website and a short description of our experiment has been published
on our faculty website.

- A presentation to the student of our University has been made on October the 16th
where the experiment and the BEXUS programme have been presented.
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- Another description of our experiment has been published on our faculty website,
describing the successfull flight of the COMPASS experiment .
Website:
http://www.ing2.unibo.it/Ingegneria+Cesena/Facolta/Ingegneria+e+dintorni/COMPA
SS_Team_vola_su_Bexus.htm
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- A report about our experiment and the launch campaign has been published on
the ALMA MATER STUDIORUM official web magazine.
Website:
http://www.magazine.unibo.it/Magazine/UniBoIniziative/2009/10/23/Compass.htm

- We contact IAGA to let him know about the experiment and to ask if they were
interested in a collaboration with us or in knowing the results of our project and work
together on them.
- A scientifical article will be published soon in a scientific journal
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7

LAUNCH CAMPAIGN

7.1

Experiment preparation

During the launch campaign we have to assemble our project and calibrate the
magnetometer. We don't need special resources and equipment, except for a
welder for electronic components, in case of some connections between connectors
and cables brake during the mounting phase. First of all we have to make a hole in
the horizon sensor box larger to permit to the serial connector to pass. Then we
have to finisch some welding of the connectors, because of the mounting
porcedure. Then we have to link the magnetometer and IMU box (that have to be
ready yet with all the cables coming out of the holes) to the first pole, placing all the
wirings in the grooves of the pole itself. Then we have to place all the cables in the
right position. Finally all the components will be connected to the mother board and
to the power system to test the whole experiment with all the cables mentioned
above. So it‟s ready for the launch. See in the
Attachment G the “ to do list” for assembling.

7.2

Experiment Time
flight

Events

during

Before the countdown, the experiment has to be
stared by our switches. Than the pole has to be
folded down; to do this two locks have to be opened
with their express key and the pole has to be gently
positioned in the necessary position to be able to reach the box on the top and
switch on the cameras. For the cameras we need a sequence of two button for each
one to be pushed at the top of the pole after the switch on of all the experiment. If
they switch on, we will be sure that the power system is working. We can see if they
are working from their LCD monitors, so we have a confirmation that the experiment
has been powered on. Then the pole has to be replaced in the original vertical
position and safely locked with the keys. See Attachment G for the “ to do list” for
the experiment switch-on.
From the switching-on, the experiment will record data all flight long. The software
Matlab will run until the PC/104 is powered and the entire system will stop itself
when the batteries will be completely discharged. So no special activities are
expected during the flight. However from the E-Link system we can download all the
data stored in the PC/104 and reconstruct the attitude of the gondola, so during the
flight we will see if everything is working well.
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7.3

Operational Data management concept

All the data are recorded from the PC/104 on a USB storage device or on SD Cards
for the cameras. The total amount of data will depend from the type and rate of
collected data; at the moment we assume a total of about 6 MB for the serial sensor
and 16GB of videos for each camera. All the data (except the videos) will be also
downlinked with the E-Link system with an extimated data-rate of 1400 bit/sec.

7.4

Flight Readiness Review - FRR

During the FRR, made Thursday October the 8th inside the Cathedral Building, all
the experiments were turned on one by one to be sure that every experiment were
working well and that none disturbed another experiement. By or point of view the
test was successfully passed, with all the components working in the right way and
no disturbance were measured.

7.5

Mission Interference Test – MIT

During the MIT, made several times, the last Saturday October the 10 th in the
Launch Pad, all the experiments and the E-Link system were switched on to
investigate if any experiment was disturbing the (or was disturbed by) the E-Link. It
took almost an hour but for the COMPASS experiment it was successfully passed.
In fact in our data there were no sign of a disturb created by the transmitting system
and we weren‟t disturbing the system as well.

7.6

Launch Readiness Review – LRR

After having passed every test and analysed our test data we concluded that our
experiment was ready to flight. During the test count down we proceed with the real
launch procedure for the switch-on and we saw that everything was ok. Only two
little things we had to watch out. The first was that we needed to change the
procedure to reach the gondola once it was holded by Hercules because with a
simple stair it wasn‟t possible to check the LCD monitor of the cameras, so during
the launch a lift truck was used. The second was the fact that with so many tests we
were running out of batteries. So we decided to have a late access for the power on
of our experiment during the launch count down, without changing the batteries that
we had already tested.

7.7

Inputs for the Flight Requirement Plan - FRP

We have some requirements due to the magnetometer calibration:
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We need to have free access to the balloon launching site to measure the
magnetic field without the gondola and the other experiments, also knowing
the real position of the North, after the launch and the recovery.



We need to know the correct orientation of the gondola in the instant before
the take-off both to know initial conditions from the early start of the flight and
to calibrate exactly the magnetometer. This can be done with the sun sensor
but it‟s possible that it can‟t be very precise at low altitude so we have to use
the cameras. If its possible to know from EGON system direcly its orientation
refered to the North it‟s better, otherwise we take it from the cameras videos
in wich we understand the orientation from some reference point of the
landscape.



We need to be placed outside the gondola, with a pole that permit the
magnetometer and the IMU to avoid the disturbance created from the other
experiment and from the gondola and the Sun Sensor and the Horizon
Sensor to have the possibility to receive directly the Solar light.



We also need that the other experiments do not create too strong magnetic
field, expecially if they are not continuos.

Other requirements due to the Horizon sensor and the Sun sensor are:


We need that the flight take place with daylight, possible without too much
clouds. If the flight will take place during the night, we are not sure that the
moonlight will be enough to have correct data from the Sun sensor. We know
that in the first week of October in Kiruna there will be full moon all night long
but we have to test if its power is enough for the solar cells. Moreover also
the Horizon Sensor will not be able to provide his data because its pictures
will not be useable in dark conditions.
In the worst case of both the Attitude sensor will be not usable, we will lose
the possibility to correct the IMU data that can drift after some hours of use.
Moreover we will not be able to have initial conditions about the gondola
attitude that we need to compare our results with the model.
Furthermore we can‟t collect data about the solar flux, one of our goals.
So it is very important that the flight will take place during the day. If it will be
not so, we can be sure only about the magnetic field size and if we get initial
conditions also about the magnetic field direction for the first hours of the
flight, while IMU data are still good, not considering the data taken
afterwards.
In case of bad weather there will be some problems with the sun sensor in
the first part of the flight,before the passing through of the clouds, but during
that the IMU will be still precise enough, so it should not be a problem



We need that the pole where both the sensor will be placed will be high
enough to avoid anykind of shade or reflex from the gondola.

7.7.1

Requirements on laboratories
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We need screwdrivers, drills, wrenchs and all mechanicals stuff. Moreover we
need a welder for electronic components.
7.7.2

Requirements on integration hall

No special requirements.
7.7.3

Requirements on trunk cabling

No special requirements.

7.7.4

Requirements on launcher

No special requirements.
7.7.5

Requirements on blockhouse

We need one place where to sit with our laptop to download the telemetry from
the E-Link from our experiment and all the necessary cables and hardware to
do it.
7.7.6

Requirements on scientific centre

No special requirements.
7.7.7

Requirements on countdown (CD)

During the countdown we need a particular procedure to start the experiment.
First of all the master switch has to be switched-on. Than the pole has to be
folded down to reach the box on the top and switch on the cameras; to do this
two locks have to be opened with their express key and the pole has to be
gently positioned in the necessary position. (See picture below)
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For the camers we need a sequence of two button for each one to be pushed
after the switch on of all the experiment. The first button has to be pushed for
almost two seconds, and then the other button has to be pushed. This
procedure has to be applied for both the cameras. Then the pole has to be
replaced in the original vertical position and safely locked to the not-folding pole
with the keys, with the system shown in Chap.3.
We also need to check the experiment status by the telemetry data, with the
possibility to reset the PC/104 if something is wrong.
7.7.8

List of hazardous materials

No special requirements.
7.7.9

Requirements on recovery

We need the experiment to be powered off by the switch. If in the shock of the
landing the pole will separate from the gondola we need that it will be recovered
with the gondola. See Attachment G for the complete “to do list” at recovery.
7.7.10 Consumables to be supplied by Esrange
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Screws, bolts and nuts.
7.7.11 Requirement on box storage
No special requirements.
7.7.12 Arrangement of rental cars & mobile phones
No special requirements.
7.7.13 Arrangement of office accommodation
No special requirements.

7.8

Post Flight Activities

After the launch and the recovery we should have done the calibration of the
magnetometer. In fact we should had free access to the right place where the
gondola was launched with only the magnetometer and a notebook to collect data
about the magnetic field without the disturbances of the gondola and of the other
experiments. But because of the late launch of the BEXUS 9 and the soon
departure from the Esrange of the COMPASS team, before the experiment was
brought back to the Cathedral, we couldn‟t do the calibration. But during the various
test made in the week before the launch, we could understand that a calibration was
not needed, not really necessary. In fact during the interference test we saw that no
disturbances were created by the other experiment or by the E-Link system.
Moreover the gondola itself should not create disturbances to our magnetometer,
considering that it was on purpose placed more than 10 centemeter away from the
metal structure of the gondola. So the only thing that could disturb our payload was
the iron mines and the gravel in the launch pad, but this kind of distub are the one
that we are going to measure, so we are confident about the unnecessary
calibration.
After the recovery all the experiment has been quicky cheked and all the
components status has been evaluated. Than the components containg the data
were immediatly brought back to Italy and the data were copied in various
memories, and the experiment hardware was sent back to Italy. Very soon from the
flight SSC provided us the data from the BEXUS GPS to get the precise position of
the gondola during the flight.
Then in the days from the flight to the end of the year all the group is working on the
collected data, analysing and studying them and writing down the final results.
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First of all we have are going to determine the attitude of the gondola from all the
sensors used. To do this we are going to propagate the data given out from the IMU
(angular rate and accelerations) starting from an inital condition provided by the
cameras and the sun sensor. This propagations will be made between the instants
in wich we will have the data of both the attitude sensors (a lot of “initial conditions”),
to avoid problems and errors due to the drift of the IMU. So we will have a recreated
attitude that we will compare also with the rotational matrix provided by the IMU to
have the best precision as possible. To have the absolute – and not relative –
attitude of the gondola we need the real initial conditions at the take off of the
gondola. These can be determined in two different ways. If the sun sensor and the
cameras will be able to provide us correct data at the launch we can use these inital
conditions to propagate the absolute attitude. Contrarywise, we will have the
absolute initial condition in an instant different from the launch one, the one in wich
both the attitude sensors will be able to provide a correct output. From this instant
we can reconstruct the absolute attitude of the gondola, in the way described
before, also before that instant, recreating in this way also the initial conditions at
the launch.
Once determined the attitude we are going to take magnetometer measurement in
the same reference system of the model. Then we calculate the possible
differences and study the reasons.
Also the Sun Sensor data will be calculated and studied, evaluating possible link
with the magnetometers results.
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8

EXPERIMENT REPORT
I. Launch campaign
1. Flight preparation during launch campaign
During the launch campaign, that took place at Esrange base near Kiruna (Sweden)
in the first week of October, the first four days were dedicated to the flight
preparation for BEXUS-9. From the early Monday morning all the team members
worked hard to finish to mount the experiment as soon as possible. First of all every
component was checked and a test was performed to check that during the flights
to Kiruna nothing was damaged. Than everything was prepared to be installed into
the gondola. The main structure, as the main box and the 2 poles, were installed yet
before the arrival of the team in the base. During the last test we noticed a problem
in the resistance for the active thermal control system and, as agreed with our
professor, we decided to cut the resistance wirings and fly without that system, to
avoid possible serious failures and problems due to a little and not really necessary
thing. So we proceed with the assembling and mounting of the experiment into the
gondola. First of all we installed the power board, the mother board and the
batteries into the main box, with all the connectors connected and everything fixed.
Then we worked on the pole boxes: we installed all the components in the right
places and we assembled everything in the poles structure. Than we completed all
the wirings, making them pass in the apposite groves in the poles, and we tested
the folding system with all the cables installed. We conneceted all the components
to the mother board and to the PCB and we tested the whole system, always
cheking with a monitor the software and the PCB temperature and the power
consumption. The test gave us good responses, and after some little things and
after having fixed strongly every single bolt we were almost ready to flight. (See
Attachement H for pictures of the mounting and testing).
In the following days only little details were fixed and a lot of tests were performed,
both with external power supply and with the flight batteries themselves. During this
tests we checked all the systems and also the E-Link system, and it worked
immediately. Also interference tests were performed (as mentioned in the chapters
7.4 & 7.5) both for between the experiments themselves and between the
experiments and the E-Link system. Finally also the flight switch on procedure was
tested, during the last gondola test.
All the tests were well passed from our experiment, giving us the possibility to be
ready very soon and confirm our “ready to flight” in every morning meeting
perfomed during the launch week and fix time by time all the little details.
After every of these test we cleaned up all the memories, the SD cards, the
EEprom, and all the Hard Disks, after having them quickly analysed. By this way we
leave the most free memory as possible for the flight data.
So on Saturday October the 10th we were ready to fly.
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2. Flight performance
During the flight the correct working of the experiment was checked from the IMU
and magnetometer data coming to our ground station sent with the E-Link system.
They were saved into the PC in form of a 3x6 matrix containing the Rotational
Matrix, the acceleration, the angular rate and the magnetometer data. Moreover
also the time of the collection was saved. This data were shown in the screen for an
immediate comprehension (See Attachement H) showing two different reference
system obtained from the rotational matrix and from the acceleration and the
magnetometer data. In this way we can immediately reconstruct a first kind of
attitude and mostly important check that every component is working well. During all
the flight we hence saw that the system was working well, except for some minutes
of magnetometer lost data, due to a problem of serial communication, fixed by the
restart. In fact every 30 minutes the PC-104 was forced to restart as safe system to
avoid that a Matlab crash would make all the data lost for the remaining flight. So
during the flight until the lost of communication with the E-Link we checked that
everything was fine.
Moreover as mentioned in the Chap.3 all the data were saved into the PC/104 SSD
and also in the EEprom of the PCB.
The total amount of data stored into the mother board SSD was of 4MB and into the
SD card 4 GB for every camera. All the data were stored in .txt format (except for
the videos).
After the recovery we ascertained that the batteries worked until the switch off by
the recovery members, so they were enough for the flight, for a total amount of 6
hours of data (4 hours of flight).
3. Recovery (Condition of experiment)
After the recovery Tommaso checked quickly the experiment status and he brought
the data back to Italy. No damages were shown in the structure, except for the
Horizon Sensor box. In fact the box was broken, with the aluminum cutted in the
place where it was fixed to the pole. But it was still connected to the pole thanks to
the wirings and the redundancy of bolts used (See Attachement H Pictures H.3).
From the data and the cameras videos we cannot understand when the damage
occurred but we can be sure that it happened after the opening of the parachute.
The reason of this failure are a combination of different factors. Mainly the holes
made in the aluminum to permit the wirings pass into the box were too big and so
there was only a little stripe of metal loaded with strong tensions. Moreover also the
aluminium was not really a good one. Finally to permit the mounting of the sun
sensor connector a hole was enlarged during the launch campaign with a hammer
and a drill in a brutal and not really “scientific” way.
A little bit of humidity and water was entered inside the main box, due to the snow
melted in the landing site, but not in a way to compromise the components. In fact
all the components were not damaged and we can restart them again.
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All the data were stored correctly and all the components saved the right amount of
data. So we can conclude with a positive response about the experiment recovery
status.
4. Post flight activities / operations
Once brought all the data back and checked that everything was ok, we started the
data analysis. First of all we watched the videos taken with the cameras to have an
idea of the behaviour of the attitude of the gondola during the flight, the real duration
and some possible problems. Then we started to convert all the data stored in the
PC/104 form .txt files into .mat files, in a way that it was possible to work on them
with Matlab software. We created different matrix of data for all the different data
and we began to work on them. Moreover we converted the BEXUS GPS data into
.xls format and .mat format to have the possibility to calculate the IGRF magnetic
vector directly from the values of Hieght, Latitude and Lingitude provided by the
GPS. Some graphics of some interesting parameters (Air pressure [mbar],
Temperature [°C], Altitude [m]) were created, as shown below.
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Then we worked hard on the attitude determination and the comparison between
the IGRF prediction and our magnetometer measurements, using all the data
collected during the flight. Syncrhonization, filtering and rotational matrix were some
of the aspects on wich we worked, to obtain the results shown in the next
paragraph.
II. Results
1. Preliminary results
The first results immediately obtained are the plots of the acceleration of the
gondola during the flight, collected by the IMU in its 3 axes x y z, the Body
Reference System. They are shown below, where it‟s possible to see immediately
that the behavior of the z component is due to the little inclination of the gondola
respect to the horizon plane. In fact the z axes is in the Body Reference System, so
it doesn‟t “ receive” all the vertical gravity acceleration but it is also distributed in the
other 2 axes. Moreover the value is of -1 g because of the z axes of the IMU was
oriented upwords, respect to the horizontal plane.
z

y

x

These are raw data, with no filter, obtained considering only the flight period, from
the take off to the cut of the balloon (except for the angula rate data).
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The other reason that make the x and y acceleration not constantly equal to zero is
the not constant horizontal speed of the gondola. As it‟ s possible to see below, it is
very changing instead, causing continues little acceleration measured by the IMU
accelerometers.

RXBX-09-03-23 SED vers1

Page 97

The second parameter immediately obtained from the IMU is the angular rate
around the x y z Body axes. Again this data are shown in the graphs below,
obtained for every axes and for the total size. From this data is possible to have a
confirm of what the videos of the cameras show; in fact all flight long there is only a
continuos oscillation around the z axes and very low oscillation around the other 2
axes. This will help a lot the further attitude determination and the sun sensor data
analysis.
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Another analysis has been made on the Sun Sensor data, in particular to study the
behavior of the solar cells and if their outputs were congruent with the other
sensors. In the graphs below, there are some samples of the cells outputs given
during the flight. The values represent the power received by the cells and they are
comprised by 0 to 255, because of the digital conversion of the analogical data. A
difference in the cells output value can be adduced to a different sun power or to a
different inclination of the sun rays respect to the cells. In particular, the high
frequency oscillation is due to the continuous rotation around the z axes during the
flight (concurring with the other sensors ); whereas the increasing trend is due
mainly to the increasing altitude of the balloon, that bring the sensor in condition of
higher solar flux power. The third graph represents data recorded by the solar cell
placed on the top of the sensor: it confirms that BEXUS-9 has had an almost
horizontal flight. In fact, filtering the output and considering the increasing solar
irradiation, the data are almost constant. The maximum power recorded by this
solar cell is lower than the other, because of the really low elevation of the Sun
during the flight.

RXBX-09-03-23 SED vers1

Page 100

RXBX-09-03-23 SED vers1

Page 101

The reason of some “holes” in the data is that this graphs has been created with a
preliminary software, using the raw data stored in the PC/104. Moreover this data
are shown in the period from the take off to the cut of the balloon, i.e. the period of
the flight that we are going to investigate and analyse.
In the figures below are shown the elevation and azimuth graphs of the sun
direction in the BRS (Body Reference System). The elevation trend confirms the
thesis of horizontal flight. In fact, it can be noticed that, excluding the high frequency
oscillation of the data, the elevation decrease slowly during the flight. This behavior
is due to the reducing elevation of the Sun in the sky, so the gondola kept about
horizontal during the flight. The azimuth is very variable, but it has a sine wave trend
that confirm the goodness of measurements (as it is shown in the third picture).

RXBX-09-03-23 SED vers1

Page 102

RXBX-09-03-23 SED vers1

Page 103

After this preliminary data we can therefore conclude that the data are reasonable
and consistent, and all the sensor worked in the predicted way. From this data and
from the rotational matrix of the IMU is possible to determine the attitude and bring
the IGRF and the magnetometer data in the same reference system to compare
them. This analysis will be illustrated in paragraph 3.
Finally the telemetry data stored in the Eeprom from the PCB processor have been
analyzed. First of all is interesting to note the behavior of the temperature measured
during the flight, shown in the graphs below. Both the temperature were measured
inside the PCB box, in 2 different places on the board (the y axes shows the
temperature in °C). The temperatures measured are higher than expected, due to
different factors. First of all this is the confirmation that the insulating system of the
main box worked well, than that temperatures are due to the lack of convection and
the high consumption of the components during the flight. Finally also from the
Bexus GPS data it‟s possible to see temperature a lot higher than the predicted -70
°C.
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Then the voltage and the current provided from the PCB are shown. In the first
graph it‟s possible to see that the voltage has been always constant during the
flight, providing the right volts to every component. The peaks match with the
switching on of the experiment, as predicted. Moreover the changes in the second
graph, in the current reported to the 5 V, the one of the PC-104, are due to the
unconstant power consumption of the mother board. In fact different softwares were
running, doing different things, and also the restart every 30 minutes are causes of
that behavior. The two zero level in the current reported to the 3 V (the one of the
cameras) report to the time passed from the switching on of the experiment to the
cameras one.
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Finally the voltage [V] provided from the batteries to the PCB and from the PCB to
the Sun Sensor current limiter (VLim) are shown. From these graphs it‟s possible to
confirm that no problem hit the batteries, and until the switch off of the experiment
they were still able to provide the right voltage. Again the peaks are due to the
switching on of the experiment.
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All this data are collected until the switching off of the experiment. They start from
the test in the day before the launch, also to check the data in the 2 differnet
conditions.
2. Attitude determination
To bring the measured magnetic vector in the IGRF Reference System and the
IGRF vector in the Body Reference System as said before, we have to determine
the attitude of the gondola during the flight. Then it will be possible to achieve the
scientifical results about the geomagnetic field, as shown in the following chapter.
This target has been achieved in two different ways, using all our three attitude
sensors (Sun Sensor, Horizon Sensor and IMU) and Matlab software and STK
software.
The first attitude determination has been made using the IMU rotation matrix. We
calculated the relative rotation matrix between a certain time and the following ones
using the IMU datas, starting from the initial condition of azimuth and inclination
obtained respectively from the sun sensor and the two cameras. This was made 5
times, starting from 5 different initial condition after 0, 11, 40, 70 and 110 minutes
from 09:00:23 UTC, to avoid the possible IMU drift. The results are the possibility to
obtain the IGRF vector “as it should been have measured” in the Body Reference
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System and the measured geomagnetic vector of the magnetometer in the
NorthEastDown Topocentric Reference System of the IGRF. By this way the
comparison between the 2 vectors was possible.
The Topocetric Reference System and the Body Reference System are here
shown; the rotation matrix permit us to pass from one to the other and vice versa.
NorthEastDown Refrence System:

x=N

y=E
O

z=Z
Body Reference System:
z

O

y

x
The initial conditions from the sun sensor were obtained using a Matlab script,
obtaining the value of azimuth between the North and the x axes of the IMU. The
ones from the two cameras were obtained measuring the angle between the
horizon and the horizontal plane; by this way it was possible to obtain the rotation
around the x and y body axes.
Some pictures used for this intial condition determination are shown below. With
some apposite softwares the inclination (β) has been determined.
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β

The results of this attitude determination has been also used in the STK AGI
software, to show the attitude of the gondola during the flight.
Moreover also the trajectory of BEXUS-9 has been imported in the software,
recreating the gondola flight. The 3D and 2D trajectory are shown below.
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Here is shown a frame of the video of the attitude during the flight obtained from the
rotation matrix. It is the relative attitude between the NorthEastDown and the
gondola, without the initial condition, just to understand the behavior of the attitude
and to check the almost horizontality of the flight.
Both the cameras videos and the STK results show us that the flight has been
almost horizontal all time long. In fact the maximum angle between the two x-y
planes was less then 5°. By this way we can rightly approximate the flight as an
horizontal one, and obtain the attitude of the gondola in a second way.
In fact approximating the flight to an horizontal one, it is possible to use only the sun
sensor to reconstruct the attitude. By rotating the Body Reference System of the
azimuth angle beween the North and the x axes of the magnetometer for every
measurement, it is possible to obtain the 2 geomagnetic fields in the same
reference system. These azimuth angles has been obtained calculating the angle
between the x axis of the Sun Sensor and the Sun using the solar cells datas, and
the angle between the Sun and the Norht using the apposite formulas, where the
position and the time of the GPS of that data were used.
Also this attitude determination has been imported in the STK software, to confirm
the validity of this attitude determination, as shown in the picture below. This frame
is taken from a video where the real attitude of the gondola during the flight is
shown, with the horizontal flight approximation. The x,y,z axes are the real one of
the magnetometer during the flight, as reconstructed from the Sun Sensor.
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After the attitude determination some consideration has to be made, effective also
for the next magnetometer data analysis.
First of all these attitude data begin in both cases from 9:23:00 UTC of Sunday
October the 11th (begin of GPS data) until 12:55:11 UTC, with a data every 6
second for the IMU and every 4 second for the Sun Sensor. This period contains
part of the pre-launch phase, the ascent phase and most of the flight before the cut
off of the balloon,as shown in the altitude graph of BEXUS-9 here above.
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The reason of the “peaks” in this (and in the next) graphs, of the vertical lines to the
0 value, are the restart of the operative system installed in the PC/104, made every
30 minutes as described in Chap.3. During this period (about 3 minutes) a value of
0 has been chosen to remark the lack of data in these moments. Some other “0
values” are due to a problem in the data collection from the magnetometer or the
IMU or the Sun Sensor, immediately resolved by the restart of the O.S. Furhter
consideration are made in the next paragraph.
The other consideration to make is about the synchronization of the data of the
different components. It has been the first and main problem during the attitude
determination and the magnetic filed study. In fact because of the forced restart
every 30 minutes and the switch-on & off during the tests the total amount of data of
every component is different. So it is not possible to correlate every sample to the
right other one and to the right time. However this problem has been solved using
the data sent to the ground station and to the Eeprom. In fact every “data packet”
sent by the E-Link contains both the IMU and the magnetometer data, so these two
sensors are synchronized. Moreover the data stored in the Eeprom contain the
magnetometer,the sun sensor and the collection time data. By this way it‟s possible
to have the three components data synchronized during all the flight both between
themselves and with the GPS data.
For the cameras the problem remains instead. In fact there is no way to know the
right correlation between the sample and the image. But it is true that some
seconds don‟t change a lot the attitude of the gondola during the flight, and that the
cameras are needed only for the inclination of the gondola that has been almost 0°.
So it is possible to work with their videos, obtaining the inclination in the instant
needed, and continue with the analysis, also with a little approximation of the
results.
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3. Scientifical results
The first analysis that we show about the magnetic field study (our achievement) is
the comparison between the predicted size of the geomagnetic field (from IGRF)
and the size measured by our magnetometer. The results are shown in the graphs
below: the first represent the absolute size of the field, the second the percentual
difference between the measure and the model. It is important to remark that the
difference that can appear very high and strange is only of some percentual points
respect the values predicted; so it can be reasonably conduced to the accuracy of
the measurements. But after the complete analysis we will investigate more deeply
the reasons of this.

Moreover it‟s interesting to notice the difference between the first data, relative to
the launch pad position, and the other data, relative to the ascent phase of the flight.
It‟s possible to note an important difference between the 2 values measured by the
magnetometer (520 & 540 mG), maybe due to the disturbance created by the ironmagnetic materials of the launch pad. We will investigate more deeply this
phenomena after the complete data analysis.
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Then is important to show how the three component of the geomagnetic field
“should be”, i.e. the predicted values of the I.G.R.F.. All flight long they are almost
constant in their Reference System, that is a pseudo-inertial reference system, as
shown in the graph below. In fact it has the x axes pointed towards the North
Geografic Pole, the z axes towards the centre of the Earth and the y axes in the
plane of the horizon (tangent to the surface of the Earth in that point) direct towards
East (NorthEastDown Reference System). It is a Topocentric Reference System.

x=N

y=E
O

z=Z

Becuase of the short distance covered during the flight from Bexus-9 compared to
the Earth dimensions, we can consider the Topocentric Reference System constant
during the flight; so we will bring our magnetometer data always in the same initial
reference system, without having any problem.
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The graph has been constructed calculating the IGRF vector using the Latitude,
Longitude and Altitude obtained from th GPS data of BEXUS-9, so it will be possible
to compare instant to instant the IGRF with the magnetometer data.

Finally the data collected by the magnetometer are shown in the next graph. They
represent the real B vector, measured in the Body Reference System of the
gondola, that during the flight was rotating around the z axes (and little rotation
around x and y axes). This is the reason of the oscillation of the x and y values in
the graph. Moreover in this Reference System the z axes was directed upwards;
this explains the negative value of the z component of the geomagnetic field.
The same observation about the “holes” in the data and the period of it can be done
as decribed before.
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Once completed the attitude determination it is possible, as described before, to
have both the IGRF vector and the measured magnetic vector in the same
reference system (topocentric or body); from this data it is possible to compare the
2 vectors, both component to component and as direction (evaluating the angle
between the two vectors), study and understand the reason of the differences and
achieve the major objective of our experiment.
The final results are here listed. Both the type of attitude determination has been
used to do the geomagnetic field comparison. By this way it is possible to better
understand the possible differences and problems.
The first analysis is about the first minutes before and after launch and the
comparison between the two attitude determination. Here below are shown the
magnetic field data obtained in the first 50 minutes after the 09:23:00 UTC. They
represent the x component of the measured and the IGRF geomagnetic filed in the
Body reference system. The first graph is obtained from the IMU datas, with the
initial conditions taken from the cameras, the second from the Sun Sensor.
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It is immediately possible to note that with the gondola still holded from Hercules in
the launch-pad the magnetometer was disturbed, and so the Sun Sensor (confirmed
also from the STK simulation). In fact both the data from the IMU and the one from
the Sun Sensor give really different values both in the size of the geomagnetic field
and in the direction, among the IGRF but also among the subsequesnt
magnetometer datas. The fact that also the IMU attitude determination is affected
from this kind of error bring to the conclusion that the magnetometer was really
disturbed from some ironmagnetic materials. It is really possible that the gravel of
the launch pad, obtained from the iron mines of Kiruna, producted magnetic filed
that disturbed our sensor, as expected; moreover the iron “arm” of Hercules that
holded the gondola before the launch can be considered as a probable disturb for
the sensor. In fact when another lift arm was used to fix some particular in the ELink system about 40 minutes before the launch, very strange values of magnetic
field were measured from the magnetometer.
So we can conclude that before and in the first minutes after the launch, the
magnetic field data measured by the magnetoter are not consistent but they are
disturbed from some iroonmagnetic materials, as predicted. This explaines also the
magnetic filed size behavior shown before. But this is not a problem for our
experiment.
Moreover as said before it is possible to see that until 09:50 UTC (about 3000 meter
of altitude reached) were reached also the Sun Sensor was really disturbed. It is
very probable that the reason of this are in the reflection of the snow present in the
launch pad, that was seen from our sensor as a “Sun”, affecting our datas.
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Then from about 09:43:00 UTC to 10:00:00 UTC both the method gives consistent
results; in fact the IGRF assumes the same behavior of the measured magnetic
field, in particular in the sun sensor graph. The IMU one instead has some little
differences, due maybe to the little error in the initial condition or due to the IMU.
However this data are the first confirmation of the validity of our study and
experiment.
The same conclusion can be taken from the graphs below, were the y component of
both the magnetic filed is shown in the first 50 minutes of data, obtained in both the
ways described in the attitude determination chapter.

From the restart of the 10:00:00 UTC the data continue to improve, in particular the
sun sensor one, being very close to the model one. From these data it is possible to
begin to get to the conclusion that the model is very very near to the real field; but
we will get to the real conclusion after, with more data to confirm this prediction.
It is important to remark that because the majority of the geomagnetic field is on the
z axes, very little differences of size or direction between the igrf and the measured
field can cause wide differences in the two component on the horizontal plane, x
and y. So to get to the conclusions we will do the complete analysis, studying
everything necessary and useful.
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So the z component measured in the Body Reference System all flight long is
shown in the next two graphs, both the magnetometer one and the IGRF; the first
represents the sun sensor attitude system, the second the IMU one.
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It is important to note three main things:
- the z component has the same behavior of the size. In fact it is the major
component (5 times than the other) so it induces the majoir percentage in the total
size
- also for the z component the first minutes around the launch are affected from big
differences beween the rest of the data; this means that the difference is not due to
the attitude determination but to the disturbs described before.
- once reached the top altitude (about 100 minutes), the difference between the
measured and the model becomes constant. So it is possible to conclude that the
model precision changes with the altitude, in particular it improve as the altitude
become higher.
However also this conclusion will be added to the next one to reach the final
conclusions.
Then to show a complete measure all flight long there are the graphs below. They
represent the IGRF and the measured y component of the geomagnetic field in the
Body Reference System obtained from the sun sensor attitude determination way.
They complete the previous graph, going from 50 to 220 minutes from the 09:23:00
UTC. Also other graphs of the x component - similar to this - in both the attitude
determination way have been studied then to get to the conclusion mentioned at the
end.
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It is possible to note a good concurrence, a good overlap between the model and
the measured field in the Body Reference System. In fact once “cleaned” the blue
line from the peaks and the zero level due to a wrong sample of the sun sensor or
to an error of the magnetometer (for the red line), the two lines are almost very
near, and some time they are coincident, in particular in the ascent and descent
phase of the curves and in the middle of the flight. This data confirms both the
validity of our collected data and attitude determination and the goodness of the
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IGRF model. The error between the two vector is really tiny and sometimes it can
be adduced to the Sun Sensor precison. However the next analysis will permit us to
get to the conclusions.
Moreover also the last twenty minutes obtained from the IMU attitude are shown
below. It is possible to note that both the IMU and the Sun Sensor attitude
determination way give a difference between the model and the measured vector.
Moreover this difference is not in the same way. In fact for the IMU the
magnetometer is under the IGRF while for the sun sensor is the opposite.
Furthermore the peaks in the IGRF reconstructed with the sun sensor show that the
sensor was disturbed from something like reflection. However it is possible to
conclude that at the end of the flight there was a little difference between the model
and the real geomagnetic field, as also shown in the graphs subsequent.

To show the confirmation that both the attitude system worked well and that the
data are consistent and that our goal was reached, also the x component in the
Body Reference System of both the fields is shown below. They are taken from 50
to 100 minutes from the 09:23:00 and in both the attitude calculation system; the
first from the sun sensor, the second from the IMU.
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In both the graphs the magnetometer measurement is a bit “under” the IGRF
values. On the other hand, in the previous graphs (the y component) it was a bit
“higher” than the model. This can mean a vary tiny angle in the x-y plane between
the model and the measure, due to the higher size of the entire field. In fact, as said
before, the most of the field is directed in the z component. So a little difference in
direction and size between the real and the model field creates a bigger difference
in the horizontal plane, that is shown in the x and y component.
From this part of analysis we can hence conclude that:
- the data collected and analyised are consistent and usable for our achievement.
- a tiny difference between the model and the measured geomagnetic field is
present, both in size and in direction; however it is of only of some percentages
points, so it can be sometimes adduced to the accuracy of our measures. However
it is also present and intrinsic a very little imprecision of the model, that is in fact a
model.
- at the begin and at the end of the flight the difference is higher. In the first case is
due to the ironmagnetic materials present in the launchpad gravel and in the Kiruna
underground. At the end it can be considered as a little anomaly in the field, but it
will be further investigated then.
However the graph that more than the other shows what our experiment wanted to
study, i.e. the comparison between the geomagnetic model and the geomagnetic
real field, is the one shown below. Moreover it definitly confirms the goodness of our
results and measures. It is the geomagnetic field, both from the model and from our
measurements, in the Topocentric Reference System (NorthEastDown), all flight
long. All the three components are shown.
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From this graph a lot of conclusions and observations can be extrapolated. Without
considering the dots out of the mean values (due to the sun sensor wrong samples
or to the restart of the mother board) the graph shows a good concurrence of
values; the measured x component in particular has fluctuations around the IGRF
value, but always close to it, in terms of percentages points. The z axes has the
behavior described before, while the y component seems to be the less precise.
This is due to the fact that it is the component with the lower value in the
Topocentric Reference System, so a very little angle of difference between the
model and the measures creates the higher difference in this components, both as
absolute value and as percentage points. However it is near enough to confirm all
the previous conclusions before mentioned. In particular also from this graph the
little discrepancy between the IGRF and the magnetometer measures in the last
thiry minutes of data is detectable, so it is confirmed as a geomagnetic “anomaly”.
A particular of the previous graph is shown now, where it is possible again to get to
the same conclusions.
.

The last (but not the least) graphs shown are the angles between the IGRF
geomagnetic vector and the measured one, in the Body Reference System; the first
is obtained from the study with the sun sensor attitude, the second with the IMU
one.
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As for the components in the Body Reference System, the “Sun Sensor” graph
shows a better precision repect to the IMU one. This is adduced to the difficult to get
real good initial condition and to the impossibility to filter the IMU datas with the
attitude dynamics of the gondola; however both the graphs are consistent and
useful. In fact a little angle between the IGRF geomagnetic field vector and the
measured one is present, as predicted. But this angle is most under 10 degrees,
that is a good precision for the model, considering the difference of less than 10% in
the size. Moreover part of this angle is adduced to the accuracy and precision of our
instruments and components, in particular for some period and samples than for
others. However this little angle, jointly to the difference in the magnetic field size, is
consistent with all the previous graphs and analysis, and confirms all the
considerations and conclusions about this analysis.
After all the analysis it is hence possible to get to these conclusions about the IGRF:
 A difference of about 15 mG (less than 10%) in the size of the geomagnetic
field has been measured all flight long between the IGRF predicted model
vector and the measured one, also considering the intrinsic error of the
sensors and of the attitude determination. Moreover an angle of less than
10° but almost always present during the flight has been measured between
the two vectors. This means that a tiny imprecision in the IGRF model has
been found, not very relevant but existing, that can be considered
acceptable from a model at the end of its validity. This difference can be
adduced to various causes, but mainly to the intrinsic imprecision of the
model. However the unpredicted and unpredictable low Sun activity of this
year can be considered as a reason for this difference. In fact the sun
activity influences the geomagnetic field shape and a difference of it with
the predicted behavior can affect the goodness of the magnetic field model.
 The model becomes better as the altitude increase, as predictable. In fact
departing from the Earth surface the field become less disturbed from local
magnetic abnormalities (as the one over Esrange) due to the ground
composition and the harmonics of the model simulate better the
geomagnetic field. This is a positive consideration for the IGRF users, like
airplanes or satellites, that “flights” at altitudes higher than the one where
the ground disturbances are influential.
 The intrinsic error of the sensors and of the attitude determination did not
prevented us to reache these conclusion, despite they have to be
considered for a correct analysis.
Finally the study on the solar flux has been completed, obtaining the sun power.
The Sun Sensor has permitted to evaluate the solar flux recorded during the flight.
The currents generated by the solar cells were used to calculate the power received
by the sensor. The data-analysis of these measurements has produced some
problems: first of all, the team has been in trouble with the evaluation of solar cells
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efficiency, so it has been difficult to know the real power received by the cells. The
solution was found by knowing the solar flux at the Earth surface, using tabulate
values. Moreover this kind of component was also used in other experiments that
have allowed the team to estimate with a good approximation the cells efficiency. In
any way, it was been possible to calculate the variation of the power received during
the flight, by normalizing at one the measurement on the Earth surface. The picture
below shows the trend of the solar flux measured by the Sun Sensor during the
experiment. It can be noticed that it has a constant value at the beginning, when the
gondola was on the launch pad. At the moment of the launch it begins to increase
because of the higher intensity of the Sun rays, due to the raising altitude of the
gondola. The second graph is interesting to compare the power measured by the
sensor to the variation of the flight altitude (it is represented the external pressure).
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Another difficulty in the analysis of the Sun Sensor data was the valuation of the
solar flux outside the atmosphere. In fact this kind of calculation need to consider a
lot of aspects that can‟t be known definitely. It would be necessary estimate all of
the disturbances that reduced the power received by the sensor:







The influence of the atmosphere
The albedo of the Earth
Reflection by gondola components
Shadows generated by BEXUS-9 componets
The date and the time, so the Sun position respect to the Earth
The atmospheric condition

The team has obtained good results by considering the absorption of the light by the
atmospheric particles: by calculating the Air Mass coefficient (AM), at every instant
of the flight, it can be possible to evaluate a first-approximation of the external Solar
flux. The formulas used to this target are not rigorous and they are obtained by
experimental data. So it is difficult to have exact calculations, but the analysis of this
variable was been made in order to obtain reasonable results in the floating phase
of the flight, at least. The figure below shows the solar flux measured by the sensor
and the external solar flux calculated.

RXBX-09-03-23 SED vers1

Page 131

The results are reasonable, in fact we obtained the following results:
 External solar flux:




Median: 1339.5 W/m2
Mean: 1265.2 W/m2
Standard deviation: 282.4 W/m2

 Power measured by the sensor:




Median: 1215.1 W/m2
Mean: 1145.1 W/m2
Standard deviation: 254.9 W/m2

It can be noticed that the difference between the power received by the Sun Sensor
and the external solar flux is not very high. It is due mainly to the approximation of
the calculation, which considers the atmospheric pressure to find out the
percentage of power absorbed by particles: in this way, when the gondola was
floating at the highest layer of the atmosphere, the pressure was very low, so the
difference of power very reduced.
Fortunately the atmospheric conditions during the flight were perfect, so this
disturbance can be neglected. Instead, the Earth albedo and other reflections had
considerably influenced the measurements, especially at the beginning of the flight,
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when the gondola was near the Earth surface (this is confirmed by the very
disturbed data of elevation angle of the Sun respect to the sensor, as shown in the
figure at the beginning of the paragraph). Moreover, for this part of data, it is also
difficult evaluate the percentage of wave absorption by atmospheric particles,
because of the larger thickness of the atmosphere that the Sun light has to cross.
We can hence conclude noticing again the consistence of the data and the interest
of the results achieved. In fact both the results shown on the geomagnetic field and
on the Sun obtained from the analysis are really good, permitting to obtain
interesting conclusions.
4. Outlook
From the ingegneristic point of view this experiment has been very very good. In
fact all the mechanics, the electronics, the software and every component worked
well. The data collected are usable and consistent, the experiment was ready in
time and almost every possible problem has been predicted and avoided.
From the scientifical point of view the results reached from the analysis are
interesting and useful. They can be used as a start point from which begin a further
and deeper analysis, both with the same data (but much much more time and data)
and with other data, but they can be used also as proper final results to get to
interesting conclusions about the geomagnetic field and its model.
Different ways to improve the experiment and the results are possible, as outlook
from all the experience gained during the project to a possible new experiment
similar to this one. First of all with more time and much more money to prepare the
experiment better components should be used, improving the collected data quality.
Moreover a better mother board for the on board data handling permit to improve
the software used and so the quality and easiness of the collected data, reducing
the gap between the samples and avoiding the synchronization problem and many
of all the other little post analysis problems.
However the interesting and consistent results obtained at the very end of this
experiment lead to the consciousness that stratosferic balloon flight (like the
BEXUS-9 one) are a good and cheap way for the geomagnetic field modelization
and analysis, in particular in a wide range of altitude, longitude and latitude.
III. Outreach Activities
After the launch 2 articles were publisched in the web about our project and the
launch campaign. Moreover the team made a conference in our University and as
the results will be ready some other articles will be publishced in scientific
publications (see Chap.6).
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IV. Lessons learned
There are many things that we learned during this experience, both for the human
side and for the working side. The main lesson learned during the experiment
development is that time and money are never enough but every problem and
difficults can be overtaked to reach the final goal.
Moreover we learn how much work there is under a “space” project, how many little
things must be considered and how many things can go wrong in a scientific
experiment. But we also learned how to work in a team, and also with other teams,
and what special meaning has to see months of hard work realizing and becoming a
real working experiment.
Finally we can say that it has been a really great experience, with a lot of work to
do, a lot of problems, but also a lot of things learned and full of wonderful moments.
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9

ABBREVIATIONS AND REFERENCES
9.1

Abbreviations

AGI
AIT
asap
BO
BR
CDR
DLR
EAT
EAR
EIT
EPM
ESA
Esrange
ESTEC
ESW
FAR
FST
FRP
FRR
GSE
HK
H/W
IAGA
ICD
I/F
IGRF
IMU
LT
LOS
LRR
Mbps
MFH
MORABA
MTR
NOAA
OBDH
OP
OS
PDR
PFR
PST

Analytical Graphics, Inc.
Assembly, Integration and Test
as soon as possible
Bonn, DLR, German Space Agency
Bremen, DLR Institute of Space Systems
Critical Design Review
Deutsches Zentrum für Luft- und Raumfahrt
Experiment Acceptance Test
Experiment Acceptance Review
Electrical Interface Test
Esrange Project Manager
European Space Agency
European Sounding Rocket Launching Range
European Space Research and Technology Centre, ESA
Experiment Selection Workshop
Flight Acceptance Review
Flight Simulation Test
Flight Requirement Plan
Flight Readiness Review
Ground Support Equipment
House Keeping
Hardware
International Association of Geomagnetism and Aeronomy
Interface control document
Interface
International Geomagnetic Reference Field
Inertial Measurement Unit
Local Time
Line of sight
Launch Readiness Review
Mega Bits per second
Mission Flight Handbook
Mobile Raketen Basis (DLR, Eurolaunch)
Mid Term Report
National Oceanic and Atmospheric Administration
On Board Data Handling
Oberpfaffenhofen, DLR Center
Operative System
Preliminary Design Review
Post Flight Report
Payload System Test
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SNSB
SED
SSC
SSD
STK
STW
S/W
T
TBC
TBD

Swedish National Space Board
Student Experiment Documentation
Swedish Space Corporation (Eurolaunch)
Solid State Disk
Satellite Tool Kit
Student Training Week
Software
Time before and after launch noted with + or To be confirmed
To be determined
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9.2
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10

ATTACHMENTS

A. SCIENTIFIC BACKGROUND: THE I.G.R.F.
The International Geomagnetic Reference Field is the model that represent the
Earth‟s Magnetic Field. It is devoleped and released from the IAGA and it is the map
of the Geomagnetic Field for all the world, also in a wide range of altitude. The
model is determined from special space missions, but also from every useful
measurement obtained all over the world from a lot of observatories and surveys.
The model is released as a scalar potential field in series expansion

where some coefficients are function of time so the model has to be periodically
correct. Some other coefficient as clm and slm are sperimental, obtained evaluating
all the measurement and fixing them.
Some coefficients are function of time because the Earth‟s Magnetic Field is
continuosly changing itself, moving the Magnetic Pole, increasing or decreasing its
size and changing force line direction. So the I.G.R.F. has to be frequently renewed
to have the possibility to consider this variations and include them in the model.
To do this the model is released every five years and every new model has new
coefficients obtained from new obserbvations and measurement. When it is
released it represents the Magnetic Field at that time, but with the model are given
some predictive secular variation coefficients that give the predicted variation of the
field for the upcoming five years and permit the model to be upgraded until the new
one is released. But it is verified that at the end of the five year epoch the model is
not so precise as at the beginning, because this coefficient are estimate from the
current variation of the period when the model was created, so the more we go far
from the released data, the worse the model become.
The last model is the IGRF10, released in 2005, as we can see from the table below
where all the different model are listed with their data and validity. This last version
is the first to have the precision of 0.1nT, ten times more than the previous ones. It
is free download from the IGRF site and it gives the size and the three components
on a local reference system for every selectable date, altitude, longitude and
latitude. More information can be found on the IGRF official site
http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html.
Our experiment will take place in October 2009, so it‟s the perfect period to verify
the precision of the model, in particular of the predictive variation coefficients,
because of the distance from the date of release of this model. So we expect
sensible differences from our measurement to the model prediction.
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Full name

Short
name

Valid for

Definitive for

IGRF-10

1900.0-2010.0

1945.0-2000.0

IGRF 9th generation (revised 2003)

IGRF-9

1900.0-2005.0

1945.0-2000.0

IGRF 8th generation (revised 1999)

IGRF-8

1900.0-2005.0

1945.0-1990.0

IGRF 7th generation (revised 1995)

IGRF-7

1900.0-2000.0

1945.0-1990.0

IGRF 6th generation (revised 1991)

IGRF-6

1945.0-1995.0

1945.0-1985.0

IGRF 5th generation (revised 1987)

IGRF-5

1945.0-1990.0

1945.0-1980.0

IGRF 4th generation (revised 1985)

IGRF-4

1945.0-1990.0

1965.0-1980.0

IGRF 3rd generation (revised 1981)

IGRF-3

1965.0-1985.0

1965.0-1975.0

IGRF 2nd generation (revised 1975)

IGRF-2

1955.0-1980.0

-

IGRF 1st generation (revised 1969)

IGRF-1

1955.0-1975.0

-

IGRF 10

th

generation (revised 2005)

Table A-1. List of IGRF model versions with date and validity.

Figure A-1. The IGRF10 model, with shown the lines with same size on the surface.
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Table B.1 Components list
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TOTAL

\

\

Amphenol

MIL – C 5015

Cables and
Connectors

Other

SAFT

\

LSH 20

\

Electronical
Board

Bosch
Rexroth

Ourselves

Advantech

Oregon
Scientific

Microstrain

Honeywell

SUPPLIER

Batteries

Bosch
Rexroth

ARK-4153

Mother Board

Structure
components

ATC-3K

Camera

\

3DM-GX2

I.M.U.

Sun sensor

HMR2300

CODE

Magnetometer

ITEM

\

Delivered

Delivered

Delivered

Delivered

Completed

Delivered

Delivered

Delivered

Delivered

STATUS

\

2

\

\

1

1

2

1

1

QUANTITY

5600€

250 €

450 €

300 €

200€

500 €

150 €

550€

(2 x)
225€

2000 €

750 €

COST
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B. TABLES, IMAGES AND FIGURE

WEIGHT

100
grams

500
grams

(2x) 200
grams

2000
grams

250
grams

DIMENSIONS

107 x 38 x 22
mm

41 x 63 x 32
mm

Ø 40 x 110
mm

164 x 170 x 49
mm

120 x 100 x 90
mm

ITEM

Magnetometer

I.M.U.
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Camera

Table B.2 Items Characteristcs

Mother Board

Sun Sensor

5 to 18
Volts

5 and 12
Volts

3 Volts

5.2 to 9
Volts

6.5 to 15
Volts

POWER
SUPPLY

\

\

\

\

320 x 240
pixels

\

± 300°/sec

\

\

gyroscopes

± 0.2 °/sec

\

\

\

accelerometers

orientation
± 0.010 g

± 2.0 °

< 0.1 °

360 °
± 10 g

(1% full scale)

± 2 Gauss

ACCURANCY

67 micro
Gauss

RESOLUTION

± 2 Gauss

RANGE

DATA
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Figure B.1 ARK-4153 Structure

Image B.1 ARK-4153 Pictures
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Image B.2 ATC-3K
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Image B.3.(I). Vacuum test picture. Here it’s shown the vacuum chamber used for
this test, with the camera and the insulating material inside.

Image B.3.(II). Vacuum test picture. Here it’s shown that the camera was working
during the test, as it’s possible to see from the display.
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Image B.3.(III). Vacuum test picture. Here it’s shown the vacuum test chamber in
action during the test, with the camera and the polystyrene inside.

Image B.4. Sun Sensor Electric Board Prototype. Here we can see a prototype of
the Electric Board that will be part of our Sun Sensor, with the microprocessor in
the middle of the board.
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Image B.5. Sun Sensor Structure. This is the structure where the solar cells and
the Elctric Board (inside) are going to be fixed. It will be painted in dark to avoid
reflexes.
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Image B.6. IMU. This is the Inertial Measurement Unit that we are going to use. It’s
possible to see the serial connection and the power interface. It’s also listed the
specification of the component.
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Image B.7. Magnetometer Honeywell HMR2300. This is the magnetometer that we
are going to use. It’s possible to see the serial and power interface. It’s shown also
the dataheet.

RXBX-09-03-23 SED vers1

Page 148

Image B.8. Sun Sensor Test. Here it’s possible to see the Sun Sensor placed at
the top of the telescope.

Image B.9. Sun Sensor Test. Here it’s possible to see the whole telescope inside
the observatory.
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Image B.10. Sun Sensor Test. Here it’s possible to see the Observatory from
outside.

Image B.11. Structure Test. Here it’s possible to see the fork lift with the pole lifting
the weight.
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Image B.12. Structure Test. Here it’s possible to see the the pole lifting the weight
and the particular of the clamps.

Image B.13. Structure Test. Here it’s possible to see the particular of the locks
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Image B.14. Structure Test. Here it’s possible to see the Horizion Sensor box filled
with the bolts.

Image B.15. Structure Test. Here it’s possible to see Horizon Sensor Box closed.
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Image B.16. Structure Test. Here it’s possible to see the Horizon Sensor box lifted.

Image B.17. Structure Test. Here it’s possible to see the IMU box filled with the
weight.
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Image B.18. Structure Test. Here it’s possible to see the IMU box filled with the
weight and covered with its lid

Image B.19. Structure Test. Here it’s possible to see the IMU box filled with the
weight and lifted.
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Image B.20. Structure Test. Here it’s possible to see “ inside gondola box” test,
with the 32 Kg of weights over the lid of the box.

Image B.21. Structure Test. Another picture of the “ inside gondola box” test, with
the 32 Kg of weights over the lid of the box.
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Image B.22. PCB Test. Here it’s possible to see the 3 V test.

Image B.23. PCB Test. Here it’s possible to see the 5 V test.
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Image B.24. PCB Test. Here it’s possible to see the 7.5 V test.

Image B.25. PCB Test. Here it’s possible to see the 12 V test.
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Image B.26. PCB Test. Here it’s possible to see the current limiter test.

Image B.27. Vacuum Test. Here it’s possible to see the pressure inside the
chamber.
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Image B.28. Experiment Test. Here it’s possible to see the PCB with all the cables
connected.
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C. CAD DRAWINGS
Here are attached CAD design of our experiment. Each of this image is described
and recalled in the chap.3 of the documentation.

Figure C.1. Inside Gondola Box
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Figure C.2. Magnetometer & IMU Box

RXBX-09-03-23 SED vers1

Page 161

Figure C.3. Horizon Sensor Box
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Figure C.4. Sun Sensor (I)
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Solar Cells

Figure C.5. Sun Sensor (II).

Figure C.6 Folding System
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D. REVIEW BOARD REPORTS
Report D.1. PDR Review Board Report

Flight:

BEXUS-9

Payload Manager:

O. Persson

Experiment:

COMPASS

Location:

DLR, Oberpfaffenhofen

Date:

Olle Persson

EuroLaunch / SSC

Koen de Beule (chair)

ESA

Mikael Inga

EuroLaunch / SSC

Helen Page

ESA

Andreas Stamminger

EuroLaunch / DLR

Cyril Arnodo (secretary) ESA

Harald Hellmann

EuroLaunch / DLR

Markus Wittkamp

EuroLaunch / DLR

23.03.2009

1. Review Board

2. Participating Payload Team members:

Riccardo Ravaglia
Serena Donati
Tommaso Cardona

3. General Comments


PDR presentation well-timed and everybody spoke well. Remember to look at audience,
not screen.
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4. Panel Comments and Recommendations


Organization and project planning
1. Should add aspects on operations during launch campaign.
2. No tests planned after CDR. CDR is a design review: expect some changes in
the design (i.e. new tests to be performed).
3. Should use a log and keep it up to date.



Mechanics
1. Integration plan on gondola rails is missing.
2. Structure analysis (FEA and/or tests) is missing.
Should withstand 10g vertical and 5g horizontal.
3. Should shorten the poles (gondola is 2.5m above the ground when on the
launcher - 2m poles makes sensors difficult to access at 4m height).
4. Should make the camera remotely controlled (on/off, status, etc.).
5. Cables: in low temperature they will get stiffer and shrink.
Should use suitable materials.



Thermal
1. PC104 is a good heater.
2. Should consider the use of active temperature control in the boxes outside the
gondola.



Electrical / electronics
1. Need a more detailed of the power supply (regulators, etc.).
2. Need detailed schematics of the electronics for sun sensor and interfaces.
3. Magnetometers calibration: be careful of calibration at Esrange.
4. Batteries can be provided upon request of the team.
Needs to be written in SED (in the FRP part).
Best option would be to use onboard and experiment batteries for
redundancy.
5. Onboard storage. Should consider using the downlink provided to:
Control switches and camera.
Have feedback on experiment status (housekeeping data).
Redundancy on saving data (memory cards + TM).
6. LEDs for status: ok but downlink is better.
7. Need to assess the impact of a power shortage on data (reset, overwrite, etc.).
8. Video storage needs to be well defined (on camera or on external memory).



Software
1. Should be better defined.



Outreach
1. Website not running. Should find someone to take care of the website and
include updates in time planning.
2. Good design and logo.
3. Article in news paper to be published soon.
Should be included in the SED appendices.



Operations
RXBX-09-03-23
SED
vers1 the impact of bad weather and low light on success of the flight.
o Need
to assess
o Calibration plan to be better defined (The gondola cannot be taken inside and
outside easily. After the compatibility test, it is possible to take the experiment
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Operations
1 Need to assess the impact of bad weather and low light on success of the flight.
2 Calibration plan to be better defined (The gondola cannot be taken inside and
outside easily. After the compatibility test, it is impossible to take the experiment
off the gondola.).



Others
1. Team is small (although some shared tasks with BUGS team) – make sure
there is enough support for electronics.

5. Final remarks


Summary of main actions for the experiment team
1. Strength calculation (FEA, tests, etc.).
2. Magnetometers calibration procedure to be written.
3. Assessment if downlink capability can be used.
4. Power distribution / type of cable usage / electrical design.
5. Software to be detailed.



Result: PDR passed. CDR on 3 or 4 June at ESTEC.

Report D.2. CDR Review Board Report

Flight:

BEXUS-9

Payload Manager:

O. Persson

Experiment:

COMPASS

Location:

ESA-ESTEC

Date:

Olle Persson

EuroLaunch / SSC

Helen Page (secretary) ESA

Harald Hellmann

EuroLaunch / DLR

Martin Siegl

03.06.2009

1. Review Board
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Bruno Sarti

ESA

Koen de Beule

ESA

2. Participating Payload Team members:

Riccardo Ravaglia

Serena Donati

Tommaso Cardona

Gian Paolo Candini

3. General Comments



The 5 main actions from PDR do not seem to have been addressed sufficiently
The documentation submitted to the panel is not considered to be developed enough for
CDR level

4. Panel Comments and Recommendations


Organization and project planning
1. Planning difficult to read – not clear what is on critical path
2. Comments from PDR not implemented
3. Might need support for testing – be sure to plan and ask well in advance



Mechanics
1. Structural analysis is missing - need to perform Finite Element Modelling for
experiment integrity (acceleration and shock expected)
2. In particular, foldable booms must be strong enough
3. Results of calulations you have done should be included in SED
4. Why is length of pole 81cm? Show justification in SED
5. Why is the box so large compared to the contents? Try to optimise volume and
mass



Thermal
1. Normally heating is done by adding resistors on the plate and relying on
conduction. Radiative infrared lamps are not efficient and susceptible to shocks
2. Why is target temperature -15 deg? Why not 10 deg – better operating
temperature for electronics
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Electronics and data management
1. Power budget is not clear – 12W needed but 28W available - wasteful
2. Power regulation is not clearly described in SED but solution seems to be ok.
3. Connectivity and cable usage are not described in SED
4. Use Teflon for wiring and make sure connections are long enough. All
connectors should be locked (including USB) and able to resist shocks
5. In SED you should show the topology of the whole system before going into the
details. This will also help to plan grounding
6. Short circuits cannot be prevented by current limiters
7. Using gondola power as back-up can be done if really necessary but would not
like to fly extra batteries if they are not needed
8. Think of including LEDs to easily see that systems are working
9. Magnetometer calibration is still not addressed – it is not possible on launch pad
(it is made from material from the mine)
10. All data on camera storage – should make assessment of temperaure and
humidity impact on memory
11. Batteries are specified in User Manual



Software
1. Design should be available by now. Section 3.6.1 discusses hardware!
2. Connection to E-link is fully transparent ethernet connection



Testing
1. Test plan is missing. Only mention testing cameras in vaccuum chamber



Safety and risk analysis
1. Not done very seriously



Launch and operations
o Require daylight flight



Outreach
1. Website is ok – continue to update it during building and testing phase
2. Follow up with journalist from national newspaper – will he/she come to the
campaign and/or write further articles
3. Try to draft a press release – refer to the guidelines from the Training Week

5. Final remarks


Summary of main actions for the experiment team
1. Structural analysis (FEA)
2. Thermal analysis
3. Magnetometer calibration procedure
4. Software design
5. Test plan
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Result
1. CDR passed but SED must be resubmitted by end June with missing
information



Visit of EuroLaunch representative
1. Best would be end July. Team members will take vacation in August
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E. ELECTRICAL SYSTEM
Here are listed all the electrical schemes of the experiment.

Figure E.1 Electrical scheme(I). Connection to batteries and switch.
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Figure E.2 Electrical scheme(II). Telemetry system
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Figure E.3 Electrical scheme(III). Temperature control system.
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Figure E.4 Electrical scheme(IV). 7.5 V converter.
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Figure E.5 Electrical scheme(V). 3 V converter
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Figure E.6 Electrical scheme(VI). 12 V converter.
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Figure E.7 Electrical scheme(VII). 5 V converter.

RXBX-09-03-23 SED vers1

Page 177

Figure E.8 Electrical scheme(VIII). Current control.
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F. EXPERIMENT BUILT UP
Pictures F.1. Insulating Materials Walls
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Pictures F.2. Outside boxes in development
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Pictures F.3. “Inside Gondola Box” almost completed
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Pictures F.4. Folding pole system and Magnetomter and Horizon Sensor boxes

RXBX-09-03-23 SED vers1

Page 184

RXBX-09-03-23 SED vers1

Page 185

Pictures F. 5. The “Inside Gondola Box” with the E-Link connector and the Batteries
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Pictures F.6. The PCB in development, from the beginning to the end
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Pictures F.7. The Horizon Sensor box, with the camera installed, the power system
of the cameras and the button with the vent.
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Pictures F.8. The IMU and Magnetometer box, with the components installed.
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Pictures F.9. The “Inside Gondola Box” almost completed with the batteries locking
system, the Mother Board and the lid with the hinges and the Speedy Blocks.
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Pictures F.10. The “Inside Gondola Box” completed with the last part of insulating
material on the lid of the box and the logo of our experiment.
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Pictures F.11. The folding pole system with the gaskets covering the cables and the
passage of the cables from a pole to the other Moreover it’s possible to see the
boxes painted in black with the new sun sensor.
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G. EXPERIMENT PREPARATION AT ESRANGE
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Here are listed the “To Do List” that has to be followed and checked during the
campaign. The first is for the things to do at the delivery of the experiment at
ESRANGE, for the mounting of the experiment. The second is for the things to do at
the launch, ti switch on all the experiment. The third is the list for the recovery, to
switch off all the system.
1) To do list for mounting at Esrange:
› Link the pole A to the gondola with the apposite C-profiles with the bolts. The
C- profiles A goes at the top, the C-profile B goes at the bottom, like in the
pictures shown above. Lock all the system with the nuts. The distance of the Cprofiles and the position of the pole is shown in the picture below.
› The pole B should be ready yet, with the components in the boxes and the boxes
prepared yet. There should be a hinge at the bottom of it. Control that all the
cables passes into the grove of the pole, covered by the plastic gaskets. At the
end of the pole there should be 5 “free” connectors.
› Both in the pole A and in the pole B there should be the locks already mounted.
› Link the hinge with the pole B to the pole A screwing the bolt of the hinge into the
hole in the pole A. Fold up the pole B until the bars are parallel and the locks
closes themselves. Then block the locks with the apposite keys.
› Put the cables coming from the pole B into the groves of the pole A and cover
them with the apposite plastic gaskets. When the bottom of the C-profile B is
reached, put the cables into the plasctic cover and pass them inside the gondola
and reach the place of the “inside gondola box”.
› The “inside gondola box” will be delivered already finished, only with all the wirings
not connected. Link the L-shaped profiles to the box and then put the box into the
rails an lock it with the bolts into the L-shaped profiles.
› Make all the wirings coming from the poles passing through the hole in the corner
of the “inside gondola box”. Then open it with the apposite snap locks and then it‟s
possible to link all the cables to the right component.
› Connections (to be well defined)
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2) To do list for switch-on at Launch:
› Insert the key A into the switch in the “inside gondola box”, turn it right to switch
the experiment on and take the key out.
› Insert the key B and C into the locks placed between the two poles and turn them
clockwise.
› Fold down gently the pole B until the box on the top is reachable by hands.
› In the vent A, push the button A for 2 seconds, until the LCD monitor shows some
numbers (a sound should be heard). Then push the big button B in the middle for
some seconds until the LCD monitor shows time going on (a sound should be
heard).
› Redo the same thing of the previous point for the vent B at the top of the pole.
› Replace gently the pole B into the vertical position, until the locks closes
themselves.
› Turn the key B and C anticlockwise until the locks are blocked and take the keys
away.

3) To do list for switch off at the Recovery:
› Control that the pole B is still linked to the pole A and that the pole A is still linked
to the gondola. If not search if they are near the gondola.
› Insert the key A inside the switch in the “inside gondola box” adn turn it
anticlockwise.
› All the system should be turned off.
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H. LAUNCH CAMPAIGN
Pictures H 1. In this pictures its shown a little resume of all the mounting procedure
during the Luanch Campaign, with the various step of the system till the final one.
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Pictures H 2. In this pictures its shown the experiment assembled into the gondola,
the tests and the launch of Bexus-9.
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Pictures H 3. In this pictures are shown the flight trajectory and the recovery status
of our experiment.
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