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The 2013-14 WUSAT project has focused on the design and manufacture of a CubeSat
(WUSAT-2), with a solar spectroscopy payload that measures the density of sodium and O;
gas in the Earth’s atmosphere at a range of altitudes. An additional aim of obtaining a place
on a sounding rocket through Rocket Experiments for University Students (REXUS), a German
and Swedish space boards initiative to launch student experiments to an altitude of up to

90km, was also set.

Following an extensive redesign of the previous CubeSat prototype (WUSAT-1) and integration
of the payload, the team attained a place on a REXUS flight scheduled for launch in 2015,
provided the strict design and documentation requirements of the programme are met. As a
result, from this point the project goals were changed to focus on ensuring the CubeSat and
payload would be suitable for the extreme operating conditions of the REXUS mission,
meeting all programme requirements and passing all reviews to guarantee it will be part of

the mission.

The team successfully passed the REXUS Preliminary Design Review (PDR) and are currently
on target to achieve the long-term goals of the REXUS project. The work achieved so far has
resulted in a good preliminary design that has undergone successful testing of the individual
systems, including GPS, communications and the payload. However several systems are being
redesigned to ensure they pass the requirements of the next review, the Critical Design
Review (CDR) in June 2014. Work is ongoing over the coming months to make sure the
WUSAT-2 design is complete for the CDR and will hand over to the 2014-15 WUSAT team to
achieve a successful launch. Development work has also been carried out for a weather

balloon launch, scheduled for June 2014, to test the CubeSat at altitudes up to 30km.
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1.1  Aims and objectives

The purpose of the 2013-14 Warwick University Satellite Team (WUSAT) project has been to
design and manufacture a CubeSat with a working payload: WUSAT-2. The initial aims were to

continue and improve on the work of WUSAT 2012-13:

e (A.1) To design a CubeSat that was more space-worthy than WUSAT-1 to be tested
during a balloon launch at the end of the academic year
e (A.2) To integrate a payload proposed by members of the University of Warwick
Physics Department
e (A.3) To apply for a place on the REXUS (Rocket Experiments for University Students)
programme to launch the CubeSat on a rocket flight in spring 2015.
Following the successful REXUS bid in December 2013, the aims of the project altered
accordingly to meet goals that are to be achieved by launching the CubeSat from a REXUS

sounding rocket:

e (A.4) To investigate the capability of the WUSAT CubeSat design, an experiment to
operate at altitudes in the region of approximately 60km to 90km and to transmit the
experiment data to a ground station receiver throughout its descent

e (A.5)To use instrumentation to measure and record the relative density of sodium and
0Oz inthe Earth’s atmosphere against a series of regularly timed altitude measurements

taken over the range from ejection to ground level.

Functional, performance, design and operational requirements of the CubeSat itself are

presented in section Error! Reference source not found. — Appendix A.

10
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As the place on the REXUS launch is conditional on meeting the strict design and
documentation requirements of the programme organisers, outlined in the REXUS manual 2%,
the work of the 2013-14 team will be considered as culminating in the REXUS Preliminary
Design Review (PDR) during the student training week at Esrange, Sweden, in March 2014 for
the purposes of this report. The project will be progressively handed over to a successor
project team, who will see it through to the launch in 2015. As such, due to the schedule of
the rocket launch, aims A.4 and A.5 are to be achieved over two years and the final aim A.6 is
to fulfil all requirements and pass all reviews that are carried out as part of the REXUS

programme.

1.2 REXUS launch

The REXUS programme launches two rockets from northern Sweden every year, carrying
scientific and technological experiments designed and built by student teams. REXUS
experiments are launched on a rocket capable of taking 40kg of experiment modules to an
altitude of up to 90km. The programme is a joint venture between the German and Swedish
space boards, with the Swedish share of the payload made available to students from around
Europe via collaboration with the European Space Agency (ESA) (see section Error! Reference

source not found. — Appendix B for further information).

Following the submission of a proposal document (see section Error! Reference source not
found. — Appendix C) in October 2013, the WUSAT team were invited to participate in a
selection workshop at the European Space Research and Technology Centre (ESTEC) in the

Netherlands in December 2013. The workshop involved a number of lectures and activities

11
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and a formal presentation of the project proposal (Figure 1) to a panel of 14 experts followed

by technical questions.

Figure 1: Formal presentation of experiment proposal at ESTEC

The team was notified of its success in late December 2013 and began the formal Student
Experiment Documentation (SED), a 130+ page technical document that is required by the
REXUS programme. The first version of the SED was submitted two weeks in advance of the
PDR and student training week in March 2014, fulfilling the first milestone, with a revised

version following in April 2014.

12
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2.1  The CubeSat

The CubeSat, a standardised satellite in the form of a 100mm cube with a weight under 1.33kg,
is intended to make space technology accessible and affordable by scaling down the size and
the costs of satellite technology by several orders of magnitude. This has been enabled by
standardisation of components and advances in microelectronics . Whereas a traditional
large satellite would weigh thousands of kilograms and cost in the order of hundreds of
millions of pounds, getting a CubeSat into orbit may be carried out for well under £100 000 *°.
CubeSats that are to be launched using a standard deployer are generally standardised
according to the CubeSat Design Specification that is produced and revised by the CubeSat

Program at California Polytechnic .

While the majority of CubeSat applications carried out so far — or proposed for the future —
have been based around sending the satellites into Low Earth Orbit (LEO), either on solo
missions or as larger constellations or clusters %2, there is also the possibility of using them to
investigate the middle atmosphere (50-100km above the Earth’s surface), beyond the reach
of weather balloons or LEO satellites. This can be achieved by releasing the CubeSat and
allowing it to fall through this range of altitudes. This potential use has already been explored
in a previous experiment, which analysed spectra of oxygen emissions at near-infrared
wavelengths to remotely sense middle atmosphere temperatures, in order that these might
be included in climate change models 6. The design of this experiment employs a prism based
spectrometer and it has been suggested by the creators that it could be applied to other

atmospheric research missions.
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2.2 CubeSat payload - spectroscopy and optical fibres

The principle of spectroscopy is the subdivision of the electromagnetic spectrum through
dispersion into wavelengths. As mentioned previously, analysing spectra during the descent
of a CubeSat can provide information about the nature of the atmosphere; gaseous sodium
and O; absorb specific wavelengths, forming distinct spectra and allowing the proportion of
the atmosphere that is composed from these gases to be calculated °. As the composition of
the Earth’s atmosphere is known, the intensity data collected for these specified wavelength
ranges (Figure 2) can then be calibrated to the presence of these gases and applied to other
atmospheres using the length of atmosphere — the “atmospheric path length” —that light has
travelled through to get to the CubeSat. Spectroscopy can be performed by splitting light into
different wavelengths with prisms or diffraction gratings or by replacing this with a
combination of filters and photodiodes that each detect only a narrow band of wavelengths

(Figure 2).

Ca Fe,Ca
Ca H Ca [HFe

400 450 500 550 600 650 700
Wavelength (nm)

Figure 2: Sodium and O, wavelength bands

Optical fibres are frequently used in light guide applications to transmit light from a location
with inhospitable conditions to more favourable conditions where sensors can operate. They
exploit the property of total internal reflection to do this and a particular fibre is characterised
by its acceptance/transmittance angle, minimum bending radius and numerical aperture (see

section Error! Reference source not found. — Appendix D).
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2.3 Radiation considerations

A number of studies have been published on the effect of radiation on CubeSats and their
internal components at high altitudes and in LEO, as the radiation risk increases significantly
with height above the Earth’s surface (see section Error! Reference source not found. —
Appendix E). The evidence indicates that a chassis made from aluminium as thin as 0.8mm
would be sufficient to protect ordinary commercial components for a year at 500km 3 7.
Therefore, due to the lower altitudes and much shorter mission lengths associated with a
balloon launch or ejection from a rocket launch at 90km, it is considered sufficient to use non-
radiation tolerant components and a chassis made from 1.5mm thick aluminium for these

applications.

2.4  Thermal considerations

To ensure the CubeSat performs successfully, it is necessary to consider the possible heat
transfer mechanics and environmental conditions that the CubeSat will face in both the 30km
balloon launch and the 90km REXUS mission and the effect these will have on its electrical

system and payload. This can then be adjusted through use of insulation and internal heaters.

According to basic conduction theory, heat transfer by conduction may be expressed using

Fourier’s law of heat conduction (Equation 1 and Table 1).

k AAT
1= X
Symbol Description Units
q Heat Flow Rate w
k Thermal Conductivity W.mIK1
A Area m?
T Temperature °CorK

15



@SAT'Z Technical Report

X Thickness m

Equation 1 shows the importance of the thermal conductivity of the chosen material as well
as the thickness. The lower the thermal conductivity and the thicker the material used for

insulation, the smaller the heat flow rate 1.

Altitude has a significant effect on rates of heat transfer, especially via convection. Two
different types of convection may be encountered by the CubeSat: natural and forced
convection. Further research on the effects of altitude and convection is displayed in Error!

Reference source not found. — Appendix F.

This information leads to the conclusion that at high altitudes, the heat loss from the CubeSat
via natural convection can be neglected and heat transfer through radiation must be more

thoroughly analysed.

At lower altitudes, the convective heat transfer coefficient of air is approximately equal to
Equation 2, where v is the relative speed of the object through the air and q is defined in

Equation 3.
1
heony = 10.45 —v + 10v /2

q = heonpy AdT

It must be remembered that this is an empirical formula and is only applicable between the
velocities of 2 and 20ms 12> —as the estimated vertical speed of the CubeSat during the balloon

launch is well within this range the formula may be used.

2.5 Communications consideration

A comprehensive review of other CubeSat communications systems was conducted, focussing

specifically on frequency usage, transceiver modules and antennas. This included reviewing
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the progress of the previous WUSAT team, most importantly their review of available

frequencies, shown in Error! Reference source not found. — Appendix G.

It was established that use of the ‘amateur’ frequency bands would be possible if at least one
team member obtained an Amateur Radio Licence and the system met their requirements 2°,
A ‘Non-Operational Licence’ would also need to be obtained from Ofcom, which allows use of
a bandwidth to test and develop a communication system over a 6 or 12 month period for a

£50 fee 2°.

Many other similar projects use antenna systems specifically designed for CubeSats to ensure
they meet the dimensional requirements # but as these considerably exceed the allocated

budget an alternative solution was developed.
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The purpose of the mechanical design aspects of the project has been to design a CubeSat
chassis arrangement to meet the relevant experiment requirements (section Error! Reference

source not found. — Appendix A). These can be broadly summarised as:

e Accommodate the payload and electronic components while adhering to standard
CubeSat dimensions
e Accommodate a parachute in an additional CubeSat-sized unit
e Protect the payload and electronic components from the environmental conditions
that will be experienced during both balloon and rocket launches, including thermal,
vibration and radiation conditions
e Avoid single point failures
e Design the chassis to be manufacturable using University of Warwick and WMG
facilities within time and cost constraints
e Design for simple assembly so that interior components remain easily accessible
e Adhere to the REXUS guidelines ?! so that the ejected unit (the FFU) will successfully
eject from a sounding rocket and deploy a parachute during its descent.
The starting point for the design was WUSAT-1 (see section Error! Reference source not
found. — Appendix H), which followed the CubeSat Design Specification published by California
Polytechnic ?*. Finite Element Analysis (FEA) demonstrated that it would withstand falling to
the ground at 10ms™. However this was designed for a balloon launch only and did not have
an integrated payload, so WUSAT-2 has been completely redesigned using SolidWorks CAD

software.
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3.1 Material selection

The choice of material for the CubeSat chassis is aluminium 7075-T6. The decision was based
on research carried out by the 2012-13 team, which found Al 7075-T6 to be superior to several
alternative materials, particularly due to its high Young’s Modulus, when its mechanical

properties are considered.

The alloy is in the 7000 series, meaning it is alloyed with zinc, and the —T6 denotes that the

metal is heat treated. The properties of Al 7075-T6 are displayed in Table 2 4.

Properties Values
Density 2800 kg/m?3
Price ~£1.60/kg
Young’s modulus 73GPa
Shear modulus 27GPa
Poisson’s ratio 0.33
Melting point 475-635°C

Making the chassis from 1.5mm thick aluminium is adequate to protect against radiation (as
demonstrated in section 2.3 — radiation considerations) and provides a strong, easy-to-
manufacture structure around the interior components while also minimising mass (as per
design requirements D.18 and D.19, Appendix A). Aluminium is not very ductile, hence making

it appropriate for CNC machining (the main chassis manufacturing technique).
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3.2  CubeSat chassis exterior

Figure 3: CubeSat exterior view

Figure 3 shows a view of the CubeSat chassis exterior, including the domes that hold the

optical fibres in the correct orientation (see section 6 — Payload design).

Figure 4: Exploded views of design

The chassis is formed from aluminium panels bolted together with M3 bolts on extended
interior bosses (visible in the corners in Figure 4), with countersunk holes so that all screw-
heads are flush with the surface. Two side panels have holes to accommodate the optical
fibres of the payload, with the holes located beneath the domes in the final assembly. The

right-hand exploded view of the design in Figure 4 shows the battery hatch, which is easily
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removable for quick, direct access to the batteries. The top plate also serves as an access

panel, allowing fast access to the PCBs and payload if changes are required during launch

preparations.

PCBs 1 and 2 are mounted on support rods (see section 3.3 — CubeSat interior) and the tops
of these rods are locked with a bracket (Figure 5). The bracket includes webbing for added
lateral strength with minimal additional weight. This provides a tight fit within the chassis to
prevent lateral movement and to brace the rods against vibration (D.28). This bracket is held
in place by retractable spring-loaded bolts which each lock into a hole on the exterior,
eliminating the single point failure that would otherwise occur should the screw securing the

access panel fail.

The WUSAT-2 CubeSat has 5mm thick internal insulation made from Aerogel (see section 4 —

Thermal Design for more details), shown in light blue in Figure 5.

PCB lock
bracket

Figure 5: Interior view of insulation and PCB locking bracket
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To maintain accessibility, the battery hatch insulation will be removable. The piece highlighted

in orange in Figure 6 is held in place by a tight fit and friction but can be easily removed.

Figure 6: Battery hatch insulation

The screw that holds the battery hatch in place (dark blue in Figure 6) could be considered a
single point failure. However, the tightness of fit of the batteries and the corresponding

section of insulation mean there would still be a very low risk of experiment failure.

3.3 CubeSat interior

The interior layout of the CubeSat can be seen in Figure 7 and Figure 8:

Figure 7: CubeSat interior view 1
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Figure 8: CubeSat interior view 2

From the bottom: the batteries (red) are secured by a tight fit between PCB1 and the interior

insulation at the base of the CubeSat.

PCBs 1 and 2 are mounted on rods (visible in each corner). PCB1 is at the bottom and is shown
with a representation of its tallest component, the microcontroller (light grey box). Also in
green are PCB2 (above PCB1, with a grey block representative of the XBee-Pro 868) and PCB3.
The latter is mounted perpendicular to the other boards as it will have the photodiodes
mounted on it and the funnel shown in grey bundles together the optical fibres entering from

the domes to direct light at them.

Also shown are the heat sinks (gold) which will distribute heat around the CubeSat interior

more evenly, helping to keep the components at a safe operating temperature (D.17).

The engineering drawings for all chassis parts to be manufactured for the balloon launch are

shown in section Error! Reference source not found. — Appendix H.
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3.4  Parachute deployer for rocket launch

A second unit, the same size as a CubeSat, has been designed to hold and deploy the parachute
after ejection in the rocket launch. This will also be made from Al 7075-T6 and can be seen

attached to the main chassis unit in Figure 9:

Figure 9: WUSAT-2 full exterior view

The doors at the top of the box are hinged so that they have significant clearance, avoiding
the possibility of the doors impinging on the deployment of the parachute. There is a small
hole in the centre of the doors, which allows for an exterior drogue chute to be attached to

the main chute, aiding deployment.

24



@SAT'Z Technical Report

Figure 10: Chute deployer doors open

A series of thin plastic plates also prevents the parachute from catching on any of the
deployment mechanisms (yellow in Figure 10): these are attached by countersunk holes so
that the screws do not extend into the compartment and the hinges have high radius fillets

and no sharp edges.

Figure 11 shows the release mechanism in both the closed and open positions.

Figure 11: Release mechanism (closed on the left, open on the right)
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The release mechanism works by using a solenoid to push up on a rod that is attached to a
pair of levers. This movement pulls apart the arms at the top, in turn pulling a bolt out of the
latches on the door. The tension of the parachute lines (from the drogue to the main

parachute) will pull open the doors after the latches have been released.

The main parachute lines are attached to a loop on the base plate of the deployer — the
‘anchor’ plate — which is fixed to the main CubeSat chassis by four M3 bolts (Figure 12 and

Figure 13).

Figure 12: View of anchor plate

Also visible in Figure 12 are the slotted holes that allow the wires for the release mechanism

to pass between the units. A section cut-through (marked in orange) can be seen in Figure 13.
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Figure 13: Cut through of unit joining bolt arrangement

The bolt (shown in blue) passes through bosses on the two closest side plates of the deployer
unit, continuing through the anchor plate and the CubeSat unit base plate before screwing
into a tapped hole in a boss on one of the side plates of the CubeSat unit (the same side to
which domes are attached). The tapped boss (red) provides a significant tapped length for the

screw to grip, ensuring a strong joint.

3.5 Additional components for balloon launch

Figure 14: Balloon launch frame design

For the balloon launch, CAA (Civil Aviation Authority) requirements dictate that the entire
balloon payload must be padded to protect any persons or property that it may land on. As

the WUSAT-2 CubeSat needs to collect light it is not possible to encase it in padding (as was
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the case in the 2012-13 team’s balloon launch). Instead the landing zone will be protected

using a padded frame as shown in Figure 14.

The base of the frame is covered in a thick layer of foam padding with a net stretched across
the square. The net serves a double purpose: to pad the base and prevent anything passing
through it and to catch any significantly sized components that could fall off. Therefore the
entire bottom-up profile has protection either from the padding or the net and the positioning
of the other components means that the balloon payload must be tilted over by more than
45° before any other unpadded parts become exposed (very unlikely as long as the parachute

is even partially attached).

The bars of the frame are made from 40mm diameter PVC pipe which was chosen due to its
high strength-to-weight ratio, low cost and the simplicity of manufacture and assembly when
used in conjunction with standard piping joints. The pipes and junctions are attached using
standard PVC pipe glue to form a stable frame, then the CubeSat unit is attached to the frame
using the same bolt holes that attach the anchor plate. A parachute will then be attached to

the anchor plate.

There will be four cameras attached to the frame: one attached to each of the four sides of
the frame base for image capture from several different viewpoints. Figure 15 shows the final

arrangement, which includes red and white warning tape for visibility.
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Figure 15: Balloon launch frame
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Thermal design has been conducted with respect to both the balloon launch and the

conditions that will be experienced in the REXUS launch 2!, which are outlined in detail in

section Error! Reference source not found. — Appendix |. WUSAT-1 used external insulation in

the form of 25mm thick polystyrene and chemical warmers to maintain suitable thermal

conditions but external insulation cannot be used for WUSAT-2 due to the nature of the light-

collecting payload and space constraints when installed in the launch rocket.

The temperature ranges of the components must first be considered. These are listed in Table

3 and Table 4.

Component - Electrical

PIC 24H Microcontroller

Voltage Regulator MC33269DT - 3.3 (x2)
XBee Pro 868 Transceiver

GPS uBLOX MAX-7 breakout board
AD7814 Temperature sensors (x3)
MAX349EAP+ Multiplexer (x2)

Na Photodiodes Osram Opto SFH 2430 (x8)

0O, Photodiodes Osram Opto SFH 2701 (x8)

Component - Structural

Harwin Gecko Socket (12 pin) (x4)

Harwin Gecko Double-End Lead (12 pin) (x2)

Harwin Gecko Socket (34 pin) (x2)

Harwin Gecko Double-End Lead (34 pin)

Temperature Range (°C)

-40 to +85

-40 to +125

-40to +75

-40 to +85

-55to +125

-40 to +85

-40 to +100

-40 to +85

Temperature Range (°C)

-65 to +150

-65 to +150

-65 to +150

-65 to +150
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4.1 Insulation material selection

On review of the previous year’s design, it was decided that in order to make WUSAT-2 viable

for use in the REXUS mission all insulation needed to be internalised.

Aerogel, a silicon based solid that has an extremely low density (helping to fulfil design
requirement D.18, Appendix A), 1,000 times less dense than glass *2, is an example of a good

insulation material due to its low thermal conductivity at a minimal thickness.

Aerogel is traditionally used for much larger scale applications such as cryogenic insulation
and use in space missions. As such there was some difficulty in finding a company to provide
and manufacture the material to the requirements within budgetary constraints. A. Proctor
Group Ltd. was approached as a sponsor and offered to provide their brand of Aerogel, named
Spacetherm®?, to custom dimensions. The properties of this material are shown in Table 5 and
further details such as manufacturing and safety information can be found in section Error!

Reference source not found. — Appendix J.

Property Value

Thermal Conductivity, k 0.015 W.mK?
Density, p 150 kg.m
Specific Heat Capacity, ¢, 1 kJ.kgiK?
Thickness, x 0.005m or 0.01m
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Figure 16: Insulation fitted to CubeSat chassis

The CubeSat chassis with the custom-cut Spacetherm insulation is shown in Figure 16.

4.2  Balloon flight and pre-REXUS flight conditions

The main concern during the balloon launch is the exposure to low temperatures caused by
the rise to, and descent from, high altitudes. Predicted temperatures are between -30°C and
-40°C, which approaches the lower limit of the operating temperature range for some of the

electronic components.

These temperatures are also likely to be encountered during REXUS launch preparation (north
of the Arctic Circle in Sweden): the external rocket housing is removed before launch

clearance, which is given after an indefinite amount of time.

4.2.1 Interior insulation
The following calculations assume constant and steady internal and external temperatures.
Although this is applicable to the state before REXUS launch clearance, this will not be the case
upon ascent and descent of the WUSAT module during the balloon launch. As such methods

of software simulation are being explored to analyse the more complex thermal system. The
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calculations below simply provide an estimate as to how much heat the module can be

expected to lose at certain temperature gradients.

Property Value
Thickness 5mm
Thermal Conductivity 103W.m*K?

From Equation 1:

0,015 x 0.06 X (10 — —40) _
1= 0.005 =

ow

This heat loss estimate is high and a similar result is produced when the multilayer version of
Equation 1 (expressed in Equation 4) is considered because of the high thermal conductivity

of aluminium (Table 6).

T
C Ay Axg
AT TgA

q
+

10 — (—40)
0.005 n 0.0015
0.015 x 0.06 © 103 x 0.06

Due to these predicted losses and the desire to keep the internal components of the CubeSat
at consistent temperatures as much as possible (D.17), the design of an internal heater is being
explored. In order to begin incorporating this idea into the design the use of software is being

considered to more accurately analyse the thermal system.

There are also planned tests in order to estimate the amount of heat drawn into the CubeSat
via the fibre optic cables. An important test of the effectiveness of the thermal system will be

the balloon launch in June 2014.
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4.3  Reflective tape

In order to further increase the heat retention inside the CubeSat, it has been decided that a
layer of reflective aluminium tape will be placed over the internal surface of the insulation to
reflect a portion the estimated 1.9W dissipated by the electronics (see section 5.7 — Power
system). The emissivity and absorptivity of aluminium foil are 0.2 and 0.03 respectively 3.
Assuming a steady temperature inside the CubeSat of 10°C, the amount of heat absorbed and

emitted by the foil can be calculated from Equation 5 and Equation 6 23 and Table 7.

Symbol Property Units Calculation Value

Q Heat Transferred W -

a Absorptivity - 0.2

€ Emissivity - 0.03

A Area m? 0.06

T Temperature °CorK 10 or 280

c Stefan-Boltzmann Wm2K* 5.67x10® (Constant)
Constant

— 4
Qemitted = e0AT

= 0.03 x5.67 x 1078 x 0.06 x 280* = 0.62 W

— 4
Qabsorbed = aedAT

=0.2 X1 xX0.03%x5.67x1078 x0.06 x280* =0.125W

These calculations show that, at a temperature of 10°C, a total power of 0.62W will be emitted
back to the internal components causing heating and only a total power of 0.125W will be
absorbed by the foil itself, thus showing that the foil will help keep more heat inside the

CubeSat than that it will absorb.
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4.4  Thermal modelling software

Due to the complex nature of the thermal analysis of the REXUS mission after ejection, ESATAN

Thermal Modelling Suite (TMS) software is currently being tested.

ESATAN-TMS uses lumped parameter formulation to perform calculations and the user is able
to choose from a selection of method simulation options for solution of their problem °. Both
steady-state and transient analysis may be performed on one, two and three dimensional
models. One of the more important features that can be applied to the thermal modelling of
the CubeSat is the implementation of time and temperature independent conditions and
properties. This will help simulate the change in temperature as the CubeSat rises and falls in

the balloon test and during its fall after ejection from the REXUS rocket.
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The WUSAT electronic system is designed to collect data and transmit it to a ground station
where it can be processed and analysed. The previous WUSAT-1 system included a
microcontroller (an Arduino ‘Leonardo’), data storage (SD card), a power supply and
regulation circuit, a communications transceiver and an array of sensors. WUSAT-1 was
designed as a proof-of-concept system without a payload. During WUSAT-2, these blocks have
been redesigned to meet the relevant experimental requirements (see section Error!

Reference source not found. — Appendix A) and now the system includes:

e A smaller, more efficient microcontroller
e Sensors to match the payload specification
e Smaller components to reduce total PCB area and to integrate the payload
e An improved sensor interface to reduce the number of pins needed on the
microcontroller
e Components with the same supply voltage of 3.3V
e Animproved voltage regulator circuit
e A GPS receiver with an external antenna
The design changes have also made the system more robust and space-worthy, with increased

redundancy providing protection against single point failures.
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5.1  System architecture

Ground station

GPS antenna Yagi antenna

Patch antenna

Voltage
Regulators

Batteries Optical components

Electronic components

Electronic processing
Power supply
Antennas

5PI

UART

Light

Analogue signal

VOLTTOONNEE

Electromagnetic signal

Figure 17: Architecture of electronic and optical systems

Figure 17 represents the architecture of the electronic and optical systems. The ambient light
is captured by the optical fibres and propagated through a system of filters to be directed onto
an array of photodiodes. These photodiodes convert the electromagnetic energy of the light
into analogue electronic signals. The signals are then sent to the microcontroller through an
analogue multiplexer. The microcontroller converts an analogue signal into the digital form
using an integrated analogue-to-digital converter. The microcontroller also performs
secondary measurements, such as internal and external temperature readings and recording

the GPS coordinates of the CubeSat. All the data is saved onto an on-board SD card.

During a flight, all data obtained is sent to the ground station using a transmitter and a patch

antenna. A similar receiver is located on the ground station and receives the signal using a
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Yagi-Uda antenna. The received signal is then processed in LabView and the readings are

extracted.

Circuit schematics for the boards are provided in section Error! Reference source not found.

— Appendix K.

5.2 Control

All CubeSat systems will be controlled by the PIC24HJ microcontroller (Figure 18). The aim of

the control system is to provide an interface to various sensors and devices.

Figure 18: PIC24H) microcontroller development board

The PIC24HJ microcontroller, produced by Microchip, has sufficient processing power and

memory to take readings from the sensors and send the data to the ground station. The

advantages of PIC compared to other control techniques are shown in Table 8 7.

Processing device

PIC

Arduino

Raspbery Pi

Desktop computer

Table 8: Comparison of control techniques

Advantages

Small size

Low cost

Programmed through development
board

Low cost

Low cost

High speed

High speed

Large memory

Better graphical and user interface

38

Disadvantages

Slow speed
Limited program memory and RAM

Medium size
Slow speed
Limited memory
Medium size

High cost
Data transfer delays.
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Key technical specifications of the PIC24HJ microcontroller are presented in Table 9.

Parameter Value
Architecture 16-bit

CPU speed (MIPS) 40

Program memory(KB) 64

RAM bytes 4096

Digital communication peripherals SPI, UART
Analog-to-digital converter 12-bit @ 500ksps
Timers 5 x 16-bit 2 x 32-bit
Size 35mm x 8mm

1/0 pin count 21

A serial 4-wire SPI bus is used to control and receive the data from three internal temperature
sensors and two multiplexers. The SPI communication protocol is also used to write data to
the SD card. The bus has three common lines for every single device (Clock Signal, Data Input
and Data Output) and an additional individual line connected to every single sensor (Chip
Select). The advantage of an SPI bus as opposed to an I2C bus is that if any device on the I12C
bus fails, the whole bus might become unusable. An SPI bus incorporates the Chip Select

connection so, once deselected, a faulty device is unlikely to interfere with the bus.

The UART protocol is used in order to communicate with the GPS and transmitter. The
communication only requires “Receive” and “Transmit” connections. There are separate
connections to each device, therefore, in case of a failure of one device, the other one will be

unaffected.
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The readings from external temperature sensors are analogue and are delivered directly to

the microcontroller’s internal ADC. The microcontroller pin-out is shown in Figure 19.
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Figure 19: Microcontroller pin-out
5.3  Software

The code for the PIC24HJ is written in Microchip’s software development environment
MPLABX. The software is used to debug the code, optimise machine code and write the code
onto the microcontroller. A C++ compiler add-on allows the flexibility to develop the code in
the programming language C++, as well as allowing the use of C++ standard libraries. A large
set of additional libraries for microcontrollers and internal peripherals are also provided by

Microchip.

40



(WUSAT-2

Clock lockingand
initialisation

\/

Port and
peripheral
initiali sation

Sensors respond? -
L

\/ Yes

A

Figure 20: Program flowchart

Figure 20 shows the program flowchart. As the CubeSat is ejected from the REXUS rocket, the
microcontroller will then begin its pre-programmed routine. Firstly, the CPU speed is
configured and the ports, together with peripherals, are initialised. Some of the sensor
settings are to be hard-coded in advance. For the full duration of the balloon launch flight, the

CubeSat will behave as if it has been ejected.

The microcontroller then records the readings of the sensors. In the event of a sensor failing
to provide the data, a timeout routine will prevent the program from looping indefinitely.

After the readings are recorded, a backup copy is saved onto an SD card. All the readings are
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then sent to the ground station through a set of communications transceivers. After all the

steps are completed, the program repeats the same routine on a loop. The microcontroller’s
internal watchdog timer is utilised to detect and recover from any computational

malfunctions.

5.4  PCB design

PCB layouts of all three boards are presented in section Error! Reference source not found. —
Appendix L. Size is a critical constraint in the CubeSat, therefore all the components were
chosen to occupy as little space as possible. This has been achieved by choosing surface mount
components with the smallest possible packages. All the electronic and optical components
are fitted onto three PCB boards. The first board comprises a power supply circuit,
microcontroller, SD card and a temperature sensor. The second board contains a GPS receiver,
a communications transmitter and a temperature sensor. The third board comprises
photodiodes together with the necessary detection circuitry, multiplexers and a third

temperature sensor.

All boards are interconnected using Harwin Gecko connectors (Figure 21). These have a
temperature range of -65°C to 150°C, can withstand vibrations of 20g (across a range of 10Hz

to 2000Hz) and shocks of 100g *2.

Figure 21: Harwin Gecko connector
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The GPS antenna is mounted on the top of the CubeSat to face upwards and a patch antenna

for communications is mounted on the bottom of the satellite. Both antennas are mounted
on the exterior of the CubeSat. Two temperature sensors are also mounted externally to take

ambient temperature readings.

5.5 Sensors

5.5.1 GPS
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Figure 22: uBLOX MAX-7 GPS module (left) and antenna (right)

The technical specifications of the uBLOX MAX-7 GPS module (Figure 22) are presented in
Table 10. The GPS module has high sensitivity and uses intelligent power management to
maintain low power consumption. A GPS patch antenna is housed outside the CubeSat chassis
and is fixed inside the parachute box using adhesive. This will ensure it is always pointed
upwards and has a clear view of sky through the parachute box doors, but is small enough to

not take up space required for the parachute itself.

Table 10: Technical specifications of uBLOX MAX-7 GPS module

Parameter name Value

Maximum altitude 50,000m

Maximum speed 500m/s

GPS frequency 1575.42 MHz
Antenna type Active patch antenna
Digital communication UART
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Size

22 x22x1.6mm

Technical Report

The internal temperature sensors communicate with the microcontroller using the SPI

protocol. The block diagram is shown in Figure 23 2. It outputs digital data between 0.4V and

Vpp — 0.3V, with a resolution of 0.25°C.
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The sensing junctions of two thermistors are permanently positioned on the outside of the

chassis to measure the external temperature. They are attached to PCB2 using a 12-pin Harwin

Gecko connector, allowing the PCB stack to be removed from the chassis without adjusting

the thermistors. The analogue output is sent directly to an analogue input of the

microcontroller.

An array of 16 photodiodes is used to collect the spectroscopy data. The photodiodes are used

in photovoltaic mode for better sensitivity, with the inferior response speed being irrelevant

due to the long measurement cycle. The photodiodes are connected to an array of current-

to-voltage convertors, as shown in Figure 24. The resistor value sets the gain — determined

experimentally for each diode model — and the capacitor provides a cut-off frequency and

reduces noise. Further detail is available in section 6.2 — Optical sensor system.
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5.6 Communications

After researching a number of different transceivers for a range of frequencies (see section
2.5 — Communications) it was decided that the XBee Pro 868 MHz module should be used for
both the transmitter in the CubeSat and receiver at the base station. This is the same
configuration used in WUSAT-1. It was chosen because it operates in the licence-free Short
Range Device (SRD) frequency band, meaning no licence is needed (although strict restrictions
on power and duty ratio were introduced). The module is also capable of a range of 40 — 80km
depending on antenna choice >, which meets the distance requirements. It is easily interfaced
with the microcontroller using the UART protocol and its interface board allows the received
serial data to be easily stored and processed at the ground station. Further information is

given in Error! Reference source not found. — Appendix G.

A patch antenna with circular polarisation was chosen to transmit data as it can be easily
mounted on the bottom of the chassis, which forms the antenna ground plate, without

compromising the size requirements and keeping it out of the Faraday cage formed by the
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chassis. The directionality of the antenna and its 4.5dBic gain allow more efficient use of the

transmitting power.

Figure 25: Cross-boom antenna arrangement

The receiving antenna consists of two vertically polarised Yagi-Uda antennas in a “cross-
boom” arrangement (one in the vertical position and the other in the horizontal position,
offset by A/4) to simulate circular polarisation (Figure 25). This was chosen because no helical
antennas could be identified that offered similar gain characteristics to the 23dBi Yagi antenna
within budgetary constraints. Additional information is provided in Error! Reference source

not found. — Appendix G.

The XBee operates directly from the 3.3V power supply. It is connected using the bare
minimum set-up as described in the data sheet > and is configured before launch using the

interface board and manufacturer’s software.

5.7  Power system

The expected power consumption of the CubeSat system is shown in Table 11:
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The power consumption of the CubeSat system is expected to be approximately 2.1W
(fulfilling D.27) under steady-state conditions, with a current of approximately 560mA being
drawn. The batteries used are ENIX 700001 batteries with a nominal capacity of 2.2Ah and a
nominal voltage of 3.75V. As shown in Figure 26, the batteries will be connected in two pairs,
with each pair in series to provide a nominal voltage of 7.5V powering half the circuit
independently through MC33269 voltage regulators. The batteries together have a nominal
capacity of 4.4Ah, which will power the system for approximately 7.5 hours using current
estimates. This is much longer than the REXUS flight and will be sufficient for the balloon
flight. These calculations do not include a heating system, as chemical heaters will be used for
the balloon launch and electrical heaters will be powered by the rocket rather than by

batteries for the REXUS launch.

| |" | |+
Il II O v,=75V
| |" | |"'
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6 Payload Design

—»| Aperture

Filters

| Aperture

Figure 27: Payload components of system
architecture

The payload uses optical fibres as apertures as the photodiodes cannot be placed externally.
The fibres guide light into the CubeSat, which then passes through filters to restrict the light
to the wavelength bands of interest before it falls upon the photodiodes (Figure 27). The
photodiodes will record intensity and from this data information about the composition of

the atmosphere can be derived (see section 2.2 — CubeSat payload).

6.1  Optical fibres and domes

A range of optical fibres were considered for the CubeSat payload, as shown in Table 12:

Table 12: Comparison of optical fibres

Fibre Available = Price for Min. Temperature Radius Acceptance

from: 10ft bending range (°C) (mm) | angle (°)
radius (mm)

Buffered fibre optic Edmund  £14 12.5 -190to +385 0.14 25.4

(VIS/NIR) Optics

Liquid light guide: Lumatec =~ Unknown 40 +5to +35 3+ 62

series 2000

Optical grade plastic =~ Edmund  £19.60 5.5 -55to +70 1 61

light guide, 1000pum Optics

Unsheathed end- Starscape £1 3 - 0.75 -
emitting PMMA fibre

Sheathed end- Starscape £4 4 - 1.5 -
emitting PMMA fibre
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The choice between these commercial optical fibres was a trade-off between bending radius
(D.30), operating temperature and acceptance angle (see also sections 2.2 — CubeSat payload
—and Error! Reference source not found. — Appendix D); the optical grade plastic light guide
from Edmund Optics has a good operating temperature range and a relatively large

acceptance angle (reducing the required number of fibres).
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Figure 28: Typical attenuation and transmission losses of optical grade fibres (2]

Losses and attenuation of the transmitted light will be negligible due to the short lengths used

(<100mm); Figure 28 shows that transmission losses are negligible for lengths under 4m 2,

Figure 29: Concentric acrylate domes

To collect light from all directions, the fibres must be held in place to ensure that their
acceptance cones overlap within a few centimetres of the CubeSat. Two sets of concentric
custom domes (Figure 29) were designed to do this; the fibres will be passed through the
holes and secured. These were designed to be compatible with the fibres” minimum bending

radius to prevent losses (see section Error! Reference source not found. — Appendix D).
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Due to the nature of the dome shape and the specific orientations of the holes, the parts were
manufactured using 3D printing techniques; specifically printed from VeroWhite acrylate

using an Objet 260 Connex printer.

6.2  Optical sensor system

The solar spectroscopy data will be collected using an array of photodiodes. Two models of
photodiode have been selected: the SFH 2430 and SFH 2701 from Osram Opto for the sodium
and O; gas bands, respectively (P.1, P.2). These devices were chosen for their wavelength of
peak sensitivity, their small size and their availability from sponsor company RS components.
The photodiodes measure sodium and O, wavelengths with narrow and wide band pass
optical filters, giving four different measurement bands. Each of these bands is then measured
by four photodiodes, giving sixteen photodiodes in total. The filters isolate the desired
wavelengths and will be cut to size and mounted on top of the photodiodes. Figure 30 shows
a test board, including two photodiodes (top: sodium wavelength, bottom: O, wavelength),

an op-amp package and a 5p coin for scale.
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7 Results and Outcomes

Testing of the individual systems and components that together compose the CubeSat has

been carried out to verify their functionality ahead of assembly.

7.1  Mechanical component and design testing

7.1.1 Sustained low temperature exposure
During its descent following ejection from the REXUS rocket, the CubeSat is likely to be
exposed to extreme high and low temperatures. As the 3D printing material used to construct
the domes, VeroWhite acrylate, is new and untested, a series of samples were exposed to

temperatures down to -100°C using Dynamic Mechanical Thermal Analysis (DMTA, Figure 31).

Figure 31: Dynamic Mechanicél Thermal Analysis (DMTA)

The sample was subjected to a sinusoidal oscillating force while being cooled with liquid
nitrogen to record the temperature-dependent visco-elastic properties and determine the
damping values (tan 8) and modulus of elasticity °. Figure 32 shows the DMTA results of a
sample subjected to an oscillating force of magnitude 0.015mm and frequency 1Hz and a

cooling rate of 2°C/s.
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Figure 32: Dynamic properties of VeroWhite acrylate against temperature

The results of the testing indicate that the acrylate domes will perform well at sustained low

temperatures and under sustained cooling conditions.

7.1.2 Transient low temperature exposure
In order to further confirm the material’s suitability for the REXUS launch a thermal shock test
was used to simulate the moment of ejection from the rocket where the temperature will fall
rapidly. This test is being undertaken to ensure that this rapid temperature change will not
cause separation of the printed layers (delamination) or cracking in the microstructure.
Precise temperature data on the change that will occur is unavailable so a worst-case scenario

has been examined.
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Samples of the material were thermally shocked by being dropped into a bath of liquid

nitrogen (Figure 33) at approximately -196°C, then left to cool to the bath temperature (as

indicated by liquid nitrogen ceasing to boil off the sample surface) for two minutes.

Figure 33: Two VeroWhite samples in liquid nitrogen bath at -196°C

The samples were then removed from the bath and allowed to return to room temperature

for a direct comparison with control samples.

The samples were then placed in a tensile failure stress machine: an Instrom 3367 with a 30kN
load cell. A 20N pre-load was added to prevent the initial movements in the sample clamps
from affecting the data gathered. A 2mm/minute extension rate was applied and the increase

in load on the sample was measured up to the failure stress.
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Figure 34: Results of first comparison test (Specimen 1 - Control, Specimen 2 - Thermally shocked)

The data (captured using Bluehill 2 software) from the first two samples tested (#1 shocked,

#2 control) are shown in Figure 34.

This test showed that there was little difference in the failure points of each sample; however,
both samples failed inside the clamp areas which can have an effect on the results. To
overcome this, a Imm diameter hole was added to the centre of each of the second set of

samples to provide an identical failure initiation point outside of the grip area for each sample.

0.8

=

= Specimen £
= 1
9 2

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Tensile extension {(mm})

Figure 35: Results of second comparison test (Specimen 1 - Control, Specimen 2 - Thermally shocked)
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It can be seen from Figure 35 that the results from the second test are almost identical to the
first one, but with a slightly lower failure stress that can be accounted for by the addition of

the holes. The average maximum loads for each sample type was calculated to be:

e Thermally shocked sample average: 722N
e Control (un-shocked) sample average: 708N

The end result of the tests can be seen in Figure 36:

jiensileitest

"ﬁ’ J;""».«" - ,-:{’\ ,?}—

AVerage Max 53" 722N AVErage Max 63d: 708N

e -

Thermally sheeked Control sample

Figure 36: Fracture results of thermal shock test, showing end conditions

The outcome of these tests is evidence that the rapid temperature change does not adversely
affect the strength of these material samples, further indicating that it will be suitable for

thermal conditions of the balloon and rocket launches (D.2).

56



CW_FJSAT'Z Technical Report

7.1.3 Chassis manufacture
Most panels and chassis components have been manufactured for use in the June 2014
balloon launch (Figure 38). The manufacture has been performed to a high standard and

within the expected tolerances.

Figure 37: Partially assembled CubeSat chassis

However one panel had to be remade as during the manufacturing process a large amount of

material was removed to manufacture the side panels and the aluminium warped due to its
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internal stresses. The chassis still fit together easily during assembly (Figure 37 and Figure 39),

fulfilling the requirement to design a manufacturable CubeSat housing.

7.1.4 Finite element analysis (FEA) of chassis

Figure 39: Fully assembled chassis (minus lid)

The highest forces on the chassis will occur during the rocket launch where the maximum
acceleration is approximately 20g. The anticipated mass of the final WUSAT-2 module is 2kg
including a safety factor, 1kg per unit (fulfilling D.18). The mass of the CubeSat unit chassis
and its content are approximately 0.45kg and 0.55kg respectively. Using FEA, the following

forces were modelled as being exerted:

e 200N on the outside of the access panel
e 110N on the base plate PCB rod attachment bosses

e 90N on the base plate edges (where the side plates meet).
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All of these forces act in the same direction (towards the base plate) and have been modelled
in a static situation using the FEA capabilities in SolidWorks. The yield strength of the material
(Al 7075-T6) is 505MPa. The results of the simulation are shown in Figure 40, Figure 41, Figure

42 and Figure 43:
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Figure 42: Chassis FEA results, clipped & zoomed to show éreasﬂwith von Mises
stress greater than 5% of yield stress
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Figure 43: Chassis FEA results showing von Mises stress across section through
PCB support locks

From these results, no part of the chassis experienced von Mises stresses over 10% of the
yield stress and the maximum recorded deflection was only 0.0585mm, indicating that the

strength of the chassis is more than sufficient to withstand these conditions (fulfilling D.4).
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7.2 Thermal modelling results

Some preliminary thermal modelling has been carried out using the simulation software

ESATAN- TMS to predict the response of the CubeSat unit during the balloon launch.

Figure 44 - CubeSat assembly showing the internal non-geometric
thermal node and external nodes

A basic model of the CubeSat has been built within the software, accounting for the chassis
and insulation material. The domes have been disregarded in this case as the holes for the
fibres to the domes are minimal. The heat dissipation from the electronics, mainly the battery,
has been estimated as 1.9W and modelled as a conductive non-geometric thermal node. An
initial temperature of 20°C has been applied to both the insulation and the chassis material,
although this may be subject to change on the launch day due to weather conditions. The
external environmental conditions have been modelled by creating six non geometric thermal
nodes with a convective connection to each face of the chassis individually (one node per

face). The assembly can be seen in Figure 44.
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Based on data collected by the WUSAT-1 team, the estimated balloon flight time is 2 hours

(7200s), consisting of a 5400s ascent followed by a rapid descent lasting only 1800s. To

simulate the environmental conditions as the CubeSat rises in altitude, the temperature of

the external nodes has been set to change with time over a range from +20°C to -40°C (Figure

45).
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Figure 45: Temperature variation with time
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The transient thermal analysis was run, selecting the output to be recorded every 60s. Figure

47 shows a visualisation of the temperatures expected at the apogee of the balloon launch.

It can be seen that although the external chassis is extremely cold, the CubeSat’s internal

temperature will remain at approximately 30°C. This temperature is likely to be an over-

estimate as it assumes no losses through joints in the insulation or casing, as well as perfect

conduction to the insulation rather than taking into consideration other components within

the CubeSat.
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Attribute: Temperature
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Figure 47: Visualisation of temperature expected to be experienced by the CubeSat at 30km
altitude

The results were exported to ThermNV for more accurate post processing. The software
gathers the data by node, groups related nodes and creates a schematic (Figure 46). This
allows for singular or collective analysis of nodes and the application of limits to check for
abnormalities within the design. Figure 48 shows how the average temperature of the

Spacetherm insulation (blue) and chassis (red) fluctuate with time.

195 189

196 Chagsis SpacelTherm

Figure 46: CubeSat model ThermNV schematic for post processing
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Chart 1 (BASIC_CUBESAT_ACASE01.TMD2, 24/04/14 14:41)
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Figure 48: Variation of average temperature of the insulation and the chassis with time

The assumptions mean that a stable internal temperature of 32.5°C is likely to be an

overestimate; however it is a good indication that the current thermal design will be sufficient

to maintain a safe operating temperature for the internal components (D.17).

7.3  Electronic component and design testing

7.3.1 GPS testing

The module was powered and data was received through the UART protocol. The GPS fix was

achieved in less than 10 seconds. The raw data received from the GPS module is shown in

Figure 49.

SGPRMC,133135.00,A,5222.92735,N,00133.72256,W,0.057,,070414,,,A*68
SGPVTG,,T,,M,0.057,N,0.106,K,A*26

SGPGSA,A,3,08,09,28,26,17,05,,,,,,,3.24,2.61,1.92*04
SGPGSV,3,1,09,05,14,184,25,08,14,067,47,09,20,072,42,17,11,115,22*7C
SGPGSV,3,2,09,26,60,122,52,28,45,061,43,30,11,070,28,33,29,197,35*%72
SGPGSV,3,3,09,39,25,148,30*43
SGPGLL,5222.92735,N,00133.72256,W,133135.00,A,A*75

SGPGGA,133135.00,5222.92735,N,00133.72256,W,1,06,2.61,101.5,M,47.5,M,,*40

Figure 49: Raw data from GPS module
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As this data is fed into the uBlox application, the precise coordinates are calculated and
presented in a convenient interface, showing the number of connected satellites, signal

strength, time, altitude and speed (Figure 50).

17 GE G166

H [l g] |:| =

The coordinates are then transferred onto a map. In Figure 51 a red dot shows the actual
location of GPS antenna during testing and blue dot shows the measured location. Due to
limited accuracy of the GPS, there is an error between the actual and measured location of
approximately 68m. For the balloon and rocket launches it is unlikely that there will be tall
buildings in close proximity to the GPS system and a better accuracy is likely to be achieved

(as specified by performance requirement P.15).
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Figure 51: Map showing true (red) and measured (blue) location of GPS antenna during testing

7.3.2 Communication system testing
A communication link was successfully established between two XBee modules situated 10m
apart in the laboratory. Both transceivers were configured to a baud rate of 9600 and the

same communication channel, with one programmed to transmit and the other set to receive.

The transmitter was connected to the microcontroller to transmit a string of letters ="WUSAT
communications link test” — through the UART bus. The receiver was mounted on a receiver
development board provided by the manufacturer. The terminal screen in the XTCU
configuration platform showed the incoming messages (Figure 52). The test also

demonstrates the functionality of the UART bus.
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COMI0 [ 3600 8-N-1 FLOW:NONE R 1710 bytes

Figure 52: XCTU terminal displaying received messages

The link budget for the communications system (see section Error! Reference source not
found. — Appendix M) gives a 30.2dB link margin when the satellite is at 90km and the
antennas are aligned and 39.7dB at 30km, suggesting the received signal should be of a
sufficient strength with a reasonable margin for error in alignment or any additional,

unexpected losses.

Because of several changes relating to communications suggested by REXUS at the
Preliminary Design Review (detailed in section 7.5 — Results of Preliminary Design Review),
further testing over larger distances should be postponed until after these have been

implemented.

7.3.3 Internal temperature sensor testing
Due to its small size, the AD7814 temperature sensor was mounted on a breakout board for

testing. As soon as the sensor is powered up, it starts taking measurements and sending them
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to the microcontroller through SPI bus every 350us. The received data consists of 10 bits in
twos complement format. During testing in the laboratory, an average value of 00 0101 0001
was obtained from the sensor, which corresponds to 20.25° C. The arrangement is shown in

Figure 53. The test also showed the functionality of the SPI bus with matching baud rates and

Figure 53: Internal temperature test set-up

bus widths.

7.34 External temperature sensor testing
The external temperature sensor is an NTC EC95 thermistor (Figure 54) that fulfils
performance requirements P.4, P.5 and P.6. It is arranged in a potential divider configuration

with a 180kQ resistor. The output voltage of the configuration is fed to the microcontroller,

Figure 54: NTC EC95 thermistor
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which then uses an internal 12 bit sigma-delta analogue-to-digital converter to determine the

voltage level, giving a resolution of 0.0244°C.

During testing in the laboratory, the voltage was recorded to be 0.1107V, translating to 20.1°

C. This is sufficient to meet the requirements.

7.4  Payload component and design testing

74.1 Optical sensor testing
A basic test of the optical sensor circuit was performed using a test board and the lighting in
the laboratory. The output of the current-to-voltage convertor was measured with an
oscilloscope and the photodiodes were alternately shaded and exposed to the ambient light.
The experiment was used to choose a gain value to provide the required voltage output swing

(OV to 3.3V) and to characterise the circuit’s behaviour. The test setup is shown in Figure 55.

Figure 55: Test setup for optical sensor circuit

A feedback resistor of 3.3MQ was used for the sodium band and 10MQ was used for the O;
band. The voltage output of both the sodium and O; circuits was 3.3V in full light (Figure 56).
The output reached saturation in full light, which is acceptable because the attenuation of the
sunlight through the optical fibre system is expected to deliver a lower light intensity than the

experimental conditions. When the sodium photodiode was covered with an opaque object,
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the voltage output dropped to 150mV, with a peak-to-peak ripple voltage of 20mV. When the

02 photodiode was covered, the output voltage dropped to 75mV, with a peak-to-peak ripple

RN + 00s 5000/ Stop § W 322V

¢ 00s 5000%/ Stop £ QB 322V

of 50mV. These figures are acceptably low for this application, as the quantisation error from
the analogue-to-digital conversion is of a similar magnitude, so there will be no loss of

information.

The photocurrent of the two devices was measured in high and low light conditions and the

results are shown in Table 13.

Sodium band 0, band
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High light 1.7pA 0.3pA

Low light 0.1pA 0.0pA

The fibre optics have been tested to validate the choice of fibre and to ensure that the
arrangement of fibres in the domes picks up light from all directions. The tests were carried
out with red light, as its wavelength is around 650nm which is close to the O; absorption band

ranges that will be observed by the CubeSat.

The domes to hold the fibres in place (Figure 57) were 3D printed in VeroWhite acrylate
following the verification of the suitability of the material (as outlined in sections 7.1.1 and

7.1.2). The results were satisfactory and the parts were produced to the specification.

In Figure 58, the chosen fibre (second left) is compared to two unsheathed fibres, which leak

light along their length due to the lack of sheath, and an identical fibre with a poorly cut end.
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The right hand picture shows more clearly the effect of a clean cut, with the improved

transmittance angle clearly visible.

A further test moved a red light source around the domes with lengths of fibre mounted in
the holes. A camera recorded the output at the inside ends of the fibres (Figure 59) and it
appeared that at least one fibre picked up the light regardless of the orientation of the source,

indicating a good coverage around the domes.

gt
‘ L 1
r

Figure 59: Fibre outputs (left) ponlight ing shone on the domes (right)
7.4.3 Photodiode and fibre optic integration testing
A subsequent test was performed using the test board: one dome, assembled with fibre optics
and a barrel, was mounted on top of the photodiodes and a flashing torch was directed at
each fibre in turn. The output from the current-to-voltage converter was probed using the
oscilloscope and the resultant trace is shown in Figure 60. The oscillating signal from the torch
is almost constant, irrespective of which fibre it is directed at, demonstrating the

effectiveness of the payload system but that the signal magnitude is relatively small (400mV).
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Using the microcontroller’s inbuilt ADC, this range incorporates 124 steps, although

recalibrating the optical circuit could increase the resolution by a factor of 5.

0 2000/ & 00s 1000/ Stop * 3747

7.5  Results of Preliminary Design Review

The Preliminary Design Review (PDR) took place from 3™ to 7t March 2014 at the rocket
launch site, Esrange Space Centre in northern Sweden. During the experiment PDR, attended
by five students representing the 2013-14 and 2014-15 WUSAT teams, all aspects of the
project were reviewed by twelve experts from MORABA, ZARM, ESA and SSC (see section
Error! Reference source not found. — Abbreviations and glossary). The expert feedback is an
important and rigorous measure of the success of the WUSAT-2 design in meeting the REXUS

requirements.

The outcome of the PDR was the award of a provisional “flight ticket” contingent on updating
the Student Experiment Documentation (SED) with changes that respond to the issues

highlighted in the expert feedback by the end of April. The most important pieces of feedback
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are summarized in Table 14. The full feedback report from the PDR is shown in full in section

Error! Reference source not found. — Appendix N.

Project area

SED (Student
Experiment
Documentation)

Requirements and
constraints

Mechanics

Electronics

Thermal

Software

Feedback

Add descriptions of ejection system, use consistent terminology
throughout the document, bookmark the document.

Add quantitative information to certain requirements, redefine certain
requirements and move to appropriate sections.

The experiment shall be mounted under the nosecone, ejection speed
required by REXUS coordinators, change parachute design, consider
pyroactuator as a substitute to solenoid for ejection, add use of rocket
“umbilical cord” design.

Add communication system link budget, use rocket umbilical cord
power and data link to power CubeSat and have downlink to get
feedback on the systems, ensure radio silence during launch,
communication system needs to be changed for better performance,
GPS antenna should be placed outside the parachute box.

Need to include a heater design, high temperature (approximately
200°C) is expected on the outer skin of the CubeSat.

Change the program flow to stay in a loop and receive interrupts for

timers and sensor readings.
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Verification testing

Safety and Risks

Launch and operations

Planning

Technical Report

Need vacuum and vibration tests, ejection test should be performed
after vibration testing, write testing plan in more detail, need a way of
verifying all the requirements.

Some risks were not assessed, such as shipment delay, lack of
expertise, delays in schedule and budget.

Need a detailed launch timeline with all events (ejection, parachute
deployment) defined, consider charging line for batteries, add safety
strap for ground handling, importance of experiment recovery should
be defined, more information on the ground station should be
provided, role allocation during the launch should be done.

Provide more information on handing the project to the next year’s
team, provide more detailed Work Breakdown Structure, ensure

designs are finished before CDR.
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8.1 Mechanical and thermal design

The mechanical design has so far achieved most of the aims set out at the start of section 3;
the chassis accommodates the payload and electronic components, avoids single point
failures, is easy to assemble and has been possible to manufacture and fit together (see
section 7.1 — Mechanical component and design testing). Thermal testing on the 3D printed

components has been successful and confirmed the suitability of the material (D.2).

However in the PDR a number of issues were identified with existing parachute deployment
design; the small components used in the release system would be susceptible to damage
during the high force vibration of the launch (D.3). The weight of the box must be supported
by the parachute during descent (serving no purpose after deployment) and the box would

obscure the view of the GPS antenna, reducing the signal strength.

A design concept to solve these problems using a detachable box that falls off during
deployment and separates itself from the main CubeSat chassis, thus removing the weight
and signal strength issues, is outlined in section Error! Reference source not found. —
Appendix P. The box would be held in place using a single high strength cord or latch that is

released by a linear actuator, simplifying the release system.

Alterations to the chassis arrangement to accommodate the batteries in a vertical position
and a mechanism to eject the module from the REXUS rocket are in progress following the

PDR feedback (section Error! Reference source not found. — Appendix P).

The thermal design has yet to be subjected to physical verification but the calculations were
deemed to be “good” at the PDR and the sourcing and manufacture of internal insulation has

been successful. Furthermore, preliminary thermal modelling using ESATAN-TMS has
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demonstrated the effectiveness of the insulation to protect the CubeSat interior during the
balloon launch. Further work will involve the modelling of the CubeSat under the thermal
profile of the rocket launch and the design of a heater and ceramic plate (see section Error!
Reference source not found. — Appendix O) to protect the experiment from extreme low and

high temperatures respectively.

8.2  Electronic design

The PCBs are currently in the process of being manufactured but all systems have been
separately tested. The following paragraphs outline critical analysis of the systems based on

the results obtained.

The microcontroller and interfaced subsystems meet the requirements to satisfy aims A.1,
A.2 and A.4. There is a sufficient number of pins and all the devices were successfully
interfaced. The microcontroller has the capacity to fit all the code and execute it in a timely
manner. For the purpose of debugging, it would be more convenient if the code could be
uploaded directly to the chip, without the development board. This could be achieved by

adding a “bootloader” to the code and schematic.

The temperature sensors were interfaced with the microcontroller and showed almost
identical readings. The small size of the sensors allows the inclusion of multiple devices for
better accuracy. The thermistor may not withstand the vibration profile of the rocket,
therefore the connecting leads should be either fixed to the chassis or a more robust model

should be chosen (D.28).

The GPS test showed an acceptable accuracy and reasonable precision; however further

testing will be required before this can fulfil requirements P.15 and P.16.
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The optical sensor system has been proven to be capable of measuring a variable light level,
allowing the measurement of sodium and O; relative density as specified by aim A.5. The
system has been calibrated to provide sufficient voltage swing to enable measurements and,
with the use of multiplexer modules, the signals can be read by the microcontroller. The
calibrations provide sufficient output swing but the relationship between light intensity and
voltage output has not been measured, necessitating an additional test before aims A.2 and
A.5 can be considered fully satisfied. No further changes were recommended during the

REXUS PDR so the system meets aim A.6.

The communication system improves on the WUSAT-1 design, achieving A.1: the transmitting
antenna fits within the chassis, the link budget calculation suggests a good strength signal
could be detected at the receiver and the modules were configured to communicate with
each other and the microcontroller successfully. However at the PDR the REXUS experts
suggested that a more powerful transmitter with an omnidirectional antenna would be a
better approach than the current system, as directional antennas mean alignment errors
between the CubeSat and receiving antenna could result in mission failure. Work has already
begun in replacing these components and future work will include liaising with a

communications expert from REXUS to ensure the system is viable and thoroughly tested.

The power supply system is capable of providing necessary current to all devices. Since a
higher power communication transmitter is going to be used, the power supply system must
change to provide necessary current. It was determined that the batteries are still capable of
providing the necessary power and thus will not be changed. The orientation of the batteries
should be changed to vertical in order to better withstand the rocket’s vibration and

acceleration (D.3).
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8.3  Payload design

Testing of the ability of the fibre optics to transmit light, the domes to enable all-round light
reception coverage and the ability of the photodiodes to respond to light inputs have all been
successful. The design and integration of a working payload, as specified in aim A.1, has so far
been successful and the next step will be to integrate filters onto the photodiodes to restrict

them by wavelength.

8.4  Achievement of REXUS objectives and wider objectives

From the PDR review it was concluded that the project is on track for the launch. A preliminary
‘flight ticket’ was granted with a condition of re-submitting an updated version of the SED,
incorporating all the feedback received. The place in the rocket is reserved but not
guaranteed, as the decision depends on successful completion of all subsequent stages of the

campaign.

The feedback from the experts mainly focuses on the technical side of the project. It was
recommended that some systems are reviewed and redesigned, such as the communication
system, the battery orientation and the parachute design. Some designs need to be discussed
in greater detail, such as the ejection mechanism, ground station and umbilical cord
connection for the CubeSat. Recommendations were also given regarding thermal analysis

and software structure.

Additional comments were given on the administrative side of the project. The updated
version of the SED should include changes in the requirements, risk analysis, verification

matrix, finances, planning and organisation of the project.
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The team has successfully designed a CubeSat with integrated payload to be tested via a
balloon launch later this year, completing objectives A.1 and A.2. The team has also
successfully reached the goal of achieving a place on a REXUS launch (A.3), thus adding a new
set of objectives, to be completed over the course of 18 months up to the launch in March
2015. These additional objectives, A.4, A.5 and A.6, are on target following the REXUS

Preliminary Design Review.
From the results of the PDR, testing and design work conducted this year it was concluded:

e The work done so far has shown a good preliminary design of an experiment, which
was sufficient for the PDR and the project is on track for launch with REXUS.

e Some systems need to be described in more detail before the Critical Design Review
(CDR).

e Several systems are in the process of being re-designed to ensure they pass the
requirements posed by REXUS at the next stage of review, particularly the
communications and power supply.

It is recommended that, over the coming months, the following changes be implemented to

the WUSAT-2 designs to improve it before the CDR:

e The communication system needs to be redesigned for long range communications
with less directional dependence.

e The CubeSat interior should be rearranged to allow the batteries to be aligned
vertically and an umbilical cord power connection to the REXUS rocket should be

designed.
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e A ceramic plate and heater should be integrated into the chassis design for thermal
protection and control respectively.

e Evaluation of re-entry conditions and design of a robust system to trigger the
parachute at the desired altitude should be completed.

e All changes recommended by the REXUS experts should be carried out in time for the

CDRin June 2014.
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