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1 INTRODUCTION

The University of Glasgow, UK, and KTH Royal Institute of Technology, Sweden,
will collaborate in the design and launch of an experiment onboard the REXUS
rocket in March 2010. The team and experiments’ name Suaineadh is a Scots
Gaelic word meaning ‘twisting’. The experiment objectives are to deploy a space-
web using centrifugal forces and to stabilise the web once full deployment has been
achieved. The payload consists of a central hub section (mother); a square web
(area 4 m?); and four corners masses (daughters) attached to the web. Prior to the
deployment; the net and corner masses will be wrapped around the hub with an
approximate stowage volume of 10 cm®. The ejection of the system from the
REXUS rocket will occur at an altitude of approximately 62km. An onboard reaction
wheel is used to spin the system to the required angular velocity for the deployment
sequence to begin. At a safe distance from REXUS the constraints attaching the
daughter sections to the mother are released and they begin to deploy due to the
centrifugal forces acting on the system. As the web approaches full deployment the
reaction wheel is used to prevent recoiling effects and provide stabilisation. Data
acquisition commences as deployment begins and continues until REXUS is out of
range of the system. The data acquired will be used to validate simulations from
previous Ariadna Studies.

REXUS Suaineadh SED - PDR Resubmission



Page 6

R

Eurol ruNncH

1.1  Experiment objectives
Deploy a space web using centrifugal forces
Stabilise a space web using an active control method (Reaction wheel)
Accumulate visual data of the deployment and stabilisation phases
Accumulate instrument data of the deployment and stabilisation phases

Act as a test bed for this technology

1.2  Experiment overview

The concept of a space-web originates from the Japanese ‘Furoshiki’ satellite [1-3]:
a large net held in tension using radial thrusters or through the centrifugal forces
experienced by spinning the whole assembly [4]. The webs can act as lightweight
platforms for the construction of large structures in space without the huge costs of
launching heavy materials from Earth. Using miniature robots to build as they crawl
along the web: huge satellites to harness the Sun’s energy or antennas for further
exploration of the universe may be constructed. There have been several
experiments conducted on the deployment of the space web: In 2006 the
deployment of a Furoshiki web by the Japanese ended in a chaotic deployment
sequence due to misalignment of the radial thrusters. The only successful
deployment and spin stabilisation of a large space structure was the Russian
Znamya-2 experiment in 1993 [5]. In the Suaineadh experiment a more reliable
method of deploying a space-web using centrifugal forces will be utilised in
conjunction with a simpler control method for the stabilisation of the system. Two
options are available: the active control method which uses a reaction wheel to
counteract the centrifugal forces as the web approaches full deployment or the
simpler passive control method which uses a simple stick-slip clutch system which
may achieve the same ends.

1.3  Scientific support
Professor Matthew Cartmell University of Glasgow

- Nonlinear dynamics; Motorised momentum exchange tethers; Smart structures;
perturbation methods; symbolic computational dynamics

Dr Max Vasile University of Glasgow
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- Spaceflight mechanics; space systems engineering; global & local optimisation;
numerical methods

Dr Gunner Tibbert KTH Royal Institute of Technology

- Finite element analysis of cable; membrane; deployable structures

1.4 Team Organisation
Christopher Murray University of Glasgow
Background: Mathematics & Physics, Aerospace Engineering
Interests: Motorised momentum exchange tethers, Mathematical modelling
Project Area: Hub subsystem & structural design
Christie Maddock University of Glasgow
- Background: Aerospace Engineering
- Interests: Telecommunications, electronics, space dynamics & control
- Project Area: Communications, power, post deployment trajectory
Yi Chen University of Glasgow
- Background: Mechanical Engineering
- Interests: Intelligent control, dynamic modelling & simulation, space tethers
- Project Area: Suaineadh & LapLander ejection mechanisms
Norilmi Ismall University of Glasgow
- Background: Mechanical Engineering
- Interests: Symbolic computational dynamics for space tethers
- Project Area: Suaineadh daughter sections
Malcolm McRobb University of Glasgow
- Background: Mechanical Engineering

- Interests: Energy harvesting, design optimisation, non-linear dynamics
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- Project Area: Finite element analysis of structural components
Andrew Mathieson University of Glasgow
- Background: Mechanical Engineering
- Interests: Design & optimisation of ultrasonic tool
- Project Area: Finite element analysis of structural components
Rafael Ritterbusch KTH Royal Institute of Technology
Background: Mechanical Engineering
Interests: Finite element analysis
Project Area: Web configuration and deployment simulations
Pau Mallol KTH Royal Institute of Technology
Background: Mechanical & Aerospace Engineering
Interests: Space environment, rocket dynamics

Project Area: Web deployment ground tests and deployment simulations

1.5 Funding support

The project is financially supported using internal resources from the Departments
of Mechanical and Aerospace Engineering at the University of Glasgow; the
Department of Mechanical Engineering at KTH and with the partial contribution, in
terms of hardware; facilities and technical advice, of local companies such as Clyde
Space. Sony Ericsson has also agreed to donate mobile phone cameras. We are
currently in the process of acquiring new sponsors interested in funding this activity.
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2 MISSION REQUIREMENTS

Two types of data will be gathered during mission operations:

(1) Measurements of the linear and angular accelerations acting on the system
taken by inertial measurement units

(2) Visual data of web deployment and stabilisation accumulated using video

cameras.

2.1  Technical Requirements

The on-board instrumentation must perform the following functions:

Table 1: Measurements & Instruments

MR_TECH_01 Instrument payload measures the angular velocity of each daughter
section and the mother section.
MR_TECH_02 Instrument payload measures the linear acceleration of each daughter
section and the mother section.
MR_TECH_03 Visual data accumulated of the web and four daughter sections.
Table 2: Measurements Performance
MR_TECH_04 The accelerometer shall have a minimum data rate of 1
measurement/second, with a measurement range of £ 1 g.
MR_TECH_05 The gyroscope shall have a minimum data rate of 1
measurement/second, with a measurement range of + 200 deg/s.
MR_TECH_06 If applicable, the camera should record 1 photo of the complete web for
each stage.
Table 3: Instrument Operation
MR_TECH_05 The instrument payload shall be active from point of ejection from the

sounding rocket until impact/termination of experiment.

2.2  Functional Requirements

Data dissemination is achieved by the following requirements:

Table 5: Data Dissemination

REXUS Suaineadh SED - PDR Resubmission
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MR_FUNC 01 Ground station receives data through the dedicated downlink from
REXUS for the duration TBD.

MR_FUNC 02 Ground station stores all data received through the downlink from the
sounding rocket.

MR_FUNC_03 REXUS shall make available all data relevant to the Suaineadh

experiment collected from both the onboard data recovery module and
the downlink.

2.3 Operational Requirements

Specific experiment data will be acquired in the following mission phases:

Table 4: Mission Phases

MR_OPER_01 The mission is split into three distinct phases:
1 — Ejection from REXUS
2 —Web deployment
3 — Web stabilisation
MR_OPER_02 Duration of phases 2 & 3 is 80 seconds
Table 5: Data Acquisition

MR_ OPER 03 | The experiment transmits instrument data to REXUS for the duration of
phases 2 & 3.

MR_ OPER _04 | The experiment shall have a dedicated RS-422 cable to transmit data
to be stored on the data storage module onboard of REXUS.

MR_ OPER 05 | The data stored onboard the sounding rocket data storage module will
be simultaneously transmitted through a downlink channel provided by
REXUS to a ground station for as long as possible.

MR_OPER 06 | The experiment shall have a wireless link with a transmitter onboard
the experiment and receiver onboard the sounding rocket with line-of-
sight to the experiment when possible.

2.4 Mission Timeline

A preliminary operational timeline of the experiment, using the nominal REXUS
trajectory as a guideline [6], is as follows:

(2) Prior to launch: All systems on and in pre-launch mode. Housekeeping data
transmitted to ground station.
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(2) Ignition and Launch (T: O): All systems in launch mode and housekeeping
data transmitted.

(3) Nose cone ejection (T: 60s): All systems in launch mode and housekeeping
data transmitted.

(4) LapLander ejection (T: 66s): All systems in launch mode and housekeeping
data transmitted.

(5) Motor separation (T: 69s): All systems in launch mode and housekeeping
data transmitted.

(6) REXUS de-spin (T: 69-79s): All systems in launch mode and housekeeping
data transmitted.

(7) Suaineadh ejection (T: 79-89s): Inertial measurement units begin gathering
angular velocity data.

If correct angular velocity acquired by de-spin of REXUS: no action taken
until sufficient separation

If incorrect angular velocity acquired reaction wheel actives and modifies
experiment angular velocity

(8) Deployment sequence (T: 89s): Correct angular velocity acquired. Cameras
begin accumulating visual data and daughter release mechanism activates.

(9) Deployment (T: 89+s): Reaction wheel controls deployment; instrument and
visual data transmitted to REXUS and stored/downlink to ground.

(10) Stabilisation (T: 99s): Deployment sequence complete and visual data of web
configuration accumulated and transmitted to REXUS.

(11) End of life (T<358s): Data transmitted to REXUS until system is out of range.
Final stage is impact with ground. System not recovered.

REXUS Suaineadh SED - PDR Resubmission



Page 12

R

Eurol ruNncH

3

3.1

EXPERIMENT DESCRIPTION

Experiment overview

System Components

nIMU [Omni-Instruments, Accelerometer & Gyroscope Analogue Inertial Sensors]

Microwheel 10SP-M [Surrey Satellite Technology LTD, Small satellite reaction
wheel with integrated electronic controller]

S-Band Transmitter [Surrey Satellite Technology LTD]

Cubesat Electrical Power system 3U [Clyde Space, 3 Battery charge regulators &
battery control unit ]

S-band patch antennas [Surrey Satellite Technology LTD, Omni-directional
antenna]

WLAN17202ER [RTD Embedded Technologies, Wireless communication]
Wide angle cameras [Mobile phone or web cameras]
Lithium lon battery [Clyde Space]

FM430 Flight Module [Pumpkin Inc, Cubesat C&DH/COM/Battery & Power
switching]

Table 6: Mass Budget

Subsystem % operating mass Mass < 5kg total
Payload 10 0.5kg
Propulsion/Control 20 1kg
Communications 5 0.25kg
C&DH 15 0.75kg
Thermal 5 0.25kg
Power 20 1lkg
Structure 25 1.25kg

REXUS Suaineadh SED - PDR Resubmission
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Table 7: Volume Budget
Parameter Estimate
Volume 0.0095m3
Linear dimension 0.25m
Body Area 0.173m2
MOl 0.0425kgm?
Table 8: Power Budget
Subsystem % operating power Power < 50W total
Payload 20 10w
Propulsion & Control 15 7.5W
Communications 20 10w
C&DH 20 10w
Thermal 5 2.5W
Power 20 1ow
Structure 0 0
Table 9: Component price list & status
Components Number Price (Euro) Status
niIMU 5 1280 Still to order
Cameras 4 ? Still to order
Microwheel 10SP-M 1 ? Still to order
S-Band Transmitter 1 ? Still to order
S-Band antenna 2 ? Still to order
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WLAN17202ER 4 382.88 Still to order
Li-lon Battery 1 - Still to order
EPS 3U 1 2698.89 Still to order
Cables TBD TBD Still to order
FM430 Flight Module 3 919.08 Still to order
Structure 2 - Manufacture at GU
Table 10: Component Specifications
Components Mass Dimensions Power
(kg) (mm) (W)
MAG® 0.005 17.78 x 17.78 x 10.2 0.1575
Cameras ? ? 2
Microwheel 10SP-M 0.96 100 x 100 x 90 0.7
S- band Transmitter 0.42 190 x 135 x 22 6.25
S-Band antenna 0.08 82 x82x 20 ?
WLAN17202ER 0.1 95.89x90.17x 15 2.5
Li-lon Battery 0.25 95 .89 x90.17x 28 -
EPS 3U 0.08 95 .89 x 90.17x 28 -
Cables 0.05 - 2
FM430 0.09 95 .89x90.17x 1.6 2.5
Structure Hub 1.25 - -
Structure Daughter 0.32 - -

REXUS Suaineadh SED - PDR Resubmission
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3.2  Experiment setup

3.2.1 System deployment and stabilisation simulations

The complete system consists of a central hub section, web section & four daughter
sections. The hub section carries all the subsystems required to achieve the
mission objectives and provides the stowage area for the web and daughters prior
to deployment. Data of the deployment and stabilisation phases is accumulated
visually using four video cameras and data of the forces experienced is
accumulated using an IMU. Each daughter will house an IMU to provide data of
both the forces acting on the system and its orientation through the deployment and
stabilisation phases. Each daughter also contains a LED for ease of identification
after deployment. The web section is 2m x 2m and will either be painted or sprinkled
with glitter to increase visibility during deployment. Prior to ejection from REXUS,
LapLander is ejected from above Suaineadh using the LapLander ejection system.

Once Suaineadh has been ejected it follows a pre-determined automated
deployment sequence. The reaction wheel is used to spin the central hub to a
suitable angular velocity for deployment to begin. Once this angular velocity has
been achieved, the low friction screws, holding the daughters to the hub are
retracted and the daughter sections will deploy due to centrifugal forces pulling the
web outwards with it. As the deployment nears completion the reaction wheel again
spins the central hub section to prevent any recoiling effects to achieve stabilisation
of the web.

The expected time for the experiment is in the order of 80 seconds. During this time
we will accumulate data of the deployment of the web and its stabilisation
thereafter. To do this the mission is divided into two phases: the deployment phase
and the stabilisation phase. The deployment phase occupies the first twenty
seconds of the mission with the remaining 60 seconds allocated to the stabilisation
phase. For the stabilisation of the web: we assume that if a stable configuration is
maintained between 10 to 30 revolutions after deployment then the web will remain
in this configuration. For this to occur within the 60 second time frame we require a
final rotational frequency of 0.33 Hz, termed final spin rate.

The final spin rate is dependent upon the initial spin rate of Suaineadh after its
ejection from REXUS. This spin rate can be about 4Hz, or about 0.08Hz for a de-
spun rocket. A reaction wheel will be used to spin Suaineadh to the optimum
angular velocity for the deployment sequence to begin. The reaction wheel must
have a mass of approximately 1kg (see mass budget) which restricts the maximum
available torque to be in the order of 10 or 20 mNm. Simulations of the deployment
and stabilisation of the web have been conducted. Variation of the initial and final
spin rates as well as the applied torque have been made to investigate their effects
on the deployment dynamics and web stabilisation. The largest constraint on the
system is the available torque that the reaction wheel can produce.

REXUS Suaineadh SED - PDR Resubmission
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Note: Simulations have shown that due to the small torque of the order of 10 to
20mNm it will not be possible to control the deployment of Suaineadh if the spin rate
of REXUS is 4 Hz. at the time of ejection.

From the [6] we know that the final angular velocity of the last de-spun REXUS
rocket was about 0.08 Hz, although it was the aim to de-spin the rocket to 0 Hz.
Thus we have to consider the 0.08 Hz as an error. If we now assume that the de-
spin mechanism for the rocket containing our experiment will be adjusted in such a
fashion that the rocket should have a final spin rate of 0.1 Hz. we have to expect at
least the same error. With other words, even if the REXUS de-spin mechanism will
aim for 0.1 Hz the final spin rate might be 0.1 +/- 0.08, so between 0.002 and 0.18
Hz.

Analyses have been done to investigate if it will be possible to control the
deployment with the above mentioned constraints. Table 11 shows the input values
for the simulations.

Table 11: simulations input values

Web density (kg/m3) 0.01275
Web mass (kg) 0.051
Hub mass (kg) 5
Mass distribution rim (%) 50
Mass distribution even (%) 50
Hub radius (mm) 0.1
Mom. of inertia hub (kgm2) 0.0375
Corner mass (kg) 0.030

REXUS Suaineadh SED - PDR Resubmission
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3.2.2 Simulation Analysis

The following figures show three plots as a function of deployment time. The first
plot L (m) shows the distance in meters of the corner masses from the centre of the
hub. The second plot centre (Hz) sShows the spin rate of the hub in Hz. The third plot
M (mNm) shows the torque required by the reaction wheel in mNm to avoid any
web recoil during the deployment. The different curves correspond to different initial
spin rates upon ejection from REXUS.

Figure 1 corresponds to a reaction wheel providing a maximum torque of 5mNm.
These plots use a final spin rate of 0.1Hz. The initial spin rates are 0.001, 0.04 and
0.08 Hz.

il T T T T T T T

L {m)

wi=0.001Hz
wo=004Hz ]
wo=0.08Hz |

70 a0

Figure 1: Deployment using initial spin rates of O .001, 0.04 and 0.08Hz

From Figure 1; we see that deployment time is between 20 and 30 seconds. From
the centre plOt we can see that a constant hub spin rate is obtained after about 35s.
The plot of the required torque, M, shows that the torque required for deployment is
at the maximum 5mNm. We conclude that a controlled deployment can be achieved
with a torque of 5SmNm if we require a final spin rate of 0.1Hz and have an initial
spin rate between 0.001 and 0.08 Hz.

Figure 2 corresponds to a reaction wheel providing a maximum torque of 5mNm.
The final spin rate is again 0.1Hz, but the initial spin rates are now 0.12, 0.16 and
0.20 Hz.

REXUS Suaineadh SED - PDR Resubmission
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Figure 2: Deployment using initial spin rates of O .1,0.12, 0.16 and 0.2Hz

The major differences to Figure 1 are in the deployment times and the required
torgue. A greater torque is required to control the dynamics of the deployment at
higher initial spin rates at the time of ejection from REXUS.

Figure 3 again corresponds to a reaction wheel providing a maximum torque of
5mNm. The final spin rate in this case is 0.3Hz. The initial spin rates used are
0.001, 0.04 and 0.08 Hz.

15 T T T T T T

& T T T T T T wo=0.001Hz —
: i : : : : wo=0.04Hz

o s e A N N =+ N SR A wo=0.08Hz
= ]
(31 ISR SESPRRR S besstosson A~ =2 .
= | |
e o e e .
1 1 1 1 1 1 1
0 10 2 0 50 B0 70 a0

Figure 3: Deployment using initial spin rates of O .001, 0.04 and 0.08Hz
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From Figure 3 we see that deployment time is now between 10 and 20s. From the

centre PlOt: the spin rate of the central hub now oscillates throughout deployment
and a constant central hub spin rate is not obtained. Although we are aiming for a
final spin rate of 0.3 Hz we obtain a spin rate of 0.2 Hz. We can conclude that
deployment can be controlled with a torque of 5SmNm if we are aim for a final spin
rate of 0.3Hz and if the initial spin rate is between 0.001 and 0.08 Hz. However, the
spin rate of the hub will oscillate throughout deployment and the final spin rate will
be 0.2 Hz.

Figure 4 corresponds to a reaction wheel providing a maximum torque of 5mNm.
The final spin rate is again 0.3Hz, but the initial spin rates are now 0.12, 0.16 and
0.20 Hz.

Figure 4: Deployment using initial spin rates of 0. 12, 0.16 and 0.2Hz

From Figure 4: the deployment time is between 8 and 12s. From the  cenre plot we
see that the oscillations of the central hub spin rate are now even higher than those
in Figure 3 and increase with increasing initial spin rates. Figure 4 shows that using
a maximum torque of 5mNm and aiming for a final spin rate of 0.3 Hz with initial
spin rates between 0.12 and 0.20 Hz the central hub will experience high
oscillations throughout deployment. The final spin rate in this case will be 0.2 Hz.

Figure 5 corresponds to a reaction wheel providing a maximum torque of 15mNm.
The final spin rate is again 0.3Hz, and the initial spin rates are between 0.001 and
0.20 Hz.
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Figure 5: Deployment using 15mNm of torque and aimi  ng for a final spin rate of 0.3Hz

Figure 5 shows that for a reaction higher torque the deployment time is between 8
and 12s for initial angular velocities between 0.001 and 0.20 Hz. The final spin rate
obtained is about 0.3 Hz. Comparing Figure 5 shows that the oscillations of the
central hub are smaller when a more powerful reaction wheel is used. IN addition to
this, higher final spin rates are obtainable using a more powerful reaction wheel.

To conclude; deployment using initial spin rates between 0.002 and 0.18 Hz can be
controlled with a reaction wheel which provides a maximum torque between 10 and
20 mNm, thus meeting mass budget requirements. A reaction wheel which provides
a higher torque allows spin up to a higher final velocity and allows control of the
webs dynamics from higher initial spin rates. In addition to this: a higher torque will
decreases deployment time.

3.2.3 Interfaces:
Mechanical Interfaces

Components are mounted on Aluminium platforms situated on the bottom plate of
the Hub and a central platform mid-way up the hub structure. The central plate is
attached to the longitudinal bars which run along the length of the hub using
clamps. Components are bolted into the plates for increased stability.

Electrical interfaces
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Pre-launch power for battery and system testing will be achieved by a D-SUB15s [6]
interface connector located on the exterior wall on the central hub.

3.3  Mechanical design

3.3.1 Central hub section design

The central hub structure is composed of five component types that when
connected together carry and protect all the subsystems required to meet the
mission objectives, provide secure mountings for the system instrumentation and
provide launch stowage and connections to the web and daughter sections. The
central hub section is designed to be a gas tight structure [6]. Figures 6 and 7,
below, show the components that make up the hub’s structure and its configuration:

<«—Upper Plate

<«——Upper Ring

Lower Ring Frame
Frame \ S~ skin
Longitudinal

Lower Plate
Bars

Figure 6: Hub structural components
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Figure 7: Hub configuration

The longitudinal bars, shown in Figure 6, will be counter-bored within the ring
frames such that when the bars themselves are bolted from the opposite face of the
ring frame, the counter-bore will act as a housing to help maintain a secure, 90°
alignment as shown in Figure 8.

Direction of

Screw

Figure 8: Longitudinal bar configuration

The ring frames are constructed with a radial channel to firmly house the skin with
the intention that once both ring frames have been secured, the skin will be
effectively ‘sandwiched’ between the two. This will help to maintain proper
alignment of the entire structure and provide structural strength, shown in Figure 9.
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Figure 9: Ring frame channel

The upper and lower plates sit upon a lip made on the underside (outward facing
face) of each respective ring frame. This ‘lip’ will be of the same depth as that of the
plate, such that when connected the two surfaces will sit flush. The plates not only
provide structural strength but also provide mounting platforms for the system
components.

Figure 10: Lip & plate configuration

The central equipment platform can be adjusted to allow for multiple component
configuration options. This adjustment is achieved by sliding the shelf along the
longitudinal bars. The shelf also provides additional strength to the structure. It will
also be possible to include additional compartment shelves if required. The skeletal
frame of the central hub is shown in Figure 11, below:
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Figure 11: Structural skeleton configuration

The ring frames have been designed with spokes. This has the aim that all
unnecessary material can be cut out to reduce weight whilst maintaining structural
strength and stability. The amount of material cut-out at this stage is purely
arbitrary, but with further analysis the design will be optimised. The ring frame
configuration is shown in Figure 12, below:

Figure 12: Ring frame and spoke configuration

Further research into the geometry and connection details of the central hub is
necessary. This is clearly a preliminary design but it has been shown that this
system is a viable means of providing a low mass yet strong and stable structure
capable of meeting the project requirements. Further analysis of the structural
requirements will be made when the natural frequencies of the REXUS rocket are
made available. Further analysis will include finite element analysis of the structure
under all mission loads and prototype analysis. A possible structural skeleton and
component configuration of the central hub is shown in Figure 13, below:
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IMU

Y

ON-

WLAN

Figure 13: Possible central hub structure & compone nt configuration

3.3.2 Central hub preliminary structural sizing
- Hub Geometry

Length =0.25m,

Radius=0.11m,

Mass including LapLander & ejection mechanisms =10kg
- Estimated Load Factors

Axial=6.5

Lateral=3
- Rigidity

Estimated1st axial frequency >40Hz

Estimated 1st lateral frequency >20Hz
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- Safety Factors:

Ultimate=1.25

Yield=1.

1

Table 12: Material properties of Hub components

Material Young's Density Ultimate tensile Yield tensile
Modulus strength strength
(Kgm ™)
(Nm™) (Nm™) (Nm™)
Aluminium 71x10° 2.8x10° 460x10° 380x10°
7075 (Sheet)
Aluminium 68x10° 2.71x10° 290x10° 240x10°
6061 (Bar)
Aluminium 71x10° 2.85x10° 420x10° 320x10°
2219 (Plate)
Table 13: Estimated applied mission loads
Load Weight, N Distance, m Load Factor Limit Load
Axial 98.1 - 6.5 637.5N
Lateral 98.1 - 294.3N
Bending.Mom 98.1 0.125 36.8Nm
Ultimate - - 1633.142N
Table 14: Summary of sizing of hub for stability
Iteration Skin Reduction | Buckling Area Critical Margin
Thickness | Factor stress (cm?) Buckling
(mm) Load of Safety
(N/m?) (N) (%)
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Initial 0.04451 0.1393 2.4x10"5 9x10”"-3 2.164 -0.9987
1st 1 0.567 2.2x10"8 6.912 151717 +91
2nd 0.1 0.212 82.8x10"6 0.6912 568.5 -0.65
3rd 0.5 0.456 8.82x10"7 3.456 30483.7 +17.67
4th 0.25 0.342 3.31x10"7 1.73 571 +3.5

A skin thickness of 0.25mm of Aluminium 7075 is capable of withstanding the
estimated mission loads with a margin of safety of +3.5%

3.3.3 Daughter section preliminary design

A daughter is attached to each corner of the web. Each contains an inertial
measurement unit to provide data of the forces acting on the system through the
deployment and stabilisation phases. The structure of the daughter protects the
instrument from the vibration; temperature & pressure environments experienced
during the mission. The daughter structure must also provide a web connection and
a connection point with the central hub to allow for stowage prior to deployment. For
the purposes of visibility the daughters are also fitted with an LED with a different
colour in each to aid its identification from the video footage gathered.

Figure 14: Daughter section configuration
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Due to ease of manufacture and high strength to weight ratio: Aluminium will be
used for the manufacture of the structure. The daughter section has a removable
hatch to allow access to the IMU for pre-launch testing. The daughter sections have
an estimated mass of 40g each. The draft views of the daughter sections are shown
in Figure 15, below:

Figure 15: Daughter section draft views

3.34 Daughter section release mechanism

For the pre-launch and launch phases and prior to deployment the web and
daughters must be stowed around the central hub. At the beginning of the
deployment phase the daughter sections are released and this allows the web and
daughters to be deployed by the centrifugal force. A dedicated system has been
designed to perform the required functions. The daughter sections are attached to
the central hub using a low friction screw which is connected to the rotary base by a
cable. A compressed spring is used around the low friction screw to avoid self-
retraction before the required deployment time. The rotary base connects the cables
from all daughter sections to a stepper motor.
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Daughter

pulley )

release

rotate

<

Stepper
motor

Figure 16: Daughter release mechanism configuration

Prior to launch the daughters and web are in their stowage configuration with the
low friction screws embedded in the daughter sections to hold them in place. Figure
17, below, shows the release mechanism in pre-launch configuration.

Hub Plate Rotary

base

Daughter
Pin
Spring
Cable

Pulley

Figure 17: Stowage configuration
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When the automated deployment sequence begins the low friction screws are fully
retracted by the cable, the spring will is compressed and the centrifugal forces pull
the daughters and web out from the stowage area around the central hub thus
deploying the web. Figure 18, below, shows full retraction of the low friction screws
and the system is in deployment configuration.

Rotary
base

Dauaghter

retract

[
[
[
[
[
- | Rntated
|
[
[
[
< i
release Cable
Pin
Pulley

Figure 18: Deployment configuration

3.35 Alternative daughter section release mechanisms

An alternative daughter release mechanism is the pyrotechnic cutter and
electromagnetic holder and its configuration is shown in Figure 19, below:
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Electrical cable

Hub plate
Pyro

cutter
Dauahter

Figure 19: Stowage configuration

The cable is threaded through a small hole at the daughter section to the
pyrotechnic cutter. When the deployment sequence begins; the cables are cut to

release the daughters from the central hub. Figure 20 shows the release
configuration of the cutter mechanism.

l Pyro cutter

release release

Figure 20: Deployment configuration

A further alternative is the electromagnetic holder release mechanism. This consists

of 4 electromagnetic plates which hold the daughter sections during stowage and
this is shown in Figure 21, below:
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Daughter

N Magnetised

release p| ate

Central hub

Figure 21: Electromagnetic release mechanism stowag e configuration

The electromagnets attached to hub will be switched on prior to deployment
holding the daughters. To begin deployment: the electricity for the electromagnet
holders will be severed. This causes demagnetisation and the daughters
become detached and deploy.

3.4  Thermal design

The short mission lifetime renders the need for any form of active thermal control
obsolete and an unnecessary expenditure. Furthermore, as the rocket will reach an
altitude of approximately 100km [6], thermal environments do not present any
critical design factor issues. On this basis, only passive thermal control techniques
will be used. These consist of:

Thermal Blankets: For pre-launch thermal control. Also used during
construction and transport stages (it is to expected that environmental
exposure during these stages is minimal)
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Polished or Reflective Surfaces: External and internal surfaces are to be
either polished or reflective to redirect thermal radiation and maintain a low
radiation coefficient, h,

Thermal Isolators: Introducing a thermal insulator such as a rubber gasket
between the internal compartment shelves and the hub skin achieves a low
thermal conductivity value, h,

Heat Sinks: Located on the underside of compartment shelves absorb the
heat generated by internal instrumentation and the addition of fins produces
a large surface for the convection of heat to the atmosphere. Precise
specifications of the heat sinks will be calculated once data regarding power
loss to heat of each component is known and the hubs thermal equilibrium
has been calculated.

The proposed position of the thermal isolator and heat sink is shown in Figure 22,
below. Note that the geometry of the heat sinks is arbitrary at this early stage in the
thermal design process.

Figure 22: Preliminary design of thermal isolator a  nd heat sinks

Once all necessary data regarding the mission environment and component power
ratings has been acquired, then a more detailed thermal analysis using finite
element analysis will be performed to validate the final thermal design.
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3.5 Power System

A Li-lon battery donated by Clyde Space will be placed on-board the central hub of
Suaineadh. The power required for pre-flight testing will be supplied by the REXUS
service model through a D-SUB 15s [6] interface connector located on the external
wall of the central hub. A hatch located on the external wall of the central hub will
allow access to the on-board instrumentation and battery prior to launch. The power
mass budget and individual power requirements of the components are shown in
section 3.1 . The whole system has an estimated power consumption of less than
50W for its whole lifetime. Power switching and control is achieved by a
combination of the FM430 flight module and the Cubesat Electrical Power system
3U, both available for purchase from Clyde Space.

3.6  Experiment Control System

3.6.1 Electronics Overview

The complete experiment is composed of two separate sections. The main section
performs the functions which satisfy mission objectives. The second section is used
to store the mission data. The sections in question are:

(1) The central hub; web and daughter sections which are ejected from REXUS.

(2) An ancillary section which remains on REXUS, above TUPEX-3, and is
utilised for data storage.

Figure 23: Overview of experiment sections

A schematic of the electronics on board the mother and daughter sections is shown
in Figure 24 , below:
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Figure 24: Overview schematic of electronics on mo  ther and daughter sections

A schematic of the electronics on board the ancillary section is shown in Figure 25,
below:
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Figure 25: Overview schematic of electronics on RE ~ XUS platform

3.6.2 Central Processing Unit

The CPU chosen is the Cubesat Kit FM430 flight module (HW rev C). It is a single
board computer designed for harsh environments, and is compliant with the PC-104
standards. The main processing chip is a Tl single-chip 16-bit MSP430 ultra low-
power RISC microcontroller with 50-60KB Flash, 2-10KB RAM, 48 1/O pins, 2
USART, 2 SPI, 1 12C, 12-bit ADC, 12-bit DAC, 3 DMA, multiple timers, on-board
temperature sensor & multiple clock sources [9]. It has a slot for a SD-memory card
up to 2 GB which will serve as the buffer on the hub for storing the data while it is
waiting to be transmitted to REXUS. The FM-430 uses a +5 V supply. The board is
supported and sold by Clyde Space, and therefore is compatible with the Li-ion
batteries. Clyde Space will assist with the integration of the board and peripherals
into our system.
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Figure 26: Flight module FM430 block diagram [9]

3.6.3 Sensors

On-board sensors will measure the linear acceleration, angular velocity and web
stability. This is achieved through inertial measurement units and cameras.

Inertial Measurement Unit (IMU)

The MEMSense nano Inertial Measurement Unit is distributed through UK
distributor Omniinstruments. This is a combination of three sensors: a gyroscope,
accelerometer and magnometer, plus an analogue-to-digital converter.

Accelerometer range +/- 29

Gyro range 300 deg/s
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Operating temperature ~ 0-70°C

Output I°C (or RS-422)

Figure 27: nIMU schematic block diagram [7]

Litze wires will be used for both the transmission of data from the IMUs, and power
to the IMUs. The wires will run along the diagonals of the web, with 2 wires for data
transmission, and 2 for power. The second wire is for redundancy. Analysis and
testing will have to ensure that the wires do not interfere with the web deployment.
The current design is to spiral them through the web mesh so that the wires are
never fully extended, therefore minimizing the risk of impact with the slightly elastic
web mesh.

Cameras

Two options are available for the cameras: Sony-Ericsson will donate cameras, but
with minimal support. The cameras are from their W595 mobile phone. Itis a 3.2
MP camera, with a fixed focus at 120 cm, giving image sharpness from 60 cm to
infinity. The cameras will photograph the deployment of the daughter sections. The
cameras will accumulate 10 frames per second; they have an 8 bit data bus and a
serial I°C control bus. The only problem is that the drivers and software are
proprietary to Sony-Ericsson. They will provide the hardware specifications,
however it would be up to us to write/adapt the software drivers. We are currently
looking into getting an additional programmer onboard who is capable of writing the
software for the camera. Sony-Ericsson has also agreed to provide the proper
interface connectors.

Alternatively, off-the-shelf web cameras could be used. For example,
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Advent ADE-13N PC Webcam

Frame rate 15 frames/sec

Photo resolution 1.3 MP

Manual focus

Interface connection USB 2.0 (5£0.25 V)

Video resolution AVI video format, 1230 x 1024 pixels
CMOS based sensor

Price £10-20

The camera would be modified slightly to convert the USB interface in order to
transfer the data via a wire to the bus on the main hub.

A higher end option is the Logitech QuickCam Sphere AF webcam. This camera
has a built-in motorised tracking lens designed to automatically adjust. It also has
higher resolution.

Logitech QuickCam Sphere AF

Video resolution 960 x 720 pixels

Still resolution 8 mega pixels
Interface connection USB 2.0 (5£0.25 V)
Frame eater 30 frames per second
Price £60 — 100
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(a) Advent ADE-13N PC Webcam (b) Logitech QuickCam Sphere AF

Figure 28: Camera options for COTS webcams

3.6.4 RF Communications

Frequency and interference

There are a large number of antennas onboard REXUS and it is important to avoid
or minimise any interference.

Table 15: Swedish frequency allocations to Esrange [8]

Frequency
band or centre
frequency

Duplex band or
duplex
frequency

Utilisation

2025-2110 MHz

2200-2290 MHz

Space operation (Earth-to-space)

TT&C

2200-2290 MHz

2025-2110 MHz

Space operation (Earth-to-space)

TT&C

8.025-8.4 GHz

Earth exploration satellite (Space-to-
Earth)
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Furthermore, REXUS is using the following frequencies:

GPS, 1575 MHz

Telecommand (TC), 449.95 MHz
Telemetry (TM), 22925 MHz at P =5 W
Television, 2338.1 MHz, P, =10 W

The two main criteria for selecting the centre frequency and bandwidth for the
Suaineadh-REXUS link are:

(1) Minimise any interference with other antennas
(2) Free use of the band (i.e. reduce costs).

Therefore the link will use the free UHF band at 868-920 MHz. See Appendix for
frequency restrictions in this band.

Antennas

A series of omni-directional whip antennas will be used. Two antennas will be
mounted on the central hub, one on the top and the other on the bottom and out of
the plane of the web. On REXUS, three antennas will be placed at equally spaced
120° intervals on the outside of the rocket and about our platform. This is shown in
Figure , below.

4

e

N

Figure 29: Antenna placement on REXUS
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The antennas on the hub are flush with the hub when stowed. Whip antennas allow
easy deployment by a mechanical release mechanism. Omniinstruments sell an
X8200 radio modem set. It operates at an RF frequency range of 868-920 MHz
UHF, with 17 different radio channels. The unit has a large range of 10-20 km line-
of-sight, which is more than adequate for the distance between REXUS and the
experiments, which is expected to be less than 1 km. The modem transmits and
receives half-duplex serial data at 115.2 kbaud. Finally, the unit contains software
for forward error correction and data packing.

X8200 UHF Radio

RF transmit power 500 mW (standby mode 5 mW)
Power supply 10-26 VDC

Current 350 mA (transmit), 80 mA (receive)
Dimensions 140 x 65 x 26 mm

Operating temperature -10 to +55°C

RS-232 or RS-485 connections

FEC encoding

Another option is from Data Connect Enterprise: the Microhard MHX-910/920
Embedded OEM 900 MHz wireless module. The development package includes: a
radio modem, rubber duck antenna and cables, and a transceiver and receiver. The
antenna operates at 902-928 MHz band, with the option of user-defined hopping
patterns. In this case, it is not foreseen that there will be any interference however
in this band.

MHX-920 OEM Wireless module
Receiver sensitivity -112 dBm

Power supply 8-30VDC
RS-232, -422, -485 connections

The link will primarily be a one-way data link, from the experiment hub to REXUS. A
smaller return link (i.e. REXUS to the hub) will be configured for acknowledge
signals only, no data. The signal will either acknowledge the checksum is valid, or
send a retransmit code.
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Data rate

For the MEMSense digital nIMU; each measurement has the byte structure shown
in Table 16, below.

Table 16: IMU sample data format

Element Byte #
Synchronization byte 0-3
(FF)

Message size 4
Device ID 5
Message ID 6
Sample timer 7-8
Reserved 9-12
Gyroscope 13-18
Accelerometer 19-24
Magnetometer 25-30
Temperature 31-36
Checksum 37

Each measurement taken by the IMU has a data size of 296 bits. The listed sample
rate is 50 Hz, giving a total amount of data of 14.8 kbps. For 5 IMUs over duration of
80 seconds: the maximum total data collected from all the IMUs is 5.92 Mb.

Figure shows the trade-off between the number of measurements collected from
each IMU, with the number of photos taken during the experiment for a nominal link
data rate of 115.2 kbps. If we consider total link duration with REXUS of 200 s, then
we can transmit a total of 23 Mb, which translates to ~21 photos (roughly, with JIPG
compression a 600x800 pixel photo is ~100 kB). The link duration is a function of
the relative motion between the experiment and the receiver on REXUS, which itself
is a function of the v of ejection mechanism.
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Figure 30: Trade-off between camera and IMU measur ements

The camera can have a much faster frame rate however, between 10-30
frames/second. For a stability phase duration of 60 sec, at the maximum frame rate,
that would be a total of 1800 photos (450/camera) or 1.44 Gb. Therefore, the
maximum data rate required to transfer all the data would be 7.2 Mbps. The
downlink from REXUS to the ground station has a very limited data rate of only ~2.5
kbps. This will be used for priority data only, meaning IMU data at a sample rate of
about 8 Hz. If the incoming data has a sample rate of 50 Hz, then every 7™
measurement from each IMU will be transmitted to the ground. This GS downlink is
meant only as a backup; the primary data source will be stored onboard REXUS
and hopefully recovered.

Link budget

A link budget was calculated to determine the minimum transmit and receive power
required for the wireless Hub-REXUS link. It is based on the general link equation,
with an Eu/No set to 13, and a BER of 10°. Two different data rates were chosen:
115.2 kbps, and 1 Mbps.

Ptx = Eb/No = L = Gtx = er = k + 10|OgTS + 10|OgR
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Table 17: Link budget

Data rate, R

Eb/No

C/No

Frequency

Range

FSL

System loss, Lsys
System temp, Ts
Transmit gain, Gtx
Receive gain, Grx

Boltzmann’s constant, k

Minimum transmit power, Ptx

Minimum receive power, Prx

1.00E+06

60

13
73

850E+06

1000

-94.03

700

28.451

228.6

-30.119

0.973

-124.149

3.847E-10

115200

50.614

13
63.614525

850E+06

1000

-94.03

700

28.451

228.6

-39.504

0.112

-136.53

4.431E-11

bps
dB-bps

dB

dB

Hz

dB

dBK
dBi
dBi

dB

dBW

mw

dBW

mw
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The link budget is calculated with no margin, to identify the absolute minimum
power requirements. A large margin will have to be added, to account for any loss
of power, i.e. minimum of 3 dB.

3.7  Computer System Architecture

On-board computer systems are integral to the successful completion of mission
objectives. Suaineadh will include both hardware and software to carry out the
automated sequence culminating in the deployment and stabilisation of the space
web. The computer system will control these automated sequences and will control
the system throughout its mission lifetime. The system will also control the
transmission and proper distribution of mission data. Figure 31, below, gives an
overview of the on-board computer system:

L

Figure 31: Computer system overview

REXUS Suaineadh SED - PDR Resubmission



Page 47

3.7.1 Hierarchy of System
Computer systems consist of hardware, software and their interface definitions and

documentation. They are in a hierarchy, building to the final configuration item.
Documentation starts with top-level requirements and leads to increased

implementation detail.

= LY
o LY

AJs
i

stem

Figure 32: Hierarchy of elements of the computer sy
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3.7.2 Operational modes and states

The state diagram shows the valid states of the system and the conditions needed
to achieve each state, as shown in Figure 3.

The status and modes for REXUS computer system work as follows:

Pre -launch phase is initialised when the power is turned on. In launch standby and
launch modes: the system checks that all functions are working correctly. In mission
operations mode the system checks its status in real time. If a failure is found the
system goes into an error contingency mode. If hard failure occurs: the system will
power off and mission terminates.

Off

/@\@
N\

Hard

Figure 33: State transition diagram for on-board co mputer

3.7.3 Software

The software can be divided into three main areas: control law for the web, data
management and software drivers for the camera. The operating system used will
be Linux, and the coding will be done using C/C++. The main CPU (Pumpkin FM-
430) also comes with a proprietary RTOS Salvo® however this can be

! http://www.pumpkininc.com/
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reprogrammed with Linux in order to more easily incorporate the various existing
sensor and equipment drivers.

Active control

A feedback control law will be developed that controls the level of torque given by
the reaction wheel (RW). The resulting angular velocity is measured by the IMU in
the hub (and daughter sections once deployed) and fed back into the control law. A
Lyapunov control law can be implemented to minimise the difference between the
desired and actual torque. The control law has two functions: the first measures the
angular velocity of the experiment in the stowed configuration after ejection from
REXUS. There is a required margin that the o must be between. If the ejected
is outside this, then the RW can either spin up the stowed hub or wait until the ¢
slows down naturally. The signal to deploy the daughters (and web) will be given by
the control law. As a failsafe, a counter is started at the ejection, and a maximum
time limit is set that will automatically deploy the web regardless of the angular
velocity. The second function is to control the deployment by controlling the torque
induced by the RW.

Data management

Data management is a key element of the software design. The data management
software must be able to receive input data from two different sources: digital data
from 5 different IMUs, and compressed video format (still frames only) from 4
different cameras.

The data from each IMU is transmitted in 37 bit words, with a 13 bits being
overhead including device and message IDs, and synchronisation and checksum
bits. The measurement data is transmitted as signed (2's complement) 16-bit
integers. The angular velocity data must be un-encoded in order to convert the raw
format measurements into ‘useable’ or recognisable values, i.e. deg/s. This is done
by a simple conversion equation given in the data sheets [7]. For example,

;device_rangé 1.5

result= raw_ payload data
32768

It is critical to be able to distinguish between the data from each device, and the
time at which they were taken. This is so the data can be prioritised for transmission
to the GS.
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The camera will output compressed still frames in JPG format. The data needs to
be combined, and re-encoded with a time stamp from the main CPU, plus
synchronisation bits, message ID and checksums in order to verify the entire data
packet was received at the receiver on the REXUS platform. For the
communications side, the data also include error correction and detection overhead.

The only return signals from REXUS to the hub will be ACK if the checksum is
correct, or re-transmit if it is not. More complex systems, such as including the
message ID are possible, but will depend on the expertise and time of the software
designer.

Figure 34: Message structure of IMU data

Once onboard REXUS, the data is stored en masse on the SD memory card for
retrieval and analysis later. A portion of the data will be transmitted to the RXSM,
and downlinked to the Esrange GS. Due to the low data rate, only a small portion of
the data will be transmitted (~2.5%). Therefore, the data will have to be sorted. A
sorter will look at the timestamps and device IDs from each package transmitted,
and select every 7-10" measurement from each IMU to be transmitted down. No
photos will be transmitted. The message packets will have to re-divide however,
since the requirement for the REXUS-GS downlink is that each word must be a
maximum of 24 bits (15 + 9 bits overhead); with 3 ms interrupt spacers between
each word. Synchronisation and check-sums will be added to verify the data
transmission, as well as EDAC protocols. The data will be collected in real-time by a
laptop at the GS.

REXUS Suaineadh SED - PDR Resubmission



Page 51

4 REVIEWS AND TESTS
4.1  Experiment Selection Workshop (ESW)
Date: 5.2.2009
Location: ESTEC, Netherlands
Recommendations of the ESW-Review Board:
No feedback has been received from the review board regarding recommendations.
However, an issue concerning the rotational frequency of the spinning REXUS

rocket was raised at the workshop and has been rectified.

Main content of the ESW presentations: (Please see attachments)

4.2 Preliminary Design Review - PDR
Date: 23.3.2009
Location: DLR, Oberpfaffenhoffen, Germany
Participants:
a) Christopher Murray, Christie Maddock, Rafael Ritterbusch, Pau Mallol

b) Olle Persson, Mikael Inga, Andreas Stamminger, Markus Pinzer, Markus
Horschgen, Koen Debeule, Cyril Arnodo.

Recommendations of the PDR-Board: (Please see attachments)
Consider pyrotechnic cutter or magnet for daughter release mechanism.
Rocket attachment a safety issue
Net stowage to be considered more carefully
Must do thermal analysis
Need electronics schematics and overview.
Need software design and plan.

Need risk assessment
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Should get additional team members for software and electronics

4.3  System Integration and Test plan

4.3.1 Test Objectives and Activities

Testing of the system will be conducted at component, subsystem and spacecraft
levels:
(1) Testing at component level allows us to ascertain that the component is of
sufficient quality to perform the tasks required through all mission phases.
(2) Testing at subsystem levels are used to demonstrate proper equipment
function under all operational conditions.
(3) Testing of the system at spacecraft level allows an evaluation of the entire
spacecraft at operational levels.
(4) Test personnel record any irregular behaviour and anomalous results.
(5) Testing of electronics and power subsystems will be monitored and assisted
by Clyde Space personnel.

4.3.2 Integration and Test Facilities
System Integration

(1) Mechanical integration of the experiment will be performed within the
Department of Mechanical Engineering of Glasgow University as no special
cleanliness requirements are necessary.

(2) Electronic and electromechanical assembly will be conducted within the
clean rooms on location at Clyde Space, Glasgow.

(3) Integration of inertial and optical instruments will also be conducted within
the clean rooms at Clyde Space, Glasgow.

(4) Spacecraft integration will be performed within the clean rooms at Clyde
Space, Glasgow

Test Facilities

(1) Vibration and shock tests will be performed within the Department of
Mechanical Engineering of Glasgow University. These will be conducted on a
Ling Dynamic Systems V455/6-PA1000L shaker. This has a frequency range
between 5-7500 Hz.

(2) Thermal vacuum facilities are currently being sought.

(3) Braehead curling rink, Glasgow, will be used as a low friction surface for
testing the daughter and web deployment mechanism.
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4.3.3 Component Tests
Three different procedures will be utilised for the testing of components:

(1) Space qualified off the shelf components will not be tested at the component
level and are qualified by similarity.

(2) Non- space qualified off the shelf components will undergo qualification
tests. These tests will be conducted on breadboard components then are
qualified by similarity.

(3) Glasgow University built and dedicated components undergo pre-
manufacture testing of the engineering data using finite element analysis.
Post manufacture testing will consist of component qualification. The
components are tested using prototype models and are qualified by
similarity.

The following shows the component level testing flow:

4= Finite

Figure 35: Component qualification flow
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Quialification at component level is achieved using the following methods:

Figure 36: Component qualification procedure [10]

The system will be composed of the following Space Qualified COTS:
Microwheel 10SP-M, Surrey Satellite Technology LTD
S-Band Transmitter, Surrey Satellite Technology LTD
Cubesat Electrical Power system 3U, Clyde Space
S-band patch antennas, Surrey Satellite Technology LTD
Lithium lon battery, Clyde Space

FM430 Flight Module, Pumpkin Inc

The system will be composed of the following Non-Space Qualified COTS, testing
of these components will be conducted at Clyde Space and GU:

nIMU Inertial Measurement Units, Omni-Instruments
WLAN17202ER Wireless Communication, RTD Embedded Technologies

Wide angle cameras
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The system will be composed of the following components built at GU, testing of
these components will be conducted at Glasgow University:

Central hub structural components

Daughter section structural components

The system will be composed of the following dedicated components, testing of
these components will be conducted at Braehead Curling Rink, Glasgow:

Daughter and web deployment mechanism, release mechanism and
deployment tested on low friction surface.

4.3.4 Sub-system Tests

Testing at this level will be conducted at a breadboard level which qualifies the flight
sub-system by similarity. All subsystems will undergo functional testing to ascertain
proper function under mission conditions. Initially, the prototype structure is
gualified and each subsystem is tested as it is integrated into the engineering model
spacecratft.

Figure 37: Sub-system qualification procedure
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435 Spacecraft System Tests

Testing at this level will be conducted using an engineering model. Once the
integration and assembly of the engineering model is complete; the system
performs a series of tests to ascertain proper function under expected mission
conditions. These tests are the final step in the qualification of the spacecraft for
flight.

l
-

Figure 38: Spacecraft qualification procedure [10]
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5 PROJECT PLANNING (PHASE B TO F)
5.1 WBS — Work Breakdown Structure

The experiment is composed of four major work areas and each has its own work
breakdown structure:

(1) Central Hub section
(2) Daughter sections
(3) Web section

(4) Data storage section

.B.S.

POWER
DESIGN DESIGN

DESIGN DESIGN

FINAL
DESIGN

FINAL FINAL
DESIGN DESIGN

FINAL
DESIGN

Figure 39: Central Hub WBS
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DESIGN SYSTEM
DESIGN DESIGN

FINAL
DESIGN
FINAL
DESIGN FINAL

DESIGN

SUB-SYSTEM

SUB-SYSTEM

Figure 40: Daughter WBS

THERMAL POWER
DESIGN DESIGN SYSTEM SYSTEM SYSTEM
DESIGN DESIGN

SYSTEM

FINAL FINAL FINAL
DESIGN DESIGN DESIGN

FINAL

DESIGN
FINAL FINAL

DESIGN DESIGN

SUB-SYSTEM SUB-SYSTEM

SUB-SYSTEM

SUB-SYSTEM SUB-SYSTEM

Figure 41: Data Storage WBS
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5.1.1 Duration of Tasks
REXUS 7/8 Schedule
2009
Apr May Jun Jul Aug Sep Oct Nov Dec

PRELIMINARY SUBSYSTEM DESIGNS
FINALISED SUBSYSTEM DESIGNS
PROTOTYPE MANUFACTURE

[ESA] Critical design review (CDR) »
COMPONENT QUALIFICATION

ENGINEERING MODEL INTEGRATION
SUBSYSTEM QUALIFICATION

SPACECRAFT QUALIFICATION

FINAL SPACECRAFT MANUFACTURE AND BUILD
[ESA] Delivery of experiments to Esrange for EAR

5.1.2 Task Assignments

Christopher Murray Project planning, hub structural design,
hub sub-system design.

Christie Maddock Hub and data storage communications
architecture

Norilmi Ismail Daughter design, release mechanism
design

Leo Chen Data storage system and sub-system
design

Malcolm McRobb FEA of hub, hub thermal design

Andrew Mathieson FEA of hub, hub thermal design

Rafael Ritterbusch Web deployment simulations

Pau Mallol Web deployment testing, risk analysis

Electrical Engineer Power and electronics subsystem on
hub and data storage

Software Engineer On-board computer architecture of hub
and data storage
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5.2  Risk management

5.2.1 RISK MANAGEMENT POLICY

In order to assess the most important risks and to reduce/eliminate them, a risk
management policy is defined.

Risk acceptance criteria

Any risk will be considered acceptable when after assessment (and application of
preventive actions to reduce its risk index if necessary) the repercussion of its
occurrence represents:

a) An affordable cost to solve it without endangering the completion of the
mission in terms of schedule, human resources or technical difficulty.

b) No endangerment of people, animals or goods that do not belong to the
experiment or mission team.

Using the terms used in Table 18, below, to classify the levels of “Severity”, the
residual risk for an acceptable risk in this report must be either “None”, “Very low” or
“LOW”'

Scoring schemes

The scoring schemes for severity and likelihood of occurrence of a risk are shown
below:

Table 18: Risk scoring schemes for severity and likelihood of occurrence

Score | Severity Consequences Score |Likelihood
1 Very low Mission likely 1 Unlikely
successful
2 Low Mission just disturbed 2 Dr']fflcun to
appen
. Mission can fail or just May
3 Medium be disturbed 3 happen
4 High Likely fr?ulu_re of the 4 Likely
mission
5 Very high Mission failure 5 Sure

@ In this table, the terms “Mission”, “Disturbances” and “Failure” refer to
Suaineadh mission or any other team mission as well as equivalent terms for
safety issues.

REXUS Suaineadh SED - PDR Resubmission



Page 61

Total risk index (TRI) scheme and criteria

The total risk index (TRI) determines quantitatively the impact of a risk for the
mission or safety in general. The scheme and criteria determining the actions to be
taken is described below:

Table 19: Total risk index cases.

Probakility 11 213|415
Severity
1 1] 2 5
2 2 | 4
3 3 | 6
4 4 | 8
5 5 | 10

Green (G): Minimal or acceptable risk (see “Risk acceptance criteria” above).
Resources like people, time; finances should not be spent on the risk but should be
assessed. Apply reduction measures if possible (“Prevention” field in the
corresponding risk).

Yellow (Y): Can be a source for the failure of the mission or safety issues.
Reduce the risk applying preventive actions when feasible. Trade-off between
resources and risk reduction magnitude.

Red (R): Unacceptable risk. Prevention procedures mandatory. Pay maximum
attention on the risk trend [11]. Pre-assign resources to eliminate the risk.
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5.2.2

Implementation

RISK ASSESSMENT

ID Risk name TRI @ | Risk domain @ | Residual risk ©

| — 01 | High stiffness of the | 12 (Y) Technical Very low
web (during tests)

| — 02 | Release of one or 15 (R) Technical None
more daughters
(during tests)

| — 03 | Untangle of the web | 12 (Y) Technical None
(during tests)

| — 04 | Reaction wheel 5(G) Technical, None
damaged (during schedule and
tests) cost

| — 05 | Cameras give poor 6 (G) Technical None
image quality

| — 06 | Software/Electronics | 20 (R) | Technical and None
completion issues schedule

| — 07 | Batteries’ loss of 16 (R) | Technical and None
capacity cost

@D Total risk index

®) After preventive actions

@ Technical, Schedule, Cost or Safety

ID | —01

Name High stiffness of the web (during tests)

Description During deployment tests the web is seen to be too stiff
and/or kinks disturb the deployment; wires through web
will be also source of increased stiffness

Consequences | Deployment disturbed; analytical model and simulations
may not fit enough with the real deployment:
uncertainties arise

Severity 4

Probability 3

Total Risk 12 (YELLOW)

Prevention Study several folding techniques (literature is available)
and proceed with maximum care when packing the web
around the hub; ensure repeatability of the process;
maximum attention during folding of the web to avoid
kinks; simulate worst-case scenarios to bound the

REXUS Suaineadh SED -
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uncertainties due to disturbances on the web
Reaction Apply other folding patterns to decrease kinks and/or

assess the need to find a web with better properties
Recovery Sufficient for the success of the mission

ID | — 02

Name Release of one or more daughters (during tests)

Description During the vibration tests, one or more daughters fall
apart

Consequences | Release system not reliable for flight: need to be
modified or redesigned

Severity 5

Probability 3

Total Risk 15 (RED)

Prevention Determine critical or weakest points; prepare a
contingency plan for the current release mechanism

Reaction Modification or redesign of the release mechanism;
adopt contingency plan; repeat vibration tests

Recovery Total

ID | — 03

Name Untangle of the web (during tests)

Description The web is untangled during vibration tests

Consequences | Deployment not as expected but still possible if the
entanglement is not severe

Severity 4

Probability 3

Total Risk 12 (YELLOW)

Prevention Study several wrapping techniques (literature is
available) and proceed with maximum care when
packing the web around the hub; ensure repeatability of
the process to be sure the vibration tests’ results are
representative for the final packing before launch;
prepare several packing techniques before tests to
check them if necessary

Reaction Assess the source of the entanglement and check
different techniques

Recovery Total

ID |- 04

Name Reaction wheel damaged (during tests)

Description The wheel does not work properly after the vibration

tests due to damage in the electronics, connectors or

REXUS Suaineadh SED - PDR Resubmission




Page 64

mechanical parts get loose (bearings, supports...)

Consequences | Reaction wheel cannot be used for flight

Severity 5

Probability 1

Total Risk 5 (GREEN)

Prevention Use a wheel that fits with the environmental conditions
expected during vibration tests and launch; assess if any
of the operation modes increases the risk of damage
under severe vibrations (like if when the wheel is
rotating at nominal speed, is more sensitive to strong
vibrations); assess what is repairable (supplier or us)
and what is not (cost, time... reasons); ask delivery time

Reaction Repair or order a new reaction wheel

Recovery Total

ID | — 05

Name Cameras give poor image quality

Description Due to limitations in the payload and web visibility,
cameras give poor image quality of the dynamics of the
deployment during verification

Consequences | Hard to extract data and get insight of the deployment
phase if the problem is not solved

Severity 3

Probability 2

Total Risk 6 (GREEN)

Prevention Extensive test of the cameras before and after
implementation in Suaineadh; study alternative options
to provide maximum visibility to the web

Reaction Apply other options to provide more visibility to the web

Recovery Total

ID | — 06

Name Software/Electronics completion issues

Description The software/electronics development is not properly
coupled with the rest of the project due to lack of
resources

Consequences | Software creation and electronics part become the
critical path and affects the verification schedule of the
whole system in the latest phases of the project

Severity 4

Probability 5

Total Risk 20 (RED)

Prevention Find two new team members (one for each field); study

development requirements and make the schedule as
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soon as possible; keep track of the software/electronics
development and verify it in steps as soon as there is
hardware defined and available (don't test all the system
at once at the end after integration)

Reaction

If still it is seen that the preventive measures are not
enough, communicate to SSC/DLR/ESA and ask for
help or recommendations

Recovery

Total

ID

| - 07

Name

Batteries’ loss of capacity

Description

Due to intensive testing and verification of the systems,
batteries have lost part of their capacity

Consequences

Batteries’ capacity not reliable for flight; if use of those
batteries we may have: from lack of time for data
transmission up to experiment termination if not enough
energy to be used by the reaction wheel

Severity

4

Probability

4

Total Risk

16 (RED)

Prevention

Have two spare sets of batteries if economically feasible
(one spare set mandatory); check that all sets have
similar properties after the supplier provide them to us;
use the same set during all the verification/testing
phases; keep track of the actual capacity of the set
used; simulate the mission to get insight about the real
power profile required; get technical specifications from
the supplier (I-V curves, sensitivity of the batteries when
quick charge is used, operational range of temperatures,
recommended charging procedures, storage conditions
and the need or not of charge/discharge cycles to avoid
ageing); verify again also spare sets during campaign

Reaction

Use a “healthy” set of batteries for the mission

Recovery

Total
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Mission Risks

ID Risk name TRI @ | Risk domain @ | Residual risk ©
M — 01 | Battery charge too low | 4 (G) Technical and Very low
cost

M —02 | Reaction wheel 5(G) Technical Very low
damaged due to
launch conditions

M — 03 | Untangle of the web 9 (Y) Technical Low
during launch

M — 04 | Damage of 8 (Y) Technical Low
Suaineadh’ structure

M — 05 | Fast angular velocity 12 (Y) Technical Low
of REXUS de-spin

M — 06 | Slow angular velocity 6 (G) Technical Low
of REXUS de-spin

M — 07 | Ejection malfunction 10 (Y) Technical Very low

M — 08 | Suaineadh intercepts 4 (G) Technical and Very low
REXUS safety

M — 09 | Suaineadh collision 4 (G) Technical and Very low
with LAPLander safety

M —10 | Tumbling after 8 (Y) Technical Low
ejection

M—11 | Low separation 6 (G) Technical and Very low
velocity safety

M- 12 | Release system 10 (Y) Technical Very low
stacked

M — 13 | Data link failure 4 (G) Technical Very low

M — 14 | High stiffness of the 9 (Y) Technical Low
web

M — 15 | Interferences 8 (Y) Technical and Low

safety

M — 16 | Daughter release 10 (Y) Safety Very low
inside the fairing (due
to vibrations)

M — 17 | Daughter release 10 (Y) | Technical and Very low
inside the fairing (due
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to release mechanism safety
failure)

M — 18 | Trajectory after 10 (Y) Safety Very low
mission’s completion

M —19 | Explosion or cracksin | 10 (Y) Safety Very low
the batteries

M — 20 | Pyro-cutter does not 5(G) Technical Very low
release Suaineadh

W Total risk index

@ Technical, Schedule, Cost or Safety

®) After preventive actions

ID M—-01

Name Battery charge too low

Description Due to charging system malfunction prior launch,
batteries are not properly charged for the mission

Consequences | Depending on the remaining charge: from lack of time
for data transmission up to experiment termination if not
enough energy to be used by the reaction wheel

Severity 4

Probability 1

Total Risk 4 (GREEN)

Prevention Full test and verification of the charging system during
and after integration of Suaineadh (assess the need of a
spare charging unit in case is detected any malfunction
during launch campaign)

Reaction No reaction after Suaineadh integration in REXUS

Recovery None, we would deal with what we have

ID M - 02

Name Reaction wheel damaged due to launch conditions

Description Ascension phase affected negatively the performance of
the wheel

Consequences | Likely any damage (even if is small) will affect seriously
the entire mission since we are dealing with very precise
requirements in terms of torque, angular velocities
required...

Severity 5

Probability 1

Total Risk 5 (GREEN)

Prevention Do vibration tests (see | — 04); simulate the mission after

the vibration tests and during launch campaign to verify
that the reaction wheel operates properly
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Reaction None

Recovery None, we would deal with what we have

ID M — 03

Name Untangle of the web during launch

Description The web gets loose or is untangled due to vibrations
during ascent

Consequences | The deployment will likely be affected but the magnitude
cannot be known a priori

Severity 3

Probability 3

Total Risk 9 (YELLOW)

Prevention Study different folding methods and ensure its
repeatability for the launch campaign; test several
packing methods in vibration tests

Reaction None

Recovery None, we would deal with what we have

ID M—04

Name Damage of Suaineadh’ structure

Description Loads during launch damage Suaineadh’ structure

Consequences | Unknown: air leaking if gas tight hub, lenses of the
cameras may not work well under vacuum if the integrity
of the vessel is broken; mechanisms can get stacked
under vacuum; daughter’s can get blocked if something
bends

Severity 4

Probability 2

Total Risk 8 (YELLOW)

Prevention FEA analyses ensuring we have a wide safety margin;
use of materials with well-known properties; vibration
tests of the system integrated; find out weakest points

Reaction None

Recovery No recovery

ID M - 05

Name Fast angular velocity of REXUS de-spin

Description Due to uncertainties in the de-spin procedure of REXUS,
Suaineadh is ejected with a higher spin rate than
expected for the mission

Consequences | Increase in the minimum torque demanded by the

system when performing the deployment of the web;
likely increase the oscillations’ amplitude during the
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stabilization phase

Severity 3

Probability 4

Total Risk 12 (YELLOW)

Prevention Study the optimal desired value of REXUS de-spin,
ensuring that even if is not reached, the probability to be
inside the range of feasible spin rates is higher than a
certain threshold

Reaction None

Recovery Partial recovery (depending on the magnitude of the
deviation from the optimal spin rate)

ID M — 06

Name Slow angular velocity of REXUS de-spin

Description Due to uncertainties in the de-spin procedure of REXUS,
Suaineadh is ejected with a smaller spin rate than
expected for the mission

Consequences | Decrease in the minimum torque demanded by the
system when performing the deployment of the web;
likely increase the oscillations’ amplitude during the
stabilization phase

Severity 2

Probability 3

Total Risk 6 (GREEN)

Prevention Study the optimal desired value of REXUS de-spin,
ensuring that even if is not reached, the probability to be
inside the range of feasible spin rates is higher than a
certain threshold

Reaction None

Recovery Partial recovery (the web deployment is seen to be less
sensitive to slower spin rates than to larger ones with
respect to the optimal)

ID M — 07

Name Ejection malfunction

Description Due to a malfunction of the ejection system for
Suaineadh or LAPLander, when Suaineadh is ejected
LAPLander is still attached to REXUS

Consequences | Experiment termination; likely damage to LAPLander

Severity 5

Probability 2

Total Risk 10 (YELLOW)

Prevention Redundant signal/release system for both ejection
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systems; control ejection signal for Suaineadh with a
signal generated only when LAPLander is successfully
ejected; use SSC/DLR expertise; do vibration tests

Reaction None

Recovery No recovery

ID M - 08

Name Suaineadh intercepts REXUS

Description During or after the mission, Suaineadh intercepts
REXUS trajectory (worst-case scenario: wrapping the
web around it)

Consequences | If during our mission, experiment termination (partial
mission failure depending on the data acquired); likely
problems for the REXUS parachute deployment;
possibility of REXUS crash with ground

Severity 4

Probability 1

Total Risk 4 (GREEN)

Prevention Having data about the impulse provided by our ejection
system, trajectory calculation of Suaineadh and
compare with the REXUS one

Reaction Estimate of the collision probability

Recovery No recovery

ID M — 09

Name Suaineadh collision with LAPLander

Description During or after the mission, Suaineadh intercepts
LAPLander trajectory (worst-case scenario: wrapping
the web around it)

Consequences | If during our mission, experiment termination; if web
wrapped in LAPLander, problems for LAPLander
deployment and likely LAPLander crash

Severity 4

Probability 1

Total Risk 4 (GREEN)

Prevention Having data about the impulse provided by our ejection
system, trajectory calculation of Suaineadh and
compare with the LAPLander one

Reaction Estimate of the collision probability

Recovery No recovery

| ID |M-10
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Name Tumbling after ejection

Description Ejection from REXUS creates too large tumbling in
Suaineadh

Consequences | Depending on the magnitude of the tumbling but likely
the deployment will be affected due to this disturbance

Severity 4

Probability 2

Total Risk 8 (YELLOW)

Prevention Use of guiding rods/rails (three at least, preferably four
or five); bound the maximum tumbling that is considered
acceptable and study how to fall below it when
designing the ejection system from REXUS

Reaction None

Recovery None, we would deal with what we have

ID M-11

Name Low separation velocity

Description REXUS ejection system provides too low separation
velocity

Consequences | Trajectory calculations are not valid; increase of
uncertainties regarding to the probability of interception
of REXUS or LAPLander (see M — 08, M — 09)

Severity 3

Probability 2

Total Risk 6 (GREEN)

Prevention Calculate and design the ejection system with SSC/DLR
“know how” and collaboration

Reaction None

Recovery None, we would deal with what we have

ID M-12

Name Release system stacked

Description The release of the daughters is not done due to
malfunction of the mechanism

Consequences | Experiment termination

Severity 5

Probability 2

Total Risk 10 (YELLOW)

Prevention Study and use components with high reliability (double
electromagnet...pyre-cutter?), use few moving parts,
use known and proved systems (collaboration with
SSC/DLR)

Reaction None
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| Recovery | No recovery

ID M—13

Name Data link failure

Description Due to structural or electronic issues the data rate
transmission is decreased

Consequences | Depending on the magnitude of the damage: less data
sent to REXUS

Severity 4

Probability 1

Total Risk 4 (GREEN)

Prevention Study the use of reliable systems; use of “semi-
redundant” antennas; optimize the data compression;
vibration tests to check integrity of the system

Reaction None

Recovery None, we would deal with what we have

ID M-14

Name High stiffness of the web

Description The stiffness of the web is too high to reach the
expected deployment behaviour

Consequences | Deployment disturbed (unknown magnitude)

Severity 3

Probability 3

Total Risk 9 (YELLOW)

Prevention Modelling of the sources for the increase of stiffness and
simulation of the deployment; folding and deployment
tests (see | — 01, | — 03)

Reaction None

Recovery None, we would deal with what we have

ID M-15

Name Interferences

Description Wireless link causes interferences with other
experiments or REXUS

Consequences | Unknown but the data link might be unreliable

Severity 4

Probability 2

Total Risk 8 (YELLOW)

Prevention EMC? Collaborate with SSC/DLR experts to ensure we
have a reliable link and that we do not interfere other
systems

Reaction None
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| Recovery | Unknown

ID M- 16

Name Daughter release inside the fairing

Description One or more daughters are released due to the
vibrations of REXUS during ascent

Consequences | Experiment termination; REXUS destabilized

Severity 5

Probability 2

Total Risk 10 (YELLOW)

Prevention Vibration tests after implementation (see risk | — 02)

Reaction None

Recovery No recovery

ID M-—-17

Name Daughter release inside the fairing (due to release
mechanism failure)

Description One or more daughters are released due to a
mechanical malfunction of the release system

Consequences | Experiment termination; REXUS destabilized

Severity 5

Probability 2

Total Risk 10 (YELLOW)

Prevention Determine critical or weakest points and prepare a
contingency plan for the nominal release mechanism;
verification of the mechanisms before launch

Reaction None

Recovery During verification, full recovery; If during launch, no
recovery

ID M—18

Name Trajectory after mission’s completion

Description The trajectory of Suaineadh after mission completion
represents a safety issue depending on the location of
the impact point

Consequences | Suaineadh may damage goods or people

Severity 5

Probability 2

Total Risk 10 (YELLOW)

Prevention Assess that risk with the supplier; use the batteries
properly (recommended charging procedures, no short-
circuit of terminals, use of fuses and prevent from
impacts)
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Reaction None

Recovery No recovery

ID M-19

Name Explosion or cracks in the batteries

Description The batteries may explode or release toxic gases due to
malfunction or a severe impact during its manipulation

Consequences | People may get intoxicated; fire

Severity 5

Probability 2

Total Risk 10 (YELLOW)

Prevention

Reaction

Recovery No recovery

ID M —20

Name Pyro-cutter does not release Suaineadh

Description The pyrotechnic-cutter likely used in the ejection system
for Suaineadh does not release the payload

Consequences | Suaineadh cannot be ejected (mission termination)

Severity 5

Probability 1

Total Risk 5 (GREEN)

Prevention SSC/Esrange will take care of the pyrotechnic issues
with their expertise

Reaction None

Recovery No recovery
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6 OUTREACH PROGRAM
Internet pages

http://www.suaineadh.co.nr/

http://www.legacy.aero.gla.ac.uk/Research/SpaceArt/ftp/REXUS FinalSelectionWor
kshop ppt.zip

Press Articles on the Internet

http://www.gla.ac.uk/news/headline 115222 en.html
http://news.stv.tv/scotland/87558-glasgow-student-project-launched-into-space/
http://www.alienskys.com/2009/Students _in_a_spin_after ESA_commission_space
web 2510.html

Published Newspaper Articles

Article, Evening Times 8.4.2009

Upcoming News Articles
Sunday Post Newspaper
Local News (free newspaper in Glasgow)

Glasgow Guardian (Glasgow University newspaper)
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8 ATTACHMENTS

Suaineadh Team Workshop Presentation
KTH Team Assignments

University of Glasgow Newspaper Article (also submitted for undergraduate
newsletter)

Central Hub structural & component configuration
Daughter section

REXUS ejection mechanism

LapLander ejection mechanism

Mission Analysis & Design

Mission Planning

Recommendations of the PDR-Board
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9 NOMENCLATURE

GU  University of Glasgow

IMU  Inertial Measurement Unit
I2C  Inter-Integrated Circuit

GS  Ground Station

FSL Free Space Loss

dB  Decibels

RTOS Real time operating system
ACK Acknowledge signal

EDAC Error detection and correction
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10 Appendix

Excerpt from Swedish Frequency Plan [8].
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