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PREFACE

Before you lies the Final Report of the Defend Our Territory (DOT) Design Synthesis Exercise. It has been writ-
ten by a team of nine students during the spring of 2019, to fulfil the graduation requirements of the Aerospace
Engineering Bachelor’s degree at Delft University of Technology.

The aim of the DOT mission is to design an asteroid sensing network of PocketQubes to characterise a very
small near Earth asteroid. The purpose of this report is to present the preliminary detailed design of the
ANTREA (Advanced Net To Rescue Earth from Asteroids) design that the team elaborated to fulfil the mission’s
aim.

This project would not have been possible without the helpful guidance and support from the team’s tutor
and coaches. We would therefore like to personally thank Dr. Angelo Cervone, Silvana Radu, Teresa Steinke,
and ir. Mark Schelbergen for their precious counsel and assistance. Furthermore, we would like to thank the
Aerospace Engineering staff from TU Delft, especially Dr. Stefano Speretta, Dr. Sergio Turteltaub, Dr. ir. Julien
van Campen, Dr. Alessandra Menicucci and ir. Jasper Bouwmeester for their valuable advice, highly appreci-
ated knowledge, and time. Finally we would like to thank the Geoscience Centre staff, especially Prof. dr. ir.
Evert Slob for his advice, highly appreciated knowledge, and time.

Finally we would like to express our gratitude to Rafal Michalczyk and
Wojciech Golebiowski, from SKA Polska for their imperative help, and
kindness to let us use their ADRINET software: the Toolchain for Dy-
namic Simulation of Elastic and Deformable Net-like Structure. We
would also like to thank them for discretising our net design, providing
us with an asteroid model, teaching us how to use their software, and
providing key advice during the simulations.
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EXECUTIVE OVERVIEW

Asteroids are of great value for scientific purposes, for they can be considered as the building blocks of life on
our planets and can therefore provide valuable insight on the origin of our solar system and on its evolution.
They are also, on the other hand, a threat to us, through their risk of potentially hazardous collision with Earth.
To assess characteristics such as their size, orbital period, and semi-major axis, the light they emit is observed
by remote instruments such as telescopes. However, the data found only gets more accurate as their distance
to Earth decreases. Today’s asteroid databases are thus found to be quite inaccurate, especially for small as-
teroids, reducing our ability to predict in detail a potential forthcoming crash before the asteroid’s actual close
approach to Earth. Hence, improving today’s asteroid characterisation methods is of utmost importance for
being able to predict such a catastrophic event.

A cheap and new mean of access to space is simultaneously making its way to the top of the space sec-
tor. Measuring no more than a 5 cm cube, PocketQubes (PQ) represent today’s lightest, cheapest and possibly
smartest way to get equally small scientific instruments in orbit. Combining the two aspects of filling in the
present knowledge gap on Very Small Near Earth Objects, and of demonstrating the promising technology of
PocketQubes led to the Defend Our Territory mission, and more specifically to the ANTREA design.

This Executive Overview will present the steps taken towards the choice of this design, as well as a summary of
the design and its subsystems, and other useful information about it.

MISSION OVERVIEW

Leaving Earth in May of 2033 for a planned arrival to asteroid 2017FU102 in April of 2036, ANTREA consists of a
15£15 m net, which was found to be the most fitting way of landing on the asteroid, mainly considering its fast
rotational rate and non-existent gravity pull. The net will wrap itself around the asteroid, with 69 PocketQubes
weighing between 116 and 180 g attached to its nodes. These will then measure crucial properties such as the
asteroid’s shape and size, its surface composition, hardness, temperature distribution, dynamics and internal
materials, with aim to characterise it in a distributed way. The team designed different elements of the mission
systems: the net itself, its Deployer, which should fit in a 27 L available volume in the Mothership, as well as the
PQs’ subsystems such as their structure, electrical power system, communications, thermal control, command
and data handling, and payload instruments. The Lander will be taken to the target asteroid with a Mothership.

USER REQUIREMENTS AND CONSTRAINTS

The assigned project objective that was attributed to the team at the beginning of this project reads as follows:
"The objective of your project is to identify, trade-off and preliminarily design possible mission profiles and
technology solutions for in-situ characterisation of the main properties (surface and internal) of very small
Near Earth Objects with size of a few meters. The mission shall be based on the Delfi-PQ platform developed
by TU Delft, but must include other elements and design trades in order to make its ambitious objectives
feasible." Top-level requirements were then derived from this project objective, dealing with several matters
such as general mission, schedule and cost requirements, system and performance requirements, as well as
requirements on safety, reliability, and sustainability of the design. Based on these user requirements, the
team developed system and subsystem requirements relevant to the chosen design. The user requirements
and constraints can be found at the beginning of this report, while the more detailed requirements, specific to
every subsystem, are present in their relevant subsystem chapters.

TRADE-OFF AND DESIGN PRESENTATION

For the reader to have a better understanding on how the team ended up with the ANTREA design, the last
trade-off conducted by the team is presented in this report. Three concepts were compared: the SINGLE, FLEX
and NET concepts. SINGLE was about deploying 125 individual PQs towards the target asteroid, with every
PQ possessing a separate deployment, landing, attachment, but also power generation and communication
system. The second concept, namely the FLEX one, consisted of a 75 m long flexible solar tape on which 40
PQs would be attached. Communication and power cables would also be connecting the PQs in a line. This
concept also came with a harpoon system that would have been shot at the asteroid’s surface, and a deployer,
which would have needed an ADCS and propulsion unit to wrap the system around the asteroid. The last NET
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concept was about 72 PQs attached at the nodes of a 12.1 m square net, with flexible solar panels placed in
between the PQs. The three concepts are shown in the following three figures:

Deployable solar panel
with Triple Junction Lt 5cm
Gahs solar cells

3cm communication
antenna

 Image sensor

Sem Communication
, and power cables

7~ Deployable
robotic arm

Microspine 4 \
grippers * v 7 1.87m flexible
solar panels with

Eight attachment
cables with hook
at the ends

X " Y N Dual Junction
Temperature Robotic arm to deploy Visual Galium Arsenide
sensor temperature sensor spectrometer solar cell

“
Microspine gripper
attachment

Figure 2: FLEX: PQ with attachments, payloads Figure 3: NET: Net wrapping around asteroid

Figure 1: SINGLE: PQ with individual and solar tape shown. after deployment.

attachment, power, and communication shown.
The trade-off criteria used were the following: performance, feasibility, risk, innovation, and sustainability.
Most of them also had sub-criteria, to assess every possible relevant aspect of every design. Moreover, an
Analytic Hierarchy Process (AHP) was conducted with the project’s tutor, the customer, the two team’s coaches,
and the team members, to yield criteria weights that would reflect the member’s point of view on the criteria’s
importance with respect to other criteria. A sensitivity analysis was conducted on the trade-off’s results, but
the final result did not change, showing the robustness of the trade-off. The winner was the NET concept,
which was renamed to ANTREA and which entered the detailed design phase. ANTREA is the abbreviation of
Advanced Net To Rescue Earth from Asteroids, as well as one of the oldest fishing nets found in the village of
Antrea, which was then part of Finland [1]. This winning concept was adapted and optimised, to yield a system
of 69 PQs, attached on the nodes of a 15 m square net, with 4 weights attached at each corner for deployment
purposes. The solar tape idea was discarded and individual solar panels were preferred. All user requirements
were deemed to be met with this design.

MARKET ANALYSIS

A market analysis was performed on the ANTREA design, by analysing multiple elements relating to the impact
it would have if it were put on the market nowadays. It was found that aspects of the project in which potential
customers might be interested in were: the PQ technology, particular subsystems such as the net, deployer,
landing principle or structure, properties of the target asteroid, and the autonomous nature of the design.
Potential applications of the system were studied, which included for instance using the net to remove space
debris, using the deployment for a solar sail, asteroid mining, asteroid deflection, professional and amateur
astronomy applications, landing on the Moon or on another celestial body, etc. Some existing companies and
entities such as government agencies, scientists, institutes were identified as potential customers of the team’s
product or services that it could provide, and what is expected to yield of these applications or collaborations
was also assessed. Finally the barriers that might present themselves for these applications, and mitigation
strategies applicable to these barriers were defined. After doing this analysis, a market value for the system’s
main individual parts was computed, the product’s competitors were identified and a SWOT analysis on the
design was performed to present how the product would prosper on the market.

ANTREA: TECHNICAL OVERVIEW

The Systems Engineering approach that was followed during this design concerns the approach to the tech-
nical budgets and performance, and contingency management. The ANTREA system was broken down into
segments, which were themselves broken down into subsystems for mass and volume budgets. A target value
was constructed by taking the total available mass and volume from the user requirements (50 kg and 27 L
respectively) and subtracting 10% contingency on the system level. This was allocated per segments based
on preliminary subsystem sizing done by every department. As the project progressed, actual values of every
subsystem were collected and combined into the actual values for segments; they were translated into current
values in order to monitor the progress of the design and for evaluating whether volume and mass require-
ments were complied with. This resulted in the final allocation made after the final iteration.

The power budget is broken down into all subsystems which actively contribute to the power consumption.
This was iterated together with the energy capacity of the system so that the required power could be provided
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through all phases of the mission.

The system has seven operational modes (transfer, activation, data acquisition, communication, safe, End
of Life and recharge), all specified by the subsystems active in that mode and conditions for mode transition.

An N? chart was constructed, which shows the interfaces between the segments and subsystems of the
system. That technical overview was then translated into a physical external and internal layout of the PQs,
and the definition of three types of PQS: the Communication PocketQubes (CPQ), the Payload PocketQubes 1
(PPQ-1), and the Payload PocketQubes 2 (PPQ-2), which contain different instruments, display differences in
their structure and functions.

FUNCTIONAL ANALYSIS

The technical functions of the ANTREA design were analysed, through the format of a Functional Flow Diagram
(FFD) and a Functional Breakdown Structure (FBS), with aim to show how the design would technically fulfil
its mission objective. Defining the design’s functions was done hand in hand with refining the requirements,
to assess them in more detail. These diagrams also include the different modes through which the system’s
subsystem will go through to perform their individual roles. It was deemed necessary to include a function
breakdown to the following subsystems: Thermal Control, Electrical Power System, and Command and Data
handling, due to their complexity and various links with other subsystems and modes.

ASTRODYNAMIC ANALYSIS

To assess which target asteroid would be best to travel to, a Monte Carlo simulation was conducted. Asteroid
2017FU102 was chosen due to its size, close-approach distance and date with Earth, communication window
and small uncertainties in its orbit values. Knowing on which asteroid the Lander will be deployed, a launcher
selection was done, in terms of the amount of mass that would need to be taken to space, the launcher’s launch
and mission loads, launch sites and margins of accuracy. The Vega launcher was chosen, which will nominally
be launched on April 15, 2033 from Kourou, French Guiana. It will bring its payload, which will consist of the
Mothership with the Deployer and ANTREA system inside of it to a Highly Elliptical Orbit (HEO), minimising
the ¢V required. The Mothership will then be released and will travel through an interplanetary transfer to
rendezvous with the asteroid. It was decided to consider the situation where the Mothership would arrive at
the asteroid a bit in advance, to have time to look for the asteroid. This was done because all retrieved data
about the target asteroid are estimations based on the light it emits, as measured from Earth, and might not
reflect reality. More information about the asteroid could be retrieved as it approaches Earth during its close-
approach of 2036. The Rendezvous has been simplified to 4 manoeuvres, to yield optimum conditions for the
deployment of the ANTREA system on the asteroid. In order to perform this trajectory the Mothership will have
to provide a ¢V 2697 m/s

DESIGN OF THE NET

Mainly employed for landing advantages, several aspects of the mission were key to designing the net on which
the PQs will be attached. The net is deployed by ejecting bullets at a velocity of 2 m/s which entangle on the
backside of the asteroid. The net provides a structural connection as well as the distribution of power and data
cables that connect the PQs. The final design displays a 15£ 15 m square net, with a mesh of 1.25 m. It is partly
made out of Technora fiber, partly of Technora hull with two power and four data cables in it. By ejecting the
net at 2 m/s, the net velocity would be 0.79 m/s and after landing and entanglement, the four bullets will reel
in the cable to secure the net around the asteroid. This net is the first of its kind with masses, the PocketQubes,
attached at the nodes.

The deployment simulations were performed with the ADRINET software: The Toolchain for Dynamic Simu-
lation of Elastic and Deformable Net-like Structure provided by SKA-Polska. Their asteroid model was used.
After performing simulations where different deployment and asteroid position and rotation were tested for,
it was concluded that the current net design would not be deploying. The conclusions drawn can be used to
improve the design of the net and create a more feasible, reliable and efficient design.

DEPLOYER
The Deployer, which is the element that would deploy the Lander from the inside of the Mothership was de-
signed as a cube of 30 £30 £ 30 cm and 1 mm thick plates. It was proved that it could survive loads up to 10.5 g
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without bending and all launch vibrations, as its natural frequencies are at least 20 times bigger. This was cal-
culated with a 2 Degrees-of-Freedom simplified model. The roof of the box will open as a door fixed on one
side by a hinge and pushed by springs on the other. The ejection tubes consist of 4 cylinders put at an angle of
10 deg with respect to the vertical axis, in each corner of the box. The structure and the cylinders are made out
of aluminium Al-7075 T6. Inside the tubes, springs that will eject the bullets, with the help of a push plate, at an
ejection speed of 2 m/s. The springs will be compressed and released with the help of pin-pullers, the model
P10 from Tini Aeropsace’.

STRUCTURE OF PQ

The structure of the PQs was designed to be able to sustain main load events such as launching and landing
ones. The internal structure was designed as four aluminium rods that would sustain the other subsystems’
instruments by the method of stacks, which consists in superimposing PCB plates, on which the instruments
can be connected. For the external structure, it was decided to make it out of FR-4, where the thickness would
be of 2 mm all around, except on the -Z side, where it would measure 4 mm, to have enough space to screw the
four previously mentioned rods into place. Moreover, a layer of damping Sorbothane material was added on
that same side, to increase the chances of success of sustaining the landing loads.

PAYLOAD

As the main aim of this mission is filling in the knowledge gap about on Very Small Near Earth Objects, and
as most subsystem’s designs were directly influenced by it, the payload subsystem was evaluated with a high
level of detail. To measure the desired asteroid characteristics as mentioned by the user requirements, several
kinds of scientific payload will be taken on-board. These include three temperature sensors that will measure
the asteroid’s surface temperature, four image sensors, with two being monochrome image sensors, one being
a colour one and the last one a near infrared one. One of the monochrome image sensors will be placed on the
-Z face of the PQs to determine the asteroid’s shape and size during landing. The other image sensors will be
used to analyse the surface composition and roughness of the asteroid. An Inertial Measurement Unit (IMU)
will also be present in the PQs, to measure the asteroid’s hardness, in combination with the data retrieved from
the other monochrome image sensor. Other needed instruments were a mass spectrometer to determine the
surface composition, a transceiver and an antenna to perform radio science, with aim to provide tomography
of the asteroid. Finally, specific mechanisms were designed, for some of the scientific instruments to work.
For the radio experiment, the antenna is made out of tape measure and will be stowed with a wire which is cut
by a wire cutter to deploy it. The image sensors and mass spectrometer will be attached to the outside and held
within their operating temperature range with the use of heating wires. The mechanism for the temperature
sensors consists of two hinge points with torsional springs and two arms of which the second one contains a
kink to put the temperature sensor inside the PQ when in stowed position. It is stowed by a wire which will be
cut by a wire cutter. The torsional springs will then deploy the mechanism. The total science data amounts to
(uncompressed) 54.490 Gb.

COMMUNICATION
For communication purposes, some of the PQs were designed to be able to communicate with Earth (CPQ),
whilst others were only designed to communicate between themselves. A maximum of 3 CPQs were designed
to be active at the same time. They will possess a microstrip antenna attached on their +Z surface. The previ-
ously mentioned data volume of 54.490 Gb was rounded to 55 Gb and a compression rate of 10 without losses
was applied to it, yielding an amount of transmitted data of 5.5 Gb.
To communicate this data to Earth with a reliability of 2 (97.5%), the system had to be designed for a 17.85 h
communication time window, which would start at a distance of 1.458 million km.

In terms of the ground station, the NASA DSN with the 34 m Beam Wave Guided (BWG) antennas will be
used, with a frequency of operation of 2200 Mhz. The modulation method will make use of Gaussian Minimum
Shift Keying (GMSK) with similar performance as the Binary Phase Shift Keying (BPSK).

Thttps://tiniaerospace.com/products/space-pinpuller/ [accessed on 19/06/2019]
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ELECTRICAL POWER SYSTEM

Triangular Advanced Solar Cells (TASC) were chosen as they offer the most desirable characteristics for its cell
area and mass. Solar cells are placed on the +Z side of every PPQ and none of the CPQ. Six solar cells are fitted
on the 5£5 cm area on the +Z side consisting of the solar panel. The solar panel consists of two solar cells
connected in series and three pairs connected in parallel. They generate a power of 0.11946 W per PPQ with a
mass of 1.4094 g per PPQ.

Each PQ has two 0.33 Ah prismatic Li-Ion batteries each 23 g stacked on top of one another and are connected
in parallel to supply power for the entire mission. In the bullets, there are three Sony/Murata US18650VTC5A
batteries of 2600 mAh each that supply the power required for the communication phase.

Maximum Power Point Trackers (MPPT) were used on each pair of solar cell to maximise the power generated
by the solar cells and regulating the charging voltage for the batteries; these are bq25505 from Texas Instru-
ments. The bus is unregulated due to size constraints and therefore, there is a voltage regulator for the payload.
The voltage regulator that was chosen was LT8335 which is a DC-DC boost converter that converts the voltage
from 3.7 V to 3.6-5.7 V. Finally, the power cable is sized to be 0.41 mm in diameter and the current capacity
is 0.45 A. The bus voltage is boosted by a DC-DC boost converter L'T8335 by Linear Technology to reduce the
power losses in the cable.

THERMAL CONTROL

A thermal control subsystem was essential to implement. It makes sure that the heat experienced by the PQ due
to direct solar flux, the asteroid’s solar reflection due to albedo, infrared radiation of the asteroid and heat flux
input from spacecraft components, was neutralised and controlled. The most restricting temperature range
amongst the PQs’ instruments was of the batteries, which have a storage temperature between -20 and 60
degrees. It was assumed that the Mothership would provide thermal control for the system before deployment.
Consequently, only the landing, performance of the measurements, and communication phases were looked
at for the PQs’ thermal control. PQs carrying payload instruments, two layers of insulation made out of Kapton
were added. For the communications PQs, only one insulation layer was implemented, made out of Kapton
and a black layer. Concerning the bullets, it was determined that the added passive thermal control was enough
for them to stay within their temperature ranges. It was found that the PQs and bullets stay within their given
temperature ranges, and that during specific moments (for example recharging of the batteries) the thermal
control is in the proper temperature range to make this happen.

COMMAND AND DATA HANDLING

The Command and Data Handling subsystem acts as the brain and nervous system of the Lander. Main func-
tions of this subsystem include: sending commands, processing external commands, sending and processing
data, performing telemetry, fault detection, mode selection and transition, time keeping and data storage. Pre-
liminary data handling architecture, software and hardware functional analyses have been constructed, de-
tailing some crucial specifications. For data handling, Serial Peripheral Interface (SPI) data bus was chosen,
for which internal communications (between subsystems on the PQ) will have independent slave configura-
tion, with the Microcontroller Unit (MCU) acting as the master, and external communications (between the
PQs) will have a daisy chain configuration, with MCU units on selected PQs acting as a master, and the MCUs
in their proximity acting as slaves. The hardware consists of four elements: a Texas Instruments radiation-
hardened MCU (microcontroller unit), with a maximum clock frequency of 16 MHz, Intelligent Digital Periph-
erals with 32-Bit Hardware Multiplier (MPY), up to 64 kB of Nonvolatile Memory (FRAM) and very low power
usage (0.005 mW), a 3D Plus radiation hardened NAND FLASH of 8 Gb radiation hardened memory module, a
cable harness and a PCB.

SPACECRAFT OPERATIONS

The ANTREA system will be operated by the ESA European Space Operations Centre (ESOC). In general, the
system was designed to be autonomous, however a health downlink and command uplink once a day is a
possibility. It was decided that the project would be managed by the project manager, and that the spacecraft
operations manager would be in charge of operations. Scientific instruments will have Principal Investigators
(PIs) who will be in charge of instrument design, calibration, operation, and verification. PIs and engineers will
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determine a science plan and alter it in case any anomalies occur. The contract will be established with NASA’s
Deep Space Network (DSN) to get the previously mentioned 28.5 h main science downlink window. After data
has been sorted in useful formats, it will be made accessible to the scientific community via the ESA Planetary
Science public.

SENSITIVITY ANALYSIS

A sensitivity analysis was performed on the ANTREA system to assess the robustness of the design. All the
unknown parameters and assumptions were investigated, and their effects on the design’s subsystems and
general functioning was assessed. The conclusion of this sensitivity analysis is that most subsystems were
deemed to be insensitive to changes in system parameters. The thermal control subsystem present in the
CPQs however, was found to be sensitive even to small changes. In contrast, the thermal control of the PPQs is
insensitive to changes.

PERFORMANCE ANALYSIS

A performance analysis was also conducted, to assess the qualities and defects of the ANTREA design. In terms
of the deployment performances, simulations showed that the chosen deployment speed and angle were insuf-
ficient for successful deployment of the net. It was proved however, that the Deployer’s structure can effectively
sustain all launch loads and natural frequencies, as specified by the Vega User’s Manual [2].

Concerning the performance of the scientific payload, it was proven that the operation of the ANTREA sys-
tem would yield in successful scientific measurements of the asteroid’s characteristics, on the condition that all
other subsystem and mission elements work correctly. These conditions concern the successful deployment
of the net, the survival of the PQs to landing loads and to environmental conditions present in space, as well as
the correct switching into operational modes.

The communication subsystem was designed to be operational for communication between the PQs them-
selves through radio communication, and from the master CPQs to Earth for the transfer of scientific data.

In terms of the command and data handling subsystem, the defined operational modes proved that the
system can work autonomously for the duration of the system’s operation on the asteroid’s surface, by the de-
sign of a highly redundant subsystem.

Finally, concerning the assessment of the ANTREA design as a lander, it was proven that the design of a net
was the best option for optimal attachment and wrapping of the system around the asteroid, as well as for the
spreading of the PQs on the asteroid’s surface i na distributed way. However, more research should be done
on the subject of the survival of the PQs to launch loads, as many uncertainties are present in terms of the as-
teroid’s surface composition, and thus the nature of the shock that would be present between the PQs and the
surface, and the possibility of a surface spike to pierce through the PQs’ walls. The damage that could be done
to the internal elements of the PQs was not assessed, which can also have a direct influence on the thickness
of the structure’s walls that would be required to protect it. In terms of thermal control, the passive system
that was designed was proven to yield successful survival of the PQs, by keeping their elements within their
required temperature range, however the CPQs’ thermal control was found to be quite sensitive to changes in
other subsystems, which might directly reduce their performance.

RISK ANALYSIS

All risks linked to the design were assessed, relating them in particular to the mission phases (rendezvous,
deployment, approach, landing and attachment) and to the subsystems. A risk map was constructed, assessing
the probability and severity of every risk, with the most catastrophic ones being for instance entanglement of
the net, or failure in the deployment of the net, after which the scientific measurements could not even be done
as the net would not land on the asteroid. A risk mitigation plan was set up, to find mitigation strategies for the
most probable and most severe risks that were found. From this, it was concluded that all risks except one (L3)
were put into the lower left diagonal of the posterior risk map, thus successfully mitigating those events.

RAMS

The Reliability, Availability, Maintainability, and Safety of the design were assessed and the following conclu-
sions were drawn: in order to meet the reliability requirement, extensive testing and iterating the design was
found to be the best strategy to adopt, especially considering the unfamiliar and demanding environmental
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conditions that the system will operate in during these mission phases. In terms of redundancy, a redundancy
philosophy was applied to the design, at system and subsystem levels, compensating for the risk of some PQs
being destroyed during landing, as well as for single points of failures in the PQs’ subsystems. Safety and relia-
bility are achieved through: fault avoidance, fault removal, fault tolerances, fault detection and diagnosis and
automatic supervision. A FMFEA or FMECA has to performed to achieve this.

SUSTAINABILITY

Sustainability was defined in the context of this project as the philosophy of designing a product whose envi-
ronmental impact would be minimised. Being a leading criterion for customers on the aerospace market, it
was all the more necessary to define a sustainability approach, as well as a sustainable development strategy
of the team’s product and its contribution to sustainability. This sustainability strategy was detailed for every
phase of the space mission, taking for instance into account the use of remains of solar cells instead of produc-
ing new ones, or the use of sustainable machining and fabrication techniques, prioritising Commercially Off
The Shelf (COTS) components in the the system’s design, and analysing the risks that the system possesses in
terms of sustainability, as well as mitigating those risks and taking them into account during the design phase.

PRODUCTION PLAN

A production plan was made to assess in more detail what actions and which methods would have to be used
to produce the team’s design. The production constraints present are the Lithium-ion batteries and the solar
panels. They need to be handled with care and stored in facilities that can cope with these materials. Fur-
thermore, it consist of manufacturing the components, then the elements, after which multiple elements are
connect to each other into subsystems. All subsystems assembled together into one system: ANTREA. Between
every step, verification is done to make sure the component is as desired (within the error limits).

COST ANALYSIS

The cost is split over two parts, building the ANTREA (hardware and software) and testing of all parts. As it
is still early in the design phase of ANTREA, the cost is still a rough estimated. The cost of labour is the most
consuming, as it takes up around 3.5 million USD. The aim of miniaturising is to achieve scientific goals for a
cheaper price. The average price of a PQ is 3575 USD, so this is quite cheap. As it is still a new technology, high
cost are related to testing. The overall cost of the ANTREA will be around 5.5 Million.

VALIDATION OF DESIGN

A traceability matrix of all user requirements was elaborated, and the compliance of the design to these re-
quirements was assessed. Explanations for meeting the requirements or failing to comply were provided. The
validation analysis concludes that ANTREA cannot be deemed a valid design as two user requirements are not
met. Nonetheless, the design does possess a number of advantages that could not be foreseen by the customer,
such as a mass of more than 50 % below the limit.

PROJECT DESIGN AND DEVELOPMENT LOGIC

Placing the team’s project in the context of a real mission, the phases that would follow the preliminary design
presented in this report were assessed. The logical orders of activities performed during the DSE working hours
were summarised and the next phases of the design’s life cycle from iterating the design in more detail, testing
it, qualifying it, producing it, using it and disposing of it were assessed. These actions were also translated to a
Gantt chart, through which a timeline was elaborated.

CONCLUSION

The purpose of this project and of the Defend Our Territory mission as a whole was to design an asteroid
sensing network of PocketQubes to characterise a very small near Earth Asteroid. By performing trade-offs
and extensive simulations and research, the team came up with the ANTREA design (Advanced Net To Rescue
Earth from Asteroids). This design consists ofa 15x15 m net, which possesses PocketQubes (PQs) attached at
its nodes. The main reason for choosing a net as the team’s final design is directly linked to the higher chances
that the design possesses in terms of landing and attaching the system on the asteroid’s surfaces, as well as to
evenly distribute the 69 PQs around it. With this design, all eight asteroid characteristics that were required to
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be investigated by the team’s customer can be investigated by ANTREA. The very small near Earth asteroid that
will be investigated is the 2017FU102, and the team is confident that the scientific data retrieved from it during
the DOT mission, can help in improve nowadays’ asteroid models made from Earth observations, and thus
better protect planet Earth from a future potential asteroid crash, hence defending our territory to a greater
extent.

RECOMMENDATIONS

Recommendations for future work are indicated at the end of this report. They focus on both the managerial
and technical aspect of this project, mainly focusing on team organisation and system engineering methods,
but also on ANTREA’s different elements and subsystems such as the astrodynamic analysis, the design of the
net, Deployer, structure, and mechanisms of the PQ, the choice of payload instruments, communication, elec-
trical power system, thermal control, command and data handling, and cost of the system as a whole.

CHANGE LOG

* Improved List of Abbreviations and List of Symbols.

* The Executive Overview was updated.

e chapter 4: Updated the Market Segmentation table by removing completely unfeasible applications and
being more specific on its application.

e chapter 5: Updated budgets sections- updated versions of mass, volume and power budget tables, up-
dated graphs.

 chapter 6: The FFD and FBS and the corresponding chapter were made more clear.

e chapter 8: Updated attachment subsection and simulations on net deployment and asteroid attachment.

e chapter 9: Calculations and renders were added.

e chapter 10: Updated section concerning the mechanisms.

e chapter 11: Updated payload chapter and the total data volume.

e chapter 12: Overview subsection removed, link budget table added.

e chapter 13: Updated reasoning on values such as Depth of Discharge and why there is one solar panel
only on the +Z side and none on the CPQs. Added images on some of the COTS components selected.

e chapter 14: The assumption about conduction of the asteroid is explained in more detail.

e chapter 15: Updated Software Design section- updated version of the software block diagram, removed
state diagram. Updated Hardware Design section: updated version of the table with components, added
component depiction.

e chapter 17: The verification of the calculations was updated.

e chapter 18: Increased the amount of numerical values in the sensitivity analysis.

e chapter 19: Updated values detailing subsystems’ performances in the Performance analysis.

 chapter 20: Updated explanations of the risks connected to the Deployment.

e chapter 21: The RAMS was rewritten to meet standards.

e chapter 22: Updated Sustainability according to the Market Analysis changes .

e chapter 24: The hardware cost is explained in more detail, the testing cost was updated.

e chapter 25: Updated chapter introduction, updated Feasibility Analysis section.

e chapter 26: New redefinition of the length of project phases.

e chapter 28: Recommendations were updated.
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LIST OF ABBREVIATIONS

Abbreviation  Property Abbreviation  Property

1P 1 unit PocketQube MCU Micro Controller Unit

a Risk: weight assigned to severity MCR Mission Close-out Review

ADCS Attitude Determination and Control System MDR Mission Design Review

ADR Active Debris Removal MISO Master In Slave Out

AHP Analytical Hierarchy Process MOSI Master Out Slave In

AIV/T Assembly, Integration, Verification and Testing MPPT Maximum Power Point Tracking
AMO Air Mass Coefficient n.a. not available

ANTREA Advanced Net To Rescue Earth from Asteroids NASA National Aeronautics and Space Administration
AR Acceptance Review OBC On-Board Computer

AU Astronomical Unit OCC Operations Contol Centre

b Risk: weight assigned to probability ORR Operational Readiness Review
BLDC Brush-less Direct Current PCB Printed Circuit Board

BPSK Binary Phase Shift Keying PHA Potential Hazardous Asteroid

BWG Beam Wave Guided PI Principal Investigator

C3 Characteristic energy PPQ Scientific payload-carrying PocketQube
C&DH Command and Data Handling PPQ-1 PocketQube type 1

CDR Critical Design Review PPQ-2 PocketQube type 2

CFD Communication Flow Diagram PQ PocketQube

COMMS Communication subsystem PST Planetary Science Archive

COSPAR Committee On Space Research PTFE Polyetrafluoroethylene

COTS Commercial Off The Shelf QM Qualification Model

CPQ Communications PocketQube QPSK Quadrature Phase Shift Keying
CPU Central Processing Unit QR Qualification Review

CRR Commissioning Result Review RAMS Reliability, Availability, Maintainability and Safety
CSG Guiana Space Centre RCP Right Circular Polarised

DC Direct Current RDV Rendezvous

DDS Data Distribution System RF Radio Frequency

DoD Depth of Discharge RTC Real Time Clock

DOF Degrees of Freedom RVB Rendezvous Burn

DOT Design Option Tree S/C Spacecraft

DSE Design Synthesis Exercise SCLK Serial Clock

DSN Deep Space Network SMAD Space Mission Analysis and Design
ECA European Chemicals Agency S3R Sequential Switching Shunt Regulator
EIRP Effective Isotropic Radiated Power SNR Signal-to-Nose Ratio

EM Engineering Model SOI Sphere of Influence

EOL End of Life SOM Spacecraft Operations Manager
EPS Electrical Power System SPI Serial Peripheral Interface

ESA European Space Agency SRR System Requirements Review

ESC Electronic Speed Control SS Slave Select

ESOC European Space Operations Centre STM Structural and Thermal Model
ESTRACK European Space Tracking SWOT Strengths, Weaknesses, Opportunities and Threats
FBS Functional Breakdown Structure TASC Triangular Advanced Solar Cells
FDIR Failure Detection, Isolation and Recovery TBD To Be Determined

FEM Finite Element Method TOI Transfer Orbit Injection

FFD Functional Flow Diagram TRL Technology Readiness Level

FM Flight Model TT&C Telemetry, Tracking and Command
FMEA Failure Mode and Effective Analysis TU Technical University

FMECA Failure Mode, Effect and Critical Analysis UAV Unmanned Aerial Vehicle

FRAM Ferroelectric Random Access Memory UHF Ultra High Frequency

FRR Flight Readiness Review

GEO Geosynchronous Equatorial Orbit | |

GMAT General Mission Analysis Tool LIST OF SYM BOLS

GMRT Giant Metrewave Radio Telescope

GMSK Gaussian Minimum Shift Keying

GNC Guidance, Navigation, and Control Symbol _ Unit Property

GTO Geostationary Transfer Orbit = - — -
HEO Highly Elliptical Orbit f! [K 1] Res1st1v1.ty temperature coefficient
HMPE High Modulus-Polyethylene fi -] Absorpt.lon

HM-HT High Modulus-Tenacity - [mm]  Elongation

IARC International Agency for Research on Cancer eQ 1] Supplied heat .

IMU Inertial Measurement Unit ¢eT [°C] Temp‘erature difference

IR Infrared ¢V [m/s] Ve19c1Fy' change

ISIS Innovative Solutions In Space T (-] Em%ss%v}ty .

ITU International Telecommunication Union Tast Ll Emlss_mty _Of aste.r oid

JAXA Japan Aerospace Exploration Agency tert [F/m]  Effective dielectric constant

JPL Jet Propulsion Laboratory tr [F/m]  Dielectric constant

LCC Lightbridge Communications Corporation : -] Transmission efficiency

LCP Left Circular Polarised e -] Efficiency of the solar cells

LEO Low Earth Orbit I [-] Line loss

LIDAR Light Detection And Ranging “tot lil Total Efficiency

LRR Launch Readiness Review

LRR End of Life Readiness Review
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Symbol Unit Property Symbol Unit Property
[deg] Ejection angle m [kg/s] Mass flow
a [°] Incidence angle solar flux on solar cells m kgl Mass
. [m] Wavelength M [Nm] Moment
% lg/cm3] Density M [g/mol] Molar mass
% [>m] Electrical resistivity mpQ kgl PQ mass
% [>£m] Resistivity of material at 20 °C n [mol] Number of moles
%cable [>£m] Resistivity of cable N [-] Amount
[W/m2K*]  Stefan-Boltzmann constant Nppo [-] Number of PPQs being used
-] Standard deviation Ntot [-] Total amount of PQs being used
[MPa] Stress Pdiss [W] Power dissipation
al [MPa] Yield stress aluminium Pelec [W] Electrical power
critical [MPa] Critical buckling stress PeoL [W] End of Life power
§ (-1 Summation Pin W] Input power
! [rad/s] Rotational speed Pload W] Average power Required by the load
1 [N/m] Distributed load Ploss [W] Power loss
a [m/s2] Acceleration Pmech W] Mechanical power
a (-] Albedo Psun [W] Luminosity of the Sun
A (m2] Cross-section Q [mm?3) First moment of area
Al (m?] Area Q (W] Heat flux
Aast lil Albedo of asteroid Qenv (W] Absorbed environmental heat
aast [AU] Semi-major axis of asteroid Qinsulation (W] Heat-flux through insulation layer
Agsteroid (m?] Area exposed to indirect solar flux r [m] Radius
AR (m?] Area of PQ that receives IR radiation r [-] Ratio
Aout [m?] Area of PQ that emits heat R [J/molK]  Gas constant
Asa [m?] Solar panel area R W] Power loss
Asc [m?] Area solar cell R [m] Distance
Asun [m?] Area of PQ that receives sunlight R [>] Electrical resistance
b [m] Wall length Reable (>] Resistance of cable
c [Ah] Required rated battery capacit Rdata [bits/s] Datarate
Yy capacity .
Cactual [Ah] Actual required battery capacity Rsun [m] ) Radius of 'the Sun
Creq (Wh] Total required battery capacity S (W/m*] F }ux density
C (-] Constant S (m] ) Sld(?
c [3/K] Specific heat capacity Sasteroid W/ m2] Indirect solar flux
d (m] Distance SIR [W/m=] Flux density due to infrared radiation
d [m] Asteroid-Sun distance Tast K] Mean temperature of asteroid
D (%] Degradation of solar cells per year to [s] Nominal batter}f dischargfe time
d reel [m] Reel-in distance tD jactual [s] Actual battery dlscharge time
Dw (m] Worst case asteroid-Sun distance top (h] Operational time before recharging
E [MPa] Young’s Modulus Tsubjsolar K] Sub-solar temperature of the asteroid
E (Wh] Energy T [N] Thrust
Ep/No [dB] Energy per bit to Noise Ratio T [°C] Temperature
Ebullets (Wh] Energy stored by batteries in the bullets T (Nm] Tgrque
= (1 Kinetic energy t [s] Time
Es ] Potential energy t [mm] Thickness
F [N] Force Tt [s] Total rotational period of asteroid
f -] Packing factor Te [s] Time spent in eclipse
f (-] Maximum deployment fraction tabs [s] Absorption time for damping
f [Hz] Frequency Tasteroid [K] Temperature of the asteroid
Fe [-] Factor of %PPQs in eclipse Tatm K] Atmospheric temperature
Fload [N] Design landing load Tsun K] Temperature of the Sun
Jgo [m/s?] Standard gravity u [-] Insulation factor
G/IT [dB] Gain over system noise temperature A V] Voltage
h (m] Height \ [m/s] Velocity
I (mm*] Moment of Inertia A [N] Shear. force
| [Ns] Impulse v [(m/s] VelOCIT}f
lactual (Al Actual discharge current of battery v [mm] Deflection )
lcable [A] Current carried by cable Vbullet vVl Voltage across battery in bullet
lg [-] Inherent degradation Veell V] Voltage across battery in PQ
leoL W /m?] EOL irradiance received by solar cells Vioad vVl Loaq voltage ‘
| (A] Maximum power point current Vimp V] Maximum power point voltage
mp
Is W /m?] Average solar intensity received on Earth VPQ (m/s] Approach speed PQs
o . w [m] Width
Isp [s] Specific impulse )
k lil Peukert’s constant XO (m] C9mpressed distance ) ,
k [N/m] Spring stiffness y [m] Distance from neutral line to area A’
L (m] Length
L [years] Life time Lander
| [m] Cable length
Lo W] Solar luminosity
Ly [-] Time dependent degradation loss
Lrsp [dB] Free space loss
Lt [dB] Total propagation losses

xii
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PROJECT SORIGINS, DESCRIPTION, AND POTENTIAL

1
INTRODUCTION

Miniaturisation enables a new amazement in space, which is not led by the largest, most complex and powerful
rockets nor the ambitions of superpowers determined to demonstrate their in uence. This very new excite-
ment stems from a cheaper access to space that humanity has been striving for for so long. The ideas naturally
converged into smaller satellites and designs, where not big but smart matters. PocketQubes are driving this
development to a new peak, empowering missions like Defend Our Territory to perform important and pos-
sibly life-saving science in combination with technology demonstration. The miniaturisation of sensors can
open new worlds of applications and the DOT team is keen on presenting and manifesting its power.

The aim of the DOT mission is to design an asteroid sensing network of PocketQubes to characterise a very
small near Earth asteroid. Asteroids are of great value for scienti ¢ purposes, as they can be considered as the
building blocks of life on our planets and therefore provide valuable insight on the origin of our solar system
and its evolution. They are observed by remote instruments such as telescopes, however, the data are found
to be inaccurate, especially for small asteroids. In the Rosetta ' and Hayabusa 27 missions, the characteristics
turned out to be quite different than what was expected from the telescope data. It is thus of utmost impor-
tance to be able to improve today's asteroid characterisation methods, in order to reduce uncertainties that
might occur during future space missions. Determining asteroids' characteristics with high accuracy is also
key to the creation of de ection procedures to defend the Earth from potential asteroid impacts. A Mission
Need Statement was thus drafted as follows: "The mission shall Il in the knowledge gap on Very Small Near
Earth Objects in order to defend our territory". The target asteroid 2017 FU102 was chosen, and as it is very
small, the PocketQube technology is an incredibly useful technology for the mission. The asteroid's close ap-
proach to Earth is expected to take place around April 3 "? of 2036. If for some reason the asteroid is deemed an
unacceptable target in the upcoming years, asteroid 2014 HB177 with a close approach date of May 6 " of 2034
can serve as a backup.

The current phase of the project started with the detailed design of the chosen Lander concept: a net with
PQ sensors attached at its nodes. The design was named ANTREA: Advanced Net To Rescue Earth from Aster-
oids. In order to do comply with this ambitious namesake aim, multiple iterations have been performed on the
design's budgets. Great focus was also put on the detail of the subsystem's design.

This report is structured into four parts. In the rst part "Project's Origins, Description and Potential”, the user
requirements are established. Also, the trade-off that led to the nal ANTREA design (chapter 3), as well as
the design's Market Analysis (chapter 4) are present. Part Il "Detailed Technical Design" contains the technical
overview (chapter 5, functional analysis of the system and astrodynamic analysis of the space mission. Addi-
tionally, the subsystem design of the Net, Deployer, Structure of the PQs, Payload, Communication, Electrical
Power System (EPS), Thermal Control and Command and Data Handling (C&DH) are detailed in chapter 8 to
chapter 15. Finally it contains the Spacecraft Operations and Veri cation of the design calculations. In part Il
"Design Evaluation”, the sensitivity, performance and risk analyses are described. Furthermore, the Reliability,
Availability, Maintainability, and Safety (RAMS) (chapter 21), the design's sustainability approach (chapter 22),
the production plan (chapter 23), cost analysis chapter 24) and validation of the design (chapter 25) are elabo-
rated on. Finally, part IV "Future of the Project" contains the Project Design Development Logic, the conclusion
of this report (chapter 27) and the recommendations for future work (chapter 28).

Ihttp://sci.esa.int/rosetta/  [Accessed 2 May 2019]
2http://www.hayabusa2.jaxa.jp/en/ [Accessed 2 May 2019]



2

USERREQUIREMENTS AND CONSTRAINTS

This chapter will summarise the User Requirements and constraints that drove the ANTREA design. Most of
the User Requirements became top level requirements, however some of them like mass and volume ones were
placed at a lower level. The identi er scheme that was used is based on abbreviations denoting different cate-
gories and numbering for different requirements within the same category. The meaning of the abbreviations
is as follows (note: sometimes combinations of abbreviations and numbers where shortened into a new ab-
breviation). DOT: Defend Our Territory, AST: requirements on the asteroid type, COST: requirements on the
cost of the lander, SCH: requirements on the schedule of the mission, DUR: requirements on the length of the
mission, SAF: requirements on environmental safety, LAN: requirements on the lander, MS: Requirements on
the Mothership, MD: requirements on the deployment system, PQ: requirements on the PocketQubes, SC: Re-
quirements on the sensors and distributed measurements and MOD: Requirements on the adaptability of the
system. The rationales for the requirements are written in italic after each requirement.

DOT-AST-1:

DOT-AST-2:
DOT-COST-1:

DOT-SCH-1:

DOT-DUR-1:

DOT-SAF-1:

DOT-LAN:

DOT-LAN-MS :

DOT-LAN-MS-3:

DOT-LAN-MS-4 :

DOT-LAN-MS-5:

DOT-LAN-MS-6:

DOT-LAN-MD :

DOT-LAN-MD-1:

DOT-LAN-MD-3::
DOT-LAN-MD-4 :
DOT-LAN-PQ-1:

The minimum orbital intersection distance of the asteroid with the Earth shall be less
than 0.05 AU. This is an adapted version of the user requirement that states that we have
to land on a PHA, as the minimum size of PHAs, 140 m, would be inconsistentwith DOT-
AST-2.

The asteroid shall have a diameter no more than 20 m.  User requirement.

Development, production, and testing costs of the Lander System shall not exceed 4 M
USD. User requirement.

The mission shall be operative on the target asteroid before 2040. User requirement.
The instruments shall be able to provide data for no less than 1 month. User require-
ment. This is the minimum time needed to allow for suf ciently valuable scienti ¢ data

to be obtained.

The materials used for the production of the spacecraft shall not be hazardous to the
environment. User requirement.

The mission shall be performed by a Lander System. Based on the user requirement that
the measurements have to be taken on the surface of the asteroid.

The Lander System shall be delivered to the asteroid by a Mothership spacecraft.  This
speci es that the Lander does not have to perform the whole transfer autonomously.

The Mothership shall perform a RDV manoeuvre at the asteroid. It needs to match the
asteroid's velocity and perform some manoeuvres to take pictures from multiple sides.
The Mothership shall provide the Lander System <TBD> W of power during transit. ~ This
is just to keep the Lander turned on, but in low-power mode.

The Mothership shall provide the Lander System <TBD> W of power during the <TBD> hours
preceding the deployment. This is to charge the Lander's batteries before deployment
start turning on its subsystems.

The Mothership shall provide a communication link between the Lander System and
Earth. This is to upload information to the Lander before deployment.

The Lander System shall be composed of a Deployer and a Network of PQs called Lan-
der. De nition used in this requirement list.

The Deployer shall sustain the loads at all mission phases. This mostly means it has to
survive launch loads.

The mass of the Lander System shall not exceed 50 kg. User requirement.

The volume of the Lander System shall not exceed 30 £ 30£ 30 cm®. User requirement.
The PQs shall sustain the loads at every phase of the mission with a reliability rate of
80 % or higher. User requirement.



DOT-LAN-PQ-SC-1.1: The PQ network shall measure the shape and size of the asteroid with an accuracy of
<TBD>%.

DOT-LAN-PQ-SC-1.2: The PQ network shall measure the surface composition and its roughness with an ac-
curacy of <TBD>%.

DOT-LAN-PQ-SC-1.3: The PQ network shall measure the material properties of the asteroid with an accuracy
of <TBD>%.

DOT-LAN-PQ-SC-1.4: The PQ network shall measure the temperature distribution of the asteroid with an ac-
curacy of <TBD>%.

DOT-LAN-PQ-SC-1.5: The PQ network shall measure the asteroid dynamic motion with an accuracy of <TBD>%.

DOT-LAN-PQ-SC-1.6 : The PQ network shall measure the asteroid's surface hardness with an accuracy of <TBD>%.

DOT-LAN-PQ-SC-2: The PQs shall perform the measurements distributed around the asteroid.  The PQs need
to be distributed as much as possible over the surface of the asteroid.

DOT-MOD-1: The Lander System shall be usable with minor modi cations for other asteroids with
sizes up to 1 km. User requirement.

More speci ¢ requirements were then drafted for the ANTREA design, based on the given User Requirements
and constraints. General requirements are present below, while other more speci c to every subsystem are
described in following chapters.

DOT-SAF-2: The Lander shall comply with all COSPAR requirements applicable to category I. The
applicable COSPAR category depends on the type of asteroid.

DOT-SAF-3: The use of COTS components shall be prioritised. COTS components have lower devel-
opment and testing cost, which also makes them better for sustainability.

DOT-SAF-3.1: The COTS components shall be protected from the deep space environment.  COTS

components are usually not built for a space environment, so measures have to be taken
to ensure they still work adequately.

3

TRADE-OFF AND DESIGN PRESENTATION

The trade-off performed during the conceptual design will be shortly explained in this chapter. This is done

to gain a better understanding of how the team arrived at the design that entered the (preliminary) detailed
design phase. When starting designing a Lander for this mission, many concepts were thought of. During an
initial trade-off, seven concepts were explored, and graded based on ve criteria: performance, feasibility, risk,
sustainability and the degree of innovation. This initial trade-off resulted in three concepts to be investigated
more closely. These were the concepts SINGLE, FLEX and NET. After more research was done, a second trade-
off was performed between those three to establish which concept would enter the detailed design phase of
this project. This trade-off will be detailed below after which a concise description of the winning design will

be given.

3.1. DESIGN CONCEPTS

As mentioned above, the concepts considered were the SINGLE, FLEX and NET. There were made with the
help of a design option tree. The concepts were still left open in some aspects according to the tree. A short
description of each concept will be given below to allow for a better understanding of the trade-off. A detailed
description of the designs can be found in the Baseline Report [3].

SINGLE: The Mothership deploys 125 individual PQs, with every PQ possessing an individual deployment,
landing and attachment system. There is no physical connection between the PQs and as a result, they gen-
erate power themselves and communicate with each other via radio. The deployment mechanism can either
consist of two treadmills, that clamp and accelerate the PQs out of the Deployer, or of a classical spring sys-
tem. The attachment consists of 8 grippers mounted on the sides of each PQ, that would drop on the asteroid's
surface due to their inertia once the PQ hits the surface. After that the cables would be retracted to provide
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proper attachment. All User Requirements in terms of science can be met, except for the asteroid's roughness
and possibly surface composition measurements. The power will be provided by deployable solar cells on 4
sides of the PQs. Depending on the frequency and ground station, the achievable data rate for this design is in
the range of 12 j 52 kBit/s.

FLEX: The 40 PQs are interconnected by two cables of 75 m long, and the system is wrapped twice around the
largest expected asteroid. The PQs can transfer power and data through connection cables, on which solar tape

is mounted. The Deployer shoots a harpoon which provides the rst point of attachment for the "winding" of

the system around the asteroid. The deployer has a propulsion and ADCS unit, is ejected from the Mothership
and used to control the landing of the PQs. Each PQ possesses small hooks to attach itself to the surface once
it touches down. On the science side, 32 PQs are reserved for science and all User science Requirements can
be met. The other 8 PQs are dedicated for communication to Earth, with a downlink data rate of 74 i 1018 kBit/s.

Net: 72 PQs are connected in a square net of 12.1 m in size to ensure a good distribution of the PQs on the
asteroid. The PQs are connected by Dyneema bre, and additional copper cables enabling power transfer.
Flexible solar panels are included in the net. Each PQ has a maximum mass of 300 g. 64 PQs are used for
science, while 8 are dedicated to communications. All User Requirements in terms of science can be met.
Additionally, the downlink data rate ranks from 90 to 1218 kBit/s.

3.2. TRADE-OFF CRITERIA

To be able to evaluate all concepts in a structured and trustworthy manner, criteria were established to judge
the concepts upon. The ve main criteria on which the concepts were judged are: performance, feasibility, risk,
innovation and sustainability. Most of these main criteria have sub-criteria as well to allow for more detailed
evaluation. In the Baseline Report [3] an extensive explanation is given. Below, a short description is provided.
Not all criteria were considered of equal importance. An Analytic Hierarchy Process (AHP) was performed for
both the main criteria as well as for the sub-criteria, involving the project's tutor (counted double), customer
(counted double), coaches (counted as 1.5) and team members (counted single). The nal AHP weights can be
seen in Table A.1, present in appendix A.

Performance evaluates to what extent the concept is able to accomplish the previously de ned Mission Need
Statement. Performance consist of six sub-criteria and is mainly based on the allocated budgets. Firstly, the
payload mass relates to the mass budget available for scienti ¢ payload as a percentage of the total available
mass of 50 kg. Secondly, the available power relates to the amount of power available being enough to power
the payload. This is split over two stages: landing (stage 1) and active (stage 2), the latter is used while perform-
ing measurements on the asteroid. Thirdly, the payload volume corresponds to the volume budget available
for scienti ¢ payload as a percentage of the total volume of 27 L. Fourthly, measurement types are based on
how many of the eight asteroid characteristics can be investigated by this concept. The eight characteristics
being size, shape, surface composition, materials, roughness, hardness, temperature distribution and asteroid
dynamics. Moreover, the approach and facing of the PQ sub-criterion is based on the distribution of the PQs
over the asteroid, the amount of PQs taken on the mission and PQs landing in the correct orientation (so with
the right side up). Lastly, the amount of data evaluates the data volume that can be sent to Earth, which is
indirectly the amount of power available for communication.

Regarding feasibility there are ve sub-criteria. Every conceptis judged on the capability to achieve deploy-
ment, approach, landing, attachment and measurements. This includes the accuracy of the approach path and
the ability to control the approach, as well as the ability to determine the landing spot of the PQs, the ability of
the attachments to attach and complexity of the attachment techniques.

The risk criterion consists of two sub-criteria: severity and probability, as risk is the product of those two.
Risk was calculated with Risk £Severity?dProbability ?, where a and b are the weights of severity and prob-
ability respectively. The risk trade-off was done based on the risk map. The lowest 20% were labelled with the
best score as this could directly be derived from the User Requirement on reliability (DOT-LAND-PQ-1).

Innovation is based on how creative the design is, and if it is an new application or idea. However, it did not
have any sub-criteria.



Sustainability is a relevant topic in today's society, and was therefore part of the trade-off criteria. It has four
sub-criteria. Firstly, the use of COTS components in the concept. Secondly, the reusability or scalability of the
design, which was directly based on a User Requirement (DOT-MOD-1). Thirdly, the toxicity of the materi-
als is evaluated, this is also based on a User Requirement (DOT-SAF-1). Lastly, the ecological footprint of the
production method is judged.

3.3. RESULT AND SENSITIVITY ANALYSIS
After all concepts were judged on all criteria, the result was computed. This can be seen in Table A.1. The
colours were given scores as follows: blue was given 6, green was given 4, orange was given 1 and red was given
0. This makes the gap between acceptable and not satisfactory bigger than the gap between acceptable and
excellent as this was the desired strategy.

The sensitivity analysis that was performed on this trade-off showed that changing the scores of all colours
did yield the same nal outcome. Another sensitivity analysis was performed that changed red into orange.
This did not change the outcome of the trade-off. Finally, the weights of the main criteria (performance, feasi-
bility and risk) were switched around which did not in uence the outcome. Also the weights of the sub-criteria
were changed and yielded the same result. Thus, the sensitivity analysis showed that it can be stated that the
trade-off is robust. The design that will enter the detailed design phase is NET.

3.4. ANTREA
As this concept entered the detailed design phase, it was given a nal name: ANTREA. This has a double mean-
ing. Firstly, ANTREA is the abbreviation of "Advanced Net To Rescue Earth from Asteroids". Secondly, an Antrea
net is one of the oldest known shing nets in the world found in the village Antrea in Finland. As the team's
design is based on a net, this seemed a suitable name.

The ANTREA design consists of 69 PQs which are connected to a square shaped net of 15 £ 15 m. The PQs
are no longer homogeneous, but have different layouts due to volume restrictions. Furthermore, the amount
of PQs used for science decreased to 59. Still, all User Requirements in terms of science can be met. Also the
amount of PQs used for communication increased to 10. The power will be provided by solar cells put on the
+Z side of the two types of payload PQs (the PPQs).

4

MARKET ANALYSIS

Market analysis is a way of researching the market to determine its opportunities, threats and how clients will
react to the product/services being produced. Market analysis is required to formulate a strategy on how to
present the product/services on the market taking into account the competitors and opportunities that are
presented.

In this chapter, the market segmentation will be discussed where the different customers and companies
would be interested in a potential application of the system. Secondly, the cost of the product will be broken
down if it entered the market right now. Furthermore, the competition will be addressed to evaluate any com-
petitors and what will be done to ensure being a worthy competitor. Finally, a SWOT analysis is presented to
show the strengths, weaknesses, opportunities and threats of the product.

4.1. MARKET SEGMENTATION

It is important to differentiate the market based on what current customers need and what customers in the
future will require. In this section the Market Segmentation is clearly de ned by a table as can be seen in
Table 4.1. The rst column segments the market based on what the customer is interested in. The second
column describes a potential application of the system, this could be a speci c part of the system or the entire
system. The third column gives an example of an existing customer such as ESA or a private company. The
fourth column explains what society expects to gain out of this application. The fth column explains the
barriers that could potentially occur when implementing the application. Finally, the last column explains
how the barrier could be mitigated.
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Table 4.1: Market Segmentation Table

Potential application of
our system/services:

Example of a customer:

What we expect to get out of
this:

Barriers present for each ap-
plication:

Mitigation to the barriers

PocketQube
Technologies

tain missions instead of

launch costs for a certain mis-

costs of Cubesats

Using PocketQubes to | Government Agencies (ESA, | Advancement in miniaturisa- Expensive costs for deployment | Design PQ deployer such that it is the
perform radio experi- NASA, JAXA etc.) tion technology and advance- | compared to Cubesats same size of Cubesat deployer
ments ment in more applications for

PQs
Using constellation of | Alba Orbital, Gauss, Mini- | Many satellites can be added | Albeitlaunch costs are reduced | Design PQs with deployable solar
PocketQubes for cer- | CubesLLC to launcher which will reduce they are still close to the launch | panels that produce power compara-

ble to that of Cubesats for example in

space debris

CubeSats sion Unicorn-2 by Alba Orbital
particular U§ing ANTREA‘§ net | Government Agencies (ESA, | Clearing space debris mgking The ANTREAs net cou!d miss | Use antgnna in the caples of the net
subsystems without the PQs in the NASA, JAXA etc.) space safer for operational | the targetted space debris to track it and ensure it catches the
nodes for removing satellites space debris

ment of solar sail

Use deployer for deploy-

The Planetary Society

Allows a big solar sail to be de-
ployed of 15 m x 15 m since the
deployer is designed to deploy
anet of this size

Not many customers interested
since it is a fairly new concept

Ensure that a lot of testing is done
and promote it as being sustainable
as solar sails do not require fuel for its
propulsion

Using ANTREAS net to
attach on a small surface
on Mars used for com-
munication between the
Earth and Mars for the
rovers like Curiosity

Government Agencies (ESA,
NASA, JAXA etc.), Planetary
Resources

Increase the data rate for rovers
between Earth and Mars and
hence allowing more pictures
and data to be sent to Earth

ANTREAS net is unable to wrap
around Mars due to the sheer
size of Mars and therefore, it
might bounce and not properly

attach onto the small surface
on Mars

Modify ANTREAS net such that there
are hooks and grippers to ensure that
the net adheres to the surface without
any rebound

Properties of
the target
asteroid

for asteroid mining

Selling the data on the
properties of the asteroid
to companies that want
to know these properties

Government Agencies (ESA,
NASA, JAXA etc.), Planetary
Resources

Mining rare materials that can
be brought back to Earth and
used on Earth instead of using
Earth's resources

Not many customers interested
as it is not feasible at the mo-
ment with current technology

Advertise the accurate data on the
properties of the asteroid to drive the
research of technology to make the
mission feasible

de ect asteroids

Using the asteroids | Government Agencies (ESA,
properties to design a | NASA, JAXAetc.)
successful method to

Ensure safety on Earth in case a
PHA asteroid approaches Earth

Expensive mission costs and
would require accurate infor-
mation on the properties of the
asteroid

Prioritise funding for this particular
mission in case a PHA asteroid is ex-
pected to pass by Earth, ensure that
the data collected by ANTREA is accu-
rate enough to successfully de ectthe
asteroid

properties

Selling the data on the
properties of the asteroid
for scienti c research of
the origins of the solar
system based on these

Scientists, Max Planck Institute
for Solar System Research

A better insight on how solar
systems are formed and can in-
spire young kids to become in-
terested in science

Scientists would want more
information other than what

ANTREA is collecting and for
longer periods of time

Use more PQs with a wider variety of
payload sensors to detect more types
of data and design the mission for a
longer life-time

By analysing the mission elements of the ANTREA mission, it could be separated into 3 characteristics that
could t the needs of a certain customer. These are: PocketQube technologies, Particular subsystems, and
Properties of the target asteroid.

PocketQube technologies:

Customers may be interested in the PocketQube technology itself so the constant

miniaturisation of satellites. This can be done by performing radio experiments. Government Agencies would
be one of the leading customers and this would bene t society by the advancement of new technology. How-
ever, with every application there are certain dif culties that must be mitigated. Most dif culty involving Pock-
etQube technologies is the fact that the technology is relatively new and therefore, costs are higher to deploy
compared to CubeSats. This can be mitigated by simply designing a deployer such that it is the same size of a
Cubesat deployer and hence can easily tinside the launch vehicle.
Customers may be interested in only parts of the product, so customers would want to
buy only ANTREAS net without the PQs in the nodes. This could be for instance to catch space debris, this is a
topic many Government Agencies (NASA, ESA, JAXA etc.) are trying to tackle. An issue with this would be that
the net could miss the space debris and would end up as space debris itself. To avoid this, the net could have
antennae in the cable to allow it to be tracked and ensure that it hits the space debris.

Particular subsystems:

Properties of the asteroid:

Customers may be interested in knowing the different properties of the asteroid

accurately. This could be for asteroid mining which has been increasingly gaining popularity over the past
decade. Government Agencies would be primarily interested in such information, as well as, several private
companies such as Planetary Resources. However, there are several issues, the most prominent one being The
Outer Space Treaty which states: "Outer space is not subject to national appropriation by claim of sovereignty,
by means of use or occupation, or by any other means ". This could be mitigated by gaining the public's inter-
est and compromising with the government agencies on making an exception for asteroid mining.

Further to what has been discussed, there is an interdependent relationship between Market Analysis and Sus-
tainability. Nowadays, every mission that is being considered is taking sustainability into account and is a

Ihttp://www.unoosa.org/oosal/en/ourwork/spacelaw/treaties/introouterspacetreaty.html

[Accessed 22 June 2019]
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prime factor into deciding how a mission will be conducted. Using ANTREA' net to remove space debris is a
step in the direction for a sustainable environment. Furthermore, by sending constellation of PQs which each
has its own mission is much more ef cient and sustainable than sending individual PQs or few PQs on multiple
rockets. More of this relationship including several more concepts will be discussed in chapter 22. To conclude
the Market Segmentation, many of the potential applications described above are for current and future mis-
sions. However, many past space missions could have been designed and operated in a more ef cient manner
using the current technologies developed by ANTREA.

4.2. MARKETVALUE

The aim of miniaturising spacecraft is to make space more affordable. Therefore, the PQ will likely be put on the
market for around 15,000 USD per PQ. However, it does depend on the payload so the price can go a bit up or
down. Also, it has to be noted that the PQs currently only have limited power sources (solar panels), while when
used autonomously, deployable solar panels will have to be added and tested. However, the price of around
15,000 USD per PQ should still be possible. The net, including weights as designed during the project, without
PQs, will be put on the market for around 15,000 USD as well. Evidently, this price will change depending on
the size of the net. A deployer can currently be bought for around 80,000 USD. Thus to ensure pro t, the price
would need to be lower, around 75,000 USD.

4.3. COMPETITION

As of the writing of this report, there is no system or product that is able to land on a small asteroid to measure
its different properties in a distributed way using the PocketQube form factor. There is however, competition
on the particular subsystems, RemoveDEBRIS mission is using a net design to capture debris in space. More-
over, CubeSats present the biggest competitors when considering using PocketQube technology. Therefore,
most clients will prefer using CubeSats since they have a lower overall cost when considering launching and
developing costs. One of the leading companies in PocketQube technology is Alba Orbital and are selling a
wide variety of PQ components, as well as PQ spacecraft. Albeit, the PQs are designed to only operate in LEO
they still present competition in designing a PQ platform that lands on asteroids. Alba Orbital sells their rst
PocketQube, the Unicorn-1 for 159,000 euros for a 2p PQ and their second PQ, the Unicorn-2 for 199,000 eu-
ros for a 3p PQ?. Furthermore, GAUSS Srl is another company that could present competition since they are
designing CubeSat and PocketQube deployers. °

4.4, SWOT ANALYSIS
A SWOT analysis summarises the product in four categories, namely: Strengths, Weaknesses, Opportunities
and Threats. The SWOT analysis is shown in Table 4.2, it is important to identify these categories as it will

present how the product would prosper on the market. These characteristics are correlated with what was
documented during the market segmentation.

Table 4.2: SWOT analysis

External

Strengths

Weakness

- Uses nanotechnology, low mass and volume for launcher

- Modi able to be used for bigger target asteroids and other celestial bodies
- Unmanned mission

- Autonomous communication system

- Modular so more units can be added together

- Limited data measured

- Payload limited from low available power, mass and volume
- Lack of missions involving PocketQubes

- Lack of asteroid landing missions

Internal

Opportunity

Threat

- Useful for scienti c and research purposes

- Can be useful for space debris application when modi ed

- Can be used for constellations of satellites for communication or Earth observation

- Can be used for military purposes such as surveillance or espionage

- Useful information from the properties of asteroids can be used for asteroid mining companies

- Failure of mission due to the fact thatitis the rst of its kind
because of its TLR level

- Funding and schedule delays from the customer

- Budget cuts

- Competitors entering the market

2http://www.albaorbital.com/

[Accessed 22 June 2019]

Shitps://www.gaussteam.com/ [Accessed 22 June 2019]




DETAILED TECHNICAL DESIGN

5
ANTREA: TECHNICAL OVERVIEW

In the following chapter, outlines the most crucial technical data of ANTREA. Itis intended to present the reader
with a sort of overview of the system from the technical side. The chapter is opened by section 5.1, which gives a
general systems engineering strategy that was used to manage the technical development of the project, which
itself consists of Technical Budgets Approach (subsection 5.1.1), Contingency Management (subsection 5.1.3)
and Technical Performance Management (subsection 5.1.2). What follows are the resulting Technical Budgets:
Mass (section 5.2), Volume (section 5.3) and Power (section 5.4). This is followed by the explanation of system's
operational modes (section 5.5), the N 2 chart of the system (section 5.6) and, nally, the presentation of the
internal and external layout of the system's segments section 5.7.

5.1. SYSTEMSENGINEERING APPROACH

A correct implementation of systems engineering methods is a crucial element of system design. It is those
methods that ensure a smooth integration of all the subsystems and allow for a controlled evolution of the
design, that is for instance making sure that the maximum allowable values for mass and volume are not ex-
ceeded. The importance of systems engineering manifests itself especially if the system design is a concurrent
engineering process: many subsystems which depend on each other are developed simultaneously hence an
overview of all interfaces is essential for a successful design process.

5.1.1. TECHNICAL BUDGETS APPROACH
For both the volume and mass budgets, the allocation was broken down per segment and then per segment's

subsystem. The segments and their subsystem division is presented below (Table 5.1)
Table 5.1: The breakdown of segments and subsystems

Segment PPQs CPQs Net Deployer
Scienti ¢ Instruments, Communications, Structural cables,
C&DH, C&DH, Power and data cables, Ejection system
Subsystems | Batteries and EPS, Batteries and EPS, | Weights, Structure '
Structures and mechanisms, | Structures, Attachments,
Thermal control Thermal control Power generation

During the preliminary detailed design phase (which has resulted in the design presented in this report), there
were 3 major phases of the technical budgets management:

» Constructing allocated values. A preliminary sizing of all subsystem was done. Based on this, the masses
and volumes of all segments were compared to the total mass and volume yielding certain fractions.
Those were in turn multiplied by the total available mass and volume, as speci ed by the customer.

« Constructing target values. Once the allocated values were known, the target values (subsection 5.1.2)
were constructed using appropriate contingencies. The contingency levels are elaborated on in subsec-
tion 5.1.3.

* Monitoring actual and current values. The target values were provided to every department so that they
could design for those values. Their best current estimates for subsystem volume and mass (actual val-
ues) were collected. Every change in the actual values resulted in a iteration. This method is elaborated
in subsection 5.1.2.

5.1.2. TECHNICAL PERFORMANCEMEASUREMENT
Previously, in subsection 5.1.1, the use of allocated, target and actual values was indicated. Table 5.2 gives a
short explanation of the aforementioned values and also introduces the conceptof  current value . What follows
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is a short description emphasising the importance of correctly using those concepts as a technical performance

measurement tool.
Table 5.2: The de nitions of Technical Performance Measurement terms

Name De nition Explanation

De ned at the beginning of the project

Allocated Speci ¢ Value derived from preliminary sizing N . .
as an indication for technical resource allocation.

Value

Allocated Speci ¢ Value The value that a speci ¢ department should
Target Value 8 i

100%A contingency[%] design for.
Actual Value Best current estimate The most recent estimate based on design done

by a speci ¢ department.

The indication of the what the values based on

Current Value Actual Value £ (100% + contingency[%]) the design could become

As already indicated in subsection 5.1.1, while the design phase progressed, the actual values of subsystems
were noted after every iteration. From those, the current values were constructed. At the segment level, those
values were monitored: the actual values were compared to target values and the current values were con-
trasted with the allocated values. An intervention from the systems engineer would be necessary in case the
actual value exceeded the target value and/or the current value exceeded allocated speci c value. This is an
effective way of ensuring the design does not exceed the constraints set by the customer. What is more, this
can also work in the other direction: if, for instance, the mass of the system is signi cantly lower than the target
value, some more available mass can be reallocated to allow for more design freedom of the departments.

5.1.3. CONTINGENCY MANAGEMENT

As mentioned in subsection 5.1.1 and subsection 5.1.2, to construct the target and values in the budgets, certain
contingency levels were used. The overview of the contingencies used during the system design is outlined in
Table 5.3 below.

Table 5.3: The outline of contingency levels used for the systems engineering during the design.

Level System Subsystem
Contingency [%] 10 5 10 20
Explanation - Made fully from Based on COTS Custom design.
COTS components. components.

As can be seenin Table 5.3, there was a 10% contingency level taken on the whole system. This was done while
constructing the allocated value: customer-speci ed maximum mass and volume were 50 kg and 27 L respec-
tively, so the allocated values became 45 kg and 24.3 L. On the subsystem level, the contingency depended
whether it included some ready-developed components or whether it needed full development. Those levels
are based on ESA standards ([4]) and were agreed upon following a consultation with a space systems engineer,
Dr. Angelo Cervone.

After performing the last iteration, the contingencies taken at the subsystem level were decreased to one
level lower (so for instance from 20% to 10%). That is due to the fact that the system was designed in suf cient
detail to increase the con dence level in matching the actual values. What is more, the evolution of the budgets
with time showed a decreasing trend in the actual values (consult Figure 5.1 and Figure 5.3).

5.2. MASSBUDGET
This section presents the mass budgets resulting from the previously outlined systems engineering approach
(section 5.1).

BUDGET EVOLUTION
In Table 5.4, Table 5.5, Table 5.6 and Table 5.7, the changes in mass budgets over the 5 performed design itera-
tions are outlined.
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Table 5.4: PPQ mass evolution.

PPQs PPQs
(10; PPQ-1)  (49; PPQ-2)
Actual Actual
Value [g] Value [g]
(20/06) (20/06)
8.1 17.6
9.5 9.5
26.5 26.5
70.6 70.6
a5 a5
9.9 9.9
126.2 135.7
CPQs (10; CPQs (10;
uniform) uniform)
Actual Value [g]  Actual Value [g]
(17/06) (20/06)
75.0 75.0
20.0 9.5
26.3 26.5
445 67.3
15 15
23 0.0
169.6 179.8

PPQs PPQs (59; PPQs(59; PPQs(59; PPQs (59;
(62; uniform) uniform) uniform) uniform) uniform)
Allocated  Target Actual Actual Actual Actual
Item %] Value [g] Value[g] Value[g] Value[g] Value[g]
(12/06) (13/06) (14/06) (17/06)
Instruments 59.7 2213 227.4 27.4 275 275
C&DH 6.6 243 25.0 25.0 6.2 20.0
EPS 6.9 25.6 12.0 12.0 120 120
Structures 263 973 132.1 105.0 105.0 953
& mechanisms
Thermal control 0.5 i 2.0 2.0 15 15
Solar panels 0.0 0.0 2.3 2.3 23 23
SUM 100.0 370.5 400.8 173.7 154.5 158.6
Table 5.5: CPQ mass evolution.
CPQs CPQs (10; CPQs (10; CPQs (10;
(10; uniform) uniform) uniform) uniform)
Item Allocated %  Target Value [g] ac;[;;)v alue [g] g‘gf;g)v alue [g] 23;](;!’)\/ alue [g]
Instruments 59.5 194.6 200.0 204.5 204.5
C&DH 7.4 243 25.0 25.0 6.2
EPS 7.8 25.6 26.3 26.3 26.3
Structures 253 82.7 124.7 85.0 85.0
Thermal control 0.0 0.0 0.0 3.0 15
Solar panels 0.0 0.0 23 23 23
SUM 100.0 327.3 378.3 346.1 325.8
Table 5.6: Deployer mass evolution.
Deployer
Item Allocated [%]  Target Value [kg]  Actual Value [kg] (12/06)  Actual Value [kg] (13/06)  Actual Value [kg] (14/06)
Ejection system  44.2 1.0 1.8 1.8 1.8
Structure 55.8 13 15 15 15
SUM 100.0 24 3.3 33 3.3
Table 5.7: Net mass evolution.
NET
Item Allocated %  Target Value [kg]  Actual Value [kg] (12/06)  Actual Value [kg] (13/06)  Actual Value [kg] (14/06)
Cables structural 8.4 0.9 1.0 1.0 1.0
Cables power 8.4 0.9 1.0 1.0 1.0
Weights 67.0 6.9 8.0 8.0 8.0
Attachments 25 0.3 0.3 0.3 0.3
Solar panels 13.7 1.4 - - -
SUM 100.0 103 10.3 10.3 10.3

Actual Value [kg] (17/06)
18

15
33

Actual Value [kg] (17/06)
1.

10.3

Actual Value [kg] (20/06)
4.1
Actual Value [kg] (20/06)
1.0

0.8
8.0

9.8

Figure 5.1 presents the trends in mass budget values. For de nition of speci ¢ terms of different values refer to

Table 5.2.

Figure 5.1: The evolution of the mass budget of the system: allocated, target, actual and current values

As can be seen from Figure 5.1, the mass of the system drastically decreased during the second iteration. The
main reason for this event was the decision to exclude a seismometer from the PPQs, as it was deemed dif cult
to integrate and operate, and its functions were redundant (there was another instrument on board allowing
for measuring the speci ed characteristic quantity of the asteroid).
It was considered to reallocate the remaining mass difference between the target and actual values. The
most justi able solution was an increase of PQ number in order to increase the redundancy and reliability of
the system. This was however impossible due to volume constraints. It was eventually decided that the mass

10
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difference will not be reallocated. This could change in the next phases of the project, based on customer's
suggestions.

FINAL ALLOCATION
Table 5.8 shows the most recent actual values that were the result of the naliter-

ation performed by every department. Those values including contingency be- Table 5.8: The nal segment mass

come the new allocated values. This is the nal allocation concluding this phase allocation ’EZZ';;?] gﬁg‘stehe detailed

of the design. In the following phases those values shall be used for the updated

budgets. . rcﬁ;ﬁc:]u"; kal \,ja:‘lljvea[lltz;a(ea
PPQs 7.9 8.3

5.3. VOLUME BUDGET Depiyer 41 ¥

This section outlines the volume allocations for the system. The evolution of g e R

the budgets is presented rst, which is followed by the nal allocation. The budget strategy is outlined in
subsection 5.1.1. An additional feature of the volume budgets is the approach to the PQ volume. In order to
calculate the total volume of the system, the outer volume of the PQ times the number of the PQs had to be
taken. A margin was included, as it is impossible to perfectly t all the PQs next to each other. Initially, a 10%
margin was taken around the 5 £5£5 cm cube. This was based purely on a rough assumption. Finally, when
the de nition of the system developed, the exact envelopes around the PQs used for the system volume budget
were speci ed (refer to Figure 5.2). They are derived from the size of elements placed on the outside of the
PQ. These do not include the interfaces between the net and the PQ, as those are included in the net volume
budget. Those elements are described in the PQ and CPQ layout in section 5.7.

Figure 5.2: Envelopes encompassing the different PQ types, that were used for the volume budget of the whole system.

For the inner volume of the PQs, initially the exact volumes of all subsystems were used. In the more advanced
phase of the project, the internal layout of the PQ was decided (section 5.7). The active subsystems (EPS,
C&DH, COMMS, Scienti ¢ Payload) are placed on stacks. The stack area and total available stack height is
de ned by the structure and thermal protection layer volumes (see section 5.7). In order to asses whether the
available volume was not exceeded, a stack height budget was made. The volume of the stacked subsystems
then became: area of the stack £ total available height for the stacks.

BUDGET EVOLUTION
In Table 5.9, Table 5.10, Table 5.11 and Table 5.12 the changes in volume budgets over the 5 performed design
iterations can be viewed. Notice that at the third iteration the volume of the active subsystems is given as one

value; this is the result of previously described stack height approach.
Table 5.9: PQ volume evolution.

PPQs PPQs (59; PPQs (59; PPQs (59; PPQs (59; PPQs (59; 10
(62; uniform) uniform) uniform) uniform) uniform) PPQ-1, 49 PPQ-2)
Actual Value [mL] Actual Value [mL]  Actual Value [mL]  Actual Value [mL]  Actual Value [mL]

Item Allocated [%]  Target Value [mL] (12/06) (13/06) (14/06) (w7/06) (20/06)
Instruments 453 54.3 15.9 0.3
C&DH 3.7 4.4 1.0 1.0 34.0 56.8 34.2
EPS 248 29.7 9.4 9.4
Structures & mechanisms 6.8 8.1 40.8 39.7 39.7 39.7 35.2
Thermal control 8.0 Si5] 0.0 2.8 2.8 3.8 0.2

Clearance 114 137 29.9 29.9 29.9 29.9 29.9
SUM 100.0 119.8 97.0 83.1 106.4 130.2 99.5
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Table 5.12: Net volume evolution

NET
Iltem Allocated %  TargetValue [L]  Actual Value (12/06)  Actual Value (13/06)  Actual Value (14/06)  Actual Value (17/06)  Actual Value (20/06)
Cables 49.2 42 5.0 5.0 50 50 5.0
structural
Cables power 9.8 0.8 1.0 1.0 1.0 1.0 1.0
Weights 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Attachments 4.9 0.4 0.5 0.5 0.5 0.0 0.0
Antennas 0.0 0.0 0.0 0.1
Power generation  36.1 3.1 0.0 0.1 - -
SUM 100.0 8.5 6.5 6.6 6.5 6.0 6.0
Table 5.10: CPQ volume evolution.
CPQs CPQs (10; CPQs (10; CPQs (10; CPQs (10; CPQs (10;
(10; uniform) uniform) uniform) uniform) uniform) uniform)
Actual Value [mL]  Actual Value [mL]  Actual Value [mL]  Actual Value [mL]  Actual Value [mL]
Y
Item Allocated %  Target Value [mL] (12/06) (13/06) (14/08) (7/06) (20/06)
Instruments 61.6 72.1 27.0 27.0
C&DH 3.0 3.5 1.0 1.0 16.6 278 47.9
EPS 24.8 29.1 10.9 10.9
Structures 0.0 0.0 38.2 32.8 39.7 39.7 39.7
Thermal control 0.0 0.0 0.0 0.0 0.0 0.1 0.1
Clearance 10.6 12,5 29.3 29.3 29.3 29.3 29.3
SumMm 100.0 117.1 106.4 101.0 85.6 96.8 116.9
Table 5.11: Deployer volume evolution
Deployer
Item Allocated [%]  TargetValue [L]  Actual Value (12/06)  Actual Value (13/06)  Actual Value (14/06)  Actual Value (17/06)  Actual Value (20/06)
Ejection system+structure 100.0 213 5.1 5.1 5.4, 5.1 5.2
SUM 100.0 33 5.1 5.1 5.1 5.1 5.2

Figure 5.3 graphs the evolution in the volume budget values. For de nition of speci ¢ terms of different values

refer to Table 5.2.

Figure 5.3: The evolution of the volume budget of the system: allocated, target, actual and current values

In section 5.2 it was mentioned that the volume became the critical constraint for the system. This is also con-
rmed by the trends in Figure 5.3. At the fourth iteration, action had to be taken from the systems engineering
department. The cause of the increase in volume was the increase in the size of PQ envelope used for the
system volume budget (see: Figure 5.2). At this stage, it was evaluated whether all PPQs could carry 4 external
temperature sensors and 4 external image sensors. This concern was not raised before as the system was not so
well de ned and a generic margin of 10% was taken around the PQ for volume calculations. Due to the fact that
the volume budget was exceeded, an iteration to the design was introduced. After consultations between the
systems engineering department and payload department, it was decided to introduce PPQ-1 and PPQ-2: the
'-1' would contain the temperature sensors and the '-2' would have image sensors on its sides. The optimised
number was found to be 10 PPQ-1s and 49 PPQ-2s. Their layout is described in detail in section 5.7.
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FINAL ALLOCATION

Table 5.13 below outlines the most recent actual values of segment volumes that
were the result of the nal iteration performed by every department. Those val-
ues including contingency become the new allocated values. This is the nal
allocation concluding this phase of the design. In the following phases those val-

Table 5.13: The nal segment volume
allocation resulting from the detailed
design phase

ues shall be used for the updated budgets. tom eSO L e
In ??the most recent actual values of the stack heights of all subsystems can be e 1a o
found. Notice the budget is given for a CPQ and a PQ. There was a 10% margin el 2

Ssum 21.8 23.4

taken in this budget. Should the sizes of the components change, the use can be
made of this stack margin.

5.4. POWERBUDGET

Table 5.15 is the most recent version of the systems power bud-
get. Itis broken down into all elements of the system that require
power. The budget shows the power consumption for all modes

Table 5.14: The nal PQ internal volume allocations

CPQ; PPQ;
(section 5.5). Whatis more, an indication of the margin between e O s _ il o i _
i i . i K Stack Stack height [mm] Stack Stack height [mm]
the total available energy and required energy including contin- Commsstack 120 Payloadstack1 1.0
. ) . . ) C&DH stack 41 EPS stack 12.0
gency is given, where the time of the mode is speci ed. The con- ERSERY 120 o 4
tingencies are taken from ECSS standards [4] similarly as for the TOTAL 350 TOTAL 250
AVAILABLE 39.0 AVAILABLE 39.0

mass and power budgets. All subsystems are assumed to have a
10% contingency level (based on COTS components). On top of that, a 20% margin is taken at the system level,
as suggested by the European Space Agency standards mentioned above. The margins are added to the total
energy required by the active elements per mode.

Table 5.15: The power budget of ANTREA

5.5.

SUBSYSTEM
Command and Data Handling
Subsystem

Communication
Subsystem

Scienti c Payload Subsystem
IMU

Scienti ¢ Payload Subsystem
Image Sensor 1

Scienti c Payload Subsystem
Image Sensors 2,3,4

Scienti c Payload Subsystem
Mass Spectrometer

Scienti ¢ Payload Subsystem
External Temperature Sensor

Scienti ¢ Payload Subsystem
Radio Experiment

Image Sensor Heater

Scienti c Payload Subsystem

Internal Temperature Sensors

Reel-in mechanism

Electric Power System

TOTAL AVERAGE POWER [W]
TOTAL ENERGY [Wh]

Duration [s] (if speci ed)

Peak Power [W]

Duty Cycle [%]

Operational Average Power [W]
Peak Power [W]

Duty Cycle [%]

Operational Average Power [W]
Peak Power [W]

Duty Cycle [%]

Operational Average Power [W]
Peak Power [W]

Duty Cycle [%]

Operational Average Power [W]
Peak Power [W]

Duty Cycle [%]

Operational Average Power [W]
Peak Power [W]

Duty Cycle [%]

Operational Average Power [W]
Peak Power [W]

Duty Cycle [%]

Operational Average Power [W]
Peak Power [W]

Duty Cycle [%]

Operational Average Power [W]
Peak Power [W]

Duty Cycle [%]

Operational Average Power [W]
Peak Power [W]

Duty Cycle [%]

Operational Average Power [W]
Peak Power [W]

Duty Cycle [%]

Operational Average Power [W]
Peak Power [W]

Duty Cycle [%]

Operational Average Power [W]

TOTAL ENERGY INCLUDING CONTINGENCY [Wh]
TOTAL MAX AVAILABLE ENERGY [Wh]

Margin [%)]

OPERATIONAL M ODES
Table 5.16 gives an overview of the operational modes of the system with short de nitions and the condition
to trigger them. As indicated previously in the power budget, times of certain modes are speci ed. They are
determined by the duration of required operations in certain mode (Data Acquisition/ Communications).

Transfer

0.00009
100.0
0.00009
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.00
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00009

192.0

Activation

0.00038
100.0
0.00038
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.00
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00260
100.0
0.00260
0.00000
0.0
0.00000
1.38000
100.0
1.38000
1.38298

192.0

Landing
96
0.00038
100.0
0.00038
0.83000
10.4
0.08646
6.39112
74.0
4.72676
2.88900
68.8
1.98619
30.38000
5.208
1.58229
0.12089
52
0.00630
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00260
100.0
0.00260
0.00000
0.0
0.00000
1.38000
100.0
1.38000
9.77097
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Science A
7170
0.00038
100.0
0.00038
0.00000
0.0
0.00000
3.26884
50.2
1.64126
0.00000
0.0
0.00000
91.14000
0.084
0.07627
0.12089
100.3
0.12131
0.00000
0.0
0.00000
0.00000
0.0
0.00000
81364.50
0.01
11.3479
0.00260
100.0
0.00260
75.56000
6.6
4.95303
1.38000
100.0
1.38000
19.52275
38.9
51.3
191.7

MODE
Data acquisition
Science B Science C
3600 3600
0.00038 0.00038
100.0 100.0
0.00038 0.00038
0.00000 0.00000
0.0 0.0
0.00000 0.00000
3.18600 3.12228
100.0 100.0
3.18600 3.12228
0.00000 0.00000
0.0 0.0
0.00000 0.00000
0.00000 0.00000
0.00 0.00
0.00000 0.00000
0.00000 0.00000
0.0 0.0
0.00000 0.00000
0.00000 0.00176
0.0 100.0
0.00000 0.00176
0.00000 0.00000
0.0 0.0
0.00000 0.00000
0.00000 0.00000
0.0 0.0
0.00000 0.00000
0.00260 0.00260
100.0 100.0
0.00260 0.00260
0.00000 0.00000
0.0 0.0
0.00000 0.00000
1.38000 1.38000
100.0 100.0
1.38000 1.38000
4.56898 4.50702
4.6 4.5
6.0 5.9
152.9 148.3
96.1 96.0

73.2

Science D
59
0.00038
100.0
0.00038
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.00
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
11.46960
100.0
11.46960
0.00000
0.0
0.00000
0.00260
100.0
0.00260
0.00000
0.0
0.00000
1.38000
100.0
1.38000
12.85258
0.2

0.3
143.8
99.8

COMMS
64260
0.00006
100.0
0.00006
7.00000
100.0
7.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.00
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00260
100.0
0.00260
0.00000
0.0
0.00000
1.03500
100.0
1.03500
8.03765
1435
189.4
192.0
14

EoL

0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.00
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
1.38000
100.0
1.38000
1.38000

63.4

Safe

0.00038
100.0
0.00038
0.83000
10.0
0.08300
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.00
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00260
100.0
0.00260
0.00000
0.0
0.00000
1.38000
100.0
1.38000
1.46598

192.0

Recharge

0.00009
100.0
0.00009
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.00
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
0.00000
0.0
0.00000
1.38000
100.0
1.38000
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Table 5.16: The de nition of operational modes.

Mode De nition Condition
Transfer from Earth to the target asteroid;
Transfer . . . -
all subsystems either in standby or deactivated.

Just before deployment; the OBC activates

Activation and performs a health check. System ready to perform. Mothership command
. Landing phase; C&DH, EPS, IMU, Image sensors, .
Landing op . g. . Mothership command
Mass spectrometer and Reel-in mechanism active.
. System on the asteroid surface; C&DH, EPS, Completion of ‘Landing’
Data acquisition .
Science A | IMU, Image sensors, Mass spectrometer + acceptable voltage levels
and Reel-in mechanism active. in the batteries

Completion of 'Science A
+ acceptable voltage levels
in the batteries

+ speci ed time
Completion of 'Science B'

Science B | System on asteroid surface; C&DH, EPS, IMU active

Science C System on asteroid surface; C&DH, EPS, IMU, + acceptable voltage levels
Temperature sensors active in the batteries
+ speci ed time
Completion of 'Science C'
Science D System on asteroid surface; C&DH, EPS, + acceptable voltage levels
Radio experiment equipment active. in the batteries
+ speci ed time
System on asteroid surface; C&DH, EPS, Data acquisition complete
COMMS Communica?ion instruments actiye. + acceptablg voltage levels
The system is performing down-link in the batteries
and can receive uplink commands. + speci ed time
C&DH active,

Critical failure warning/
Ground command/
Mothership command.

Communication instruments ready to receive

uplink command. Fault Detection, Isolation, and Recovery
algorithm on.

Non-critical functions switched off,

Scienti ¢ payload switched off.

EoL Communications send low power signals Uplink command.
used for tracking until voltage level

in the batteries becomes negligible.

System on asteroid surface; C&DH, EPS active.
Recharge The system switches to a low power mode

and uses solar panels to charge batteries.

Safe

Low voltage levels
in the batteries.

The conditions given in Table 5.16 are an indication of which signal is needed to trigger a mode:

« A command from the C&DH subsystem, which is based on the time of triggering a mode speci ed by the
software and measured by the clock on C&DH subsystem

» A command from C&DH triggered by a failure detection during telemetry

» External command from ground/the Mothership.

What is more, some contain additional requirement in the form of completion of previous mode.

Some additional explanation of the the Recharge mode is provided. In this mode, all active devices are
switched into a low power mode so that the amount of solar cell power used for charging the batteries can be
maximised, and hence the charging time is minimised. This mode is present due to the fact that some opera-
tions require more power than the amount that can be generated by the solar cells (about 7 W; see chapter 13)
and hence would be impossible to conduct should the voltage level in the batteries drop beyond the required
voltage.

Below (Figure 5.4) the ow of operational modes is visualised by means of a block diagram. This is a top-
level overview of how the modes are switched. The procedures carried out in modes are elaborated on in detalil
in the complete functional ow diagrams (see chapter 6). What is more, it can be seen that modes Science A,
Science B, Science C and Science D are addressed in more general in one parts of the diagram. For more de-
tailed de nition refer to chapter 6. What is more, the switching between the different Data acquisition modes
(Science A/B/C/D) would also include health checks as indicated for different modes on the diagram. This was
not included to make the diagram more readable.

5.6. SYSTEMS I NTERFACES
The following section outlines the general interfaces between the system's segments and subsystems. To intro-
duce the main ones, an N 2 chart (Figure 5.5) is presented.
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Figure 5.4: Operational modes block diagram
N? CHART

Figure 5.5: The N2 chart of ANTREA

A clear understanding of the de nition of all segments and subsystems and the interactions between them is
crucial for successful integration of the product. Below, the description of the most important interfaces of the
system and how they were managed together is present.

M ECHANICAL INTERFACES

In order to enable a successful integration of the physical components of the design, well de ned mechanical
interfaces have to be established in the early project phases. This will not only impose constraints to rule out
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unfeasible con gurations, but also have implications on the later stages of the project, such as production,
assembly and testing.

As can be seen in Figure 5.5, the main mechanical interfaces that needed to be taken into account during
the de nition and design of ANTREA were the interface between the Mothership and the Deployer, between
the Deployer and the net, between the PQ and its subsystems and nally, on the lowest level, between the sub-
systems themselves.

The highest level, the interface between the Mothership and the Deployer was determined by the customer
requirements (DOT-LAN-MD-4). Respecting this requirement was ensured by taking contingency on the sys-
tem level before specifying the allocated value, that was then allocated per segments.

The interface between the Deployer and the net containing the rest of the system was more complex since
attention had to be paid to the correct positioning of the ejection system. This limited the available volume.
What is more, it was found that a larger ejection angle was bene cial for successful net deployment. However,
a larger deployment angle negatively in uenced the available volume inside the Deployer. This was again ad-
dressed by updating the budgets frequently, taking appropriate contingency levels, but also by ensuring that
the shape of the inside of the Deployer enabled the tting of the net.

The mechanical interface between the net and PQs was very challenging. It mainly concerned the correct
attachment of the PQ to the net. This was done by means of placing brackets on the bottom of the PQ, through
which the net is threaded. Attention had to be paid to ensure that no other subsystem interfered with the
brackets. For details, see Figure 8.2.

Finally, on the lowest levels, it had to be ensured that the structure could t all the subsystems. In the be-
ginning this was implemented by means of volume budgets. Later, the active subsystems were placed in a stack
con guration inside of the PQ. The stack height budget ensured that the active subsystems did not interfere
with one another, while still tting within the PQ. However, towards the end of the project, it was realised that
the interface between the solar panels and the PQ structure has not been managed properly. There was a mis-
match of the dimension of the panel and the +Z side of PQ. As a result, the panel did not t and is currently
extending over 3 edges of the side. This was not planned, yet due to the margin taken by the PQ envelopes, the
interfaces on the higher levels were not affected. This issue shall be resolved in the next iteration of the design.

THERMAL INTERFACES
To allow for the intended functioning of the active subsystems on the PQ, certain temperatures ranges need to
be kept. This is the primary goal of the Thermal Control subsystem (chapter 14). However, in order to ensure it
can perform its task, certain recommendations on the design from the thermal interface side are stated.
Firstly, the internal components that generate high levels of heat shall not be placed in direct proximity.
This could lead to overheating of components. What is more, the optimal temperature ranges of any compo-
nents that need to be placed outside of the PQ structure and as a result are not protected by the thermal layer,
should be analysed in detail to ensure they can operate as intended. If required, they shall be provided with
active thermal control.

ELECTRONIC INTERFACES

All active (power-consuming) components need to have clearly de ned electronic interfaces. Up until this
phase of the project, only high level electronic interfaces have been analysed, such as physical connections
for power transfer in between PQs, ensuring desired voltage and current levels in power lines or designing for
power supply for all active components. In the next phases of the project, when the choice of components is
complete, all more detailed electronic interfaces, such as electronic connections for all devices inside the PQ
shall be analysed further and optimised.

DATA INTERFACES

An optimised and well functioning data handling in a system can only be achieved with well de ned data
connections between all devices that generate or receive data. The current management of data interfaces
was mainly focused on ensuring that expected data rates can be transferred between subsystems/segments,
selecting data buses and creating a preliminary data ow architecture.
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In the next phases of the project, it shall be ensured that all physical data connections speci ed in the
baseline data ow architecture are feasible. What is more, a detailed analysis aimed at optimising the data ow
in the system could be done.

5.7. EXTERNAL AND INTERNAL LAYOUT OF ANTREA
As mentioned in Table 5.1, the system consists of 4 segments: PPQs, CPQs, Deployer and the Net. The PQs are
connected to the Net by brackets. Prior to the deployment, the system is stored in the Deployer.

PPQs

In total, there are 59 PPQs, of which 10 are PPQ-1s and 49 are PPQ-2s. All PPQs have a
solar panel on the +Z side and an image sensor on the -Z side (Figure 5.6). PPQ-1 has 3
temperature sensors mounted on extending arms on the +X side and PPQ-2 has 3 additional
image sensors: 2 on the +X side and 1 on the +Y side. All PPQs have an antenna, which is

stowed initially, and extends in the +Z direction. Figure 5.6: The
The inside of the PPQ consists of the structure, thermal protection layer and active subsys- °°°rd‘”at§(§3’5tem of

tems. All the active subsystems have a dedicated stack, which is mounted on 4 poles inside
the structure of the PQ. In addition to that, PPQ-1 provides storage for the 3 temperature sensors prior to their
deployment.

CPQs
The CPQs have an antenna on the +Z side. The internal layout is similar to the one of PPQ: structure, thermal
layer and active subsystems in a stack con guration.

NET

The NET consists of structural cables, data and power cables. The distribution of PQs on the net can be viewed
in Figure 5.7. Notice the position of the four masters. In principle one master would be able to handle the data
ow in the entire system. However, the number is increased to four to improve systems resistance to single
point failures (redundancy) and to maximise the ef ciency. If all four masters are found to have successfully
passed a health check, all four will be utilised and will handle their divisions (see Figure 5.7). Should one
or more of them fail, then the remaining ones will handle the new divisions of the net, computed with an
algorithm.

Figure 5.7: CATIA drawing of the net, with position of CPQs, PPQ-1s and PPQ-2s.
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DEPLOYER

The Deployerisa 30 £ 30 £ 30 cm box, with the net ejection system inside of it, which consists of 4 cylinders
which channel the bullets of the net. The bullets are ejected by springs. The detailed layout is presented in
chapter 9.

6

FUNCTIONAL ANALYSIS

In order to properly design ANTREA, its functions had to be analysed. De ning its functions was done hand
in hand with re ning the requirements. This analysis resulted in a full functional architecture that shows how
ANTREA will ful I its mission objective. This chapter will explain the results of the functional analysis which
are summarised by a Functional Flow Diagram (FFD) and Functional Breakdown Structure (FBS).

6.1. FUNCTIONAL FLOW DIAGRAM

The Functional Flow Diagram, see Figure A.1 and Figure A.2, shows the sequence of operations performed
by ANTREA. Its sequence of operations is shown on multiple levels. The rst level describes the global steps
that ANTREA will follow. Then these steps are explained on a deeper level in the second level of the FFD. This
continues until the fth and nal level which explains in detail the operations of the subsystems. The rst
page shows the FFD up to and including the third level. The rhombus shaped blocks represent checks that are
performed by the system. Furthermore, circles containing letters A to J are included. These refer to the FFDs
shown on the second page which represents the fourth and fth level.

The DOT mission consists of multiple parts. The functions of the mission are divided into three parts:
functions that the Mothership shall provide, functions that the Mothership together with the Deployer shall
provide and functions that the Lander system (ANTREA) shall provide. This is visualised by the colours given
to the blocks. The operational modes are highlighted with a pink header. The blocks that follow explain what
happens inside this mode.

In the functions, different modes of the system are also included. Every time the system is activated due to
a switch from one mode (in which it was off) to another mode (in which it is supposed to be on), the system
will perform a health check. If the system has no problem it will continue performing its functions. If the
system has problems it will enter the Safe mode and will try to repair itself. This happens if during the health
check a value is out of its nominal range, for example a too high voltage, if there is a ground command or if
the Mothership commands to enter the safe mode. This check and entering the Safe mode is not included in
the Functional Flow Diagram every time a mode has to be activated, as it is considered to be part of entering
a mode. How the ow of the different operational modes work is made clear in Figure 5.4. The top level of the
FFD can be seen in Figure 6.1.

Figure 6.1: Top level Functional Flow Diagram

6.2. FUNCTIONAL BREAKDOWN STRUCTURE

The Functional Breakdown Structure, see Figure A.3, displays the elements of the FFD in a categorised manner
rather than a sequential one. The FBS shows all elements of the FFD except for the rst level elements as this
did not add any value. However, a breakdown structure is added for the Thermal control, Electrical Power
System and the Command and Data Handling which thereby adds more detail to the FBS. These elements
were not present in the FFD as they do not have their own ow with a beginning and end. They operate either
continuously or occasionally. This difference between the subsystems in terms of functions was useful for the
design integration and for de ning the operational modes.
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7
ASTRODYNAMIC ANALYSIS

Before the Lander can even be deployed to the asteroid, it rst needs to be transported from the Earth to the
asteroid. In the case of this mission, this part will be performed by the Mothership. This chapter deals with how
a launcher will bring the Mothership into space, how the Mothership will travel to the asteroid and rendezvous
with it such that the Lander can safely be deployed. Furthermore the nal selection between the two candidate
asteroids, 2017 FU102 and 201 4HB177, will be made by performing an analysis into the uncertainties of their
orbit during their close approach with Earth.

7.1. REQUIREMENTS
The overview of the requirements related to Astrodynamics is presented in Table 7.1 below. A connection of
some requirements to a parent requirement is indicated inthe ~ Requirement column. If the compliance is not

yet investigated or cannot be proven at this time, the compliance box contains a "n".
Table 7.1: Requirements for astrodynamics.

Requirement | Requirement Rationale Veri cation Method Compliance
ID
DOT-SCH- The transfer orbit shall have an arrival date that is before 2040. User Requirement Analysis: GMAT sim- | X
21 ulation
DOT-ADT- The launch vehicle shall be Vega with the Avum upper stage. (Par- This requirement is needed to know the Analysis X
Lv-1 ent: DOT-ADT-MS-4) launch loads that will be exerted on the
system, from the chosen launch vehicle.
DOT-ADT- The launch site shall be CSG (Kourou, French Guyana). (Parent: | This is currently the only available Inspection X
Lv-2 DOT-SCH-2.1, DOT-ADT-LV-1) launch site for the Vega launcher.
DOT-ADT- The launch of the DOT mission and its Mothership to an elliptic This is required to ensure that the Moth- Analysis: GMAT sim- | X
LV-3 orbit shall nominally occur in April 2033. (Parent: DOT-SCH-2.1) ership arrives to the asteroid at least 6 | ulation
months before the Lander is deployed on
it.
DOT-ADT- The DOT mission's trajectory options shall be compatible with This is to make sure that the mission can Analysis: GMAT sim- | X
Lv-4 launch opportunities in May of 2033. still occur with a delayed launch, much ulation
like the Rosetta mission. Several trajec-
tories shall be evaluated, to ensure that
the Mothership will arrive to the target
asteroid on the 1st of March at the earli-
est, even if a launch were to occur in May
of 2033, instead of April of 2033.
DOT-ADT- The launcher shall bring the Mothership to an orbit with an alti- This is the highest apogee that was found | Analysis: GMAT sim- | X
LV-5 tude of apogee of 60000km, +/- <TBD>km. (Parent: DOT-SCH-2.1, | to be possible with Vega-C for a 500 kg | ulation
DOT-ADT-LV-1) payload. Based on the Proba-3 mission.
DOT-ADT- The launcher shall bring the Mothership to an orbit with an alti- A lower perigee leads to less ¢V being | Analysis: GMAT sim- | X
LV-6 tude of perigee of 250 km +/- <TBD>km. (Parent: DOT-SCH-2.1, needed to reach the required hyperbolic ulation
DOT-ADT-LV-1) velocity
DOT-ADT- The launcher shall bring the Mothership to an orbit with an incli- Required for the transfer trajectory Analysis: GMAT sim- | X
LV-7 nation of 20.07 degrees +/- <TBD>degrees in the Earth centered ulation
MJ2000 equatorial frame. (Parent: DOT-SCH-2.1)
DOT-ADT- The launcher shall bring the Mothership to an orbit with a longi- Required for the transfer trajectory Analysis: GMAT sim- | X
LVv-8 tude of ascending of 90.45 degrees, +/- <TBD>degrees in the Earth ulation
centered MJ2000 equatorial frame. (Parent: DOT-SCH-2.1)
DOT-ADT- The launcher shall bring the Mothership to an orbit with an argu- Required for the transfer trajectory Analysis: GMAT sim- | X
Lv-9 ment of periapsis of 140.94 degrees, +/- <TBD>degrees in the Earth ulation
centered MJ2000 equatorial frame. (Parent: DOT-SCH-2.1)
DOT-LAN- The Lander System shall be delivered to the asteroid by a Mother- This species that the lander doesnt Analysis X
MS ship spacecraft have to perform the whole transfer au-
tonomously.
DOT-LAN- The Mothership shall provide pictures relevant to the landing pro- These pictures are needed to nd the op- Analysis X
MS-3.1 cedures. (Parent: DOT-LAN-MS-3) timal position to deploy the Lander.
DOT-LAN- The pictures shall provide topographical information with an ac- Size and shape with less accuracy than | Analysis n
MS-3.1.1 curacy of <TBD> m (Parent: DOT-LAN-MS-3.1) what will be provided by the scienti ¢ in-
struments.
DOT-LAN- The pictures shall provide information about the asteroid's dy- Rotation speed and axis with less accu- | Analysis n
MS-3.1.2 namics with an accuracy of <TBD> rad/s (Parent: DOT-LAN-MS- racy than what will be provided by the
3.1) scienti c instruments.
DOT-LAN- The Mothership shall decrease relative velocity to smaller than Maximum allowable speed for the land- Analysis X
MS-3.2 <TBD> m/s. (Parent: DOT-LAN-MS-3) ing loads to be small enough.
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Table 7.2: Requirements for astrodynamics (continued).

Requirement
ID

Requirement

Rationale

Veri cation Method

Compliance

DOT-LAN-
MS-1

The Mothership shall deploy the Lander System at a distance of
no more than <TBD>m from the asteroid on 1 st of March 2036.
(Parent: DOT-SCH-2.1)

The Mothership needs to be at a
<TBD>km distance to the asteroid to
minimise the risk of missing the asteroid

with the deployment system and min-

imise the time between deployment and

landing. Landing of the 1 st of March

should guarantee a measurement period
of one month.

Analysis: GMAT sim-
ulation

X

DOT-ADT-
MS-1

The Mothership shall arrive as close as 1,000,000 km of the aster-
oids estimated position with a phase angle of no more than 30 deg
on the 1st of October 2035 the latest. (Parent: DOT-SCH-2.1)

This is to ensure that the Mothership is
close to the asteroid at least 6 months be-
fore its close approach with the Earth in

Analysis

order to have suf cient time to nd the
asteroid. 1% uncertainties for the aster-
oids position are around 500,000 km, so
a distance of 1,000,000 km should ensure
that the probability that the Mothership

is on the illuminated side of the asteroid
is very high.

DOT-ADT-
MS-2

This Delta V will account for nominal
burns, as well as safety ones, that might
be required if a new position of the aster-
oid is known during the close approach
of 2036.

The Mothership shall be able to have a Delta V budget no less than
2697 m/s, with a margin of <TBD>%.

Analysis: GMAT sim- | X
ulation

DOT-ADT-
MS-3

The Mothership shall perform <TBD>number of burns around the
asteroid. (Parent: DOT-ADT-MS-2)

This is to determine the asteroid's or-
bit. The Mothership's distance with re-
spect to the asteroid will gradually in-
crease with the number of burns.

Analysis: GMAT sim- | n
ulation

7.2. CLOSEAPPROACH

As was previously mentioned in the Midterm Report [5], there are quite large uncertainties in both asteroids'
orbits. That is why a Monte-Carlo analysis was performed for both of them to nd the in uence of this uncer-
tainty. Based on the result of this analysis the most suitable asteroid was selected.

7.2.1. METHOD

The analysis was performed by simulating 5000 potential trajectories for both of the asteroids until their pe-
riapsis for their close approach. The initial positions of 2017 FU102 and 2014 HB177 were obtained from the
JPL Small Body Database and were given for the Jul 22 2017* and May 1 2014 respectively. The reason for
using an initial position almost 20 years before the close approach for both of them is that the covariance ma-
trix of the orbital elements is only given for those dates. Using the covariance matrix and the nominal initial
position, a normal random vector ° was generated for the initial position of each trajectory. These trajectories
were then propagated using GMAT “ until 1 month before the close approach of the nominal trajectory, after
which they were propagated until periapsis with Earth. At the periapsis, the state is saved and the simulation
is ended. Then from the state at periapsis the communication windows corresponding to different distances
were calculated for each trajectory using Python.

7.2.2. RESULTS

As was also already mentioned in the Midterm Report [5], while the asteroid 2017 FU102 has a nominal trajec-
tory with a higher periapsis distance and shorter communication window, its uncertainties were much lower
than for the asteroid 2014 HB177. The effects of these uncertainties can clearly be seen in Figure 7.1 and Fig-
ure 7.2 which is the probability distribution of the periapsis distance for both asteroids. From this, it quickly
becomes clear that the large uncertainties in the orbit of 2014 HB177 make the probability of its periapsis dis-
tance being low enough for communication to be possible is much lower than for 2017 FU102. For example the
probability of the periapsis of 2014 HB177 being below 1 M km is just 49%, whereas it is 87% for 2017 FU102.

Ihttps://ssd.jpl.nasa.gov/shdb.cgi?sstr=2017%20FU102;0ld=0;0rb=0;cov=1;log=0;cad=0t#elem [Accessed 22 June 2019]
2https://ssd.jpl.nasa.gov/sbdb.cgi?sstr=2014%20HB177;0ld=0;0rb=0;cov=1;log=0;cad=0#elem [Accessed 22 May 2019]
Shttps://en.wikipedia.org/wiki/Multivariate_normal_distribution#Normal_random_vector [Accessed 22 June 2019]
“https://sourceforge.net/projects/gmat/?source=navbar  [Accessed 24 June 2019]
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For 1.5 M km those probabilities improve to 67.9% and 98.2% respectively. Based on these results it becomes
clear that 2017 FU102 is preferable when it comes to communicating with Earth and therefore henceforth only

that asteroid will be analysed for this design process.

Figure 7.1: Histogram of the periapsis distances 2017 FU102, N=5000

Figure 7.2: Histogram of the periapsis distances 2014 HB177, N=5000

In Figure 7.3, Figure 7.4 and Figure 7.5 the probability distributions for the communication windows associated
with 0.5 M, 1 M, and 1.5 M km respectively can be found for 2017 FU102. The peaks for communication times of
0 hours are form the trajectories that have a periapsis distance that is larger than the communication distance.
The probability distributions of the communication times associated with each distance will be used as a basis
for sizing the communication subsystem.

Figure 7.3: Comms time 0.5 M km, N=5000 Figure 7.4: Comms time 1 M km, N=5000 Figure 7.5: Comms time 1.5 M km, N=5000

7.3. MOTHERSHIP TRAJECTORY

The last part of this chapter concerns the Motherhip's trajectory, which will be analysed from launch until just
before deployment. Firstly, the launcher that will bring the mothership into an orbit around the Earth needs to
be selected, after which the transfer orbit and rendezvous manoeuvres will be designed.
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7.3.1. LAUNCHER

A choice had to be made towards the launcher that will take the Mothership, itself carrying the Lander system,

to elliptic orbit. A few launchers were compared, namely: the Ariane 5, the Ariane 6, the Vega, and Soyuz.
Although it is still in development as of today, the Ariane 6 launcher was still considered, as its rst ight

is scheduled for 2021, and would thus be ready by the time the DOT mission is launched. It was decided to

consider the Mothership as being the main payload carried by said launcher, so excluding the possibility of it

being launched as piggyback. Due to this, only relatively small launchers were considered, and no bigger ones

were needed to be assessed. Furthermore, as it was speci ed to the team that all launcher costs would be fully

covered by ESA, only European space transportation unions were considered. The Vega, Ariane 5 and Soyuz

launch systems are all operated by Arianespace at the Guiana Space Centre.

Payload capabilities of all previously-mentioned launchers were considered and evaluated, as well as the loads
that they can sustain during the most critical phases of their operation time. Additional information on their
injection accuracy, their inclination, perigee and apogee altitudes, and argument of perigee for their GTO were
also retrieved.

The launchers' properties were compared and it was concluded that a Vega launcher should be used, as
it presents itself as an affordable launch solution for small to medium missions to an orbit that matches the
mission design. It can take 1963 kg of payload including an adapter to elliptic orbit, which possesses an incli-
nation of 5.4 degrees, and a perigee and apogee altitudes of 200 and 1500 km respectively. Moreover, it was the
launcher that possessed the smallest margin of accuracy [2]. Its design limit load factors are speci ed to go up
to -7.0g.

Furthermore, an estimated mass of 500 kg was assumed for the Mothership. By taking into account the
additional maximum mass of 50 kg of the Lander system, this would result in a total payload mass of 550 kg. As
this payload mass is much less than the speci ed maximum payload for the standard elliptical orbit in the Vega
User's Manual, other missions launched by Vega were looked into to nd the maximum apogee of the Highly
Elliptical Orbit (HEO) it could launch the Mothership into. It would be preferable that the launch would place
the Mothership into an orbit with an apogee as high as possible with the ideal case being that it would directly
place it into a hyperbolic trajectory as this would minimise the ¢V that needs to be provided by the Moth-
ership, and therefore reduces the required amount of propellant. The mission that was found to best match
the required launch mass and orbit of the Mothership was the PROBA-3  ° mission, which has a launch mass of
540 kg and will be launched into a 600 £ 60000 km orbit. This mission will however be launched by the standard
Vega rocket, and the Vega-C and Vega-E variants, which should both be operational by the time of ANTREAS
launch, will both provide an improvement in performance and could therefore launch the Motherhsip into an
orbit with a higher apogee.

7.3.2. TRANSFER

The next step of the Mothership's journey is the interplanetary transfer from Earth to the asteroid. It will start

this from a 250 £ 60000 km orbit; A lower perigee is advantageous because this leads to a lower ¢V for the
Transfer Orbit Injection (TOI) burn. In the Midterm Report [5], the optimal combination of departure and
arrival dates was already investigated, however the pork-chop plots in that report ignored the Earth's gravity
and just used velocity at in nity. Since this time the initial orbit is known, a new pork-chop can be made that
shows more accurate ¢V values. This new pork-chop plot can be seen in Figure 7.6. The overall shape of the
plot is very similar to the one in the previous report however the minimum ¢V is about twice a small. This
is because as long as the velocity at in nity is substantially smaller than the escape velocity, a small increase

in velocity at the periapsis of a hyperbolic orbit will result in a much larger change in velocity at in nity. As

was also the case in the previous pork-chop plot, the ideal departure dates are still situated around mid 2033,
and assuming the Mothership should not arrive too early near the asteroid, the group in the top left corner still
contains the most optimal trajectories. An enlarged version of this group can be found in Figure 7.7, from which

it can be seen that the minimum ¢V is obtained for departure dates around April 15 " of 2033. The optimum
arrival date would be around the 1 ! of November 2035, however it was decided to make the Mothership arrive

Shttp://www.esa.int/Our_Activities/Space_Engineering_Technology/Proba_Missions/About_Proba-3 [Accessed 22 June 2019]
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one month before that to give it a bit more time to look for the asteroid, as the increase in ¢V would be only
2%.

Figure 7.6: Pork-chop plot for departures from 2033 until 2036 Figure 7.7: Pork-chop plot for departures for mid 2033

Using the selected departure and arrival dates, the Mothership's transfer orbit was then simulated using GMAT.
Firstly a transfer with just two impulsive burns was simulated, for which the Mothership was putin a hyperbolic

orbit around the Earth with the correct perigee, C3, and epoch. Then the declination and angle of ascension

of the outgoing asymptote were changed by hand until the Mothership's position at the arrival date was within

a few million kilometers of the asteroid. From there, the declination, angle of ascension, and C3 were further
optimised using a Netwon-Raphson solver until the distance to the asteroid was reduced to less than 1000 km.
Then, to ndthe ¢V needed to inject the Mothership into this transfer, the difference in velocity between the
hyperbolic orbit and the associated elliptical orbit with an apogee at 60000 km was taken. The ¢V at arrival is
found by the simple subtraction of the asteroid and Mothership velocity vectors at that point in time.

This would however only be the optimal transfer in case the asteroid's position was known exactly, which is not
the case. Therefore the transfer has to be modi ed slightly to ensure the Mothership is able to nd the asteroid.

In order to maximise the amount of re ected light from the asteroid received by the Mothership, the phase
angle (Sun-Asteroid-Mothership) needs to be small. The 1 3. uncertainty of the asteroid's position is around
0.5 M km, therefore the transfer orbit was modi ed to make the Mothership pass the asteroid at a distance of

1 M km with a low phase angle for the nominal position of the asteroid, such that at least 95% of the probability
region of the asteroid's position would be on the opposite side of the Mothership with respect to the Sun.

7.3.3. RENDEZVOUS

Once the Motherhip has arrived near the asteroid, it will need to start scanning the sky to nd the asteroid.
Once it has found the asteroid, it will need to slowly reduce its distance with the asteroid as well as its rela-
tive velocity using a series of burns, while staying on the illuminated side. Due to the limited time available to
design this trajectory and the fact that almost nothing is known about the Motherhip and its sensors, the ren-
dezvous has been simpli ed to just 4 manoeuvres. The rst manoeuvre (RVB1) occurs when the Mothership
arrives at distance of 1 M km of the asteroid and brings it to a distance of 10000 km of the asteroid over a period
of 3 months. The second burn (RVB2) brings the relative velocity between the asteroid and Mothership down
to zero, which is followed by the Mothership following the asteroid for one month, after which the third burn
(RVB3) sends it on an intercept course with a periapsis equal to the deployment distance occurring at the time
of deployment. The nal manoeuvre (RVB4) again cancels out the relative velocity such that deployment can
safely take place. Finally the Mothership's trajectory is simulated until the asteroid's close approach with Earth,
to see how far it would drift away if no station-keeping manoeuvres were performed. The distance and phase
angle over the course of the approach as well as the time of burns can be seenin Figure 7.8. The entire transfer
trajectory and the location of the manoeuvres can be seen in Figure 7.9.
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Figure 7.8: Distance of Motherhip to the asteroid and phase angle

Figure 7.9: Orbits of the Earth, asteroid and Mothership around the Sun with position of burns.

7.3.4. ¢\ BUDGET

The amount of ¢V for the three previously described trajectories is described in Table 7.3.

Table 7.3: Overview of the ¢V

Manoeuvre name | Pork-chop plot | GMAT direct transfer | GMAT multiple rendezvous burns
TOI 1915 m/s 2118 m/s 2072 m/s
RVB 1 401 m/s 399 m/s 513 m/s
RVB 2 N.A. N.A. 106 m/s
RVB 3 N.A. N.A. 5.7mls
RVB 4 N.A. N.A. 4.6 m/s
Total 2316 m/s 2516 m/s 2697 m/s
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ANTREA relies on a net to land the PQs on the asteroid. The net will be deployed from the Deployer and will

8

DESIGN OF THE NET

unfold and reach its full size just before hitting the asteroid, around which it will entangle and as such provide

an attachment platform for the PQs. Additionally, it is an integrated part of the system, relaying data and
electrical power via cables that connect the individual PQs. The net extremities, also called bullets, have to
be high in mass with respect to the rest of the system, which is ideal to provide energy storage in the form of

batteries.

8.1. REQUIREMENTS & CONSTRAINTS
The net has to meet several requirements in order to ensure mission success. These can be found Table 8.1 and

range from general mass and volume requirements to constraints imposed from a net deployment dynamics
point of view. A connection of some requirements to a parent requirement is indicated in the

column. If the compliance is not yet investigated or cannot be proven at this time, the compliance box contains

a"n".

Table 8.1: Requirements for the Net design.

Requirement

Requirement | Requirement Rationale Veri cation Method Compliance
ID
DOT-NET- The mass of the NET segment shall not exceed the value speci ed Based on the mass user requirement on | Inspection: mea- | X
M in the mass budget including the current contingency level. the entire system and adapted such that | surements on the
the system functions properly. assembly.
DOT-NET-V | The volume of the NET segment shall not exceed the value speci- Based on the volume user requirement Inspection: mea- | X
ed in the volume budget including the current contingency level. for the entire system and adapted such surements on the
(Parent: DOT-LAN-MD-5) that the system functions properly. assembly.
DOT-LAN- The network of PQs shall be able to encompass 50% of the asteroid | This is a requirement on the size of the Analysis X
PQ-SC-2.2 surface area. net. A broad PQ distribution is preferred
for science.
DOT-NET-1 | The net shall have a deployed side length of 15 m. (Parent: DOT- Makes sure the net can entangle on the | Inspection: mea- | X
LAN-PQ-SC-2.2) range of asteroid diameters expected. surements on the
assembly.
DOT-NET-2 | The netshall entangle and attach to the asteroid with a probability The net is crucial to mission success and | Analysis: simulation | X
of at least 0.95 (3 sigma). (Parent: DOT-AST-2.1) shall enable landing on the asteroid. and statistical analy-
sis of the results.
DOT-NET-3 | The weights shall be able to retract 10 m of rope. (Parent: DOT- Increases the probability of successful | Test: physical test of | X
AST-2.1) long-term attachment once entangled. the retraction mech-
anism.
DOT-NET-4 | The weights shall be able to retract the rope with a force of up to - Test: physical test of | X
300 N. (Parent: DOT-AST-2.1) the retraction mech-
anism.
DOT-NET-5 | The netshall be fully deployed <TBD>m from the asteroid. (Parent: There is an optimum distance from the Analysis: simulation | n
DOT-AST-2.1) asteroid where the net shall be fully de- and statistical analy-
ployed. sis of the results.
DOT-NET-6 | The net shall be ejected at <TBD>m from the asteroid. (Parent: There is an optimum ejection distance Analysis: simulation | n
DOT-AST-2.1) from the asteroid. and statistical analy-
sis of the results.
DOT-NET-7 | The weights shall be ejected at an angle of 10 degrees to asteroid | Deployer and system constraints. In or- Demonstration/test: X
nadir. (Parent: DOT-AST-2.1) der to keep as much volume as possible | physical test of the
available in the deployer the ejection an- ejection and trajec-
gle must be as small as possible. tory measurement.
DOT-NET-8 | The weights shall be ejected at TBD m/s. (Parent: DOT-AST-2.1) Structural deployer constraints and Demonstration/test: n
structural PQ considerations (such that physical test of the
they do suffer damage due to impact) ejection mechanism
limit the maximum ejection velocity. Up and  performance
to 10 m/s preferable for net deployment measurement.
dynamics.
DOT-NET-9 | The weights shall be able to withstand impact of <TBD> Ns. - Test: impact test of | n
the weight.
DOT-NET- The weights shall be cylindrical with a diameter of 48 mm (+/- 0.01 The bullets have to be compatible with Inspection: mea- | X
10 mm) and a length of 190 mm (+/- 0.01 mm). the deployer design. surement of the
weights.
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Table 8.2: Requirements for the Net design (continued).

Requirement | Requirement Rationale Veri cation Method Compliance
ID
DOT-W-M The mass of the weights shall not exceed the value speci ed in the Functional and system performance Inspection: mea- | X
mass budget including the current contingency level. considerations. A high bullet mass is | surement of the
preferable from a net deployment dy- weights.
namics point of view, but is constrained
by the deployer performance and user
mass requirements.
DOT-NET- The net shall sustain <TBD>krad. The net s critical to mission success and | Analysis: simula- | n
11 has to sustain the environmental condi- tion.
tions encountered.
DOT-NET- The weights shall provide 110 Wh of energy storage. The bullets are objects with a high den- Inspection:  design | X
12 sity and can be exploited to provide en- review.
ergy storage.
DOT-NET- The net shall enable the distribution of power and data between The net can be exploited to connect the Test: the nal cable | X
13 the different PQs through cables PQs, which leads to a more ef cient de- design can be tested
sign on ground.

Requirement DOT-NET-2 was not satis ed. In the entire chapter, but mostly in section subsection 8.4.1 the
reasons are presented along with possible solutions. A clear recommendation on which parameters have to be
adapted can be found in section 28.2.

8.1.1. HERITAGE
The RemoveDEBRIS mission was the rstto use a net in space [6]. It deployed a hexagonal netof 5 £5mona
CubeSat with an in ated balloon of 1 min size, and was considered an active debris removal (ADR) technology
demonstrator. A net has previously been an option for the cancelled ESA - ROGER mission [7] that was sup-
posed to clean up Geostationary Earth Orbit. It was the rst time (publicly) that large-scale nets were actively
researched for space applications. The ESA e.deorbit mission is currently under development (planned launch
2023) and will employ two 15 £ 15 m nets in order to de-orbit the 8 ton decommissioned satellite ENVISAT [8].
In general, since its inception, nets in space were connected inherently with space debris removal. The func-
tioning and deployment principle is very similar in all missions. A net is stored in a deployer such that it does
not entangle. To shoot it at a target, weights or bullets with a higher mass than the net itself are ejected towards
the target with a small velocity component in the plane perpendicular to the deployer-target axis in order to
open the net. In practice, this is usually done by springs or gas ejectors that are at an angle to the deployment
axis. In addition to opening the net, the bullets ensure entanglement around the target.

8.2. NET DESIGN

The missions and applications explained in subsection 8.1.1 all apply to nets designed to remove space debris,
which causes the net to have a tether line connected to the Deployer. ANTREA exploits a net to reliably at-
tach the PQ sensors to the asteroid. The focus is more on the deployment and subsequent attachment, while
atether line is non-existent. The mission is low-cost as much heritage and already gained experience in space
nets was exploited for the present design. There are a few considerations that increase the complexity of the
design with respect to debris removal missions:

1. The net has to provide landing and attachment for 69 PQs with an average mass of 155 g, see chapter 5. As
a result, the mass of the net will be much higher than in the reference missions. This changes the deployment
dynamics, as in all designs only the bullets are actively ejected which in turn accelerate the net by conserva-
tion of linear momentum (assuming no energy dissipation due to bending, torsion and tensioning of the net),
vimy /Evomo. As the ratio 1 A nettr%tjésl(’uﬁth’g&fbu”ets) decreases, the discrepancy between the initial bullet
velocity and nal net velocity increases, which in turn decreases deployment stability. Battista et al (2017) [9]
recommend r to assume values in between 4 j 10, which is de nitely not feasible for the ANTREA net. In order
to quantify the in uence of this change and possible solutions, deployment simulations were carried out and

are described in subsection 8.4.1.

2. The net has to provide a steady PQ position on the asteroid. Ideally on the ground, if not at least oating at

a constant position and altitude above the surface to enable scienti c observations.

3. The net does not just consist of a ber for structural reasons but additionally has to house power and data
cables, radically increasing the bending and torsional stiffness and altering the damping constants and non-
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elastic energy dissipation during deployment.
4. The ejection speed is constrained by the structure and impact resistance of the PQs. This adds an additional
dif culty as the optimum net velocity of 10 m/s as determined by Battista et al (2017) [9] is hardly attainable.

LAYOUT

The RemoveDEBRIS net was hexagonal with 6 bullets, while the proposed ADRINET on e.deorbit will be a
square net with 4 bullets. Other shapes, such as triangular with unequal side lengths to decrease the risk of
the bullets hitting each other on the backside of the target are under investigation. In order to retain simplic-

ity and due to the complexity of net deployments, a square layout with 4 bullets was chosen. The net has a
deployed size of 15 £ 15 m and is able to wrap around asteroids of up to 5 m in diameter (16 m circumference
assuming a sphere). The design was kicked-off with the assumption that the length of ropes connecting the
bullets to the corners could be simply increased to catch larger asteroids, however this would most likely re-
sult in complicating the deployment dynamics. Consequently, it was decided to focus on the 15 £ 15 m net
capable of wrapping around small asteroids in the following. The cables at the corners are 0.5 m long and
connect the edges of the square net to the bullets. The bullets have a 15.8 m direct cable connection in be-
tween them, which can be reeled-in to close the net. The mesh size is 1.25 m which is suf cient to catch the
asteroid and reduces the total net mass. The PQs are attached at intersections of the thread as can be seen
in Figure 5.7. The ratio r pointed out above is approximately 0.66 for the ANTREAnet. The bullet ejection
velocity of 2.03 m/s at an angle of p A10 degrees to asteroid nadir results in an initial bullet velocity towards
the asteroid of 2.03 @ sin(10%) £2 m/s. By conservation of linear momentum the nal overall net velocity is
approximately 0.79 m/s. In case r is high, the distance from ejection to full deployment can be approximated
by d ﬁEﬁ, where x /£11.1 m is half the diagonal of the net. This resultsin d A63 m but is not representing
reality as the fraction r is way below 4 and the bullets are decelerated signi cantly by the net. The cooperation
with SKA-Polska simulations of the net deployment were carried out and it was found that the current design
does not deploy, see subsection 8.4.1. As this only occurred at a late stage of the design, it was not possible to
alter the parameters signi cantly. Possible solutions and adaptations are presented in section 28.2.

CABLE

To guarantee structural integrity of the
net, high strength and low speci c den-
sity bres are desired. The elasticity

Table 8.3: Table with the components of the net segment.

of the bre strongly in uences the de- Net segment Length [m] Diameter Mass [kg]
. . components (outer) [mm]
ployment dynamics. The best options Rope with power and
are high modulus-polyethyleene (HMPE) data cables 126.25 1.9 1.012
synthetic bres (Dyneema) and high —Technora hull 126.25 1.9 0.234
modulus-high tenacity (HM-HT) syn- —Data cable 2525 0.3 0.186
thetic bres (Technora, Kevlar). Dyneema —-Copper wire 252.5 0.2 0.142
has been used in the RemoveDEBRIS mis- —-PTFE insulation 2525 0.3 0.044
sion [10], but for this mission the space —Power cable 505 0.66 0.592
quali ed Technora has been chosen due —Copper wire_ 505 0.41 0.475
to its high strength, impact, fatigue and —-I:]TFElnsuIanon 205 0.66 0.117
heat resistance [11]. Technora’ bre Technora net fope 68.75 13 0.498
. . Technorareel-inrope | 63.2 0.8 0.044
properties are presented in Table 8.4. The PO-netinterface [ [ 0246
net incorporates 3 different types of rope Bullets 0.19 48 2'000
with a total length of 458.2 m. Total 9.800

The 126.25 m connection between the

PQs requires two power cables, see chapter 13, and 4 data cables, see chapter 15. The respective required

copper wire diameters are 0.41 mm for the power cable and 0.2 mm for the data cable. Both types have a Poly-
tetra uoroethylene (PTFE) insulation around them, which increases the respective diameters to 0.66 mm and
0.3 mm. The cables are twisted at a pitch of 20 mm and housed inside a Technora hull.

Ihttp://www.matweb.com/search/DataSheet.aspx?MatGUID=683f3be4a8e140a380b27cf05aa93229 [Accessed on 20/06/2019]
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Table 8.3 presents the cables and all components that are part

of the NET segment. No detailed analysis was carried out on Table 8.4: Technora material properties, from footnote 1
the required cable strength, therefore it was assumed it has and [11]

to be about two times stronger than the bres used in nets Technora material properties

for ADR missions [7][6], resulting in an ANTREA net strength Ultimate tensile strength  %4,;; [Mpa] | 3000
of 4000 N.As a result, the total cable diameter is 1.9 mm. Failure strain [%)] 4.4
Structurally problematic is the fact that the Technora ber (E- Young's modulus E [GPa] 70
modulus 70 GPa) is less stiff than copper (E-modulus 110 GPa) 2. | Density [kg/m °] 1390
Consequently By applying the principle of superposition, it be- Axial damping ratio [-] 0.106
comes apparent that the copper would carry most of the loads, Torsional damping ratio [-] 0.079
which is undesired. The connection between the cable and the Bending damping ratio [ 0.014

PQs houses a little bow to let the copper move and slide freely in the Technora hull without taking any forces.
Another possible solution is presented in section 28.2. At the same time, Technora is still desired since its ~ ¥4¢
is 14 times higher than copper's (210 MPa), which also decreases the required cross sectional area by a factor 14
and the net mass by a factor 90. The pure Technora rope in the net has a diameter of 1.3 mm, which results in

a strength of 4000 N as well. The 63.2 m reel-in rope will barely take any forces during deployment and impact.

It was therefore assumed a strength of 1500 N is required, resulting in a diameter of 0.8 mm.

Figure 8.1: Technical drawing of the rope housing 2 power and 4 data cables inside a Technora hull.

ATTACHMENT
As calculated and pointed out in detail in the Midterm Report [5], the gravity acting due to the asteroid is
negligible. On the other hand, the worst case normal acceleration away from the surface is 0.024 m/s 2, resulting
in a force of up to 0.0049 N per PQ (assuming an asteroid radius of 5 m, rotation period of 90 s and PQ mass
of 200 g). The net has to serve as an attachment to keep the PQs on the surface, which is done by the bullets
entangling on the backside of the asteroid.
The PQs are attached on the outer side of the net when
landed (i.e. facing the deployer during ejection), since they
have a higher mass than the surrounding net. This ensures
the PQs will always face the ground with the correct side,
as the acting normal force is pulling the PQ away from the
surface and it is attached to the net on the -Z side, see Fig-
ure 8.2. Itis very likely that not all PQs will touch the sur-
face but rather oat a few centimetres above it. In order to
increase the probability of touching and remaining on the
surface, some parts that could be added to the individual Figure 8.2: lllustration of a PQ on the net cable.
PQs were taken into consideration but not implemented
due to time constraints. The Jet Propulsion Laboratory developed an autonomous microspine gripping mech-

2http://matweb.com/search/DataSheet.aspx?MatGUID=9aebe83845c04c1db5126fada6f76f7e&ckck=1 [Accessed on 20/06/2019])
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anism to attach an object to an asteroid or any not completely smooth surface [12]. The mechanism is large,
bulky and relies on complex mechanisms (kinematics, gears, motors and springs) to work, which is why it is
not an option for the present design. The design of a microspine itself however, which is basically a small hook
that can attach to a surface and cope with lateral loads, is space-ready [13]. Since the PQs are considered too
small for complex active attachment mechanisms, the possibility of using microspines passively was explored.
This has previously been done on wall perching xed wing UAVs by Lussier-Desbiens et al. (2009) [14] and was
matured over time [15]. Consequently, microspines could be implemented on the PQs in a smart manner if
simulations and scaled test show a suf cient amount of shearing of the PQs over the surface. It would be re-
quired to know (at least coarse, if installed on a pin that can rotate) the shearing direction in order to install the
microspines. Microspines could be installed on a pin on the lower side of the PQ such that they grip the aster-
oid surface when the PQs slip over it. One of the leading experts in the eld and author of the previously cited
article on microspines, Dr. Aaron Parness from JPL, stated that "[...] there are ways [...] to use a microspine
gripper that would be passive or spring-loaded instead of driven by motors and electronics.” (Aaron Parness,
personal communication, 14/06/2019).

STORED VOLUME

Another challenge is the net packing inside the Deployer. The aim is to pack the net with the PQs attached as
tight as possible without compromising deployment or increasing the chances of entanglement. The cancelled
ROGER mission was used as a reference [7]. Its 10£ 10 m net with a mesh width of 0.2 m required a storage
volume of 5 dm 3. The ROGER net (just the bres) had a mass of 1 kg and was made out of Nylon A with a
density of 1100 kg/m 3°. As a result, the volume of 0.91dm 3 together with the mentioned stored volume leads
to a packing factor f A0.181 by applying f fES1belvoume The ANTREA bres have a volume of 0.716 dm 2 and

storedyoiume
assuming a similar packing factor, the stored volume becomes 4.13 dm 3. A margin was added to account for

the thicker wires (lower minimum bend radius) and the required connection to the PQs, which reduced f to
0.149. To conclude, the required storage volume for the ANTREA net was assumed to be 5 dm 3. This number
does not include the volume of the PQs themselves.

8.3. BULLET DESIGN
The main function of the bullets is to accelerate the net out of the Deployer, span it and make sure it wraps
around the asteroid. Two additional secondary functions have been identi ed.

1. Retracting some cable after wrapping around the asteroid in order to tighten the net.
2. Providing energy storage capacity in terms of batteries in the bullets.

The rst was inspired by the RemoveDEBRIS mission [10]. A net was shot at a target satellite with the goal of
de-orbiting it along a tether line. In order to increase the chances of unwrapping, the bullets had spools to
retract a rope that would tighten the net. A similar approach has been followed for the DOT mission, requiring
a motor and mechanism to perform the task. Net simulations on asteroid contact, see subsection 8.4.2, proved
the necessity of such a system.

The second additional function followed from the fact that the system needs energy storage capacity. The
bullets can be exploited for this, since they have a high density and volume in comparison to the PQs. As a
result, four identical bullets that meet the requirements were placed at the four corners of the net.

CALCULATIONS FOR SIZING

The reel-in of ropes requires an actuator and spool. For maximum ef ciency, controllability, and compatibility
with the energy storage function, an electrical motor was chosen as actuator. In order to size this system, the
following calculations on the motor were carried out. A Python program has been implemented to select the
best combination of components, the following presents the nal values.

Since ideally, mechanical power is conserved through a gearbox but there are inevitably losses, it holds that
T,! 1 £ T2! » where T1 and T» are the in- and output torques, ! ; and ! , are the in- and output rotational

Shttp://matweb.com/search/DataSheet.aspx?MatGUID=09c6d8aaad51444f838a219bb88a6c0a [Accessed on 17/06/2019]
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speeds and ~ is the transmission ef ciency. The leading technology for the desired application are BLDC mo-
tors, the power diagram of the selected Maxon EC-max 22 “ can be seen in Figure 8.3. The motor has 3 hall
sensors that measure the position of the rotor with respect to the stator. This information is fed to an elec-
tronic speed control (ESC), the Faulhaber SC 1801 P ° that controls the motor and uses the batteries as power
source. Itis obvious the motor can operate continuously at high rotations per minute but not at high torques,
since torque is directly related to current. Consequently, a planetary gearbox is required. The selected GPX 22
HP® has a reduction ratio of 590:1 and an ef ciency of “; /55 %, which is quite low for a planetary gear due
to the compact design and 4 stages. Applying Pmech Z£T! , where T equals 9 mNmand ! equals 12000 rpm =
1256.6 rad/s (the point indicated by an X in Figure 8.3).

This results in the mechanical power Pyech being 11.3 W.

In this case, the motor and ESC ef ciency are ", Z£63 %

and ¢ /93 % respectively and therefore the required elec-

trical input power amountsto 18.9W. Tg/Ar Ty, where Tg

is the spindle torque, r the transmission reductionand T,

the motor torque. Tgresults in 2.92 Nm with an input  Tp,

of 0.009 Nm. The equation F 'CErspiTndle can be applied to

calculate the force in the cable. With T AT of before and

I'spindle Z£0.01 m (as the spindle plus drum, on which the

cable will be, is assumed to be 1 cm), the maximum force . .

inthe cable is 292 N. The reel-in cable velocity can be com- F'i;’;i:ﬁggf:féﬁggﬁg Zr.]eerg Tﬁ;i?emxeii;gﬁjgiom
puted by vg A! <d, where ! g is the rotational speed of the operation range, white indicates the short term operation range.
spindle. By llingin ! ¢ = 2.13 rad/s, the reel-in velocity

becomes 0.0213 m/s.

The maximum reel-in distance d;ee| Was assumed to be 10 m, which would take atime t of 470 s at 12000 motor
rpm. Multiplying the time with the required input power results in the required energy, E APjnt, where E is
2.46 Wh in the present case. Assuming 100% battery ef ciency, the overall system ef ciency is 33%.

For the other secondary function, one would like to t batteries as large as possible to provide the maximum
energy storage. It was found that three Sony/Murata US18650VTC5A ’ can tinside the cylindrical shell of each
bullet. They each have a capacity of 2600 mAh and a nominal voltage of 3.6 V, resulting in an energy storage
capacity of 28.08 Wh per bullet and 112.32 Wh in total. This assumes a Depth of Discharge of 100%, how they
will actually be used after deployment is detailed in chapter 13.

BULLET LAYOUT

The bullet is of cylindrical shape and all previously mentioned components need to t inside. The mass of

2 kg is governed by the deployment dynamics. The bullet shell is made of stainless steel and extra lead is
added around the motor and gearbox, which can effectively act as a radiation vault and increases the mass to
the required 2 kg. Between the interior components and the steel shell, a thin layer of gel is implemented to
provide shock resistance and protect the mechanical and electrical assemblies. The components are listed in
Table 8.5. Two IMUs are present to record the deployment for scienti ¢ reasons. The electronic speed control
automatically starts a countdown during deployment (triggered by IMU voltages) and after 120 s starts to reel-
in the cable. It stops if either 10 m were reeled-in or if the force in the cable exceeds the limit of 292 N, which
means the applied torque is too high and decelerates the motor to a cut-off speed.

4https://www.maxonmotor.com/maxon/view/product/283838  [Accessed on 17/06/2019]

Shttps://iwww.micromo.com/media/pdfs/SC1801_DFF.PDF  [Accessed on 17/06/2019]

Shttps://www.maxonmotor.com/maxon/view/product/gear/planetary/GPX/GPX22/GPX22-4-Stu g-HP/GPX22HPKLSL0590CPLW [Ac-
cessed on 17/06/2019]

7https://www.nkon.nl/sony-us18650vtc5a- at-top.html?gclid=Cj0KCQjwi430BRDBARISAEXSRQFOjprnoUkSivOfDaER-JT_
crZJIOrtZEJe3XYwJzGLUUN7KCIShZEaArRgEALW_wcB [Accessed on 17/06/2019]
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Table 8.5: Table with bullet components per piece

Component Number Model Mass [kg] | “mech! elec | COSt[EUR]
Bullet shell 1 custom 1.002 500
Battery 3 Sony / Murata US18650VTC5A | 0.045 11.85
BLDC motor 1 Maxon EC-max 22 0.083 0.63 152.73
Gearbox 1 Maxon GPX 22 HP 0.095 0.55 179.91
ESC 1 Faulhaber SC 1801 P 0.004 0.95 200
Lead 1 Custom 0.6 50

Gel 1 Custom 0.05 100
Cables, connectors, spindle - Custom 0.03 100
IMU 2 BMX055° 0.0005 3.72
total 2 0.33 1298.21

Figure 8.4: Drawing of a bullet illustrating the layout.

8.4. SIMULATIONS ON NET DEPLOYMENT

SKA-Polska's software ADRINET - The Toolchain for Dynamic Simulation of Elastic and Deformable Net-like
Structure, enabled net deployment and asteroid attachment dynamics simulations. The cable dynamics are
based on the Cosserat rod model while tensional, torsional, and bending stiffness of the bre are all taken
into account. Additionally, a contact model has been implemented to simulate the net entangling around an
object. The simulation applies a forward Euler integration scheme. A more in-depth description of the simu-
lator can be found in [16]. The net discretised in the simulation has an identical layout as the one presented
in Figure 5.7, except for the direct bre connecting the bullets. On the other hand, the simulation assumes a
Technora bre net with a diameter of 0.5 mm, as this was the baseline SKA-Polska model. Consequently, the
dynamic behaviour of the simulated net will differ slightly from the ANTREA design. However, these deviations
are regarded as only relevant in further detailed design and development. The net is discretised in 173 knots
(with mass and inertia) and 6003 links connecting these knots via control points. The PQs and bullets are mod-
elled with their actual dimensions and masses. The density is assumed uniform to calculate their moment of
inertia. As explained in section 8.2, there are a number of differences between the ANTREA and classical active

; ; total bullet mass
debris removal nets, the most pronounced one being 1 Ao (without buTIets)

8.4.1. SIMULATIONS FOCUSED ON DEPLOYMENT
At rst, deployment of the current design with the current parameters was simulated. The maximum deploy-

; actual net area ; : . . L.
ment fraction f /Efu”y deployed net area achieved was 0.29. This value is unacceptably low and hinders mission
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success. An evolution of the deployment fraction over time can be found in Figure 8.5, along with a black
line indicating time of the snapshot presented on the right. In Figure 8.6 it is visible that only the bullets are
spanned outward while the rest of the net is folded. It should be noted that the deployment fraction is just one
parameter indicating deployment performance. A high ultimate deployment fraction does not always result
in successful deployment, as especially slow rates tend to be very chaotic, thereby increasing the chance of
the net entangling itself. Oscillations during the net deployment are presented in 8.7a, 8.7b and 8.7c. Those
are always present but especially strong in the depicted case. For the following deployment simulations, con-
tact detection was deactivated to decrease computational effort, which means that entanglement could not
be simulated. Unfortunately, the simulations only started at a very late stage in the design process and it was
impossible to change major aspects at this point. However, the design can be altered in a number of ways.

1. The mass of the bullets can be increased to realise a higher r. The mass budget allows 50 kg, but currently
only 25.5 kg are used. The bullet mass could therefore be increased to 5.75 kg each (total bullet mass
increase of 15 kg), whilst still keeping 9.5 kg for eventual snowball effects on the Deployer. The added
mass only manages to achieve an r of 2.1, which is still below the usual minimum of 4. In case it is
required to keep the current bullet dimensions, 4 kg can be regarded as the upper limit as then the density
corresponds to the density of lead.

2. The angle of ejection, W, can be increased. On a system level, this would resultin a lower volume available
to store the net and PQs.

3. The centre of the net could be given an initial velocity by ejecting it, see section 28.2 for a concept on how
to provide this in practise, which would reduce the momentum transfer between the net and bullet and
could increase deployment stability and probability of success. This would require an additional spring
(or any kind of deployment mechanism) in the centre of the Deployer.

4. The bullets can be ejected at a higher velocity to increase the deployment success rate. A more powerful
ejection system would be required, possibly switching from a spring to a gas Deployer system.

Figure 8.5: Deployment fraction vs. time after bullet ejection, current Figure 8.6: Snapshot of current design, 47.31 s after bullet ejection. Vgject =
design. Veject =2 M/s, Myjjgr =2kg,u=10% mpq =0.15Kg, Vinitial A0 2m/s, Mpyjjet = 2kg, p = variable, mpg =0.2 kg, Vipjtial AO.
(@) (b) (c)

Figure 8.7: Current net design deployment. Veject =2Mm/s, Mpyjjer =2kg, U= 10%, mpq =0.2Kg, Vinitial A0. (a) 2.57s after bullet ejection; (b) 3.29s
after bullet ejection; (c) 3.95s after bullet ejection.

Simulations were carried out, increasing the bullet mass to 5.75 kg as mentioned in item 1. Atthe same time, the
ejection energy was kept constant at 4.12 J, which resulted in an ejection velocity of 1.18 m/s. The simulations
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showed a steadier deployment than with 2 kg bullets ejected at 2 m/s. The computations were done on arange
of ejection angles as described in item 2. Figure 8.8 presents a graph displaying the deployment fraction over
time. The optimum was reached at an angle of 35 degrees and a deployment fraction of 0.94. It should however
be kept in mind that such high ejection angles would implicate important constraints on the volume budget
inside the Deployer. Looking at the deployment fraction evolution, one can notice kinks in all simulations at
about 5 s and 7 s. These correspond to the bullets transferring momentum to the PQs, which are by far the
most massive objects in the net. These phases are especially critical as only very lightly damped oscillations
can occur on the part of the netin tension, i.e. the parts in between the PQs and the bullets.

Figure 8.8: Deployment fraction vs. time after bullet ejection.  Veject=1.18 m/s, myyjje¢ =5.75 kg, p = variable, mpg = 0.2 kg, Vjpjtial A0

@ (b) (©)

Figure 8.9: In uence of initial PQ velocity.  Veject =2 M/s, Myy et =5.75kg, ,mpgq = 0.155 kg, initial PQ velocities applied 1 s after bullet ejection. (a)
=10%; (b) p=7%; (c) Max deployement p=10*and p=7%*

Providing an initial velocity to the net (which is usually 0 m/s) and not just the bullets as described in item 3

proved to enhance the deployment fraction. The simulations were carried out using a variable initial velocity

that was applied 1 s after bullet ejection. In 8.9a a graph of the deployment fraction vs. time after bullet ejection

with 10 degrees ejection angle is presented for initial velocities ranging from 0 to 1.75 m/s. The deployment

fraction peaked at 0.975 at an initial velocity of 1.25 m/s. 8.9b presents a similar graph for an ejection angle of

7 degrees, which peaked at 0.98 at an initial velocity of 1.5 m/s. A summary of the previous graphs is shown in

8.9c. These simulations provided insight into the optimal bullet ejection vs. net ejection velocity applied 1 s

33



after bullet ejection at 2 m/s. Further analysis needs to be carried out nding the optimum between the two
velocity ratios and the time of net ejection, which was kept constant at this stage. In section 28.2 a functioning
design applying an initial velocity is presented, but at the same time it does not in any way claim to be the most
optimal in terms of ejection parameters. In the future, these ratios may be coupled with net mass parameters
to enable optimal design from the beginning.

8.4.2. SIMULATIONS FOCUSED ON ASTEROID ATTACHMENT

After the net deployed successfully, it has to impact, wrap around, and entangle around the asteroid. The length
and number of simulations with contact detection enabled is limited, since computing a time propagation of

one second at a time step of 5 £ 10 © takes about 2000 s on a decent quad-core machine. The main target
parameters in the entanglement simulations are the asteroid size and distance from the Deployer as well as
the asteroid rotation axis and speed. The size is xed for this campaign while the distance was changed. In
8.10a, 8.10b and 8.10c a sequence of a net approaching, attaching and leaving the asteroid is presented.
Rather obviously, the net failed to remain on the asteroid and the bullets did not entangle. The bullets had a
mass of 5.75 kg were ejected at a velocity of 8.49 m/s at an angle of 19.56 degrees. The asteroid was placed
40 m from the Deployer. In this quick sequence of 8 s, the asteroid rotation (period 90 s) could hardly play

a role. A successful asteroid attachment is displayed in 8.11a, 8.11b, and 8.11c. In this case all parameters
remained unchanged except the distance from the Deployer to the asteroid, which decreased to 23.5 m. Not
enough simulations with similar parameters were performed to draw de nite conclusions, but a clue can be
found by looking at the deployment fraction graphs showed in Figure 8.12 and Figure 8.13. The black vertical
lines indicate the times of the previously presented gures of the failed and successful attachment. One can
notice that the net in the failed attachment achieved its maximum deployment fraction at around 6 s, and start

to retract before hitting the asteroid. On the contrary, the net in the successful deployment was still expanding
when it hit the asteroid. To conclude, there is a possibility of correlation between the rst derivative of the
deployment fraction and the chance of bullet entanglement on the backside of the asteroid.

@ (b) (©

Figure 8.10: Failed asteroid attachment. Vegject=8.49m/s, My et =5.75kg, 1= 19.56*, m PQ =0.2Kkg,Vinitial 40, dasteroid /40 M. (a) 7.43s after
bullet ejection; (b) 11.76s after bullet ejection; (c) 15.19s after bullet ejection.

The orientation of the asteroid axis with respect to the Deployer plays a role in the time after initial attachment.

A limited amount of simulations indicated that if the axis of rotation is coinciding with the deployment axis the
bullets have a higher chance of unwrapping and detaching the net from the asteroid surface. A sequence of
snapshots can be found in 8.14a, 8.14b and 8.14c. The net clearly attaches to the asteroid and is almost
completely closed at 50 s after bullet ejection. The asteroid rotation (period 90 s) however leads to the bullets
leaving the surface due to the centripetal accelerations they are experiencing. This is undesirable as it opens
the net and could ultimately lead to it detaching from the surface. This example illustrates the absolute need
for the bullets to close the net after attachment. Their effectiveness could be highly increased by adding hooks
that entangle with the net when the bullet hits a part of it after attachment to the asteroid.
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@ (b) (c)

Figure 8.11: Successful asteroid attachment. Veject =8.49 m/s, My et =5.75kg,u= 19.56%, m PQ =0.2Kkg,Vinitial 40, dasteroid A£23.5m. (a) 4.62s
after bullet ejection; (b) 14.87s after bullet ejection; (c) 21.08s after bullet ejection.

Figure 8.12: Deployment fraction vs. time after bullet ejection, failed Figure 8.13: Deployment fraction vs. time after bullet ejection, successful
attachment attachment

(@) (b) ©

Figure 8.14: Successful asteroid attachment. Vegject =3.16 m/s, Mpy)et =4Kg,p= 18.2%, mpqg =0.15Kkg, Vinitial 40, dasteroid A£37 M,
Pasteroid ZE90 m, rot. axis coinciding with deployment axis. (a) 38.05s after bullet ejection; (b) 49.85s after bullet ejection; (c) 99.05s after bullet
ejection.

8.4.3. CONCLUSION FROM SIMULATIONS

The performed simulations were insightful and would de nitely have helped in the early stage of the design to
enable a proper trade-off between parameters such as bullet mass, ejection velocity and angle. Further simu-
lations can be performed to assess and increase the probabilities of successful deployment and entanglement.
Time-constraints hindered the team from analysing oscillations and forces in the net in detail. Clear recom-
mendations on how to achieve a nal working design can be found in section 28.2. It is de nitely feasible to
launch a net with masses attached to it on an asteroid and let it entangle. The ANTREA team would like to
thank SKA-Polska another time for their support and licence to use their software. In particular the support of
Wojciech Goebiowski and Rafa Michalczy is acknowledged. SKA-Polska set up the model asteroid, discretised
the net and provided the net in packed order to simulate deployment.
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9

DEPLOYER

The PQs have to be stored in the Mothership all the way to the asteroid. Once arrived, the net will have to be
deployed. All of this is done by the Deployer and its design is explained in this chapter.

9.1. REQUIREMENTS

Starting from the user requirements, the Deployer requirements were rst derived in the Baseline Report [3].
New requirements were added as the level of detail of the design increased. The overview of the requirements
setonthe Deployer is presented in Table 9.1 below. A connection of some requirements to a parent requirement
is indicated in the Requirement column. If the compliance is not yet investigated or cannot be proven at this

time, the compliance box contains a "n".
Table 9.1: Requirements for the Deployer of the Lander.

Requirement | Requirement Rationale Veri cation Method Compliance
ID
DOT-LAN- The Deployer shall sustain the loads at all mission phases. This is to ensure that the Deployer is Test X
MD-1 strong enough against launch, mission,
deployment loads in particular.
DOT-LAN- The Deployer shall be able to contain the Lander. There needs to be enough volume inside | Inspection X
MD-5 the Deployer for the Lander.
DOT-LAN- The Deployer shall be able to operate in vacuum. For example if it contains an explosive Test n
MD-8 charge, the ignition might be more dif -
cult to operate in vacuum.
DOT-DEP-1 | The Lander System shall sustain the vibration loads as speci ed in The Lander System has to survive the vi- | Test X
the Vega Launcher Manual. (Parent: DOT-LAN-MD-1) brations in order to operate fully during
the mission.
DOT-DEP-2 | The Lander System shall sustain the axial and lateral loads as spec- | The Lander System has to survive the | Test X
i ed in the Vega Launcher Manual. (Parent: DOT-LAN-MD-1) loads in order to operate fully during the
mission.
DOT-DEP- The mass of the deployer shall not exceed the value speci ed in the User requirement Inspection:  weigh- | X
M mass budget including the current contingency level. ing the system
DOT-LAN- The risk of a premature partial deployment shall be mitigated. - Analysis n
MD-9
DOT-DEP-3 | The Deployer shall be able to open its door autonomously before The door closes the deployer to contain Analysis X
the Lander deployment. the net. It has to open in order to deploy
the net.
DOT-DEP-4 | The Deployer shall open upon command its single door in no more This is to ensure that the door opening Analysis X
than 3s. (Parent: DOT-LAN-MD-9) timeis xed.
DOT-DEP-5 | The Deployer shall open upon command its single door with a re- This is to minimise the risk of the door Analysis n
liability rate of <TBD>%. (Parent: DOT-LAN-MD-9) not opening.
DOT-DEP-7 | The release mechanism present for every one of the 4 weights (so | This is to reduce the risk of an asymmet- Analysis n
4 release mechanisms in total) shall trigger within a time interval ric deployment.
of maximum <TBD>s from each other. (Parent: DOT-LAN-MD-9)
DOT-DEP-8 | The release mechanism shall have a reliability rate of <TBD>%. This is to reduce the risk of a failed de- | Analysis n
(Parent: DOT-LAN-MD-9) ployment.
DOT-LAN- The Deployer shall ensure that upon separation, no parts contam- - Analysis X
MD-14 inate the Mothership or the Lander.
DOT-DEP-6 | The Deployer door shall not contaminate its surroundings during Once opened, the door shall not de- | Analysis X
the Lander deployment. (Parent: DOT-LAN-MD-14) crease the deployment performances in
any way.
DOT-DEP-V | The volume of the deployer shall not exceed the value speci ed in - Inspection: mea- | X
the volume budget including the current contingency level. surements on the
assembly

9.2. DEPLOYERSTRUCTURE
From the requirements, it is known that the Deployer structure has for main purpose to contain the net to

avoid it from contaminating the Mothership. The Deployer shall sustain loads at all mission phases. It shall
not exceed a certain mass and volume. It is assumed that the Mothership will protect the PQs from the space
environment (radiation, temperature) until deployment.

The Deployer is designed as a cubic box of 30 £ 30£ 30 cm. The reason for this is that it is the maximum value

allowed by the user requirement. By taking this maximum value, it allows to maximise the inner volume and
increase the amount of PQs that can be carried. The Deployer is made out of 6 aluminium Al-7075 T6 plates of
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