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Change Record

A brief overview of the changes per version are shown in Table 1.

Table 1: Change record, last update: 2 July 2019

Version Date Chapters affected Description of change
FR-1.0 03June 2019 all New document
28 June 2019 chapter 9 Corrected altitude and thus resolution, updated stability
28 June 2019 chapter 14 Post-DSE Gantt chart updated
30June 2019 chapter 14 Improved mass contingency strategy, included exploded
view and sub-assembly denotation
30June 2019 chapter 6 Corrected information on Kepler’s constellation. Adjusted
link budget, clarified communication block diagram.
Lowered the value of compression ratio to 50, which is
feasible for JPEG2000.
30June 2019 chapter 13 Adjusted diagrams, implemented feedback and clarified
derivation of memory size.
30June 2019 chapter 7 Increased and horizontally mirrored figures, implemented
feedback.
30June 2019 chapter 4 Clarification added to drag equation and Cp parameter.
FR-1.1  30June2019 chapters Included Altitude Variation Graph in Figure 5.14. Changed
orbit diagram in Figure 5.1. Changed symbols to be
coherent with list of symbols.
1 July 2019 chapter 10 Updated requirements & verification of requirements
1July 2019 chapter 12 Implemented feedback, clarified text, adjusted sensitivity
analysis
1July 2019 chapter 8 Implemented feedback, added some comments to the
sensitivity analysis, adjusted PCU block diagram and
accompanying text
1July 2019 chapter 11 Added references for damping ratio. Added more context
to the re-entry risk assessment. Some small clarifications
based on the feedback.
1July 2019 chapter 15 Added clarification of meaning different categories and
scale of the design wheel.
2 July 2019 chapter 3 Updated method of market size.
2 July 2019 all Proof reading, small grammar/spelling corrections




Executive Overview

The present project embodies the completion piece of the aerospace engineering curriculum at TU Delft,
namely the Design Synthesis Exercise (DSE). By applying and expanding the knowledge accumulated during
the entire Bachelor program, students collaborate with tutors and external experts to experience the real-life
design process and acquire the important skills of project management and systems engineering.

A. lannone, FE Adam, G. Leto, J. van den Wijngaart, J. Dekker, M. Jorissen, M. Villanueva Aguado, M.
Cravero, S. Venth and Y. Rucita are the students allocated to Group 08, whose designated project is the
Demonstrator for Air-Breathing Electrostatic Propulsion Earth Observation Satellite. The stakeholders are
two tutors from TU Delft, Dr. ir. A. H. van Zuijlen and Dr. ir. E F J. Schrijer, two coaches from TU Delft, MSc
M. Rovira Navarro, Dr. ir. M. Hamdi and Dr. ir. A. G. Anisimov and one external expert from ESA ESTEC, Dr.
ir. L. M. G. E M. Walpot.

Mission Objectives

The mission objective is to demonstrate the feasibility of electrostatic air-breathing propulsion through in-
depth analysis. Additionally, the benefits in terms of sustainability are highlighted, as well as the potential
technological innovations that will arise due to the intended competitive nature of the spacecraft.

System Overview & Mission Profile

The mission profile has been divided into 3 stages. The initial orbital insertion manoeuvre of two RAM Satel-
lites for Earth Sensing (RAMSES) is performed by LauncherOne. The satellite is inserted into a 'high’ orbit
where it will out-gas and slowly decay to its operational altitude over a period of 2 weeks. During nominal
operations the satellite will constantly check its position and perform inclination or altitude change ma-
noeuvre to ensure that it remains at the desired inclination, altitude and right ascension of the ascending
node. During this time images are made and send via relay satellites to the earth. The end of life is driven
by the safe disposal of the satellite, which must ensure safe disposal through re-entry in the atmosphere.

Previous Design Phases

Several milestones needed to be achieved before entering the final design phase. First, the most impor-
tant one was the requirement discovery. From the acquired stakeholder requirements, more verifiable and
specific requirements were derived. From the retrieved system requirements, more detailed subsystem re-
quirements were formulated and discussed separately.

After deriving the requirements, the mission, and the alternate means to achieve it, could be seen more
clearly. At this stage, multiple conceptual designs were conceived: they differed in terms of mission objec-
tive. The three concepts were studied more in depth and a trade-off method was established to eventually
select only one conceptual design. The chosen concept aimed to fly at constant density such that its propul-
sion system could be designed for a constrained variation of conditions. The curious reader is referred to
[1] for a more detailed explanation of all the concepts and the trade-off method.

Subsystems & Integration

The development of the selected concept was conducted in a detailed design phase, by examining each
subsystem concurrently. Hereby, each subsystem is discussed independently. A description of the final
integration follows.

Guidance, Navigation & Control

The guidance, navigation & control subsystem is responsible for the orbit design, orbit maintenance and
orbit determination of the satellite. To achieve a constant density the altitude of the satellite has been de-
termined to vary throughout its lifetime, starting at 240 km with a high solar activity to 214 km at a low solar
activity.



Constant observed lighting conditions are beneficial for the imaging payload, to achieve this the satellite
will have a sun synchronous orbit. To remain in a sun-synchronous orbit through the altitude range the
inclination will vary from i=96.485° to i=96.379°. Aright ascending node of >=30° was determined to provide
the best compromise between payload performance and imaging quality.

An orbit determination system that relies on the existing attitude determination infrastructure was de-
signed to determine the satellite‘s position. A combination of magnetometers and star sensor/gyroscope
was found to provide the lowest positional error.

Communications

The communications subsystem has been designed in such a way to guarantee continuous communication
with the ground with minimum power and mass requirements. To this end, the use of relay constellations
has been considered: Kepler 140 nanosatellites at 575 km are sufficient to enable complete coverage for
continuous up- and downlink. This type of communication allows for immediate delivery of customer’s
data, fast detection of commands from ground and the possibility of sending emergency signals at any
moment in time. The subsystem’s architecture is fully redundant to comply with the system requirement
about reliability. Furthermore, the antenna chosen is an array bonded on the satellite’s surface: this limits
the amount of drag - already critical in VLEO - that RAMSES would experience. The signal beam is steered
towards the relay antenna, thus the available power is used efficiently.

Propulsion System

The propulsion system is a critical part of the design of RAMSES. It was designed to overcome the drag
encountered, as well as to change orbital altitude and inclination in order to take into account solar activity,
repeat orbits, et cetera. The system design was based around an air-breathing, electrostatic thruster with an
Isp value of 3500 s and a thrust-to-power ratio of 13.8 £101 6 N/W. It required an intake to supply particles
and a power interface to provide the necessary power. The dimensions of the spacecraft were exploited to
retrieve optimal drag and thrust values; these were then used to design the intake system and determine the
power requirements.

Based on the frontal area dimension, a drag value of approximately 4.8 mN was acquired. To take into
account a contingency margin, a thrust-to-drag ratio of 1.2 was implemented. Therefore, a necessary EOL-
power of around 420 W was retrieved. Additionally, to ensure the required mass flow for the engine, an
intake of 0.39 m? was sized with an estimated collection efficiency of 40%. To this end, an intake system
was designed to capture and transport molecules to the thruster: it consisted of a 0.20 m long grid made
out of 32 identical triangles. Once past the grid, only 9% of the particles bounced back out of the intake.
Afterwards, the pressure is increased and equalised in the thermolizer, followed by a collimator. The latter’s
efficiency is required to be 8.4% or higher. This necessary efficiency is including the feed line to the thruster,
which is less than 30% for the intake system of RAMSES.

Power

The power subsystem is responsible for generating and managing power such that it may be distributed
to all of RAMSES’ components under the right conditions. It is composed of solar arrays, batteries which
provide power during eclipse time and peak conditions and two PCUs which regulate the input power ac-
cordingly.

The solar array was sized by accounting for inefficiencies such as degradation, array inclination and
temperature variations, amongst others. A SpectroLab cell with a BOL efficiency of 32.2% is selected. The
resulting area is 5.03 m? with a total mass of 4.23kg.

The batteries were sized such that they can provide sufficient power during the eclipse period. The
selected model was a 43Ah lithium ion battery with a capability of up to 40,000 cycles. The resulting config-
uration is two sets of five batteries, which includes one redundant battery per set. The total system mass is
12.7kg.

The power control unit was split into two so that a dedicated lon Propulsion PCU (IPPCU) could provide
power to the engine reliably. The General PCU (GPCU) was designed to distribute a peak load of 144 W to
all subsystem components except for the engine; the IPPCU delivers a power of 415 W to the engine.



Payload

The imaging payload achieved a ground resolution of 34 x 34 cm? to 38 x 38 cm?, depending on the altitude
(from 214km to 240km). This is slightly higher than the requirement of 30 x 30cm? due to integration
constraints. The payload achieved a focal length of 219 cm and an effective aperture of 42 cm, by using an
annular folded optic [2]. The final integration of the payload is shown in Figure 1.

Figure 1: Schematic of the camera as integrated into the spacecraft (not to scale), the dimensions shown are in cm. The spacecraft
moves into the paper

The main disturbances caused by the atmosphere and the geometry of the satellite/Earth-system can
be corrected for by means of on-board processing [3].

The main risk for the payload was considered to be the degradation due to atomic oxygen. The carbon
fibre reinforced silicon carbide had excellent properties for a space mirror [4], but atomic oxygen remains a
problem [5]. The effect was mitigated as much as possible by means of a nanosphere/polyimide composite
coating, which performed exceptionally well in tests [6], but still expected to degrade over the 10-year mis-
sion lifetime. Also, the payload was designed to tolerate very little changes in requirements or design before
the concept becomes unfeasible or the performance is reduced.

The payload was estimated to weigh 30 kg and consume no more than 30 W of power, both including
contingencies. The total payload cost for one satellite, including research and development, was estimated
to be FY19 €23.7 £10°.

Attitude Determination & Control

The Attitude Determination and Control Subsystem (ADCS) of RAMSES deals with keeping the payload
pointed towards the ground at all times, the solar arrays aligned within an angle of 30 degrees with the Sun,
and the intake perpendicular to the flow direction. The stability of the spacecraft is also assured. The system
was designed by estimating the disturbances which the spacecraft encounters at the operational altitude,
and the pointing requirements of the camera and other subsystems. Attitude determination is achieved
with a combination of Sun sensors, star sensors, Inertial Measurement Units (IMUs) and magnetometers.
Magnetic torquers provide attitude control. The system was designed to be fully redundant, radiation resis-
tant and with TRL level 9, guaranteed for 10 years of operations. The stability of the spacecraft is provided
by deployable fins. The system was designed to be operational in a detumbling mode, for the phases imme-
diately after launch, a nominal operations mode and a safe mode. Attitude control can be achieved up to a
minimum altitude of 188 km, which allows for a certain degree of control of the velocity of the spacecraft in
the first phases of the re-entry. The main risk associated with the subsystem was found to be the magnetic
field interaction between magnetic torquers and propulsion system, which might in the worst case cause
the shut-down of the engine. Integration considerations were done to prevent the issue. Extensive testing
will be required.

Structures
The structure was designed to resist the launch loads of the LauncherOne launch vehicle. The vibration
loading was found to be critical and was used for the sizing of the structural shell. This resulted in a load



carrying shell of 1.35mm of carbon fibre reinforced polymer. The mass of this shell is equal to 13.16 kg.
Additionally 5 kg was assigned for the adapter and 3.5 kg for the fasteners.

Apart from the launch loading, the structure was also designed to resist the erosive VLEO environment.
This was accomplished by selecting two coatings, one for elements that require a transparent coating and
one for elements that do not specifically have this requirement. A composite film of 7.5&m with a trans-
parency of over 92% was selected for the first elements. The other elements were coated using a perhy-
dropolysilazane derived silica coating with an exceptional resistance to erosion and a thickness of 1.17 &m.

Finally the re-entry of the satellite was analysed using the SARA program. It was found that the fatality
probability was 9.5 £ 10i°® which was deemed to be acceptable as the value is below values commonly used
for space missions [7].

Thermal Control

The thermal control of RAMSES is to be done passively. This is beneficial as the system already has a tight
mass and power constraint. Several surface finishes have been used on the various sides of the spacecraft,
namely: Aluminium kapton of 5 mil and white paint. Heat generated in the engine is radiated off to space
with a radiators placed on the outlet side of an area of 0.14 m?. Heat pipes are sized to transfer heat from
hotter sides to colder sides. This is mostly to also minimise the high temperature variations of the solar
panels that leads to degradation. Two more radiators are placed on the zenith side and bottom side. Collec-
tively, they have an area of 1.35 m?. They are placed on sides that do not face the sun to increase the radiator
efficiency. With all of this hardware, the temperature variation of RAMSES on all its sides accommodate
the required operating temperature of all of its components. Finally, the total mass of the thermal control
system is given to be 4.6 kg.

Command & Data Handling

Command & Data Handling represents the brain of the spacecraft: it is responsible for internal communi-
cations between the different subsystems and manages on-board operations. These tasks are undertaken
mainly by the On-Board Computer(OBC). The significance of this subsystem with respect to all mission op-
erations required per se a high level of reliability for its design; thence, the system has been conceived to be
fully redundant. Two OBC are installed; nonetheless, to have an efficient design in terms of mass and power
consumption, the unit has been customised. Proton2X box suite was selected amongst the most reliable
OBC for small satellites: it has a TRL value of 9. Only the components deemed strictly required have been
included. In particular, a large flash memory was chosen to store the large amount of data generated by
the imaging payload. The storage was over-designed: the reason lies in the possibility to store larger files,
such as a video, under specific customer’s requests. To this end, also the processor and handling speeds are
higher than the ones strictly needed.

Integration

One of the biggest challenges of system integration for RAMSES was the balance of the spacecraft. Due to
the high drag forces, a misalignment between the centre of pressure and the centre of gravity will produce
significant disturbance torques, which would need to be counteracted by a powerful ADCS. Thus, trimming
the spacecraft accurately is crucial to the performance of the system. It was demonstrated that it is possi-
ble to move the centre of gravity to the right location by carefully positioning the various components. In
addition to that, the mechanical, electrical, thermal, propellant and data interfaces of the spacecraft had to
be considered and designed for. This introduced more constraints to the system layout, such as favourable
and unfavourable component mounting positions.

Risk Assessment

For each subsystem the risks have been identified and mitigation measures have been taken where required.
As a result the over risk of the project was minimised. To achieve this a risk map was presented in each
section.
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Cost Assessment and return of investment
RAMSES costs were estimated by the quasi-grassroot method and the cost for research, development and
engineering aswell as the unit costs can be found in the following table. Besides these cost there is the

Table 2: Overview of the subsystem specific cost

Subsystem R&D and Unit cost ( 10° Cost estimate Technical Risk
engineeringcost(  2019e) accuracy
10 2019 €)
Propulsion 40.6 1.8 Low High
Power 0 11 Medium Low
Thermal 0.6 0.1 Medium Low
ADCS 0.2 0.2 High
Payload 17 6.8 Low High
Communication 0 0.2 High Low
Structures 14.3 2.9 Medium Low

launcher cost which is estimated to be 12 million dollar per launch and can take 2 satellites. Furthermore
the general project costs of the rest of the project had to be estimated which is illustrated in the following
figure. Using this cost estimation and the available market volume of 98 million dollar per year the following

Figure 2: Cost breakdown structure of the post DSE phase. The number in the left box is the non-recurring cost and the number in
the right box is the recurring cost. Both are given in 1082019 e

parameters were derived in order show the return of investment. Together with a price course that would
start at 10 dollars per km? and will decrease in steps of 2 years towards 2 dollars per km?, this provides
enough data to make the graph in Figure 3 where it can be seen that after 4 years the investment has paid
off and profit can be made until 58% over 10 years.

Table 3: Cost overview of RAMSES

Parameter Value Comment

Non-recurring costs 150.6 million 2019 euro

Cost per spacecraft 39.8 million 2019 euro

Number of spacecraft 4

Surface captured 37000 km?/d

Yearly cost per spacecraft 0.15 million 2019 euro

Selling efficiency 26% Assumption based on market share

Sustainability Approach
After the first design was completed its impact on the environment was assessed based on the materials and
processes used. Based on this assessment some potential improvements were identified of which some were
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Figure 3: Graph that shows the total cost versus the total revenue.

incorporated in the design. The most important choices that were implemented in the design to improve
the sustainability were the launcher and the recycling of composite waste. Another improvement that was
identi ed was the use of aluminium as a material. This would great improve the sustainability of the design
but was not feasible to implement within the mass budget.

Development & Production Plan

Having presented the complete design up to this stage, the future stages of development and production
were brie y analysed. It was expected that a more detailed design would to be performed before the pro-
duction could commence. With respect to production the design was split into six sub-assemblies to facil-
itate integration and testing. Production be followed by a testing phase in which the nal design would be
realised. Finally, after integration is complete the launch with the selected launcher is expected to occur.

Future Considerations

Lastly, some future considerations are outlined. Some considerations can be made to improve the cur-
rent design by conducting more research into the collimator and the erosion due to atomic oxygen. Other
improvements can come from improvements in imaging sensor technology [8], which can simplify the in-
tegration by shortening the required focal length. Some extra considerations can also be given to the com-
munication system, where the VLEO altitude creates new problems in ground station availability.

The RAMSES mission can also be adapted to take a different type of payload. Interesting potential pay-
loads are (1) a communication payload (possibly with a constellation of satellites) [9], (2) LIDAR measure-
ments [10], (3) (synthetic aperture) radar [11], (4) gravity eld measurements [10-12], (5) electromagnetic
eld measurements [10] and (6) direct sensing of the atmosphere (density, chemical composition, etc.) [10].
All these alternative payloads can bene t from the lower altitude and the long mission lifetime. Another
bene t of air-breathing electrostatic propulsion is that it is not limited to Earth's atmosphere [13]. It can
potentially be used on other planets with an atmosphere (such as Mars [13]) with similar payloads. Since
Mars' atmosphere is signi cantly thinner than Earth's, the achievable altitudes are even lower, creating po-
tentially more gains. To investigate such applications, the engine and intake systems will need to be tested
with different densities and gas mixtures that mimic a non-Earth atmosphere.



Nomenclature

Abbreviations km®/s?
Y Stefan-Boltzmann Constant  5.67 £ 10/ 8
ADCS Attitude Determination System Wi(m 2K*)
AF-MPD Applied-Field Magnetoplasmadynamic c Speed of Light 3£ 10°m/s
Thruster Fs Solar Constant 1358 W/m 2
BOL Begin of Life do Earth's Gravitational Acceleration 9.806 65
CBS Cost Breakdown Structure m/s
ccD Charge Coupled Device MMg  Magnetic Moment of the Earth 7.96 £ 10'°
CMOS  Complementary Metal Oxide Semicon- Tm?
ductor Re Earth's Radius 6378£ 10°m
COTS  Commercial-off-the-shelf tes Length of Sidereal Year 3.156£ 10" s
DOT Design Option Tree Subscripts
DRS Data Relay Satellites
EO Earth Observation 0 Initial
EOL End of Life aero Aerodynamic
EPS Electrical Power System avg Average
ESA European Space Agency BOL Beginning-of-Life
FBS Functional Breakdown Structure c Collection
FEEP Field-emission electric propulsion comms Communication subsystem
FFD Functional Flow Diagram cond Conduction
FOV Field of view day Daylight
GIT Gridded ion thruster div Divergence
GPCU General Power Control Unit E Earth
GPS Global Positioning System e Eclipse
GSD Ground Sample Distance eff Effective
HET Hall-Effect Thruster env Environment
IMU Inertial Measurement Unit EOL End-of-Life
IPPCU  lon Propulsion Power Control Unit g Gravity gradient
ISL/C Inter Satellite Link/Communications int Internal
LEO Low Earth Orbit IR IR radiation from Earth
LIDAR  Light Detection and Ranging I Line
MP Megapixels m Magnetic
OoBC On-Board Computer misc Miscellaneous
PF Packing Factor N Normal
RAAN Right Ascension of Ascending Node nom Nominal
RIT Radio Frequency lon Technology orb Orbit
ROM Rough Order of Magnitude p Plasma
S/IC Spacecraft prop Propulsion subsystem
SAR Synthetic apature radar r Receiver
SDR Software-De ned Radio S Space
SF Safety Factor sp Solar radiation pressure
SSO Sun-Synchronous Orbit sp Specic
TRL Technology Readiness Level T Tangential
TT&C Tracking, Telemetry and Control t Transmitter
VLEO Very Low Earth Orbit trans Transceiver
Constants Symbols
e Earth's Gravitational Constant 398600.44 | # Number of Particles i

viii



Nomenclature iX
® Absorptivity i |F Force N
® Latitude °|F View factor i
- Angle between Orbital Plane f Focal Length m
and Sun rad,® | FoV Field of View °
+ Longitude °|FR Frame rate frames/s
t Solar Declination Angle ° |G Gain dB
2 Emissivity i |G Shear modulus Pa
Ef ciency i | GRC Ground resolution cell m
° True Anomaly °|h Altitude km
, Thermal conductivity W/(mK) h Thermal conductance W/K
, Wavelength m | Ho Hour Angle °
- Right Ascension of Ascending Node ol Area moment of inertia m
! Angular Velocity rad/s || Current A
! Natural frequency rad/sec || Mass moment of inertia kgm 2
A Roll angle rad | i Inclination °
A Roll angle measured from nadir rad | lsp Speci ¢ impulse s
A Yaw angle ° | IPS Intructions Per Second
% Angular radius of satellite with respect to J Radiation intensity W/m ?
earth rad | Ky Degree of collimated incoming solar en-
% Density kg/m 3 ergy i
Ya Stress Pa| Kg Shear coef cient i
é Shear stress Pa| L Angular Momentum kgm 2/s
é Transmission Probability i |L Length of Spacecraft Structure m
i Angle of incidence ° L Loss daB
M Misalignment of local vertical to Earth I Length m
and z-axis rad | M Bending moment Nm
i Pitch angle ° | M Mass kg
Jo Jo Perturbation i | mp molecular mass kg
A Area m? | MD Magnetic dipole Am ?
a Acceleration mis 2 | N Number i
a Albedo factor i In Refractive index i
a Semi-Major Axis km | o Obscuration ratio i
As Area exposed to solar radiation m?|P Power W
B Earth's magnetic eld T |p Pixel size m
C Capacity W/h | Q Heat W
Co Orbit day fraction e Charge C
Ca Solar panel inclination ef ciency i IR Radius m
Co Drag coef cient ilr Re ectance factor i
Cps Centre of solar pressure m | S Shear force N
cg Centre of gravity m | S Surface area m
CR Compression ratio i 1T Tension N
D Day of Year i 1T Thrust N
D Dipole moment Am 2| T Torque Nm
D Drag force N |t Thickness m
d Diameter m |t Time S
df Yearly degradation factor i | Ts System noise temperature K
DoD Depth-of-discharge i |V Electric potential Y,
DR Data rate bit/s | V Velocity m/s
E Elastic modulus Pa |V Voltage \%
E Electric eld Vim |v Orbital Velocity m/s
e Eccentricity i |w De ection m
Ep/N o Signal to noise ratio i1y Lifetime of the spacecraft years
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1. Introduction

The space industry has been continuously expanding over the course of the past few decades. It has become
more prominent in our everyday lives than most people realise. With applications ranging from communi-
cations and network services to planetary sensing and asteroid mining, endless opportunities arise. There
are even spacecraft that have managed to escape from our solar system and reach interstellar space. In
spite of all the fascinating discoveries to be made in other planets and even beyond our solar system, there
remains an environment which has, as of yet, remained relatively unexplored. Surprisingly enough, it hap-
pens to be in very close proximity to the earth itself - more speci cally, it lies at an altitude of around 200 km.
This environment possesses a humber of interesting characteristics, both in a positive and a negative sense.
Due to the low altitude, we nd ourselves in a highly erosive, drag inducing environment. There is, however,
value to be found in operating at this altitude, so long as the aforementioned obstacles can be overcome.

Electrostatic air-breathing propulsion is proposed as a solution to this problem. In order to investigate
this further, it is necessary to understand the working principles behind this propulsion system and the
environmentin which it must operate. Additionally the implications the environment has for the remaining
subsystems should be considered. Objectives are subsequently established in order to drive the design
process and the performance of the satellite. Thus, the goal of the mission is to design an electrostatic air-
breathing satellite which is able to reliably operate at an altitude between 100-250 km for a duration of 10
years, all the while producing images with a resolution of 30 cm. Alternative payloads are considered as
well, but the focus remains on the imaging payload.

After conducting literature reviews for each subsystem, three designs were conceived, each with a dif-
ferent working principle. A trade-off was then performed to select the most promising design, which is
further developed in this stage. Consequently, the purpose of this report is to analyse all subsystems on a
more detailed level in order to understand how they interact, both with each other and their surroundings.
This allows for a careful consideration of the required components and how they will be integrated in the
spacecraft body, henceforth referred to as RAMSES (RAM Satellite for Earth Sensing). The resulting nal
con guration is then analysed in the contexts of risk, reliability, sustainability, sensitivity and technical per-
formance. Lastly, the feasibility of the design is evaluated and further recommendations are provided to
account for points of improvement.

The report is structured as follows. The mission and the system is outlined in chapter 2, which includes
the requirements and the nal design which arises as a result of a trade-off. Then, chapter 3 consists of the
market analysis and a cost breakdown of the satellite. In chapter 4 an overview of the design space is pro-
vided and it concludes with a selected altitude. This is followed by chapter 5 through chapter 13 in which
all the subsystems are analysed and sized in detail. Subsequently the integration procedure is described in
chapter 14, after which the sustainability of the design is assessed in chapter 15. Finally, future considera-
tions and conclusions are discussed in chapter 16.



2. Mission Overview

This chapter presents an overview of the mission the satellite RAMSES will pursue. First, in section 2.1, the
objectives of the mission is addressed. These objectives are rooted from the requirements which are out-
lined in section 2.2. The preliminary concepts which were de ned in the previous design phase are outlined

in section 2.3. Following that, the nal design is described in section 2.4. For clarity, the coordinate system
used for the entire design is discussed in section 2.5. Further features of the nal design are described in
section 2.6, and the mission pro le is described in section 2.7.

2.1. Mission Objectives

Given the challenging nature that the mission environment will impose on the spacecraft, one of the pri-
mary mission objectives is to demonstrate the feasibility of electrostatic air-breathing technology and its
ability to satisfy the imposed requirements, particularly because this would not be possible using conven-
tional methods. Accordingly, the project objective statementisto  inspire ESA to pursue air-breathing elec-
trostatic propulsion as a sustainable future propulsion technology by designing a technology demonstrator

LEO missions are becoming increasingly attractive for the space market, not least due to the increased
imaging capabilities, but also for applications related to weather forecasting or surveillance services for in-
stance. Despite these orbits providing numerous advantages, there are also signi cant drawbacks which
limit the operational feasibility of spacecraft, particularly in VLEO where the presence of the atmosphere
introduces complications, such as high drag and high erosion due to atomic oxygen, which have conse-
guences on all the subsystems. With the introduction of this technology, part of this hindrance can be
turned around and actually be used to one's advantage.

By developing and deploying a satellite into VLEO for an extended period of time, a better understanding
of the environment is obtained,; this aids in future air-breathing spacecraft developments and in optimising
the propulsion systems to operate under these conditions. As a consequence of this, numerous other ap-
plications can be explored; these include Earth sensing or even designing constellations which can be used
to provide global internet services, amongst others. This constitutes one of the primary mission objectives,
which is to introduce novel techniques to the market all the while remaining competitive.

The novelty of the technology imposes the need for research and development, meaning that additional
costs will be required as compared to conventional satellites. The objective is that these development costs
will be outweighed by cost reductions in the future, especially since no propellant will have to be carried
on-board and launches will be cheaper due to the lower altitude. The other signi cant advantage posed
by air-breathing technology is that it is more sustainable. The reason for this is twofold; on the one hand,
it means that propellant does not have to be manufactured and accounted for in the mass budget, but it
also means that longer mission lifetimes in VLEO would be feasible. This would reduce the required launch
frequency, which also provides environmental and nancial advantages.

As a result of all the potential applications that RAMSES could ful I, it is also imperative that the design
is highly reliable; if this is not the case, all the other mission objectives will become void because the space
industry is inherently risk averse, particularly when conventional methods are readily available at lower
prices, at least for the time being.

Summarising all the above, the primary mission objective is to demonstrate, through analysis and ight,
the feasibility of electrostatic air-breathing propulsion and its applications in the real world. In doing so, it
would present an alternative to the market, allowing stakeholders to impose mission requirements that were
previously not possible, and it would stimulate innovation in satellite design.

2.2. System Requirements

The system requirements of RAMSES are derived from the user requirements. These are listed in Table 2.1
Before immediately translating to system and mission requirements, the killer and driving requirements

have been identi ed. The killer requirements are negotiated and recti ed such that the feasibility of the

mission can be achieved. REQ-USER-SAFE-01 is declared to be a killer requirement as achieving such a

reliability over a 10-year-period is unattainable. This has been negotiated and the accepted requirement



2.3. Previous Phases of the Project

Table 2.1: Acquired user requirement

Identi er Requirement Derived Requirement(s)
REQ-USER-PERF-01 Lifetime of 10 years REQ-SYS-003
REQ-USER-PERF-02 Max weight below 100 to 150 kg REQ-SYS-005
REQ-USER-PERF-03 Operating in VLEO [100-250 km] REQ-SYS-006
REQ-USER-PERF-04 Imaging should be performed in the visible spectral  Refer to chapter 9
REQ-USER-PERF-05 Image resolution below 30 x 30 cm? REQ-MIS-002,
REQ-USER-PERF-06 Field of view above 2 x 2 kn? Refer to chapter 9
REQ-USER-SAFE-01 Reliability of the system should be 99.9% REQ-SYS-001
REQ-USER-SUS-01 Should not contain toxic materials REQ-SYS-022
REQ-USER-SUS-02 Safe disposal at end of life REQ-SYS-019
REQ-USER-SUS-03 People on ground should not be harmed (end of REQ-SYS-020
life, satellite malfunction)
REQ-USER-SUS-04 The system should not interfere with other orbiting REQ-SYS-021
objects
REQ-USER-ENG-01 Choice for launcher to be based on REQ-SYS-006

REQ-USER-ENG-02

REQ-USER-ENG-03

existing/foreseeable launchers (but no launcher
design required)

Total system volume/size/mass should comply with
launcher payload restrictions / interfaces
Launching loads should be taken into account

REQ-SYS-007,-008,-009

Refer to chapter 11

REQ-USER-COST-01 A realistic cost estimation should be provided that REQ-SYS-003
covers: design, manufacturing, delivery and
operation costs

REQ-USER-OTHER-01 The satellite should feature an air-breathing REQ-MIS-001

electrostatic propulsion system

is given in REQ-SYS-002. The driving requirements are identi ed to be: REQ-USER-PERF-01, REQ-USER-
PERF-02, REQ-USER-ENG-02, REQ-USER-ENG-03 and REQ-USER-OTHER-01.

Table 2.2: Derived mission requirements

ID Requirement Met[ X/X] Section

REQ-MIS-001 RAMSES shall demonstrate the use of air-breathing chapter 7
electrostatic propulsion system

REQ-MIS-002 RAMSES shall perform image acquisition of Earth with a X(34x34cm?) chapter 9

resolution below 30 x 30 cm 2

2.3. Previous Phases of the Project

Before a description of the detailed design is carried out, a summary of the three concepts and the trade-off
from the previous design phase is given. These designs vary more signi cantly by their mission objectives,
thus differing in a more general system level approach. The rst concept is the "*Constant Density' concept
that as its name suggests, ies at constant density. The propulsion can then be optimised for a narrow range
of conditions and is lighter and more reliable.

Next, there is the "Low Altitude' concept that sustains its ight at the lowest possible height. Higher
levels of drag need to be compensated thus requiring more power for the propulsion system. Therefore, this
concept needs to y at dusk-dawn orbit which means that its light condition is sub-optimal for imaging.
This concept is then idealised for taking measurements of Earth's gravity eld with the use of GPS.

The last concept, "Highly" Elliptic requires the spacecraft to y in an elliptic orbit where the pericentre
is at 160 km and the apocentre at 400 km. The limits in the altitude range are driven from thermal and



2.4. Final Design Description

aerodynamic attributes for the lower end, and with debris and density restrictions on the upper end. A
detailed description of each concept with a mass and power budget can be seenin Table 2.4. Curious readers
are referred to [1] for a more extensive discussion regarding the different concepts.

With these concepts, a trade-off was conducted. An inclusive and effective trade method has been de-

ned such that the most important aspects of the design that are needed to accomplish the mission are
captured. The criteria in order of their weights are: reliability & durability (0.32), feasibility (0.26), sensitivity
(0.16), complexity (0.14), and mission value (0.12). Each of these criteria is further dissected into sub-criteria
to better understand their implications. Thus, a rubric is created for each criterion such that for each of its
sub-criterion, a grading of one to ve is outlined. This way, no confusion or bias should come to the people
that carry out the trade-off and the nal results are justi ed. A more detailed explanation of the full trade-off
mechanism can also be found in [1].

The result of the trade-off is shown in Table 2.5. It can be seen that the "Constant Density' concept wins
the trade-off, followed by the “"Highly" Elliptic' and lastly the "Low Altitude' concept. Its win can be ex-
plained by its general all-good grades for each criterion. It outperforms the others in reliability & durability
and complexity. The “low altitude concept loses more signi cantly in the reliability & durability criterion
which is critical as all of the designs are already constrained in reliability with the use of the low TRL propul-
sion system. In the other hand, the ""Highly" Elliptic' concept lags in feasibility. This criterion focuses on
the mass constraint which is a driving requirement thus it must be enforced strictly.

A sensitivity analysis on the trade-off weights have also been conducted such that it can be assured
that the nal winner is justi ed. With this established, the *Constant Density' concept can be con dently
chosen. This report then outlines how this design is further developed in more detail.

2.4. Final Design Description

The “Constant Density' concept has been further developed in the nal design phase. Each subsystem rele-
vant for the spacecratft is de ned with supporting calculations. The analysis of each subsystem is delivered
in the latter chapters of this report. The nal design is summarised in Table 2.6.

After a thorough analysis, the nal iteration of the spacecraft RAMSES has some differences from the
originally de ned "Constant Density' concept. RAMSES catrries three image sensors on board with four
mirrors that are needed to achieve the required focal length. It still ies with an electrostatic air-breathing
propulsion system, a gridded intake and a collimator that funnels the air into the engine. RAMSES has
a trapezoidal structure, where the long side of the trapezoid is referred to as the ‘top' side and where a
portion of the solar panels are placed. On one of the slanted side of the structure, the imaging payload
will be integrated. This side is to face the ground directly at all times. At one end of the spacecraft, there
is the gridded intake while two S-shaped ns are attached on both sides of the spacecraft. These ns are
integrated in order to obtain static stability of the spacecraft, particularly in pitch and yaw. More details on
the subsystem is further explained in the course of the report.

Figure 2.1: Final con guration and external dimensions of RAMSES
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2.5. Coordinate System Description

The coordinate system used in this paper is the conventional spacecraft Cartesian coordinate system. The
x-axis points in the velocity direction, the z-axis in the direction perpendicular to the bottom face, pointing
outwards. The y-axis follows for a right handed coordinate system.

2.6. Functional Flow Diagram & Functional Breakdown Structure

The Functional Flow Diagram (FFD) can be found in Figure 2.2. In this, the various phases of the mission
are identi ed, from design to end of mission, with particular care to the launch and operational phases, in
order to use it as a tool to identify all aspects that have to be designed for. The blocks related to launcher
operations are not further expanded, as this is outside the scope of the mission designers. Beginning and
end of life of the mission are further discussed in section 11.3. The blocks of the FFD are expanded at least
one level deeper in the Functional Breakdown Structure (FBS) in Figure 2.3. The lowest levels of the FBS
correspond to the operation of the subsystems, which are discussed in dept throughout the report.

2.7. Mission Pro le
The mission pro le is described in this section and mentions the important mission aspects.

2.7.1. Beginning of life

A preferred launch date during a period of increasing solar activity is bene cial for the spacecraft. As the

solar activity increases the uncertainty in the variations of the atmospheric conditions experienced by the

satellite also increases. The larger power margin at the beginning of life results in the satellite being more
resilient to these atmospheric variations. The launch date plannedis  ¥2033.

During launch the LauncherOne launch vehicle [14] is used to insert two units of the satellite into an
orbit with an inclination of ~ ¥06.485° and an altitude of 246 km to 252 km. The selected altitude depends on
the exact solar and geomagnetic activity at the time of launch. The right ascending node will be selected
based on the relative position of the Sun and the Earth such that it has an angle of 30°. Both satellites will
not be able to operate their engines at these initial altitudes due to the low density. Over a period of two
weeks the satellite will decay to their desired orbit and nominal operations can begin. This 2-week period
before operations is to allow for the system to perform start-up checks and the out-gassing of the residual
gasses present in the satellite.

As the two satellites are initially inserted into the same orbit, their orbits will have to be changed during
operations. This is done by changing the right ascending node of one of the satellites using the on-board
thruster. To maximise the Earth coverage of the 2 satellites, the orientation of the 2 orbits must be such that
the ground track of one satellite cross in between the ground track of the other satellite.

2.7.2. Nominal operations

During nominal operations the satellite has to regularly check its orbital parameters. Firstly, it has to make
sure the engine is operated at the density range that is designed for. This is done by nding and adjusting
the orbital altitude by providing a small constant thrust. Secondly, the inclination has to be altered if the
altitude is changed in order to maintain a Sun-synchronous orbit.

2.7.3. End of life

If no failure has occurred at the end of the lifetime, the power system will have degraded to a point where it
is no longer able to supply the engine with the required power. At this point RAMSES will no longer be able
to maintain its orbit and the EOL procedure will begin. At the low operating altitudes and thrust levels, no
controlled re-entry is possible. As was analysed in section 11.3, the fatality probability for the re-entry is of
an acceptable level for an uncontrolled re-entry. There are two strategies to initiate this re-entry procedure.
The rstis to simply reduce the thrust level to zero and allow the satellite to quickly decay and re-enter the
atmosphere. The second strategy is to maintain the thrust level that can still be provided by the degraded
system. Due to the reduced performance, this thrust level will not be suf cient to maintain the orbital
altitude. As aresult of this the satellite will slowly decay and eventually re-enter. During this extended decay
time some data could be gathered on the behaviour of RAMSES during re-entry.



2.7. Mission Pro le

Table 2.3: Derived system requirements

ID Requirement Met[ X/X] Section
REQ-SYS-001 The system shall have a reliability of 90% over its lifespan.  X(80%) all subsystems
REQ-SYS-002 The system shall operate for at least ten years.
REQ-SYS-003 The cost af liated for research, development, testing, and chapter 3,
. . . all subsystems
evaluation, and the unit costs of each componentin the
system shall be determined
REQ-SYS-004 The system shall have a mass at launch between 100 and chapter 14
150 kg
REQ-SYS-005 The system shall orbit earth at an altitude between 100 chapter 5
and 250 km
REQ-SYS-006 The system shall be launched with a reliable launcher. chapter 11
REQ-SYS-007 The system shall have a centre of gravity location chapter 11
compliant with the chosen launcher.
REQ-SYS-008 The system shall have outer dimensions compliant with chapter 11
the payload bay of the chosen launcher.
REQ-SYS-009 The system shall interface with the payload bay of chosen chapter 11
launcher.
REQ-SYS-010 The system shall have a thrust over drag of at least 1 when chapter 7
aligned with the ow.
REQ-SYS-011 The system shall handle the power demands of each chapter 8
subsystem at any stage of the mission.
L . i chapter 5,
REQ-SYS-012 The system shall be able to determine its orbital position
. chapter 10
and attitude
REQ-SYS-013 The system shall be able to orient the spacecraft such that chapter 10
the optics on the payload-implemented side be able to
directly faces the ground during nominal mode.
REQ-SYS-014 The system shall be able to orient the spacecraft such that chapter 10
the solar panels point towards the Sun using minimum
resources while maintaining power generation and a
survivable thermal environment during safe mode.
REQ-SYS-015 The system shall have passive static stability. chapter 10
REQ-SYS-016 The data handling system of the spacecraft shall manage chapter 13
the required data transfer and storage requirements of
the relevant subsystems at any stage of the mission.
REQ-SYS-017 The system shall be able to transfer the data acquired to chapter 6
the ground during its mission.
REQ-SYS-018 The system shall be able to operate in the temperature chapter 12
ranges present in its environment throughout its lifetime
REQ-SYS-019 The system shall perform a passive re-entry (no chapter 11
parachute, no active control).
REQ-SYS-020 The system shall have a probability of less than 1e-4 of chapter 11
harming property, infrastructure or people during its
lifespan.
REQ-SYS-021 The system shall have a probability of less than 1e-4 of chapter 11
damaging other satellites during its lifespan.
REQ-SYS-022 The system shall not use any material labelled as GHSO08: chapter 11
Health hazard or GHS06: Toxic.
REQ-SYS-023 The system shall use TRL 7 or higher technologies for X(TRL3) all subsystems

mission critical systems except for the propulsion system
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