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Executive Overview

The intent of this report is to present the final design phase of the Exploration of Plumes and
Oceans of the Saturnian System (EPOSS) mission, as a part of the deliverables of the AE3200
Design Synthesis Exercise of Spring 2019. Following the design presented in [9] and [10], it
details and elaborates on the concept selected in [10].

EPOSS Mission

The objective of the EPOSS mission is as follows:

To gain a deeper understanding of the origins of our Solar System and the condi-
tions for life by studying the workings and composition of the Saturnian System.
[10]

To fulfil said objective, a trade-off was performed to consider feasible options. The design
of a single spacecraft was selected to execute the mission. A general overview of the design
choices made for its subsystems is presented in Table 1.

Table 1: Overview of EPOSS design.

Nominal

Subsystem Description Mass [kg] Power [W]

JANUS (Imaging)
VIMS (Spectrometer)
REASON (Radar)
BELA (Altimeter)
MERMAG (Magnetometer)
MORE (Radio Science)
ENIJA (Particle Characterization)
INMS (Particle Characterization)
3 Star Trackers, 2 IMUs,
3 Sun Sensor 52.2 77
4 Momentum wheels
16 Monopropellant thrusters
Hydrazine Fuel Tank
Nitrogen Tetroxide Oxidiser Tank
Helium Pressurant Tank
Feedlines and Valves
BPSK modulation, turbo coding
1 HGA (ka-band) 'YDOR regenerative pseudo-noise | 144.3 73.3
2 LGA (X-band)

99% tolerance
On Board Computer (Airbus OSCAR)
C&DH Solid State Recorder (NEMO) 36.1 32.3
Harness (cable and wiring)
9 Americium based RTGs

Payload Instruments 137.2 < 105.3

ADCS Sensors

Actuators

Propulsion Dual Mode System 345.8 0

TT&C

Power 2 Lithium-ion batteries 289.6 46.6
External Louvres, radiators, MLI, coating
Thermal Internal RTGs, Capillary Pumped Loop 371 4.2

Cylindrical structure
Main structure AL_ 7075-T6 and CFRP
Structures Skirt, stiffeners, 187.6 13
stringers and supports

Radar deployment mechanism

Mechanisms Magnetometer boom deployment
Antenna pointing device
Total Dry 1229.9 351.7
Total

Total Wet 4288.2

ii



EPOSS in the Space Market

For the mission to be socially and economically sustainable, it has to be supported by numerous
stakeholders, some of them being key for the mission’s success. The scientific community is
identified as the main target of the mission. Besides it, governments and space agencies
(namely ESA, NASA, and SpaceX) are relevant stakeholders.

The expected scientific output of the mission is declared to be a favourable in terms of market,
under consideration of the present interest in Enceladus and the Saturnian System.

Subsystems
A discussion on all vehicle’s subsystems is done as follows.

Trajectory and Orbit

Trajectory starts with an interplanetary phase transfer costing a 'YV of 769.5 m/s. After launch
in 2028, the spacecraft is brought to orbit by the Falcon Heavy, and reaches the Saturnian
System in 2038 after gravity assists (Earth-Venus-Earth-Earth-Saturn) and Deep Space Ma-
noeuvres (DSM).

After the trajectory shown in Figure 1, Saturn orbit injection (SOI) takes place between the F
and G rings, subsequently encountering Enceladus as shown in Figure 2.

Figure 2: Illustration of Enceladus encounter through res-

Figure 1: Zoomed-in interplanetary trajectory. onance hopping [0, figure 3.1.1-4].

Four Enceladus flybys are included in the in-system orbit design for science at the poles. Four
Daphnis flybys are designed with two dedicated to the leading edge and north pole, and two
dedicated to trailing edge and south pole. After a moon tour, EPOSS enters Enceladus’ orbit,
where it performs the majority of the mission’s science throughout 457 Enceladean days.
Crashing into Tethys is selected as the end-of-life strategy.

Payload

Payload consists of eight instruments, as indicated in Table 1, which are necessary for the
compliance of the science requirements and objectives.

All primary science is performed in 457 Enceladus days of EPOSS orbiting Enceladus, four
Enceladus flybys and four Daphnis flybys. Said science consists of primarily surface imaging,
spectrometry, magnetic field measurements, gravity measurements, bulk composition, and
particle characterisation.
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Measurements are performed by numerous instruments at a time, acting as main (in green)
and supporting (in yellow) for the measurement, as shown in the traceability matrices (Table 3,
Table 2). This distribution calls for time at the end of orbiting to send data back. Since said
time is available during end of life trajectory, no reduction of payload use is necessary. An
analysis of the instruments characteristics, use in mission, and spacecraft capabilities shows
that the current design meets all requirements stipulated for payload. Secondary science is
also addressed.

Attitude Determination and Control System

Attitude Determination and Control System (ADCS) is divided into sensors and actuators, as
given in Table 1. Three-axis stabilisation is provided, using BELA altimeter as driving for the
pointing accuracy requirement of 50 rad. Furthermore, it complies with the pointing accuracy
to Earth of 87 rad and engine pointing requirements of 5 deg.

Propulsion

A pressure fed, dual mode system, relying on bipropellant main engine and monopropellant
reaction control system (RCS) has been selected. The propellant is hydrazine as fuel and nitro-
gen tetroxide as oxidiser. The main engine will use this combination as bipropellant whereas
the RCS thrusters will use hydrazine as monopropellant with a catalyst for decomposition.

Telemetry, Tracking, and Command

One high gain antenna (HGA) using Ka-band and two low gain antennas (LGA) using X-band
have been selected (Table 1). The latter cannot be used for science data transmission, but
can be used for receiving commands. For the data downlink of the HGA, the average is 150
kbit/s is used.

Command and Data Handling

An on-board computer (OBC), a solid state recorder and a harness compose the command
and data handling (C&DH) subsystem.

As OBC, EPOSS will implement the Airbus OSCAR, highly reliable and capable of complying
with housekeeping and data requirements.

The chosen solid state recorder (SSR) is the Airbus NEMO 1200, having a 0.5 TB user capacity
and a fully redundant unit. Said SSR will collect all excess data to be sent at the end of the
orbiting phase.

Power

The power subsystem has to provide 351.7 W nominal power and a peak power of 467.7
W. This is achieved through nine Americium-based Radioisotope Thermoelectric Generators
(RTGs) for nominal operations. Two Lithium-ion rechargeable batteries contribute towards
peak power requirement.

Using Americium-241 instead of the scarce Plutonium alternative implies heavier, more costly
RTGs with a better performance across time. Thorough assessment of risks and sustainability
concerns introduced by RTGs is performed to defend this choice.

Thermal Control

Internal thermal control ensures temperature stays within predetermined ranges through use
of RTGs and heat pipes. External thermal control regulates heat absorption and dissipation
through sun shielding, louvres, radiators, Multi-Layer Insulation (MLI) and coating.

This selection and further design detailing is performed under consideration of the conditions
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throughout the whole mission so as to ensure proper functioning in most critical temperatures.
The proper functioning is defined as the operating temperature range which is driven by the
batteries.

Structures

An aluminium alloy 7075-T6 semi-monocoque strengthened cylindrical structure is chosen.
Support for the HGA is made out of CFRP. Structure and mechanisms components are given
in Table 1, which are based on the most critical load case, being longitudinal vibrations.

Final Design

Integration of the aforementioned subsystems is done under consideration of their interaction.
Integration is done during the subsystems design phase to ensure concurrent development,
and after to provide the necessary hardware interfaces with launcher and ground station.
With regards to layout, requirements coming from the placement of instruments and struc-
tures yield the distribution shown in Figure 3 and Figure 4.

Figure 3: External view of the EPOSS vehicle.
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Figure 4: Internal view of the EPOSS vehicle

The system’s risk is assessed through a technical risk map and a fault tree diagram. Mitigation
of the integrated spacecraft assesses: launcher adaptor failure, power regulator failure, impact
of bodies on the system and short circuit of electrical interface. Valve and engine failure
score highest in the technical risk map, mitigation is discussed in the respective subsystems.
Despite a final reliability of 61.7% being found from statistical data, this value is not deemed
representative for the mission, and a higher final system reliability is expected due to the
number of missions that have flown similar mission with no significant failures and due to the
extensive testing that is performed in pre-launch. Through a sensitivity analysis, the system
is deemed satisfactorily flexible and adaptable to modifications.

Spacecraft Budgets

The mission is required to be under a budget of 1.5 B € (MIS-14). The current design costs
1.43 B €, as shown in Table 4. EPOSS has a total dry mass of 1229.9 kg and a nominal and
peak power budget of 351.7 W (Table 1).

Operations and Logistics

Pre-launch activities span design, development and production of the spacecraft.

Launch will take place the 19-04-2028 in the Vandenberg Air Force Base (VAFB), with the
SpaceX fully reusable Falcon Heavy. The NASA Deep Space Network (DSN) is used for com-
munication. The LGAs are used for transmission during Venus flybys; after the second Earth
gravity assist, the HGA is mainly used.

Logistics discusses the development of a more detailed design, subsystem and integration
testing, flight hardware production and launch preparation concerns. This is further discussed
with regards to development and manufacturing, assembly and integration.

Mission Considerations

Availability of the spacecraft at launch date is proven through description and planning of
design, manufacturing, and testing of the system. Furthermore, the spacecraft can perform
all measurements and send back the data within the stipulated mission duration.
Maintainability will only be possible for the ground station and on-board software. Related to
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Table 4: Cost budget of the EPOSS mission.

EPOSS
Element Cost [M 1V in FY2019]
Payload 270
Operations
Software cost 19.9
Ground system 60.1
Launch vehicle 79.9
Production 160.9
Program level 54.9
Spacecraft bus
Power 573.5
Thermal 4.8
ADCS 17.5
TT&C 29.2
C&DH 5.4
Propulsion 1.7
Structures 14.8
Total dry mass cost 646.9
Total cost 1022.8
Total cost with 40%6 margin 1431.9

this, safety is discussed with regards to workers and operations.

Sustainability is considered consistently throughout the design by application and assessment
of compliance with the EPOSS Sustainability and Planetary Protection Policy (ESPPP), which
refers to methods and requirements on economical, social, and environmental sustainability.
Selected parameters are considered in more detail, these result in the observation that the
use of hydrazine, Americium RTGs, the end of life strategy, the launch site, and the launcher,
do not compromise EPOSS’ sustanability targets.

Conclusions and Recommendations

The EPOSS objectives are deemed to be of highly relevant for the scientific community. By
considering all requirements in depth and providing measures for verification and validation,
as well as thorough risk and sensitivity studies, the team is confident all requirements can be
met. Furthermore, the design proves to be sustainable so far. In other words, progress is
satisfactory.

After evaluation of the design, recommendations are provided for future work, the general
ones being:

e The team suggests to conduct further research so as to decrease the number of un-
knowns and thereby increasing EPOSS’ inherent reliability and to adress all uncertainties.

¢ As the interaction of different space agencies is required for this mission to succeed, it
is recommended to study the political ramifications of an international collaboration

¢ Considering the amount of time and the complexity of the project, a further improvement
is to implement more models to validate the results drawn in these ten weeks.
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RTG Radioisotope Thermoelectric Genera-
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SE System Engineering
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SSR  Solid State Recorder

Xii



CONTENTS

STM  Structural and Thermal Model

T2B Weighted-voting  Balanced  Taus-
worthe, voting =2

T4B Weighted-voting  Balanced  Taus-
worthe, voting =4

T&O Trajectory and Orbit

TandEM Titan and Enceladus Mission
TCU Telemetry Control Unit

TIGER Titan Imaging and Geology, Enceladus
Reconnaissance

TSSM Titan Saturn System Mission

TT&C Telemetry, Tracking & Command
TUDAT TU Delft Astrodynamics Toolbox
TWTA Travelling-Wave Tube Amplifier

\ Venus Gravity Assist

VAFB Vandenberg Air Force Base

VIMS Visual And Infrared Mapping Spec-

trometer
Constants
Stefan-Boltzmann constant 5.668410
[W/m VK]
g Standard Earth gravity at sea level
9.80665 [m/s ]
K Boltzmann constant 1.3806410
[I/K]
Symbols
Absorptivity [-]
Y Q Difference in received heat (W]
YV Velocity change [m/s]
Emissivity [-]
Field strength function [£]
Standard  gravitational parameter
[ms ]
Plume’s density [kg/ m ]
Critical buckling stress [MPa]
Total stress [MPa]
Maximum spacecraft rotation [rad]

Spacecraft’s residual dipole moment

[Alm ]

Spacecraft’'s angular momentum
[Nms]

Orbital Period [s]
Magnetic disturbance torque [NV m]

gnﬁﬁ>m>

H o @ ™ Thm o m

4T " 44X ®™MI®Z 3 -

=ss=s=< 444

~
=2

Xiii
Hyperbolic velocity at infinity  [m/s]
Area [m ]
Semi-major axis [m]

Spacecraft’s cross-sectional area [m ]

Heat capacity [3/kgi K]
Spacecraft’s coefficient [-]
Centre of mass [m]

Aerodynamic centre of pressure [m]
Young’s modulus [GPa]
Eccentricity [-]

Normalised signal-to-noise ratio [dB]

Lateral vibrations [HZ]
Longitudinal vibrations [Hz]
G forces in longitudinal direction  [-]
G forces in lateral direction [-]
Moment of Inertia [m ]
Inclination [deg]
Moment of inertia in Y-axis [kgi m ]
Moment of inertia in Z-axis [kgi m ]
Specific impulse [s]
Length [m]
Path loss [dB]
Magnetic moment of Saturn  [Nim ]
Mass [ka]
Data rate [bit/s]

Radial distance from centre of body to

spacecraft [m]
Radius [m]
Temperature [K]
Time [s]
thickness [m]
Ae]rodynamic disturbance torque [NV
m

Driving disturbance torque [NV m]
Gravity disturbance torque [NVm]
Spacecraft’s velocity [m/s]
Electrical power [W]
Thermal power (W]



1 Introduction

Since the discovery of other planets and their arrangement in the universe, mankind has won-
dered whether life exists outside Earth and if so, where and how. Many theories and studies
have been done on this matter and on how the planets in our system exist and interact. Since
the end of the Cassini-Huygens mission in 2017 and its discovery of plumes, cryovolcanic
eruptions of ionized water vapor on Enceladus, the scientific community has been eager to
determine the possibility of life on the moon. This has led to the development of the mis-
sion EPOSS: the Exploration of Plumes and Oceans of the Saturnian System. This mission
comes with the project objective to design a spacecraft that successfully performs the indi-
cated measurements and contributes to the characterisation of Enceladus and Daphnis within
ten weeks with ten students. Therefore, EPOSS will contribute towards answering quests on
extra-terrestrial life and the process of planetary formation, within the time and workforce
resources appointed by the Design Synthesis Exercise (DSE).

In this report, a preliminary design of the mission and the spacecraft to be built is detailed.
In chapter 2, an overview of the mission is given. Chapter 3 expands on the necessity of the
mission as well as how EPOSS will compete in the space market with an analysis of interested
stakeholders. From chapter 4 on, the subsystems are analysed. The chapter covers the nec-
essary trajectory to reach Saturn along with the optimal in-System trajectory in order to meet
primary science goals. Chapter 5 describes the instruments used in EPOSS which characterise
the entire science phase of the mission. The attitude determination and control system is de-
fined in chapter 6, followed by the description of the propulsion system in chapter 7. Chapter
8 and chapter 9 defines the telemetry and tracking subsystem used to communicate to the
ground station on Earth and the command and data handling system of EPOSS. The design of
the power, thermal, and spacecraft structure are elaborated in chapters 10, 11, and 12. The
final design, including the integration methods and final layout is presented in chapter 13,
followed by chapter 14 which outlines the total mass, cost, and power budgets of EPOSS.
Each subsystem and final design chapters include their own sensitivity and risk analyses. An
overview of the operations and logistics involved with mission EPOSS and a post DSE planning
is presented in chapter 15. Chapter 16 delves into the availability, maintainability and safety
of the whole mission as well as the sustainability considerations taken in to account during the
design of EPOSS. Finally, chapter 17 summarises the report and design so far and presents a
list of recommendations for future consideration.



2 Mission Overview

The icy moon Enceladus is an interesting object to explore particularly due to the presence
of a subsurface ocean in the south pole, and therefore the potential for the development of
life[71]. Moreover, the rings of Saturn and the interaction with the shepherd moons are an
attractive phenomenon to study in order to bring answers on the origin of our Solar System
and planet formation [68]. From this, the mission need statement is derived which stipulates
that the aim of the EPOSS mission is

To gain a deeper understanding of the origins of our Solar System and the condi-
tions for life by studying the workings and composition of the Saturnian System.
[10]

To pursue the information necessary to answer such questions, the EPOSS mission is devel-
oped. Principal characteristics of the spacecraft which will begin its journey to Saturn on the
19 of April 2028 are presented in Table 2.1. In section 2.1 a brief overview of the concept
trade-off is given. Following the functional flow diagram mentioned in section 2.2. After this
the functional breakdown diagrams are provided in section 2.3 and the chapter is ended with
the requirement analysis of the overall mission requirements in section 2.4. These two tools
are used as reference to define what functions the EPOSS mission has to satisfy (FFD) and to
provide drivers to how well they must be done (requirement analysis).

2.1. Concept Trade-off

An extensive trade-off was done in order to choose the best of the final three concepts, which
resulted from a selection based on feasibility. The concepts entering the trade off were: Single
spacecraft, double spacecraft and swarm spacecraft. The main differentiation between them
was the separation of payload and science objectives per vehicle [10].

Mass, power, and cost budgets were obtained for each option and were used to assess six
criteria; which are here listed in order of decreasing weight: scientific yield, operational cost,
power, launch cost, sustainability and risk. The result of the trade off and as such, the final
concept to be detailed further in this report, is a single spacecraft configuration. The other
two options, double spacecraft or swarm configuration, are left behind due to having less
promising budgets, although they would allow for diversified and dedicated mission objectives.
The single spacecraft will carry out the mission by itself, thus carrying all necessary payload.
Next to that, the options within subsystems of the spacecraft were explored and traded-off
as well, in order to have subsystems which meet their criteria the best. These criteria were
different from the aforementioned ones, as these subsystems all have their specific points of
interest to look at. These chosen systems are worked out in further detail in this report, as
well as an overall design of the spacecraft as a whole.

2.2. Functional Flow Diagrams

The functional flow diagrams (FFDs), shown in Figure 2.1-2.2 present the functions of the
spacecraft during the mission. It describes different phases of the mission, and what must
be done during these phases. There are three levels, for which level one shows the general
functions performed during the mission, as well as the general phases. The second level details
these general functions and phases, and level three expands on some functions shown in level

2
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two. Furthermore, a numbering system is present. The first digit represents the general level,
the second digit the second level, and the third digit the third level functions.

The flow diagram can be read as follows. Functions that are expanded upon contain a letter
below or next to them. In the next level, dotted lines separate different sub-functions from
each other. As such, by linking the letter to the letter shown above the box, the correct
section can be found. Furthermore, the flow between sub-functions is shown per level, to
further illustrate the interactions between functions.

The functional flow is an important tool during the design as it shows the interactions between
different mission functions, thus illustrating how the subsystems must work together. This is
used during the design of the different subsystems in order to size the subsystems accordingly.
Further design integration tools include the N2-chart, which will be presented in section 13.1.

Table 2.1: Overview of the EPOSS design.

. Nominal
Subsystem Description Mass [kg] Power [W]
JANUS (Imaging)
VIMS (Spectrometer)
REASON (Radar)
Payload Instruments BELA (Altimeter) 137.2 <105.3

MERMAG (Magnetometer)

MORE (Radio Science)

ENIJA (Particle Characterisation)

INMS (Particle Characterisation)
3 Star Trackers, 2 IMUs,

ADCS sensors 3 Sun Sensor 52.2 77

4 Momentum wheels

16 Monopropellant thrusters

Hydrazine Fuel Tank

Nitrogen Tetroxide Oxidiser Tank

Helium Pressurant Tank

Feedlines and Valves

BPSK modulation, turbo coding

Actuators

Propulsion Dual Mode System 345.8 0

1 HGA (Ka-band)

TT&C 2 LGA (X-band) two-way regenerative pseudo-noise | 144.3 73.3
99% tolerance

On Board Computer (Airbus OSCAR)

C&DH Solid State Recorder (NEMO) 36.1 32.3
Harness (Cable and Wiring)

Power 9 Americium based RTGs, 2 Lithium-ion batteries 289.6 46.6
External control Louvres, radiators, MLI, coating

Thermal 37.1 4.2

Internal control RTGs, Capillary Pumped Loop
Cylindrical structure

Main structure AL 7075-T6 and CFRP
Structures Skirt, stiffeners, 187.6 13
stringers and supports

Radar deployment mechanism

Mechanisms Magnetometer boom deployment
Antenna pointing device
Total Dry 1229.9 351.7
Total

Total Wet 4288.2
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2.3. Functional Breakdown Diagrams

The functional breakdown diagram (FBD) (see Figure 2.3) is based on the FFD presented in
section 2.2, but instead of the flow and direct relationships between functions, it shows the
hierarchical structure of the functions. Furthermore, it expands certain functions into another
level of detail when applicable. The numbering system is the same as the one described in
section 2.2, and it serves a similar purpose in the design process.

2.4. Requirement Analysis

In this section, the compliance of the mission profile with the requirements is checked. The
mission requirements, given in Table 2.2, are general requirements extrapolated by the stake-
holders specific science requirements [35] since those apply mainly to the payload subsystems
and others. The mission requirements refer to what the mission should accomplish in the gen-
eral sense. The quantitative subsystem-specific requirements are presented and discussed in
the subsystem’s specific chapter. The overall space segment requirements are given in Ta-
ble 2.3; these requirements apply to the final design of the spacecraft as a whole. Lastly, the
launcher requirements are shown subsection 15.1.2. The verification method and the sec-
tions where compliance can be found are presented in the third and fifth column respectively.
Table 2.2 and 2.3 present verification methods to be applied. These methods are defined as
follows [43]:

e Analysis: Show compliance with the requirement by means of mathematical analysis.

e Test: Show compliance using testing under representative conditions.

e Demonstration: Compliance with a requirement is established by operation of the
component.

e Inspection: Inspection of the documentation or product to show compliance with the
requirement, often related to measurements and weights.
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