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Summary

Space mission design is a complex discipline. Several research studies
are currently investigating how to ameliorate the process. Since the decision
taken during the early phases of the project are those which affect the most
the final solution of a system in terms of architecture, configuration, and cost,
more efforts are sunk in these stages for not jeopardizing the entire product
life-cycle stages. As the stakeholders and the other actors involved in the de-
sign process should face low levels of knowledge associated to the system in
the conceptual stages, the decision-making process is intrinsically affected by
uncertain results. Each choice made in this risky scenario affects the next de-
sign iterations, therefore a suitable design approach is needed. Several meth-
odologies have been proposed by both academia and industry in the field of
System Engineering (SE). The current trend is to adopt a Model Based Sys-
tem Engineering (MBSE) approach coupled with Concurrent Engineering
(CE) paradigms.

The model-based methodology overcomes the weaknesses of a docu-
ment-based one, aggregating all the relevant information and engineering data
into a system model, which evolves as the real system throughout all the prod-
uct life-cycle phases. The systematic CE approach is able to involve several
experts in a multidisciplinary working context, where data, ideas, and solu-
tions are shared at the same time using a common platform. Both the ap-
proaches help to shorten time and cost of the overall design process and pre-
vent possible mistakes which could worsen the final solution if not identified
earlier enough, thus maximizing the efficiency of each design session. How-
ever, negotiations still result to be as one of the most complicated and frus-
trating part of the whole design process. Moreover, the recent space explora-
tion scenarios proposed by national agencies are characterized by multiple



actors of different extractions, but commonly participating into shaping future
goals. The broader is the international cooperation framework, the more com-
plex will be to design a space mission, especially considering the negotiation
goals to be handled by the different experts involved.

The present Ph.D. thesis is aiming to cast some lights on the integration
of Virtual Reality (VR) within the standard design tools to assist the space
mission design process. The creation of a virtual model for simulating differ-
ent features of a system allows to analyse aspects which may be overlooked,
especially in the early design phases, such as ergonomics, operations, and
training. The intuitive interaction with human senses and the immersion into
a 3D Virtual Environment (VE) guarantee fundamental improvements and
evaluation of different solutions that are updated in real-time, benefitting the
entire design process, especially the early phases. The visualization of differ-
ent system features at a single glance permits direct data and information ex-
change, enabling more direct communications among the design team. The
possibility to use a distributed and shared architecture, implemented into a
standard Concurrent Design Facility (CDF) setup, enhances in-depth analysis
even in the product development phase. This unique VE can simulate func-
tional and physical behaviours of the virtual replica, helping to optimize fu-
ture space systems.

To test the VR-based methodology, a first proof of concept has been gen-
erated following the recent incremental and evolutionary architecture strategy
of considering the Moon as the next step for the human exploration of Mars
and the Solar System. According the exploration roadmaps, a permanent sur-
face base is envisioned as an efficient test-bed for assessing critical technol-
ogies to be used for future deep-space endeavours. A preliminary mission
scenario has been generated which targets to settle the outpost at the lunar
south pole. The peculiar environment conditions make the area rich in vola-
tiles to examine and exploit, especially considering the permanently shad-
owed regions that are supposed to contain icy water deposits, which are of
paramount importance for human missions. A closed-loop power system,
comprising solar panels, batteries, fuel cells, electrolysers, has been sized ac-
cording the settlement power needs.

This research work presents an integrated simulation case study that has
been run using a VE to arrive at a preliminary estimate of the performance of
both the power system and the VR tool. Virtues and vices of the proposed
VR-based methodology have been listed together with possible future im-
provements for this research field.
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Chapter 1

Introduction

1.1 Background and context

Since the dawn of time, the night sky was always inspiring stories and
dreams. Writers and artists were describing their great visions about space
exploration as part of the human natural instinct to be drawn by the unknown.
The breath-taking stories as well as the inspiring and the intriguing way how
those genius depicted space travels through the centuries, sparkled the imag-
ination and the intuition of a broad audience for out-of-the-world travels. In
fact, thanks to these pioneering representations, some gifted people had spun
the wheel of innovation far beyond fantasy to start the humankind journey
towards modern day pursuing the final frontier of outer space.

Started in late 1950s, the space fever reached its maximum potential
among the Union of Soviet Socialist Republics (USSR) and the United States
(US): scientists and politicians were competing fiercely to leave an indelible
mark in space, as launching the first satellite and sending the first human in
orbit. The space race between these superpowers can be listed as one of the
various aspects in which the cold war was declared. The 1957 launch of Sput-
nik 1, the first man-made object to orbit the Earth, and the 1961 launch of
cosmonauts Yuri Gagarin, the first human to fly beyond Earth’s atmosphere,
were the first milestones of an extraordinary timeline of consecutive one-up-
manship that produced some of the history’s greatest technology achieve-
ments. Even though Americans were the underdogs in the first phases due to
some issues in rocket development, they soon bridged the gap with Soviet
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Union’s engineers. As the years were passing from Alan Shepard’s space-
flight, the first American astronauts to orbit our planet, the bets grew higher.
John Fizgerald Kennedy claimed to raise expectations literally up to the
Moon, setting to first step onto our natural satellite before the end of the 1960s
decade as the final target of the American space program. After this golden
era of breakthroughs, including the first spacewalk by Aleksei Leonov in
1965 and the first automatic landing on another celestial body by the space-
craft Luna 9 on the Moon in 1966, culminated with the first human step on
the lunar surface, the competition winds downs. The economical effort sank
as well as failures and fatal disasters (e.g. Apollo 1 and Soyuz 1) led to belt-
tightening budget cuts to space programs. If the interest for interplanetary ex-
ploration of planets was still high enough, as testified by the unmanned probes
flown by Venus, Mars, Jupiter, Mercury, Saturn, Uranus, and Neptune, the
costly crewed missions suffered a setback.

The progressive declining political support to Apollo-style program in the
US and the reaction to the loss of Moon race in the Soviet Union, shifted the
efforts of both the national space agencies to orbital space stations in Low
Earth Orbit (LEO). The first ever infrastructure successfully launched and
operated was the Salyut 1 in 1971 by the USSR. This first breakout introduced
the branch of orbiting laboratories, which are capable of supporting crew-
members for an extended period of time and accessible to other spacecraft to
dock. The US answer arrived in 1973 with the flying workstation Skylab 1.
The dispute among the two countries resulted into an unexpected détente: US
President Richard M. Nixon and Soviet Premier Leonid Brezhnev eased the
cold war tension in 1972 via committing to launch the Apollo-Soyuz Test
Project (ASTP). Soyuz 19 and the Apollo craft rendezvoused and docked in
1975, marking the symbolic subsiding of the space race, begun almost 20
years earlier, with joint scientific experiments and handshakes between three
astronauts and two cosmonauts.

While the USSR was mainly focusing on the continuous development of
the technology related to space stations, culminating with Mir, Americans
were advocating reusable manned space vehicles to support extended opera-
tions beyond the Apollo program, resulting in the Space Shuttle vehicle, later
mimicked by the Orbiter K1 of the Buran program. With the Soviet Union
dissolvement in 1991, the Buran program was shelved in 1993, and the Space
Shuttle one 18 years later for cost saving and safety issues. The post-Soviet
era of space plans mainly passed to Russia: the growing financial problems
faced by both former leader governments led to negotiations. These resulted
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in the Shuttle-Mir Program, founded on the successful heritage of ASPT,
which set the basics for future cooperative space projects decades ago.

The latest result of the push for a broad international collaboration is the
International Space Station (ISS): fifteen nations were involved in the project,
which is still flying in LEO, acting as a scientific laboratory and a permanent
inhabited outpost. Crew rotation, resupply missions, and continuous support
operations are just few of the services guaranteed by partners. Mainly divided
into two main sections, the US Operational Segment (USOS) and the Russian
Orbital Segment (ROS), the ISS is the perfect example on how coordinated
efforts can lead to exceptional achievements. The economic crisis and the
spending review regime currently adopted by global politics have led to de-
creasing space activities. However, in recent years, the space sector has been
experiencing a new renaissance: the rising interest of fresh actors, such as
private enterprises and public institutions, is spinning the wheel of innovation,
thus creating alternative and affordable solutions for space endeavours. More-
over, the incredible results of missions like VVoyager (1 and 2) [1], Curiosity
[2], Rosetta [3], Cassini-Huygens [4], New Horizons [5], and Juno [6] are
inspiring the next generation of scientists, renewing the education and re-
search fields. The legacy of these successful programs is feeding the fire of
discovery to address the upcoming challenges in spaceflight. The innate hu-
man willing to explore the unknown is all but diminished, finally paving the
way for a new era of space innovations.

1.2 Space exploration scenario

Despite the different visions for the strategic exploration of space, na-
tional agencies have agreed to sign, through the International Space Explora-
tion Coordination Group (ISECG) [7]*, a statement of common intents. This
document is the Global Exploration Roadmap (GER) which is intended to
coordinate the mutual efforts and make use of synergies. The latest issue of
GER [8] and [9, 10] outlined the future exploration targets: lunar vicinities

LISECG is a voluntary and non-binding coordination forum of 14 space agencies. The
members are: the Italian Space Agency (ASI), the French Space Agency (CNES), the China
National Space Administration (CNSA), the Canadian Space Agency (CSA), the Common-
wealth Scientific and Industrial Research Organisation (CSIRO), the German Aerospace
Centre (DLR), the European Space Agency (ESA), Indian Space Research Organization
(ISRO), the Japan Aerospace eXploration Agency (JAXA), the Korea Aerospace Research
Institute (KARI), the National Aeronautics and Space Administration (NASA), the State
Space Agency of Ukraine (SSAU), Roscosmos, and the United Kingdom Space Agency
(UKSA).
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and surface, near-Earth asteroids, and Mars. Those beyond-LEO objectives
are especially suitable to pursue valuable scientific opportunities, which
could be particularly enabled by coordinated human and robotic mission ar-
chitectures.

While the National Aeronautics and Space Administration (NASA) and
Roscomos were leading proponents of the previous phase of exploration,
other agencies have joined the stage. As an example, more than 50% of the
ISS habitable volume was built in Italy, both because of the direct agreements
between the Italian Space Agency (ASI) and NASA, and of the European
contribution to the ISS program by the European Space Agency (ESA), i.e.
the Columbus laboratory and the Automated Transfer Vehicle (ATV) for
cargo and resupply [11]. The autonomous logistical resupply vehicle HTV
and the pressurized experiment module Kibo are the Japan Aerospace eXplo-
ration Agency (JAXA) contribution to the ISS program.

Furthermore, also private companies have foreseen business possibilities
in the space sector. Alongside with historical contractor societies, which
helped to design and build hardware and software solutions (e.g. TRW®, Boe-
ing®, Lockheed Martin®, Thales®, etc.), new entities are participating since
few years; they are offering a wide variety of services, ranging from space
tourism (e.g. Space Adventure®, etc.) to services and technologies (e.g. Or-
bital ATK®, Sierra Nevada Corporation®, Bigelow Aerospace®, Blue
Origin®, etc.), also including scientific operations (Virgin Galactic®, etc.).
Under the push of those organizations, a novel approach to the space field has
been born: apart from the futuristic and cutting-edge vision of SpaceX®, in-
terplanetary journeys are currently debated by all the potential subjects ac-
tively involved in developing such concepts and technologies. This customer-
driven approach, where science is not considered as the only purpose of the
mission, breathes new life in the global space exploration scenario. The eco-
nomic development guaranteed by the new business structure, where govern-
ments are supporting commercial space industries, will enable space agencies
to off-load some of their activities (e.g. infrastructures development, etc.) to
focus more on the ambitious challenges of science exploration [12]. The op-
portunities created can lead to stimulate economic growth of new stakehold-
ers for spaceflight as well as for partner industries. Starting from the LEO
commercialization, the establishing of a space market not achievable in the
past will ensure cross-pollination of ideas, processes, and best practices, as a
foundation for economic development [13]. Thus, the rising space economy
can stimulate progress and accelerate scientific discovery, while inspiring the
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young generations to pursue careers in the space sector and enhancing tech-
nical education (i.e. science, engineering, and math) [12].

The ambitious plans developed by single public entities, like Constella-
tion by NASA or Aurora by ESA, as well as the Asteroid Impact and Deflec-
tion Assessment (AIDA) mission by NASA-ESA, were all shelved, never
reaching full maturity, if not for promising technical alternatives and interest-
ing concepts. The budget cuts and politics (minor factor) were the main rea-
sons of the cancellation of those initiative: this fact partially demonstrate how
this old monolithic-approach to space exploration is not anymore a fully via-
ble alternative for the forthcoming exploration hurdles.

Focusing more on human missions, a progressive approach to pave the
way for the crewed exploration of the Solar System envisages to start with
Moon and Mars [8-10, 14]. Before starting lunar and Martian sorties, some
technological gaps need to be filled: for this reason, robotic surveys are the
best option to assess critical mission elements and possible resources to be
exploited in situ. The expansion of the human presence beyond LEO should
be based on the successful experience of the ISS: international collaboration
Is the main enabler for fulfilling this ambitious scope. A schematic view of
these space exploration targets proposed by the ISECG is represented in Fig-
ure 1.1.
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If some preparatory activities could be performed using the ISS infra-
structure, there are others which require different environmental conditions.
While past tendencies and the willingness of some entities were in favour of
direct Red Planet journeys, the global vision is slowly converging in pointing
back to the Earth natural satellite. Via directing efforts to the valuable cislunar
environment and to the lunar surface, enabling technologies, different mission
elements and architectures, and concept of operations could be progressively
tested. The low gravity ambient conditions of the Moon surface are ideal to
experiment and measure the short and long-term effects on the human physi-
ology [15]: potential hazards, such as cosmic radiations, thermal gradients,
medical diseases deriving from long stays in isolation and in extreme envi-
ronments, could be better quantified and adequate countermeasures could be
perfected to enable longer and even permanent stays on planetary surfaces.
The cislunar operations are also helpful to improve the currently used com-
munication paradigms (e.g. for the ISS in LEO) in view of future deep space
missions, where communication delays with Earth will require a greater mis-
sion autonomy.

Scientific return could be eventually maximized by survey missions for
resources assessment. Lunar extended operations are also interesting for har-
vesting mineral resources: In Situ Resource Utilization (ISRU) technologies
are of paramount importance to reduce Earth-dependability and should be in-
cluded in an overall design process. All those aspects come out in favour of
lunar exploration to prepare the future Martian endeavours. The outcomes of
this phase, can help to reduce cost and risk, if direct missions to Mars are
considered for benchmarking [16]. The technical solutions produced in this
campaign should be inevitably changed and adapted accordingly to the dif-
ferent Martian conditions, but very useful insights could be produced. Identi-
fying, listing, quantifying, and rising the Technology Readiness Level (TRL)
level of enabling technologies, which are part of the exploration roadmaps
[17, 18], is another milestone to investigate.

All the previously listed consideration, which are related to an incremen-
tal evolutionary path for the upcoming space activities, are going to be ad-
dressed and better formalized in the upcoming new version of the GER, which
is expected to be finalized in 20182. A “Moon for Mars” approach is finally
desirable, instead of “been there, done that” motto: Mars is still not a fully

2 It has to be noticed that the present Ph.D. thesis was written starting from November
2017: all the updates in terms of documents, national agencies decisions, governments and
private enterprises commitments subsequent to this date were not considered in this work.
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viable destination for crewed exploration, especially with direct mission ar-
chitecture as the NASA approach reported in Figure 1.2.

JOURNEY T

HUBBLEN,

Figure 1.2: NASA journey to Mars (credit: NASA)

The attainment of even symbolic missions would require budgets, tech-
nologies, and risks far beyond the current situation [16]: as an example, the
unsolved problem of attenuating dose rates for long interplanetary coast mis-
sion legs is still debated by the scientific community. Prior to attempt the next
giant leap for mankind, i.e. stepping on Mars, it is important to gain more
knowledge and experience, setting Moon as the first target for the upcoming
space exploration scenarios as proposed by the ESA Aurora program, whose
artistic impression is represented in Figure 1.3.
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Figure 1.3 Aurora: en route to Mars and the Moon. Artistic impression of the
ESA Aurora program, which aimed to prepare Europe to play a key role in the future
human exploration of Mars and in the exploration of the Solar System [19] (credit:
ESA)

1.2.1 Moon exploration

The Greek Lucian of Samosata was the first dreamer to think and postu-
late about lunar journeys in the 2" century AD with his novel “A True Story”
that could be considered as the first known science fiction text. After him,
generations of enthusiastic explorers took actively part in shaping this fan-
tasy. In 1865 the Jules Verne’s captivating and futuristic book “De la Terre a
la Lune” (From the Earth to the Moon) attempted to describe the technical
feasibility of a Moon landing, eventually realized by the successful human
first step onto our natural satellite during the Apollo program, alongside the
Russian Luna initiative.

Despite the iconic accomplishment of landing men on another celestial
body, Americans were the underdogs for quite a while in the lunar phase of
the space race. Soviets were leading the competitions with a series of im-
portant firsts with its Moon missions. Luna 2 was the first man-made object
to reach another celestial body: this unmanned probe hard landed on the lunar
surface in 1959. In the same year, the subsequent mission, Luna 3, took the
first ever picture of the far side of the Moon, a complete new and unexplored
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space world. After few failures, Luna 9 finally succeeded into the difficult
task of softly landing on our natural satellite in 1966, not sinking into lunar
dust as feared by scientists and engineers. Later in that year, the Moon had its
first artificial satellite orbiting around it, the Luna 10 spacecraft.

The strong commitment of NASA to achieve the goal of landing a man
on the Moon and returning him safely back on Earth before the end of the
1960s decade, was slowly but continuously progressing. The human space-
flight program rolled out with the “Original Seven” astronauts of project Mer-
cury in 1958, successfully achieved in launching the first US man into space.
The natural continuation of those epic results was the project Gemini, started
in 1961, which permitted to develop and master the necessary technologies
and techniques for landing astronauts on the Moon, so for space exploration
operations in general. In fact, the Apollo program benefited of the perfected
Extra Vehicular Activities (EVAs) and of the pioneering rendezvous and
docking manoeuvres, two major achievements tested during the extended
space operations of the project Gemini. This intermediate step between flying
a single man to orbit of project Mercury and flying a three-man spacecraft to
the lunar surface and back of project Apollo was mandatory. Even if Apollo
was conceptualized during Eisenhower’s administration and ran from 1961
to 1972, some basics were missing in between the early stages of human
spaceflight program and the futuristic dream to walk on our natural satellite.
This gap was bridged by project Gemini outcomes.

The Apollo program is, without a doubt, the most iconic space initiative
ever attempted and could still be considered as the strongest and solid ever
foundation for the next generation of human spaceflight exploration concepts
to Moon, Mars, and beyond. Despite two failures (the tragic Apollo 1 and
safely-returned Apollo 13), one of the most expensive space program set sev-
eral unprecedented milestones [20, 21], which are still unbeaten nowadays,
like flying human beings beyond LEO and launching Saturn V, the biggest
rocket ever built. Moreover, the crew of Apollo 8 became the first to enter
lunar orbit, allowing Frank Borman, James Lovell, and William Anders to see
the far side of the Moon in person. Only 8 years after the Gagarin’s first flight
and so the opening of the manned spaceflight era, humankind was able to step
on the Moon. On July 21%, 1969, at 02:56:15 GMT, when the left foot of Neil
Armstrong was set on the Sea of Tranquillity [22], commented with the fa-
mous quote «That’s one small step for (a) man; one giant leap for mankind»,
the world is not anymore the same, also thanks to the incredible footages and
pictures taken throughout the entire mission like Figure 1.4.
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Figure 1.4 Aldrin's boot and bootprint in lunar soil. Apollo 11 photograph AS11-
40-5877 (credit: NASA)

The outstanding completion of such a complicated task changed the his-
tory forever and was only possible thanks to the hard work, the strong dedi-
cation, and the commitment of thousands of people, brought together by a
common intent.

Nevertheless, Soviets did not totally give up in this peculiar competition:
even if the crewed lunar programs were jeopardized by several N-1 rocket
failures, the super-heavy response to the American Saturn V, the unmanned
spacecraft remained their strong point. Lunokhod 1 was the first lunar rover
to land on the Moon in 1970, while the US rover landed just the following
year, the so-called Lunar Roving Vehicle (LRV) used by the astronauts for
surface mobility activities in the Apollo 15, 16, and 17 missions. To date, no
cosmonauts made a step on the Moon and the last man to stand on it was the
US astronauts Eugene Cernan, part of the last lunar mission Apollo 17, in
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