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Summary

This thesis presents a preliminary design of a lunar nanosatellite mission concept
using a systems engineering approach. The work begins with a state-of-the-art review of
past and planned lunar nanosatellite missions, focusing on their objectives, architectures,
and main design challenges. Based on this review, the mission focus is de ned as the
characterization of the lunar exosphere and dust environment. Mission objectives and
requirements are then derived, followed by the selection of the payload instruments. The
resulting mission concept is implemented as a 12U CubeSat platform, whose feasibility is
assessed through key system budgets, including mass, power, data, communication link,
and delta-v.

Abstrakt

Tato prace p°edstavuje p°edb¥°ny navrh koncepce mise lunarniho nanosatelitu s vyu-
Oitim p°istupu systémového in®enyrstvi. Prace zaf£ina p°ehledem minulych a planovanych
lunarnich nanosatelitnich misi, p°ifem® se zam¥°uje na jejich cile, architektury a hlavni
konstrukEni vyzvy. Na zaklad¥ tohoto p°ehledu je jako hlavni cil mise de novana charak-
terizace lunarni exosféry a prachového prost°edi. Nasledn¥ jsou odvozeny cile a po®adavky
mise a poté je proveden vyb¥r peistroj- pro ulite£né zati®eni. Vysledny koncept mise je
implementovan do platformy 12U CubeSatu, jeji® proveditelnost je posouzena na zaklad¥
klifovych systémovych rozpo£t:, vEetn¥ hmotnosti, vykonoveé bilance, datové bilance, ko-
munika£niho spojeni a bilance delta-v.

Keywords

Moon mission, Spacecraft, System Architecture, Requirements, Payload
Klifova slova

M¥si£ni mise, Kosmicka loa, Systémova architektura, Po®adavky, U°iteEné vybaveni



Roz?i°eny Abstrakt

Bakala°ska prace se zabyva problematikou navrhu lunérnich satelitnich misi se speci-
ckym zam¥°enim na nanosatelitni mise z pohledu systémového in°enyrstvi. Cilem prace
je navrhnout cile lunarni nanosatelitni mise, vytvo°it jeji koncep£ni navrh a systémovou
architekturu a ov¥°it jeji zakladni proveditelnost.

V Uvodni £asti je zpracovana re2er2e souf£asnych i planovanych program- zam¥°enych
na pr-zkum M¥sice. Pozornost je v¥novana zejmeéna lunarnim misim vyslanym od roku
2000 a misim planovanym v nasledujicich letech. Samostatn¥ jsou analyzovany lunarni
nanosatelitni mise, jejich v¥decké cile, systémova architektura, pouité subsystémy a
mao°nosti dopravy nanosatelit- k M¥sici.

Prace dale shrnuje zakladni principy systémového in°enyrstvi a jeho vyu®iti v rané
fazi navrhu kosmickych misi. Popsany jsou metody a nastroje pouCivané p°i pofate£nim
navrhu mise, zejména pro de nici pofadavk:, navrh architektury a ov¥°eni technické
proveditelnosti. Na zaklad¥ provedené re2er2e je nasledn¥ de novan cil navrhované lunarni
nanosatelitni mise a je posouzena jeho v¥decka relevance s ohledem na vybrané referen£ni
mise.

V dal?i £asti prace je vytvo°en p°ehled mise, ve kterém jsou de novany hlavni cile
mise a p°evedeny do souboru misijnich po®adavk:-. Souf£asti navrhu je také zhodnoceni
silnych stranek mise, jejich p°inos:, slabych mist a hlavnich rizik, ktera mohou ovlivnit
jeji usp¥2nost. Déle je navreena vhodna orbita a koncept operaci, ktery popisuje dopravu
satelitu k M¥sici, provoz na lunarni ob¥°né draze a ukon£eni mise.

Na zaklad¥ konceptu operaci je provedena funkEni analyza, jejime cilem je identi ko-
vat klifové funkce pot°ebné pro spln¥ni mise. Funkeni analyza je dopln¥na produktovym
stromem, ktery shrnuje hlavni systémy a subsystémy satelitu. Po de nici konceptu mise
a identi kaci kliEovych funkci je zpracovan p°edb¥°ny navrh platformy. Navrh za£ina
vyb¥rem pcistroj- uiteEného zati®eni urfenych pro ziskavani environmentalnich v¥deck-
ych dat. Ostatni subsystémy satelitu jsou navr®eny tak, aby podporovaly provoz t¥chto
p°istroj- a zajistily p°enos, ukladani a zpracovani ziskanych dat.

Pro ov¥°eni proveditelnosti ndvrhu jsou sestaveny zakladni systémové rozpo£ty, ze-
jména hmotnostni, energeticky, datovy, komunikaEni a v rozpo£et. Tyto rozpo£ty slouCi
k posouzeni, zda navr®ena platforma poskytuje dostateEné zdroje pro provoz mise, ko-
munikaci s pozemni stanici, ukladani dat, orbitalni manévry a dlouhodob¥ energeticky
pozitivni provoz satelitu ve v2ech hlavnich fazich mise.

Prace je zakonf£ena zhodnocenim navreeného konceptu, identi kaci hlavnich technick-
ych rizik a navrhem dal?ich krok- vyvoje. Sou£asti zav¥ru je také de nice hlavnich vyvo-
jovych milnik- od rané navrhoveé faze a° po vypu2t¥ni satelitu na lunarni ob¥°nou drahu.
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INTRODUCTION

Although celestial bodies have been observed since ancient Greece, humanity's ability
to explore them directly from orbit or from their surfaces began only a couple of decades
ago, in 1957 with the launch of the Sputnik 1 satellite. Although this marked the beginning
of the space age and the rst successful deployment of an arti cial satellite, it took nearly
another decade to safely land a probe on another celestial body, the Moon.

Once spacecraft reached the orbit region of other planets and space objects, extensive
exploration of their local environments became possible. This included investigations
of surface composition, atmospheric properties and physical processes governing these
bodies. Since then, thousands of gigabytes of data and large amounts of soil samples have
been collected.

These data and samples have contributed to our understanding of the formation of
the Solar System, the conditions for life in its early stages and the physical processes
occurring in space, such as solar winds. Moreover, they have helped to evaluate whether
the expansion of life beyond Earth could be feasible in the future.

Nevertheless, the main objective of this thesis is to demonstrate the overall process
involved in the early stages of lunar mission design and to outline the procedures required
to prepare a mission concept.

The rst part of the thesis is devoted to the thorough review of lunar exploration,
followed by chapters focusing on launched nanosatellite missions and those currently un-
der development. The main focus is on their objectives, system architecture and lessons
learned. This part is concluded with the second chapter summarizing the reviewed mis-
sions and their design approaches.

The second part of the thesis breaks down the processes followed during the early
design phase of a space mission from a systems engineering perspective. The design
process is described and applied methods are explained. This part concludes with the
fourth chapter, which de nes the scienti ¢ objectives, followed by the de nition of a
reference mission and the overall goals of the thesis.

The practical part of the thesis focuses on the proposal of a lunar mission concept
with focus on the de nition of mission objectives, requirements speci cations and satellite
design derived from the mission goals. This part is divided into two chapters.

The fth chapter, Mission Description, presents the proposed scienti ¢ objectives of a
lunar orbital nanosatellite mission and de nes mission-level requirements. In this chapter,
the overall mission concept is explained, selected orbit is described and mission SWOT
provides a basis for further design decisions.

The sixth chapter addresses the remaining thesis objectives and focuses on the devel-
opment of a high-level system architecture based on detailed component selection through
analysis and budget calculations. This chapter also includes the initial sizing of the satel-
lite, preliminary con guration and placement of individual components, and functional
block diagrams describing the overall power and data ow within the system. In the end
of this chapter, the mission timeline and key milestones are illustrated using a Gantt chart
and preliminary cost estimates are included.

11



1 STATE-OF-THE-ART IN LUNAR NANOSATELLITE
MISSIONS

Lunar exploration experienced its rst major boom more than fty years ago with
NASA's Apollo program, which culminated in the rst human landing on the lunar sur-
face. Nearly 400 kg of lunar rock samples were collected and large amounts of scienti c
data were transmitted back to Earth, providing valuable knowledge about the forma-
tion and early evolution of the Moon and the Solar System. [1, 2] Despite the success
of the Apollo program, its termination marked the end of the rst era of human lunar
exploration. Since Apollo 17 in 1972, no human has returned to the lunar surface, and
the overall number of lunar missions decreased signi cantly until the beginning of the
new millennium. [3] Today, scienti c, technological and strategic interest in the Moon
has opened a new phase of lunar exploration, in which small spacecraft and nanosatellite
missions can play an important role. This renewed interest raises an important question:
why should humanity return to the Moon after more than ve decades of absence and are
those nanosatellites relevant in space exploration beyond low Earth orbit? [4]

The History of the Solar System

The Moon lacks an Earth-like atmosphere, which means that erosion by wind or water
does not occur. As a result, lunar craters have remained preserved in nearly the same
condition as after their formation four billions years ago providing an insight to the early
stages of the planetary system. By studying these still-intact craters on the Moon, we can
gain a better understanding of what occurred during the planetary formation. Besides
studying the history of the Solar System, the scientists also use the Moon as an age
reference to determine how old or young features on other worlds are, such as on Mars,
Mercury and moons across the Solar System. [1]

Water Presents on the Moon

The discovery of water in the permanently shadowed regions on the Moon's poles
was a signi cant achievement and further investigation of these areas could help improve
our understanding of how water get to the Moon and how it might be used to support
human's presence on the lunar poles. However, the overall amount of water on the Moon
is limited, based on the results from NASA SOFIA mission, the Sahara Desert has 100
times the amount of water detected in the lunar soil. Furthermore, water extraction from
lunar soil might be technically challenging. Direct exploration of water in lunar soil is
a key objective of several upcoming rover missions such as Chinese Chang'e 7, planned
for launch in August 2026 and Indo-Japanese rover mission LUPEX, which is currently
scheduled for no earlier than 2028. [1, 5]

12



1 STATE-OF-THE-ART 1.1 PROGRAMS AND MISSIONS SINCE 2000

Figure 1.1: Distribution of water and hydroxyl in the lunar surface (blue areas) [6]
Technology Development

Although many may argue that humanity has already learned how to live in space
through mission to the International Space Station (ISS) but the station is located only
about 400 km above Earth, which is roughly the distance between Prague and Ostrava.
In contrast, the Moon is almost thousand times farther away than the ISS. This results
in longer communications delays and signi cantly higher radiation exposures for human
crew. [2]

If we want to create sustainable life on Moon, we need to develop technologies required
for long-term survival in deep space. These developments may subsequently lead to nu-
merous technological spin-o s and also increase growth of the space commercial sector on
Earth.

1.1 Major Lunar Exploration Programs and Missions Since 2000

Artemis

The Artemis program is a NASA project intended to return humans to the Moon, with
the long-term goal of developing a sustainable lunar base. This is intended to support
the development and demonstration of technologies required for future human missions
to Mars, while also strengthening the American economic and strategic position in space
exploration.

Artemis Il was the rst crewed ight of the Space Launch System rocket and success-
fully validated both the rocket and the Orion spacecraft, including its operations around
the Moon. The objectives of Artemis Il have recently been added to the program and
are intended to test docking capabilities between Orion and one or both lunar landers de-
veloped by SpaceX and Blue Origin. Artemis IV is currently targeted as the rst Artemis
lunar landing mission in early 2028. The rst phase of the program is expected to con-
clude with Artemis V in late 2028, marking the beginning of lunar base development.

[7, 8]

13



1 STATE-OF-THE-ART 1.1 PROGRAMS AND MISSIONS SINCE 2000

Chinese Lunar Exploration Program (CLEP)

The CLEP also known as Chang'e is a combination of lunar orbiters, landers and
rovers. To date, six missions have been successfully completed with the ongoing Chang'e
7 mission planned for launch later this year (2026). The rst two missions consisted
only of orbiters with hyperspectral cameras to map the lunar surface for future landings.
Following missions, Chang'e 3 to Chang'e 6 included both orbiters and landers, with the
rst soil samples return during the Chnag'e 5 mission and the rst ever samples from
the Moon's far side returned by Chang'e 6 mission. Chang'e 7 aims to land on the
Moon's south pole near the Shackleton crater with almost continuous sunlight, where it
will perform in-site measurements of water ice. Missions will have a signi cant impact
and provide essential scienti ¢ data for future Moon exploration. The Chinese will be
ahead of everyone else by at least one year, but probably several years. Chang'e 7 is a
key mission for the study of lunar volatiles. [9, 10]

Moonlight program

The Moonlight program is European Space Agency (ESA) led project focused on the
development of a satellite constellation to provide seamless services such as navigation
and telecommunication between the Earth and the Moon. The project is developed in
cooperation with NASA and JAXA and is intended to serve as the primary communication
platform for planned lunar missions over the next two decades. The program is currently
developing Lunar Path nder, the rst satellite of a planned ve-satellite constellation.
Lunar Path nder is expected to launch in late 2026 on board Blue Ghost Mission 2
and will serve as the initial operational spacecraft of the program. The satellite is also
intended to support future CubeSat missions, including the Lunar Volatile and Mineralogy
Mapping Orbiter (VMMO). The full operational capability of the proposed constellation
Is planned to be achieved by 2030. [11, 12]

Lunar Missions

Missions developed for lunar exploration vary in their objectives, however, these ob-
jectives can generally be classi ed into three main categories: technology demonstration,
scienti ¢ exploration and crewed missions. Based on these objectives, the remaining as-
pects of the mission are designed, including orbit selection, transfer strategies to lunar
orbit and spacecraft con guration. Table 1.1 shows that scienti ¢ objectives dominate
among the reviewed missions. However, several missions combine both scientic and
technological objectives. Therefore, the classi cation used in the table is based on the
primary mission purpose.

14



1 STATE-OF-THE-ART 1.1 PROGRAMS AND MISSIONS SINCE 2000

Table 1.1: Overview of the Lunar orbital missions since 2000 [4]

Mission - Status Agency S/C size Main Objective
Chang'e 1 Past CNSA Large Satellite Scienti ¢ Exploration
Chang'e 2 Past CNSA Large Satellite Scienti ¢ Exploration
Chang'e 5 Past CNSA Large Satellite Scienti ¢ Exploration
Chang'e 6 Past CNSA Large Satellite Scienti ¢ Exploration

Chandrayaan 1 Past India Large Satellite Scienti ¢ Exploration
Chandrayaan 2 Past India Large Satellite Scienti ¢ Exploration
LCROSS Past NASA Large Satellite Scienti ¢ Exploration
LRO Past NASA Large Satellite Scienti ¢ Exploration
LADEE Past NASA Large Satellite Scienti ¢ Exploration
GRAIL Past NASA Small Satellite Scienti ¢ Exploration
Lunar Trailblazer Past NASA Small Satellite Scienti ¢ Exploration
Artemis P1 Past NASA Small Satellite Scienti ¢ Exploration
Artemis P2 Past NASA Small Satellite Scienti ¢ Exploration
Luna H-Map Past NASA CubeSat Scienti ¢ Exploration
Lunar IceCube Past NASA CubeSat Scienti ¢ Exploration

LunIR Past NASA CubeSat Scienti ¢ Exploration
SELENE Past JAXA Large Satellite Scienti ¢ Exploration
DANURI Past South Korea | Large Satellite Scienti ¢ Exploration
ICUBE-Q Past Pakistan CubeSat Scienti ¢ Exploration

QUEQIAO-1 Past CNSA Large Satellite | Technology Demonstration
QUEQIAO-2 Past CNSA Large Satellite | Technology Demonstration
Artemis | Past NASA Large Satellite | Technology Demonstration
CAPSTONE Past NASA CubeSat Technology Demonstration
Lunar Flashlight Past NASA CubeSat Technology Demonstration
SMART 1 Past ESA Large Satellite | Technology Demonstration
Lunar Path nder Past ESA Large Satellite | Technology Demonstration
EQUULEUS Past JAXA CubeSat Technology Demonstration
Artemis I Past NASA Crew Flight Crewed ight

VMMO Future ESA CubeSat Scienti ¢ Exploration

LUMIO Future ESA CubeSat Scienti ¢ Exploration

Luna 26 Future Russia Large Satellite Scienti ¢ Exploration
Chang'e 7 Future CNSA Large Satellite Scienti ¢ Exploration
Mengzhou Future CNSA Crew Flight Crewed ight

Artemis Il Future NASA Crew Flight Crewed ight
Lunar Gateway Future NASA Space Station Crewed ight

Technology demonstration satellites can be further divided into communication satel-
lites, satellites focused on operations and trajectory control, and module testing missions.

To date, three satellites have been dedicated to establishing a communication network
around the Moon: Quegiao-1, Quegiao-2, and Lunar Path nder. In addition, due to its
robust design and extended operational lifetime, the Lunar Reconnaissance Orbiter (LRO)
now also serves as a communication relay after achieving its primary scienti ¢ objectives.
It provides S-band communication link with the CAPSTONE mission for experimental
testing of the Cislunar Autonomous Positioning System. [13]

Regarding scienti ¢ exploration, most missions have been dedicated to surface map-
ping in order to support the selection of potential future landing sites. Other missions have
focused on the detection of hydrogen or water ice on the lunar surface. Although these
two objectives remain the most discussed, scienti ¢ investigations have also addressed the
Moon's magnetism, gravitational eld and lunar exosphere. [4]
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As shown in Table 1.1, scienti ¢ objectives have represented the primary focus of lunar
missions launched since 2000. These missions have mainly addressed lunar water ice map-
ping, geological investigations, topographic mapping, tectonic activity, and studies of the
lunar lithosphere. From the perspective of mission scale, large satellites have remained
the dominant spacecraft category, with 18 missions launched to date. CubeSats represent
the second most common category, with seven missions launched so far, a number that in-
creased signi cantly with the rst Artemis mission. Figure 1.2 provides a brief overview of
launched and planned lunar missions, categorized by spacecraft size and primary mission
objective.

Figure 1.2: Past and planned lunar orbital missions since 2000 categorized by agency,
objectives and spacecraft type

1.2 Lunar Nanosatellite Missions

In recent years, the growth in nanosatellite missions in Earth orbit has been signi cant.
Although CubaSats are primarily used for Low Earth Orbit (LEO) missions, due to their
relatively fast development, the possibility of using commercial o -the-shelf subsystems
instead of custom-designed ones and lower overall costs, several lunar missions were also
designed using CubeSat format. [14]

Most lunar CubeSat missions were designed primarily for scienti ¢ exploration, par-
ticularly for lunar water detection and mapping, while some missions also focused on
technology demonstration. For the past missions, NASA has been the main organization
responsible for launching lunar CubeSats, while the European Space Agency (ESA) is
currently the main lunar CubeSat mission developer. Table 1.2 provides an overview of
the CubeSat missions to the Moon with focus on their main objectives.
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1.2 LUNAR NANOSATELLITE MISSIONS

Table 1.2: Overview of the objectives and status of the lunar CubeSat missions
[4, 15, 16, 17, 18]

Status

Objectives

Mission Developer

EQUULEUS JAXA Past Technology Demonst_ranon of low-
Demonstration | thrust trajectory control
Technolo Demonstration of the new
Lunar Flashlight NASA Past 9y technologies, primarily the
Demonstration -
propulsion system
CAPSTONE NASA Active Technology Test of Fhe o.rbltal stability
Demonstration | and orbit maintenance
Luna H-Map NASA Past Smentl.c Map herogen presence in
Exploration lunar soll
Lunar lceCube NASA Past SC|ent|_c Study of lunar Wat_e_r ice
Exploration amount and composition
LuniR NASA Past Smentl'c Collection of surface spec-
Exploration troscopy and thermography
ICUBE-Q Pakistani Past Suentl_c Taking of photos of lunar
Exploration surfaces
In Scienti ¢ Detection of meteoroid im-
LUMIO ESA . pacts their sizes, locations
development Exploration .
and magnitudes
In Scienti ¢ Water-ice  detection in
VMMO ESA . shadowed regions at the
development Exploration poles

In total, three missions were developed for technology demonstration purposes. These
include Lunar Flashlight (LF), which aims to demonstrate the functionality of a propulsion
system with a total impulse of 2500 Ns, as well as IRIS a deep-space software-de ned
radio, and Sphinx, a radiation-hardened processor [19]. In contrast, CAPSTONE mission
demonstrated the stability and operational feasibility of a cis-lunar Near Rectilinear Halo
Orbit (NHRO) which enables frequent close approaches to the Lunar surface. The mission
also tested the rst iteration of the Cislunar Autonomous Positioning System (CAPS) that
allows future spacecraft to determine their location relative to the Moon without relying
exclusively on tracking from Earth. [13, 20]

Regarding scienti ¢ exploration, half of the missions are dedicated to lunar water
ice mapping. For instance, the primary objectives of Luna H-Map were to map the
hydrogen abundances in the top 1-m of lunar regolith [21]. Similarly, the Lunar Volatile
and Mineralogy Mapping Orbiter (VMMO), current under development by ESA, aims
to detect water-ice and other volatiles with a precision better than 2% mass fraction in
shadowed regions at the poles, with a resolution better than 10 meters. [16, 22]

Beyond water ice mapping, additional scienti ¢ objectives include spectroscopy and
meteoroid impact detection. The LUMIO mission is design to observe the lunar surface
in order to detect meteoroid impacts and characterize their ux, magnitudes, luminous
energies, sizes, and locations. [16, 23]
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1.3 Lunar Nanosatellite Design

With the growing number of space companies oriented to the CubeSats development,
the use of this platform has become versatile and more cost-e ective compared to con-
ventional large-scale satellites. [14] Typical subsystems of the CubeSat mission include:
on-borad computer (OBC), electrical power system (EPS), communications subsystem
(COMMS), propulsion subsystem (PROP), attitude and orbit control system (AOCS),
antennas and mission speci ¢ payload (PLD). [24]

These components are integrated within a structural body with standardized dimen-
sions ranging from 1U (a 10 x 10 x 10 cm cube) to 12U (a 20 x 20 x 30 cm). [25] In recent
years, several missions to the LEO orbit have had a 16U format, however, this format is
not yet included in the CubeSat Design Speci cations. [24]

Selected con guration of the lunar CubeSat mission are described in the following
tables, which present the size class, mass, and key speci cations of individual subsystems.

1.3.1 Lunar Flashlight

Lunar Flashlight was a 6U, 14 kg CubeSat developed by NASA's Jet Propulsion
Laboratory (JPL) and operated by students at the Georgia Institute of Technology. It
was launched in December 2022 with the objective of demonstrating novel small-satellite
technologies, including a rst-of-its-kind green monopropellant propulsion system.[19]

The mission is classi ed as a technology demonstration because, in addition to val-
idating the propulsion module, it also aimed to demonstrate several other key systems.
These included the IRIS deep-space radio, the Sphinx ight computer for on-board data
handling, and a multi-band re ectometer for water-ice detection.[26]

For the validation of these systems, a low lunar orbit with a perilune of 10 km and
an apolune of 65 km was selected. Lunar Flashlight was transported toward the Moon
as a secondary payload on the HAKUTO-R Mission 1 launch, which was carried out by
a SpaceX Falcon 9 rocket. [26, 27]

System Architecture of LF

The system con guration of the Lunar Flashlight mission is illustrated in Figure 1.3.
The con guration shows the high spatial demands of the propulsion and payload subsys-
tems, each occupying approximately 30% of the available 6U volume. Another notable
aspect is the launch mass of the spacecraft, which was 14 kg. This exceeds the 12 kg limit
de ned for a 6U CubeSat in the CubeSat Design Speci cation (CDS) by 2 kg.[25]
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Figure 1.3: Lunar Flashlight system con guration [19]
The speci cations of the key subsystems selected for the Lunar Flashlight mission are
summarized in Table 1.3.

Table 1.3: LF System Architecture and subsystems properties [28, 26, 29]
LF System Architecture |

Subsystem | Model | Speci cations \
Size - 6U
Mass - 14 kg
X-Band
COMMS Iris (JPL's module for DSR) Uplink - 7.2 GHz, 8 kbps

Downlik - 8.4 GHz, 256 kpbs
9V and 12,3 V bus

EPS - Main battery - 45,8 Wh
Payload battery - 18 Wh
84 cells
Solar Panels - E ciency 29,5% and 30,7%

Generation 58,8 W
Dual-Core LEON3-FT (GR712) processor
8GB Flash memory
4x thrusters
PROP - v =290 m=s
100 mN (per thruster)
Three 50 mNms reaction wheels

OBDH Sphinx (JPL's OBC)

AOCS BCT XACT-50 Star tracker
Internal Measurement Unit
Antenna JPL's X-band antenna 2 patch antennas

Lesson Learned from LF

Although Lunar Flashlight did not achieve lunar orbit due to a propulsion system
malfunction, several accomplishments can still be highlighted. These include successful
university industry collaboration on propulsion development, spacecraft operations per-
formed by Georgia Tech university, and validation of the developed re ectometer.

The Lunar Flashlight propulsion system manifold was manufactured using additive
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manufacturing due to its complex geometry. However, post-launch issues revealed prob-
lems related to insu cient cleanliness. Residual metal particles from the manufacturing
process were not properly removed, contributing to the manifold malfunction. The key
lesson learned is that small spacecraft propulsion systems require thorough Itration and
inspection, including methods such as CT scanning, ight-like hot- re testing, abrasive
cleaning and chemical etching, especially when additive manufacturing is used.[26, 30]

In addition, the mission lessons learned identi ed the need for a dedicated team that
follows the design throughout the entire mission life cycle. The combination of young and
experienced engineers was also highlighted as an important factor for mission success.[26]

1.3.2 Lunar Polar Hydrogen Mapper

Lunar Polar Hydrogen Mapper (LunaH-Map) was a 6U CubeSat developed by Arizona
State University in cooperation with NASA and JPL. LunaH-Map carried two neutron
spectrometers designed to produce maps of near-surface hydrogen at unprecedented spa-
tial scales, approximately 7.5 km/pixel. The mission was intended to map hydrogen
within permanently shadowed craters near the lunar south pole to a depth of 1 m.[31]

The LunaH-Map mission had both scienti ¢ and technology demonstration objectives,
as it addressed several technological challenges. These were primarily related to the in-
ight demonstration of the eHaWK+ solar array design and the operation of a low-thrust
ion propulsion system. [21]

The mission was designed to conduct scienti c measurements from highly elliptical
lunar polar orbit with a low-altitude perilune of 5 12 km centered on the lunar south pole
and an apolune of approximately 3150 km. The mission was launched on board Artemis
| and separated from the Orion module approximately 5.5 hours after launch, allowing it
to pass through the Van Allen radiation belts inside the Orion Stage Adapter. [32]

LunaH-Map System Architecture

The LunaH-Map Concept of Operations (CONOPS) placed high demands on the
propulsion system, primarily due to the required lunar orbit insertion and low-altitude
polar orbit operations. Therefore, the Busek BIT-3 ion thruster was selected, providing an
available v of almost 2500 m/s. Figure 1.4 shows the location of the propulsion module
within the spacecraft design, together with the complex con guration of the deployable
solar panels. [32, 33]
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Figure 1.4: LunaH-Map System Con guration [32]

The LunaH-Map design followed a similar trend to Lunar Flashlight, as it also exceeded
the standard CubeSat mass constraint with a launch mass of 14 kg. The full mission
con guration is summarized in Table 1.4. [33]

Table 1.4: LunaH-Map System Architecture and subsystems properties [33, 34]

LunaH-Map System Architecture

Subsystem Model \ Speci cations
Size - 6U
Mass - 14 kg
X-Band
COMMS Iris (JPL's module for DSR) Uplink - 7145-7190 MHz, 1 kbps
Downlik - 8450-8500 MHz, 1-128 kpbs
5V, 12 V and 28 V bus
EPS BCT XEPS Battery - 56 Wh
E ciency 30,7%
Solar Panels MMa eHAWK+ Generation 96 W
OBDH BCT XB-1 50 8GB Flash memory
v = 2500 m=s
PROP Busek - BIT 3 1,25 mN
Three 50 mNms reaction wheels
2 star tracker
AOCS Included in BCT XB-1 50 Internal Measurement Unit
Accuracy 0:016 (1)
Maneuvering 12 =s
Antenna JPL's X-band antenna 2 patch ante_nna (RX. and TX)
Gain - 6dBi

Lesson Learned from LunaH-Map

The LunaH-Map mission was only partially successful due to issues with its propul-
sion system. One of the valves became stuck, preventing the spacecraft from generating
su cient thrust to adjust its trajectory into a moon's polar orbit. Although the mission
did not reach the planned orbit, it completed a yby at an altitude of 1,300 km during
which the neutron spectrometer validated its functionality and con rmed the presence of
hydrogen in the lunar soil. However, further investigations will be required to achieve the
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scienti ¢ goals. The most likely cause of the propulsion valve failure was the long waiting
time for the lifto . [35]

1.3.3 CAPSTONE

CAPSTONE is a 12U CubeSat technology demonstration mission serving as a lunar
path nder for the future Lunar Gateway, which is part of NASA's Artemis program. The
primary objective of the CAPSTONE mission is to verify the characteristics of a cislunar
Near Rectilinear Halo Orbit (NRHO) for the future Lunar Gateway by successfully en-
tering the orbit and maintaining its stability. In addition, the mission is equipped with
the Cislunar Autonomous Positioning System (CAPS), which is intended to enable future
spacecraft to determine their position relative to the Moon without relying exclusively on
tracking from Earth.[20]

The mission was launched from New Zealand on board an Electron rocket equipped
with Rocket Lab's Photon spacecraft as an upper stage. Photon was responsible for a
series of additional burns and orbital adjustments before the separation of CAPSTONE
onto a low-energy ballistic trajectory. This trajectory delivered CAPSTONE to NRHO,
with a perilune of approximately 1500 km and an apolune of approximately 70000 km.[13]

CAPSTONE System Architecture

Although CAPSTONE was designed as a CubeSat, the spacecraft incorporates an
additional volume at the bottom of the structure shown in Figure 1.5, which is used
to accommodate the S-band antenna for communication with the Lunar Reconnaissance
Orbiter.

Figure 1.5: CAPSTONE System Con guration [36]

The data summarized in Table 1.5 classify CAPSTONE as a 12U CubeSat, which ac-
cording to the CDS should comply with a mass limit of 24 kg. However, due to additional
structural components, this limit was exceeded.
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Table 1.5: CAPSTONE System Architecture and subsystems properties [36, 37]
CAPSTONE System Architecture |

Subsystem | Model | Speci cations \
Size - 12U
Mass - 25 kg
X-Band
Iris (JPL's module for DSR) Uplink - 7145-7190 MHz, 1 kbps
COMMS Downlik - 8450-8500 MHz, 1-128 kpbs
S-Band
Link with LRO Receive - 2271 MHz
Transmit - 2091 MHz
12 V bus
S Battery - 182 Wh
Solar Panels 120 XTJ Prime Cells Generation 114 W
8x thrusters
PROP Stellar Exploration Propulsion v =200 m=s
0.25 mN (per thruster)
Four reaction wheels
AOCS - 2 Star tracker
2 Internal Measurement Unit
2 High gain X-band patch
Antenna - 2 2 Low gain X-band patch
2 S-band patch antenna

Lesson Learned from CAPSTONE

The CAPSTONE mission successfully validated the use of the NHRO orbit for future
applications, including Lunar Gateway. The mission also demonstrated resilient opera-
tions approach when a thrust anomaly caused the spacecraft to enter SAFE mode and
subsequently led to rotations reaching 70 degrees per second. Despite this critical situa-
tion, spacecraft operators were able to recover the satellite from this state and proceed
with nominal operations. [37]

The CAPS system were further validated through multiple cross-link contacts with
Lunar Reconnaissance Orbiter. However, the mission revealed that further development
is required to achieve higher navigation accuracy and to mitigate issues observed during
the initial testing of the CAPS navigation system. [37]

Although the mission is considered highly successful, spacecraft developers reported
several lessons learned. These included challenges related to interplanetary launch ap-
proval from New Zealand and other regulatory and legislative aspects associated with the
launch process. Another key lesson learned is the understanding of the requirements vs.
the ight system capabilities which must be clearly de ned and thoroughly understood
before the project is contacted. Finally, overall mission planning was underestimated and
the development was under a signi cant pressure. [37]

1.3.4 LUMIO

Lunar Meteoroid Impact Observer (LUMIO) is a European Space Agency 12U-XL
CubeSat mission designed to operate in a halo orbit around the Earth Moon L2 point.
The mission aims to observe, quantify, and characterize meteoroid impacts on the lunar
farside by detecting impact ashes. These observations complement Earth-based mea-
surements of impacts on the lunar nearside and provide global information on the lunar
meteoroid environment, contributing to Lunar Situational Awareness for future explo-
ration missions.[23]
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The mission is intended to operate near the Earth Moon L2 point to enable continuous
observation of the lunar farside. The spacecraft is expected to be launched with a host
vehicle that performs the trans-lunar injection, after which LUMIO will be deployed
and continue toward the Moon using a weak stability boundary transfer. Successful
execution of these maneuvers will demonstrate one of the mission's secondary objectives:
autonomous CubeSat operations in the lunar environment.[23, 38]

LUMIO System Architecture

According to the available sources, LUMIO has already reached the end of Phase C,
as the Delta Preliminary Design Review has been concluded. At this stage, the design
maturity of the con guration shown in Figure 1.6 and summarized in Table 1.6 should be
su ciently high, meaning that no major design changes are expected. [23, 39] However,
minor adjustments based on testing outcomes may still be considered.

(a) Top view (b) Bottom view
Figure 1.6: LUMIO System Con guration [39]

Table 1.6: LUMIO System Architecture and subsystems properties[34, 39]

LUMIO System Architecture
Subsystem Model | Speci cations

Size 12U (XL)
Mass - 29 kg
COMMS IMT C-DST X-Band
25V, 3,3V,5Vand 2x12 V bus
EPS Volta PCDU Battery - 124 Wh
108 cells
Solar Panels IMT SADA Generation - 118 W
Dual-Core LEON3FT SPARC V8 Processor
OBDH Fermi OBC 8GB Flash memory
20MB Rad-Hard Flash memory
PROP ECAPS 1IN V= slol\rln:s
Four 15 mNms reaction wheels
AOCS BCT XACT-100 2 Star tracker
2 Sun sensors
Internal Measurement Unit
Antenna - 2 X-band patch antennas
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1.3.5 Lunar Volatile and Mineralogy Mapping Orbiter

The Lunar Volatile and Mineralogy Mapping Orbiter (VMMO) is the second ESA 16U
CubeSat mission dedicated to lunar exploration. While LUMIO focuses on the observa-
tion of meteoroid impacts, VMMO is dedicated to the in-situ mapping of water ice and
iimenite. These resources could support future missions by providing materials relevant
to the development of a permanent human presence on the lunar surface. By identifying
and mapping these in-situ resources, VMMO aims to address key questions related to the
lunar water cycle, nighttime frosting, and resource availability, providing valuable data
for lunar science and exploration.

A lunar frozen polar orbit with a periapsis of 41 km and an apoapsis of 200 km was
selected as the operational orbit due to its long-term stability. For transportation to the
Moon, the mission is expected to use a host spacecraft capable of providing lunar orbit
injection.[22, 40]

VMMO System Architecture

VMMO is currently in Delta Phase A/B1, with the System Requirements Review
expected to be concluded by June 2026. This phase shall be followed by the Preliminary
Design Review, after which more detailed information regarding the satellite con guration
is expected to become available. Therefore, the following con guration in Figure 1.7
re ects the satellite design status during Phase A, and further changes to the con guration
are expected. The latest available system architecture of the mission is summarized in
Table 1.7. [22]

Figure 1.7: VMMO con guration [40]
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Table 1.7: VMMO System Architecture and subsystems properties [40, 41]
VMMO System Architecture

Subsystem Model Speci cations
Size - 16U (XL)
Mass - 22,5 kg
Dual X-band transceivers
COMMS UHF link with Path nder UHF 10W RF power output
1Mbps Proximity-1 protocol link
EPS 2x GOMSpace battery pack 28 V bus

Battery - 77 Wh (2x)

Solar Panels

112 cells
E ciency 29,3%

OBDH

Dual-Core LEON3FT SPARC V8 Processor
512 MB DRAM
4 MB SRAM
64 MB PROM

PROP

Enpulsion NANO AR (2x)

v =571m=s

0,35 mN (2x)

AOCS

Sinclair (RW0-03)

Four 30 mNms reaction wheels
2 Star tracker
2 Sun sensors

2 Internal Measurement Unit

Antenna

2 X-band patch antennas
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2 CONCLUSION OF LITERATURE REVIEW

This chapter concludes the state-of-the-art overview of lunar nanosatellite exploration
missions since 2000, focusing on mission objectives, spacecraft architectures, transporta-
tion strategies to lunar orbit, and lessons learned from design and operations. The ndings
presented in this chapter provide the basis for the practical part of this thesis, which is
dedicated to the conceptual design of a lunar nanosatellite mission.

2.1 Nanosatellite Lunar Research Missions

The overview of recent lunar CubeSat missions shows a similar trend in mission objec-
tives to that observed in larger-scale lunar missions, with a clear dominance of scienti c
goals. In total, 6 out of 9 reviewed CubeSat missions were dedicated primarily to scienti c
objectives. The main focus was placed on the exploration of lunar water ice, particularly
through missions such as LunaH-Map, Lunar IceCube, and VMMO.

However, compared with larger-scale missions, the overall success rate of lunar Cube-
Sat missions remains relatively low. Only 2 out of 9 reviewed CubeSats can be consid-
ered successful. This indicates that, although the CubeSat platform can simplify certain
aspects of mission development, lunar and deep-space CubeSat missions remain highly
challenging. The most common technical issues were related to propulsion and commu-
nication subsystems, which are critical for deep-space operations. Table 2.1 provides an
overview of mission status, causes of failure and primary objectives.

Table 2.1: Overview of the status of the lunar CubeSat missions

Mission Objectives

Developer Results Cause of Failure

EQUULEUS JAXA Partially Communication | Demonstration of  low-
Successful thrust trajectory control
Demonstration of the
Lunar . . new technologies, pri-
Flashlight NASA Failed Propuilsion marily the propulsion
system
Test of the orbital sta-
CAPSTONE NASA Succesful bility and orbit mainte-
nance
Luna H-Map NASA Failed Propulsion Map hydro_gen presence
in lunar soil
Lunar NASA Failed Communication Study of lunar water. ice
IceCube amount and composition
Collection of surface
LunIR NASA Failed Communication spectroscopy and ther-
mography
ICUBE-Q Pakistani Succesful Taking of photos of lunar
surfaces
Detection of meteoroid
LUMIO ESA In development impacts their sizes, loca-
tions and magnitudes
Water-ice detection in
VMMO ESA In development shadowed regions at the
poles
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2.2 CubeSat Con guration and Component Selection

Regarding spacecraft con guration, the reviewed CubeSat missions range from 6U to
16U platforms. Despite di erences in size and mission objectives, Table 2.2 shows sev-
eral recurring design trends, especially in the selection of communication bands, attitude

determination architectures and microcontroller units.

Table 2.2: Comparison of system architecture of selected lunar nanosatellite missions

Mission Lunar Flashlight LunaH-Map CAPSTONE LUMIO VMMO
Size 6U 6U 12U 12U 16U
Mass 14 kg 14 kg 25 kg 29 kg 22,5 kg
Band X-Band X-band X-band / S-band X-Band X-Band / UHF
COMMS Uplink 8 kbps 1 kbps 1 kbps - 1 Mbps
Downlink 256 kbps 128 kbps 128 kbps - 1 Mbps
MCU LEONS3FT - - LEON3FT LEON3FT
OBDH FLASH 8 GB 8 GB 8 GB -
RAM - - - - 516 MB
EPS Battery Capacity 53,8 Wh 56 Wh 182 Wh 124 Wh 77 Wh
Cells 84 - 120 108 112
;ﬂg{s Generation 58,8 W 96 W 114 W 118 W -
E ciency 29,50% 30,70% - - 29,30%
PROP Delta-v 290 m/s 2500 m/s 200 m/s 80 m/s 571 m/s
Thrust 400 mN 1,25 mN 2 mN 1N 0,70 mN
RW momentum 3x 50 mNms 3x 50 mNms 4x 15 mNms 4x 30 mNms
AOCS Sensors Star Tracker 2x Star Trackers | 2x Star Trackers szxsst:? 'IE zglfgrrss szxsst::] 'I? :;fgrrss
IMU IMU IMU
IMU 2x IMUs

A study of lunar CubeSat con gurations revealed an interesting trend related to the
overall spacecraft mass. For 4 out of the 5 investigated missions, the spacecraft mass
exceeds the values de ned in the CDS. For 6U CubeSats, the CDS de nes a mass limit of
12 kg. In the reviewed lunar CubeSat missions, this value is exceeded by approximately
2 kg on average. For 12U CubeSats, the CDS de nes a mass limit of 24 kg. However,
CAPSTONE exceeds this constraint by 1 kg, while LUMIO exceeds it by 5 kg.

For communication, X-band is commonly selected due to the deep-space ground station
infrastructure, enabling direct communication with Earth through the NASA Deep Space
Network (DSN) or ESA ESTRACK Deep Space Antennas (DSA). X-band is primarily
used because it provides higher antenna gain for a given antenna size, therby improving the
communication link budget. However, the use of high-gain directional antennas increases
pointing accuracy requirements, which must be addressed by the AOCS subsystem.

Attitude determination in the reviewed missions is typically achieved using two star
trackers and an inertial measurement unit. In addition, currently developed missions
such as LUMIO and VMMO include additional Sun sensors. For attitude control, previous
missions commonly used three reaction wheels, with one wheel assigned to each spacecraft
axis. In contrast, missions currently under development often use a pyramid con guration
of four reaction wheels, increasing system redundancy.

Regarding processor selection, radiation-hardened components were selected due to
the harsh radiation environment encountered during passage through the Van Allen belts
and during lunar operations. For this reason, the radiation-hardened dual-core LEON3-
FT processor was selected for the Lunar Flashlight mission. Due to this ight heritage,
the same processor was also selected for the VMMO and LUMIO missions.
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2.3 Transportation of the Lunar Nanosatellite Missions

Lunar CubeSats are not typically launched into LEO orbit for subsequent transfer
to the Moon, primarily due to higher propulsion and operational demands. For these
reasons most CubeSats were directly inserted into a translunar trajectory, that requires
lower trajectory adjustments to reach the selected orbit. For example, the CubeSats on
board the Artemis | mission were transported to a translunar trajectory by the SLS rocket
and accommodated within the Orion Stage Adapter. The location of the CubeSats inside
the adapter is shown in Figure 2.1. In total, Artemis | carried ten CubeSats with sizes
ranging from 6U to 12U. [42]

Figure 2.1: Location of the CubeSats within the SLS rocket [17, 42]

In terms of orbit architecture, a variety of orbits have been selected, including Lunar
Polar Orbits, Elliptical Lunar Orbits, Near Rectilinear Halo Orbit (NRHO), and L2 Halo
Orbits. [20, 22, 23] The choice of orbit typically re ected the scienti ¢ objectives of
the mission, such as polar water mapping, Moon's south pole mapping or technology
validation in cislunar space. Table 2.3 summarizes the launchers selected for each mission,
the type of transfer to the Moon, and the nal orbit chosen for technology demonstrations
or scienti ¢ observations.

Table 2.3: Overview of the lunar CubeSat missions orbits and transfers to the Moon
[17, 18, 20, 22, 23, 27]

Mission Launch Transfer to the Orbit

EQUULEUS Artemis | - Onboard ORION EML2 libration orbit
Piggyback module
Luna H-Map Artemis | - Onboard ORION Lunar Polar Orbit
Piggyback module
Lunar IceCube Ar.temls - Onboard ORION Elliptical Lunar Polar Orbit
Piggyback module
Artemis | - Onboard ORION
SCLlE Piggyback module Flyby
CAPSTONE Rocket Lab Ballistic Lunar Transfer | \ .. recilinear Halo Orbit
Electron from LEO
Lunar Flashlight Falcon 9 Block 5 - Onboarq H.AKUTO'R Near Rectilinear Halo Orbit
Piggyback Mission 1
Long March - .
ICUBE-Q Piggyback Onboard Chang'e 6
Ariane 6 - ;
LUMIO Piggyback (TBC) (TBD) L2 Halo Orbit
VMMO (TBD) (TBD) Lunar Frozen Polar Orbit
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2.4 Lessons Learned in Lunar Nanosatellite Missions

The review of lunar nanosatellite missions shows that propulsion and communication
subsystems represent the most critical areas for mission success. Several missions expe-
rienced propulsion issues, highlighting the need for strict manufacturing control, cleanli-
ness procedures, inspection and ight-like testing. Communication robustness is also a
key concern, as loss of communication has been identi ed as one of the main causes of
mission failure, potentially in uenced by the harsh radiation environment encountered
during lunar and deep-space operations.

The study of lunar CubeSat mission con gurations also indicates that lunar CubeSats
often exceed standard CubeSat mass limits. This is mainly caused by additional radiation
protection, demanding propulsion systems, higher power requirements and more robust
communication architectures. A conservative design approach is observed, including the
repeated use of components with proven deep-space heritage, such as IRIS radio, LEON3-
FT processor and Blue Canyon Technologies attitude control systems.

In terms of launch strategy, lunar CubeSats are typically launched as secondary pay-
loads on larger missions and then transported toward the Moon by a host spacecraft. This
approach reduces launch cost but limits exibility in deployment orbit, mission timing
and trajectory design.

Overall, lunar CubeSat missions represent a promising but high-risk approach to deep-
space exploration. They provide relatively a ordable access to lunar orbit and enable
scienti ¢ exploration or technological validation, yet they remain technically demanding
due to propulsion, power, communication, radiation and operational constraints.
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3 SYSTEMS ENGINEERING IN EARLY MISSION DESIGN

3.1 Space Mission Architecture

Space projects are still primarily driven by national institutions such as ESA, NASA,
JAXA, and other government agencies. These organizations typically act as mission
contractors and distribute the work among various space industry partners. Depending

on distribution of responsibilities, two main organizational models are commonly used:
the horizontal model and the vertical model.

(a) Vertical Model (b) Horizontal Model
Figure 3.1: Two approaches for the mission integration[43, 44, 45, 46]

A space mission does not consist solely of the spacecraft itself, but it is a comprehensive

project composed of four main segments, each responsible for a di erent area.

" Space Segment - Satellite's hardware and software (40-60%)

~ Ground Segment - Ground stations, operation and testing facilities (10-30%)

~ Launch Segment - Launcher, launcher adapter, CubeSat deployers (10-20%)

" User Segment - Collected data and their postprocessing (5-20%)
3.2 Space Mission Life Cycle

The life cycle of space projects is typically divided into 7 phases:

" Phase 0 - Mission analysis/needs identi cation

" Phase A - Feasibility

" Phase B - Preliminary De nition

" Phase C - Detailed De nition

" Phase D - Quali cation and Production

" Phase E Utilization

A

Phase F Disposal[47]
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Each project phase is associated with speci ¢ activities at system and product level.
Phases 0, A and B primarily focus on de ning the mission concepts in accordance with
the requirements and identifying all necessary activities required to develop the space and
ground segment.

Phases C and D include all activities related to the detailed development and quali -
cation of the proposed solution. Phase E is dedicated to launch and operational activities
such as mission commissioning after deployment in orbit.

The process is conclude with the phase F which addresses disposal planning and may
include satellite deorbiting. Figure 3.2 illustrates the typical mission phases. Each phase
is concluded with a review that serves as an input for the next phase.[47]

Figure 3.2: Typical space mission timeline[47]

Each space project depends on the e ective coordination of all activities, which is man-
aged through the Work Breakdown Structure (WBS). The WBS is the principal structure
used in managing a project and provides a framework for managing cost, schedule and
technical content. It divides the project into manageable work packages, organized ac-
cording to the nature of the work by breaking down the total work to be performed into
increasing levels of detail.[47]

3.3 Early Mission Design Process and Methods

This chapter presents the processes and methods applied during the early mission
design phase for development of conceptual and preliminary spacecraft designs.

The chapter introduces key elements of system engineering, including mission objec-
tives de nition, requirements engineering, functional analysis and system decomposition,
budgets preparation and trade-o s analysis for components and design options.

The design process is iterative and highly interconnected, meaning that modi ca-
tions in one part of the system design can signi cantly in uence other subsystems and
designs.[48]
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Figure 3.3: Development spiral for early space project phase [48]

3.3.1 Mission Objectives

Mission objectives are concise statements that articulate what the mission is intended
to achieve. These objectives can be divided into primarily objectives, which represent the
main purpose of the mission, and secondary objectives, which describe additional scienti ¢
or technological goals.

The mission objectives are derived from the scienti c and technological motivation
behind the mission. They are usually de ned by the scientists, space agencies or stake
holders in cooperation with the lead project systems engineers. These objectives shall be
clear, achievable and veri able statements, which subsequently serve as the foundation
for the payload instrument selection, mission architecture de nition and derivation of the
technical requirements speci cations. [48, 49]

3.3.2 Technical Requirements

The technical requirements speci cation (TS) is a document through which a cus-
tomer expresses his needs (or those that he is responsible for expressing) and the related
environment and constraints in terms of technical requirements.[50] In the early mission
design phase, technical requirements are derived from mission objectives and mission re-
quirements. These requirements are decomposed into system and subsystem requirements
in order to ensure traceability between the mission goals and the nal spacecraft design
and serves as primary design drivers. [48, 49]

33



3 EARLY MISSION DESIGN 3.3 EARLY MISSION DESIGN

Figure 3.4: Requirements de nition ow[49]

Requirements shall de ne the design space, meaning what the system shall or should
do, but never how it is done. Example of correct and incorrect requirement speci cation:

" Correct: The spacecraft shall measure the temperature inside the microbiological
container every 15 seconds.

" Incorrect: The spacecraft shall measure the temperature inside the microbiological
container every 15 seconds using four PT1000 resistant temperature detectors.

The second requirement speci cally de nes the type of sensor, which strictly constrains
the design solution. During the preparation of the technical speci cation requirements,
each requirement shall follow these rules: [50]

" Justi able - Each requirement shall be justi ed.
~ Unique - Each requirement shall address a unique function or constraint.
" Singular - Each technical requirement shall be separately stated.

" Traceable - All requirements shall be traceable forwards and backwards through
parents and child requirements.

" Complete - Requirement is complete when it does not require any additional ex-
planation to express the need.
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" Unambiguous - The technical requirements shall be unambiguous.
~ With Tolerance - The tolerance shall be speci ed for each parameter/variable.

~ Veri able - A technical requirement shall be veri able using one or more approved
veri cation methods.

" Identi able - A unique identi er shall be assigned to each technical requirement.
[50]

3.3.3 Mission SWOT

SWOT analysis is a tool used to evaluate the internal and external factors in uencing
a project or mission concept. It supports the identi cation of advantages and limitations
of the proposed solution, as well as external opportunities and potential risks.

The results of the SWOT analysis are used to support decision-making, particularly
in the early design phase, where they contribute to risk mitigation and the identi cation
of opportunities.

3.3.4 System Decomposition

The system decomposition begins with the de nition of the Functional Architecture.
This block diagram decomposes a complex system or mission into its constituent functions,
showing how higher-level functions break down into lower-level, more detailed functions
necessary to achieve overall system goals. [49]

This analysis is derived from mission objectives and requirements. The high-level
functions correspond to those that directly support the achievement of the mission goals.
These functions are then further decomposed into low-level functions which ensure the
ful llment of the higher-level functions. [49]

Figure 3.5: Example of the functional analysis for space mission[51]
The functional analysis subsequently provides input to the Product Breakdown Struc-
ture (PBS), where all systems and components required to perform de ned functions are
identi ed in another block diagram. In addition, functional analysis and PBS provide
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input to the risk analysis, which identi es all potential risks, evaluates their probability
and criticality, and proposes possible mitigation strategies. [49]

Together, these steps form the foundation for the development of the spacecraft phys-
ical architecture and the subsequent selection of system components.

3.3.5 Preliminary System Budgets

System budgets de ne the allocation of spacecraft resources such as power, data,
mass and propulsion among the spacecraft subsystems to ensure their proper operation.
These budgets are used to verify that the preliminary spacecraft design satis es mission
requirements and system constraints. [52]

Due to the interconnection between individual subsystems, system budgets are typ-
ically developed in a structured order, where the output of one budget can serve as an
input to another. A common order of preparation is as follows:

" Data Budget (calculation)

"~ Link Budget (calculation/simulation)

" Memory Budget (calculation)

" v Budget (simulation)

~ Pointing Budget (calculation)

Thermal Budget (simulation)

" Power Budget (calculation and simulation)

~ Mass Budget (calculation) [49, 52]

Conservative design margins are applied, typically 20% in the early design phases and
worst case scenarios are considered in order to ensure su cient robustness of the system
design.

The development of system budgets is iterative. This process continues until all sub-
system budgets converge to a consistent solution that satis es both mission requirements
and system constraints. [49] Changes in one subsystem often impact the entire system.
For example, an increase in generated data may require higher communication link ca-
pacity, which subsequently impacts the power, thermal and potentially mass budgets of
the spacecraft.

Once the preliminary system budgets are nalized, they serve as a baseline for subse-
guent subsystem dimensioning and selection.

3.3.6 Trade-O Analysis

Trade-o analysis is a decision-support tool used to evaluate and compare multiple
design alternatives. It is commonly applied to the selection of the components or design
speci cations, such as communication frequencies or type of the propulsion systems.

The analysis begins with the de nition of a possible solutions that satisfy the mission
or subsystem requirements. Subsequently, a set of evaluation criteria is de ned. These
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criteria are the key properties that in uence the system performance, such as the data
rate and transmission power, for the selection of the communication system. [48]

Each criterion is assigned a weighting factor re ecting its importance within the over-
all system. The candidate solutions are then evaluated against each criterion using a
prede ned rating scale.

The nal score for each solution is calculated as a weighted average of all criteria.
Based on these scores, the design alternatives are ranked, enabling the system engineer
to select the most suitable solution. It should be noted that there may not be a single
preferred option; multiple alternatives may be equally viable depending on the mission
priorities and design constraints. [48]

Figure 3.6: Trade-O analysis example for communication band selection

3.4 Role of the Systems Engineering

The system engineering (SE) is a multidisciplinary discipline that governing the tech-
nical development in order to transform customer wants into the system solution, into
the product. The system engineering process is intrinsically iterative across the whole
life of a project, in particular in the initial phases (i.e. 0, A, and B). [52] The SE is a
connection between the project management and engineering part of the project primarily
responsible for the following activities.

~ System engineering integration and control
" Requirements engineering

" Analysis

" Design and con guration

"~ Veri cation and Validation

All of the SE responsibilities and their interconnections with management and engi-
neering activities during the mission development are displayed in the Figure 3.7.
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Figure 3.7: System engineering, sub-functions and boundaries[52]

System Engineering Integration and Control

Systems engineering is responsible for supporting the mission development plan, as well
as for managing engineering data and ensuring their exchange with other organizations. In
addition, it monitors any design changes or potential nonconformances. All such changes
must be analyzed and formally con rmed. [52]

Requirements Engineering

One of the primary responsibilities of SE is de nition and management of technical
requirement throughout the entire mission life cycle. This include not only preparation
of the technical requirements but also continuous monitoring of their compliance. [52]

In the case of any noncompliance, SE is responsible for their mitigation or justi cation
of the acceptance of the noncompliance.

Analysis

SE is responsible for preparing the Functional Analysis of the spacecraft, which de nes
all functions that each of the subsystem must have in order to meet the mission objectives.
This process is followed by the development of a Product Breakdown Structure (PBS), in
which all components required to perform the identi ed functions are speci ed. [52]

Design and Con guration

SE function shall de ne, control and maintain all technical budgets of the system.[52]
Besides the budgets, SE is responsible for de ning the overall system design. This design
shall be supported by the functional and physical characteristics of the system, as well as
by clearly de ned internal and external interfaces.[52]

At this stage, part of the SE activities is to perform a trade-o analysis to select the
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most suitable subsystem from the range of available products that meet the identi ed
requirements and outputs from calculations and simulations.

Figure 3.8: Example of the functional architecture[53]

Veri cation and Validation

Lastly, SE shall de ne the veri cation plans, that means the preparation of the model
philosophy and veri cation approach for each requirement specied in the TS le. In

practice, the V-Model is used for the preparation and coordination of the veri cation
plan. [52]

Figure 3.9: V-Model philosophy used in space industry[54]
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This chapter serves as a bridge between the research section of the thesis and the
practical part, in which the mission design is developed in detail. Based on the research,
the potential area of scienti ¢ exploration was identi ed and reference mission was studied
for potential further comparison with the proposed design in Chapter 5

4.1 Why Dust?

Although, the thorough review of past and planned lunar missions has con rmed the
importance of water ice and its continued exploration, in order to enable a sustainable
human presence on the Moon, a detailed understanding of the lunar exosphere and its
variability is also essential. To date, the lunar exosphere has been investigated in detail
only by the LADEE mission. For this reason, the primary scienti ¢ focus of the proposed
mission is the study of the lunar exosphere including processes that a ects its time variance
and composition.

The investigation of the lunar exosphere and dust environment is important from both
scienti ¢ and engineering perspectives. Since the Apollo missions, lunar dust has been
recognized as a signi cant threat to life support systems, mechanism reliability, seals, and
spacecraft contamination control. A better understanding of the lunar exosphere and dust
environment could therefore support the future design of life support systems, habitats,
spacecraft mechanisms and scienti ¢ instruments required for long-term human presence
on the Moon. [55]

From a scienti c perspective, the study of the lunar exosphere and dust environ-
ment could improve the understanding of exospheric dynamics and the migration of lunar
volatiles toward the lunar poles. In addition, further investigation of this environment
could contribute to a broader understanding of other celestial bodies with exospheres.
[56, 57]

Why to study the lunar exosphere and lunar dust:
" Assess hazards for future robotic and human exploration. [56]

A

Prediction of spacecraft and spacesuit degradation caused by exposure to lunar
environment. [55]

Support improvements in spacecraft and spacesuit design, increased durability and
longer lifetime. [55]

Characterization of lunar exosphere dynamics and temporal variability and pro-
cesses that in uence it. [57]

Improvement of understanding of water-ice circulation on the Moon. [57]

Improve understanding of electromagnetic dust levitation phenomena on the lunar
surface. [56]

Study of potential micrometeoroid impacts on the lunar surface and ejection of
particles into the exosphere. [57]

Improve understanding of evolution of the Moon's surface. [56]

Improve understanding of other Solar System bodies with an exosphere. [56]
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4.2 Reference Mission: LADEE

This chapter provides an overview of the LADEE mission, a NASA lunar exploration
and technology demonstration mission focused on the study of the lunar exosphere, which
serves as the primary reference mission for this thesis.

4.2.1 Mission Objectives

The top-level programmatic and science requirements for the LADEE project are
designed to accomplish the following mission objectives:

1) Determine the composition of the lunar atmosphere and investigate the processes
that control its distribution and variability, including sources, sinks, and surface
interactions.

2) Characterize the lunar exospheric dust environment and measure any spatial and
temporal variability and impacts on the lunar atmosphere.

3) Demonstrate that Lunar Laser Communication Demonstration (LLCD) can operate
at high data rates from lunar distances.

4) Create a low-cost reusable spacecraft architecture that can meet the needs of certain
planetary science missions.

5) Demonstrate the capability of the Minotaur V as a launch vehicle for planetary
missions. [58]

Figure 4.1: LADEE [59]

4.2.2 Concept of Operations

The mission was operational for a total of seven months. It began in a highly elliptical
Earth orbit, from which the spacecraft initiated a transit to the Moon. After a successful
Lunar Orbit Insertion (LOI), the spacecraft (S/C) entered a commissioning phase at an
altitude of 200 km. Upon completion of commissioning, the orbit was lowered to 75 km
and the rst operational phase the Lunar Laser Communication Demonstration (LLCD)
begun. [60]

Following the successful completion of LLCD, the mission transitioned into the sci-
enti ¢ operations phase. The orbit was further reduced to an elliptical trajectory with
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a perigee of 20 km and an apogee of 60 km, enabling detailed investigation of the lunar
exosphere. [60]

The mission concluded with a controlled lunar impact on April 18 of 2014 on the far
side of the Moon. [58]

4.2.3 Satellite Con guration

A total of four payload instruments were carried on board the S/C. Three of them
were dedicated to the observation and scienti ¢ study of the lunar atmosphere, while the
fourth served as a technology demonstration. Figure 4.2 illustrates the location of each
payload on the spacecraft and provides an overview of the satellite's modules. [58, 61]

Payloads (PLD)

1) Neutral Mass Spectrometer (NMS) measured variations in the types of gases,
their density and their distribution in the lunar atmosphere as the Moon passed
through di erent conditions, such as exposure to the solar wind.[61]

2) Ultraviolet Visible Light Spectrometer (UVS) was determined the composi-
tion of the lunar atmosphere by analysing the light-based ngerprints of materials
it found.[61]

3) Lunar Dust Experiment (LDEX) was a dust detector developed to measure
time and spatial variability of the dust size and density in the Lunar environment.
Instrument was able to sense dust particle in size range of 100nm to 5um with
impact velocity 1,7 km/s at altitudes below 50 km. [58]

4) Lunar Laser Communication Demonstration (LLCD) was an optical com-
munication platform designated to demonstrate and validate duplex optical com-
munications from a lunar orbiting spacecraft to an Earth-based ground receiver.
The requirements call for data rates of up to 620 Mbit/s in downlink and up to 20
Mbit/s in uplink.[58]

Figure 4.2: LADEE con guration [61]
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4.2.4 System Architecture

The functional architecture of the mission, including all subsystems and their com-
munication buses (four in total), is shown in Figure 4.3. The speci ¢ parameters of each
subsystem are then presented in Table 4.1.

Table 4.1: LADEE System Architecture and subsystems properties [58, 62]
LADEE System Architecture

Subsystem | Speci cations
Size 2,37 m (height) x 1,85 m (diameter)
Mass 385 kg
S-Band
COMMS Uplink - 2 kbps
Downlik - 4-128 kpbs
28 V bus
25 Battery - 672 Wh
Solar Panels Generation 295 W
OBDH
PROP 1x 455N thruster (main)
4x thrusters (desaturation of RW)
Four reaction wheels
2 Star tracker
Rees Internal Measurement Unit
50mrad accuracy
Medium gain S-band antenna - 5W
Antenna

2 Low gain S-band antenna - 5W

Figure 4.3: LADEE functional architecture and on-board data handling [63]
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4.2.5 Mission Output

One of the mission's contributions was research on the origin of lunar water. LADEE
con rmed that tiny meteoroids deliver water to the Moon's surface. This was demon-
strated when several meteoroids impacted the Moon generating intense heat that caused
part of the lunar soil and meteoroids to vaporize. As a result, the density of specic
gases in the exosphere increased. However, the mission did not study how this water is
transported to the Moon's poles, where the largest reservoirs of water have been observed
today. [64]

Additionally, the mission nally con rmed the presence of neon in the lunar exosphere
which was a topic of speculation since Apollo. The major components of the exosphere
were identi ed as helium, neon, and argon. The mission con rmed that helium and neon
are primarily supplied from the solar wind. The solar wind is a stream of gas blowing
from the surface of the Sun into space at around million miles per hour. [64]

LADEE spacecraft gathered detailed information about the ultra-thin lunar atmo-
sphere, where it comes from, how it changes, and what that means for the Moon's surface
and resources. This improved scienti ¢ understanding of extremely of the Moon's ex-
tremely thin exosphere. For the rst time, its composition was measured and its dynamic
nature was con rmed. [64]
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4.3 Thesis Scope and Major Tasks

This thesis is intended primarily as a feasibility study focused on the preliminary
development of the speci ed mission concept. Therefore, the maturity level achieved at
the end of the thesis corresponds to Early Phase A, as de ned in ECSS-M-ST-10C Rev.1

Space Project Management.[47]

Thesis Tasks

The tasks are selected from the prede ned major tasks for Phase A to ensure that the
overall goals of the thesis are ful lled. These tasks are as follows:

" Elaborate possible system and operations concepts and system architectures and
compare these against the identi ed needs, to determine levels of uncertainty and

risks.
~ Establish the function tree.

" Assess the technical and programmatic feasibility of the possible concepts by iden-
tifying constraints relating to implementation, costs, schedules, organization, oper-
ations, maintenance, production and disposal.

" ldentify critical technologies and propose pre-development activities.

~ Con rm technical solution(s) for the system and operations concept(s) and their
feasibility with respect to programmatic constraints.

" Quantify and characterize critical elements for technical and economic feasibility.

" Propose the system and operations concept(s) and technical solutions, including
model philosophy and veri cation approach, to be further elaborated during Phase

B. [47]

This tasks should lead to the completion of the preliminary management and engi-
neering plans, issuing of the requirements speci cations, con rmation of the technical
and programmatic feasibility of the system concept and nal selection of system and op-
erations concept(s) and technical solutions, including model philosophy and veri cation

approach.[47]
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This chapter describes the MAIA mission concept, including its scienti ¢ motivation,
mission objectives, key mission requirements, orbital assumptions, concept of operations,
functional architecture, and preliminary product breakdown structure.

5.1 Mission Overview

MAIA (Multi-Altitude Investigation of the Lunar Atmosphere and Dust Environment)
is a 12U CubeSat mission designed to investigate the composition, density, and temporal
variability of the lunar exosphere and dust environment across multiple lunar orbital al-
titudes. By combining the HANKA (Hmotnostni ANalyzer pro Kosmické Aplikace) mass
spectrometer with the CLOTH (Cis-Lunar Object detector within THermal insulation)
dust detector, the mission will acquire comprehensive in-situ environmental data that
directly address its scienti ¢ and technological objectives.

As the mission is designed to perform environmental measurements across multiple
altitudes, the acquired data on the composition and density of the lunar exosphere and
dust environment will be used to generate altitude-resolved maps.

In addition, the collected data will be correlated with measurements of solar ux and
space weather conditions, as well as with records of meteoroid impacts and arti cial events,
such as lunar landings or spacecraft impacts, throughout the mission lifetime. Observed
variations in the composition, density, and particle size distribution of the lunar dust
environment will then be analyzed in relation to these events to identify the processes
with the greatest in uence on the lunar environment.

5.2 Mission Objectives

The results of the MAIA mission are expected to contribute to a deeper scientic
understanding of the lunar environment and its dynamics and provide valuable input
for future lunar exploration, including surface operations and the design of spacecratft,
spacesuits, and habitat systems. These results shall be achieved through the following
objectives:

[1] Characterize lunar exospheric dust. The mission shall measure the density,
particle size distribution and composition of the dust in the lunar exosphere across
multiple altitudes. These measurements shall support the development of spatial
distribution maps of lunar dust.

[2] Characterize temporal variability in lunar exospheric dust. The mission
shall monitor temporal variations in dust density, particle size distribution and par-
ticle composition and correlate the measured data with dust-generating processes,
including natural processes, such as variations in solar ux and micrometeoroid im-
pacts, as well as arti cial events, such as spacecraft impacts and landings on the
lunar surface.

[3] Demonstrate the HANKA instrument. The mission shall validate in-orbit
performance and functionality of HANKA, a CubeSat high-resolution mass analyzer.
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5.3 MISSION REQUIREMENTS

[4] Perform end-of-mission lunar impact observation. At the end of the mis-
sion, the spacecraft shall impact a prede ned location on the lunar surface. The
impact event shall be planned to enable Earth-based observation while avoiding any
protected areas.

5.3 Mission Requirements

The mission requirements were derived primarily from the mission objectives. In addi-
tion, critical mission constraints including development time, orbital constraints, mission
lifetime, and the overall design approach were considered during their preparation. The
complete set of mission requirements including their identi ers (ID) and linked objectives
is summarized in Table 5.1.

Table 5.1: Mission Requirements

ID Statement Parent objective \

The mission shall perform in-situ detection of dust par-

MAIA-MIS-010 | ticles in the lunar exosphere across the selected mea- Objective 1, 2
surement altitudes.
The mission shall performe in-situ measurements of the

MAIA-MIS-020 | particle composition in the lunar exosphere across the Objective 1, 2
selected measurement altitudes.
The mission shall generate altitude-resolved spatial dis-

MAIA-MIS-030 | tribution maps of lunar exospheric dust based on the Objective 1
acquired measurement data.
The mission shall support correlation of lunar exo-
sphere and dust environment measurements with dust-

MAIA-MIS-040 | generating events, including variations in solar ux, mi- Obijective 2
crometeoroid impacts, spacecraft impacts, and lunar
surface landings.

MAIA-MIS-050 The mission shall operate in a lunar orbit that _provides Objective 1, 2
repeated coverage of the lunar south pole region.
The mission shall validate the in-orbit functional-

MAIA-MIS-060 | ity of the HANKA mass spectrometer in the lunar Objective 3
environment.
The mission shall de ne a feasible end-of-life strategy|

MAIA-MIS-070 | compatible with applicable space debris mitigation re- Objective 4
quirements.

MAIA-MIS-080 The mission shall have a minimum operational lifetime Programmatic
of 2 year (TBC). constraint

MAIA-MIS-090 | The mission should be launched no later than 2032. Design constraint

MAIA-MIS-100 | The mission should follow a low-cost design approach. Design constraint

MAIA-MIS-110 The mission shouldbe based on a standard 12U Cube- Design constraint
Sat platform.

5.4 Mission SWOT

The identi cation of strengths, weaknesses, opportunities and threads (SWOT) is one

of the most critical steps in the mission design. Thorough understanding of the mission's
strengths and opportunities can increase stakeholders interests and support funding. On
the other hand, identi cation of weaknesses and threads provides an input to the mission
architecture and design. The SWOT analysis of the proposed mission is shown in Figure
5.1.
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Figure 5.1: SWOT analysis based on the mission objectives

The SWOT analysis shows that the main strength of the MAIA mission lies in its
ability to perform multi-altitude exploration of the lunar exosphere using two scienti ¢
instruments, HANKA and CLOTH. This approach enables both the validation of the
payload functionality and the acquisition of valuable scienti ¢ data. The resulting mea-
surements are expected to improve the understanding of the lunar exosphere, its dust
environment, and their temporal dynamics, while also providing relevant input for the
design of future lunar spacecraft, spacesuits, and habitat systems.

At the same time, the analysis identi es several challenges that must be addressed
during further mission design. The most signi cant risk is associated with the demanding
orbital operations required to transfer the spacecraft from the deployment orbit provided
by the transporter spacecraft to low-altitude circular lunar polar orbits. This creates a
strong dependency on the initial deployment conditions and places high demands on the
propulsion system. In the case of electric propulsion, these requirements may also impose
signi cant constraints on the spacecraft's electrical power system.

Therefore, the main design priorities resulting from the SWOT analysis are to ensure
su cient propulsion and power margins and de ne acceptable deployment orbit condi-
tions.

5.5 Orbit Assumptions

The spacecraft will be transported to a highly elliptical lunar orbit by the host Orion
spacecraft and subsequently deployed into this orbit. After successful commissioning,
the spacecraft shall perform a sequence of orbital maneuvers to transfer from the initial
deployment orbit into the selected science orbit. The baseline science orbit is de ned as
a circular lunar polar orbit at altitude of 100 km.

A polar lunar orbit was selected to provide repeated coverage of of both lunar polar
regions, especially the lunar south pole. This region is currently one of the key areas
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of interest for future lunar exploration due to its potential scienti ¢ value. Therefore,
environmental measurements in this region are highly relevant. Furthermore, polar orbits
enable repeated coverage of the entire lunar surface over time, thereby supporting the
development of spatial lunar dust distribution maps. The exact orbital parameters are
summarized in Table 5.2.

Table 5.2: Mission Orbit

Parameter \ Value |
Type of the orbit Circular lunar polar
Altitude from 100 km down to 10 km
Time at each altitude 4 weeks
Inclination 90
Eccentricity 0
LTAN 00:00:00

To support the generation of altitude-resolved lunar dust distribution maps, the mis-
sion is designed to perform measurements across multiple orbital altitudes. The selected
operational altitude range extends from 100 km down to 10 km. The orbit will be lowered
using the spacecraft propulsion system and measurements will be conducted in ten phases
at altitudes of 100, 90, 80, 70, 60, 50, 40, 30, 20 and 10 km.

At each altitude, the spacecraft will perform measurements over a period of four weeks,
corresponding approximately to one lunar orbital period around Earth. This duration is
selected to provide global coverage at each measurement altitude, as the Moon completes
approximately one rotation about its axis during one orbit around Earth. During the nal
three days of each measurements phase, orbital maneuvers will be performed to reduce
the altitude for the next measurement phase.

After completing observations at all selected altitudes, the spacecraft will perform
a controlled descent and impact the lunar surface. The exact impact location remains
under discussion, as the impact event is planned to enable Earth-based observation while
avoiding any protected or historically signi cant sites.

5.6 Concept of Operations

The mission phases are de ned in the Mission CONOPS, which outlines how the MAIA
spacecraft will be transferred to the Moon, deployed, commissioned, operated, maintained
and eventually decommissioned. The mission timeline is divided into several phases, each
associated with speci ¢ spacecraft activity. These phases are illustrated in Figure 5.2.
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