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Nomenclature

4BMS 4-Bed Molecular Sieve

ADCS Attitude Determination and Control System

AG Approach Gate

AP Approach Phase

ARCH-E Autonomous Reconfigurable Crew/Cargo

Hauler for Exploration

BER Bit Error Rate

BOL Beginning of Life

BPF Band-Pass Filter

BPSK Binary Phase-Shift Keying

CAMRAS Carbon dioxide And Moisture Removal

Amine Swingbed

CBM Common Berthing Mechanism

CC Convolutional Code

CDH Command and Data Handling

CECE Common Extensible Cryogenic Engine

CER Cost Estimation Relationship

CFC Central Flight Computer

CHX Condensing Heat Exchanger

CO2 Carbon Dioxide

COTS Commercial Off-The-Shelf

CSM Command and Service Module

DC Direct Current

DOD Depth of Discharge

DOT Design Option Tree

DPDT Double Pole Double Throw

DSN Deep Space Network

DTE Direct-to-Earth

ECLSS Environmental Control and Life Support Sys-

tem

EIRP Equivalent Isotropic Radiated Power

EOL End of Life

EPS Electrical Power System

ESA European Space Agency

EVA Extravehicular Activity

FOV Field of View

FY Fiscal Year

G/T Gain-to-System Noise Temperature Ratio

GEO Geostationary Orbit

GNC Guidance, Navigation, and Control

GPS Global Positioning System

GRACE Gravity Recovery and Climate Experiment

H/W Hardware

HLS Human Landing System

HPBW Half Power Beamwidth

HRS Humidity Reclamation System

ICSIS International Communication System Inter-

operability Standards

IGM Iterative Guidance Mode

IMU Inertial Measurement Unit

IOV In-Orbit Vehicle

IR Infrared

ISRO Indian Space Research Organisation

ISRU In-Situ Resource Utilisation

ISS International Space Station

ITU International Telecommunication Union

KSAT Kongsberg Satellite Services

KSC Kennedy Space Center

LCH4 Liquid Methane

LCO Liquid Carbon Monoxide

LDPC Low-Density Parity-Check

LEGS Lunar Exploration Ground Sites

LEO Low Earth Orbit

LH2 Liquid Hydrogen

LiOH Lithium Hydroxide

LLO Low Lunar Orbit

LNA Low Noise Amplifier

LOI Lunar Orbit Insertion

LOX Liquid Oxygen

LV Launch Vehicle

LWST Launch Window Sidereal Time

MBP Main Braking Phase

MCC Mid-course Correction

MIPS Million Instructions Per Second

MMOD Micrometeoroids and Orbital Debris

MMOI Mass Moment of Inertia

NAC Narrow Angle Camera

NASA National Aeronautics and Space Administra-

tion

NGLV Next Generation Launch Vehicle

NRHO Near-Rectilinear Halo Orbit

NSN Near Space Network

OAO One Array Out

OTV Orbital Transfer Vehicle

PCEC Project Cost Estimating Capacity

PCU Power Conditioning Unit

PDI Powered Descent Initiation

PEG Powered Explicit Guidance

PMD Power Management and Distribution

ppCO2 Partial Pressure of Carbon Dioxide
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Nomenclature iv

PPT Peak Power Tracker

PROP Propulsion

PSR Permanently Shadowed Region

QPSK Quadrature Phase-Shift Keying

RAAN Right Ascension of Ascending Node

RAMS Reliability, Availability, Maintainability, and

Safety

RP-1 Rocket Propellant-1

RS Reed-Solomon

RX Receiving Signal

S/C Spacecraft

S/W Software

SADM Solar Array Drive Mechanism

SAM Spacecraft Atmosphere Monitor

SANSA South African National Space Agency

SAWD Solid Amine Water Desorption

SiO2 Silicon Dioxide

SLOC Source Lines Of Code

SLS Space Launch System

SNR Signal-to-Noise ratio

SOCP Second-Order Cone Programming

SOI Sphere of Influence

SPDT Single Pole Double Throw

SRP Solar Radiation Pressure

STR&MECH Structures and Mechanisms

SZM Shielded Zone of the Moon

TBC To Be Confirmed

TBD To Be Determined

TCCS Trace Contaminant Control System

TCS Thermal Control System

TDRSS Tracking and Data Relay Satellite System

TEG Throttled Explicit Guidance

TEI Trans-Earth Injection

TG Terminal Gate

THMS Thermal & Humidity Management System

TLI Trans-Lunar Injection

TP Terminal Phase

TRL Technology Readiness Level

TT&C Telemetry, Tracking, and Command

TWR Thrust to Weight Ratio

TWTA Traveling-Wave Tube Amplifier

TX Transmitting Signal

ULA United Launch Alliance

UPFG Unified Powered Flight Guidance

UTC Coordinated Universal Time

UWMS Universal Waste Management System

WAC Wide Angle Camera

WBS Work Breakdown Structure

WFD Work Flow Diagram

ZEM/ZEV Zero-Effort-Miss/Zero-Effort-Velocity

� Primary strut horizontal angle (°), load frac-

tion (−), geocentric right ascension (°)

�1/2 Half power beam angle (°)

� Secondary strut horizontal angle (°)

FT Thrust vector (N)

F Force vector (N)

r Position vector (m)

V Velocity vector (m/s)

�V Change in velocity (km/s)

� Solar cell decay rate (%/year), secondary

strut axial angle (°), geocentric declination

(°)

� Inclination of ecliptic plane (°)

� Efficiency (−)


R Specific attenuation (dB/km)

b̂ Binormal (−)

� Planet half-angle (°), wavelength (m), solar

ecliptic longitude (°)

FC Moon-Centered Moon-Fixed reference

frame

FI Moon-Centered Inertial reference frame

FL Landing reference frame

� Gravitational parameter (m3/s2)


 Right ascension of ascending node (°)

! Argument of periapsis (°), Natural Fre-

quency (rad/s)

� Solar constant (W/m2)

� Angle of incidence (°), tip-over angle (°), lat-

itude (°)

� Density (kg/m3)

�s Effective slenderness ratio (−)

� Stefan-Boltzmann Constant (W/m2K4),

stress (Pa)

� Polarisation angle (°)

� Solar incidence angle (°), horizontal angle

of center of gravity (°), elevation angle (°),

true anomaly (°)

� Slosh mode factor (−)

� Damping ratio (−)

A Area (m2), strut cross-sectional area (m2),

azimuth (°)

a Semi-major axis (km), acceleration (m/s2),

albedo (−)

Aa Absorbing area (m2)

Af Frontal area (m2)

Ar Ram area (m2)
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As Sunlit area (m2)

B Magnetic field strength (B), primary strut re-

action force (m)

b Landing leg base (m)

C Electrical capacity (Ah)

c Damping constant (N s/m)

Cd Drag coefficient

cm Center of mass (m)

cp Center of pressure (m)

CR Radiation pressure coefficient (−)

C20 Moon’s second zonal harmonic (−)

C22 Moon’s sectoral harmonic (−)

D Diameter (m), residual dipole moment

(Am2)

d Tank diameter (m)

DOF Degree of freedom (−)

E Elastic modulus (GPa)

e Eccentricity (−), Coefficient of Restitution (−)

et Pointing offset angle (°)

F Force (N)

f Frequency (Hz)

fe Eigenfrequency (Hz)

FT Thrust force (N)

G Gain (−)

g0 Standard gravity (m/s2)

h Height (m), liquid height (m)

hR Rain height (km)

hcg Centre of gravity height above ground (m)

I Second moment of area (m4)

i Inclination (°)

Id Inherent degradation (-)

Isp Specific impulse (s)

Ixx Mass moment of inertia about x-axis (kgm2)

Iyy Mass moment of inertia about y-axis (kgm2)

Izz Mass moment of inertia about y-axis (kgm2)

J2 Earth’s second zonal harmonic (−)

Js Solar intensity (W/m2K)

K Buckling design factor (−)

k Spring constant (N/m)

L Loss (−), length (m)

L1 Slosh pendulum length (m)

Ld Life degradation (-)

M Moment (Nm), magnetic constant (Tm3)

m Mass (kg)

MF Margin factor

MS Margin of safety (−)

OC Operating cost ($/h)

OF Oxidiser/fuel ratio (−)

P Power (W), pressure (Pa)

q Heat flux (W/m2), reflectance factor (-)

R Radius (km), secondary strut reaction force

(m), critical effective slenderness ratio (−),

rain rate (mm/h

r Tank cylindrical radius (m), structure ring

radius (m), strut radius (m)

rm Tank ellipsoidal height (m)

S Distance (m)

T Period (s)

t Time (s), tank thickness (mm)

Ta Aerodynamic torque (Nm)

TD Magnetic torque (Nm)

Tg Gravity gradient torque (Nm)

Tm Magnetic torque (Nm)

Ts Solar radiation pressure torque (Nm)

TIR Effective radiating temperature (K)

ttt Predicted time to perilune (s)

V Voltage (V), volume (m3)

v Velocity (km/s)

vrel Spacecraft velocity relative to rotating atmo-

sphere (km/s)

x Length along strut (m), displacement (m)



Executive Overview
ARCH-E is a Design Synthesis Exercise of eleven TU Delft Aerospace Engineering BSc students.

ARCH-E stands for Autonomous Reconfigurable Crew/Cargo Hauler for Exploration. It is focused on

designing a reusable and reconfigurable lunar lander. This report offers a comprehensive overview

of the vehicle’s architecture, astrodynamics, subsystems, risks, operations, and the mission’s sus-

tainability strategy. Additionally, this report details the verification and validation methods, as well as

the project’s future plans. It builds on the Project Plan, Baseline Report, and Midterm Report, which

detailed the project’s organisational structure and initial technical functions. This report will present a

complete and detailed overview of the design choices and their outcomes.

Project Objectives

In recent years, the race to the Moon has been reignited by NASA’s commitment to returning to the

lunar surface and establishing a permanent presence on and around the Moon. The concurrent rapid

growth of commercial launch services has turned this shot for the Moon into a competition as NASA

resolves to outsource more and more operations. This aligns with the mission need statement:

Mission Need Statement

To enable the future colonisation of the Moon, humanity must tackle and overcome its associated

challenges.

The Human Landing System (HLS) contracts awarded to SpaceX and Blue Origin have highlighted

the need for innovative solutions in the field of lunar landers. In particular, the Appendix P Broad

Agency Announcement1, under which the Blue Moon concept was selected, emphasises the need for a

sustainable presence on the Moon. Reusability is to be built into the design, with flexible crewed/cargo

operations and the capability to transfer between lunar orbit and the surface once a year for 10 years.

This leads to the project objectives, which are as follows:

Project Objective Statement

To design a reconfigurable lunar landing vehicle able to carry from Earth to the lunar surface

either a usable cargo mass of 5000 kg or a human crew of up to four.

Market Analysis

Space exploration technologies have a significant interest in current society, driving economic growth,

new career paths, and technological advancements. The renewed interest in lunar exploration, fuelled

by reduced launch costs and potential lunar resources, has led to a $26 billion global investment in

the sector in 2023 [1]. ARCH-E’s mission, a collaboration between Delft University of Technology

and Airbus Defense and Space UK, aims to address this interest with a versatile, reusable lunar

lander capable of carrying cargo or crew. The lander’s modular design, focus on sustainability, and

operational efficiency position it to meet the increasing demand for lunar missions. Key stakeholders

include space agencies, commercial entities, and regulatory bodies. Competitors like SpaceX, Blue

Origin, and Dynetics also drive market growth with innovative lander designs, highlighting the intense

competition in the lunar exploration sector.

Functional Analysis & Requirements Overview

A functional analysis of the system was developed into a Functional Breakdown Structure and Func-

tional Flow Diagram. From these, ten mission phases were identified: 1. Launch from Earth’s surface,

2. Low Earth parking orbit, 3. Lunar Transfer, 4. Lunar landing, 5. Surface operations, 6. Lunar

1 [cited 17 June 2024]
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https://www.nasa.gov/humans-in-space/nextstep-appendix-p-human-landing-system-sustaining-lunar-development/
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