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The Objectives

ATo land an autonomous spacecraft on the lunar South Pole
before the end of 2024.

ATo drill to a minimum depth between 20 and 100 metres.

ATo perform imsitu science to provide a clearer understanding of
0KS az22yQa ONBlIOGA2Y yR (2 | a

habitat.
Atc2 SEIFYAYS (GKS {2dzikK t2fSQa LJ

ATo deposit a publicly acquired archive of human DNA and digital
memories within the borehole.
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The South Pole

A Previously unexplored

A Longer periods of
illumination

A Large quantities of stable
volatiles A

A Communication blackouts . 2#




Shackleton Crater

A Shackleton crater ridge
highelevation

A Slopes of 15 degrees

A Surface roughness of
3.0m

A 21 km diameter
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ADust
ARadiation
APlasma
Alllumination
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Derived Requirements

AShall complete all mission objectives before nightfall

AShall be able to land precisely in a 200 x 200m

AShall be able to land on slopes of 15 degrees

ATRL of components must allow a 2024 launch readiness date

AShall withstandhe lunar and space environment for the
minimum mission duratiod 77 days

AMust be able to autonomously perform during
communicatiomlackouts
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TradeOff
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Lunar Reconnaissanc Lander-/ K I y33D&hghai Aerospace
Orbiter- NASA System Engineering Institute
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Cranfield
Configuration Driver

Communication blackouts acceptable

More resources can be dedicatema single design

Less ground testing
Lesamplementationrisks



D.U.M.B.O. Cranfield
Drilling & Utility Moon Base Operations

A Dry Mass: 740kg

A Total Mass: 2016kg
A Height 2.6m

A Width: 2.8m
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28 Aug. 2024 28 Sep. 2024 28 Sep. 2024 29 Jan. 2025 24 Mar. 2025
LAUNCH ENTERING 00:28 100M DEPTH END OF

LANDING PHASE ~ §/C LANDED REACHED MISSION
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Payloads

Scientific
Instruments

16 Scientific

Instruments Descent and Landing

Thermal Subsytem Fla:nhaggrl;édg; :;::';erﬂ
Drill Subsystem Optical descent camera
Wireline Drilling Lidar Altimeter + Velocimeter

Public/Private
Archive OBDH Subsystem

1 Flight Computer
2 Mass Memory Units

Propulsion

Power Subsystem

2 Solar Array Main Engine
3 Batteri
atteries 4 x 890N

R-42DM

Communication Subsystem

Parabolic Antenna
Phased Array Antenna
AOCS
Subsystems

Structure and Mechanisms 16 Thrusters
4 Reaction Wheels
Octagon Bus Module 10 Sensors

Payload Module
Crushable landing legs
Deployable and Retractable
Mechanisms
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Front View

Phased Array Antenna

Parabolic Antenna

Monarch-5 Thruster

Radio Astronomy

Solar Panel
PanCam Terrain Imager

Star Tracker 1

Sun Sensors

LIDAR Camera

LIDAR Altimeter

Radio Astronomy

Mapping Camera
ppang Front view

Scale: 1:10

R-420M 890N Engine
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Terrain Imager
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Radio
Astronomy
Package




Top View

Permitivity Probe 1

Sun Sensors 2

Permitivity Probe 2

Sun Sensors 4

Star Tracker 1

Mapping Camera .-

Star Tracker 2 -

/ “. LIDAR Altimeter

“.PanCam Terrain Imager

.Sun Sensors 1

Permitivity Probe 4 -

~. Descent Camera

Sun Sensors 3 - Front view
Scale: 1:10

“Permitivity Probe 3
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Internal C

Fuel Tank 1

Oxidiser Tank 2

Pressurant Tank 2

onfiguration

Pressurant Tank 1

Oxidiser Tank 1

Frant wiew

Scale:
Fusl Tank 2

1:10

Isotope Mass Spectrometer

Radiation Monitor

X-ray spectrometer

NIVERSITY
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Permitivity Probe(s)

Radio Astronomy Package(s)

Drill Sub-system \

Microscope

Dust Analyzer

Top View
Scale: 1:10

RAMAN Libs Sprectrometer




Mass Budget

Sample Handling
Drill 3% )
13% Propulsion (Dry)

21%

Comms
5%
OBDH
1% Launcher Adapter
/ 2%
AOCS
chn(x;er < >
(0]
Landing Gear
3%
Thermal
6%
Mechanisms

5% Structure
Analysis 22%

5%
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A Dry Mass:
740 kg

A Propellant Mass:
1276 kg

A Total Mass:
2016 kg

Marginsincluded



Cost

Payload

27%\

Spacecraft Bus”~
18%
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Integration,
Assembly & Testing
9%

Program
10%

) " A CostEstimation: USD$754M

A Uncertainty. $+188M
A QuotedCosts FY$10

“_lInsurance

5%
\ Software

Operations Development

11% 5%
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i - , HETR
S I = (RIECING-AND-SAMEEE-ANALYS]S PHASE = EXTRASEIENGE PHASE
28 Aug. 2024
LAUNCH Lunar orbit Stand-by
injection mode
31/08/24 27 days

28/08/24 27/09/24

Trans-lunar Mapping

Landing ellipse
injection phase 8 &P
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Launch

AFalcon 9 Full Thrust
A3 Tonnes capability to TLI

ALaunch site: Cape Canaveral,-80C

AlLaunchiime/date: 12:47 GMT28-08-2024

e
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Falcon 3 SpaceX



Launch Configuration Cranfield
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Orbital ATK (2015)
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Trajectory Phases

Phase k Launch
Phase 2z, Parking Orbit (Earth)
Phase X Cruise to Moon
Phase & Mapping Ellipse
Phase & Parking Orbit (Moon)
Phase & Landing Ellipse
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Phase @ Parking Orbit (Yellow)
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Phase 8 Cruise to Moon (Red)
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Phase 8 Cruise to Moon (Red)
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Phase 8 Mapping (Pink)
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Phase B Parking Orbit (Yellow)
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Phase 6 Landing Ellipse (Blue)



FOR UNFUNDED EDUCATIONAL USE ONLY

Manoeuvre kK + ) 1 |Propellant Mass (ko
TLI
LOI

Circularisation

Landing Ellipse Bur

N Total
%t:

o |otal for s/c

i heriin] ices . . Aadl
28 Aug 2024 12:55:49,.459 Time Step: 792.9795 sec .
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AOCS
A AOCS provided by Falcon 9 up to TLI orbil

e y !
.
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MONARC 5 ThrusteAMPAGSP

A Employedmmediately
A Fordetumbling calibrationand orbit
determination

A 3-axis stabilisation provided by:
A Eight 4.5N thrusters (plus eight for redundancy)

A Momentum storage provided by:
A Three 4Nms reaction wheels (plus one for redundancy)
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AOCS

A Orbit determination provided by:
A Rigell star trackerg position
ALNHNN{ La! Qa AYyodzf
velocity
A MOOG Bradford Coarse sun senspssin

tracking
A Various DSA & DSN ground statigmanging e

A Highest pointing accuraay0.11deg(from
lunar mapping)

LN-200S IMU; Northrop Grumman



AOCS Thrusters Cranfield




AOCS Sensors Cranfield

Sun Sensors 2

Sun Sensors 4

Star Tracker 1

Star Tracker 2

Sun Sensors 1

Sun Sensors 3 \ /7 Front view
Scale: 1:10
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Thermal

AModelled withtwo cases: hot & cold
APassive thermal control

Exterior Interior Antenna

Material Teflon Kapton White
paint

Emissivity 0.4 0.5 0.7

Absorptivity 0.12 0.31 0.1
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Communications

rCebreros-DSAL2:
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Communications
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Scientific Instruments

ADust analysec ELDA
ARadiation monitoc NGRM
ATurned on until end of mission

N

SR SN R e _< A8
Rty S 4 6.7

ELDAC UniverSityof CoIdrado(Xieet aAI»;n.d.) NGRM developed by RUAG.(RUAGD)


https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi54ZuZicbMAhXpKMAKHVbhChYQjRwIBQ&url=https://www.ruag.com/fileadmin/ruag/Divisions/Space/Products/Satellite_Instruments/Radiation_Monitors/PDF/NGRM_datasheet.pdf&bvm=bv.121421273,d.ZGg&psig=AFQjCNHCJMheSlxkTcphpokvqT7WqWuBfQ&ust=1462645484030350
https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi54ZuZicbMAhXpKMAKHVbhChYQjRwIBQ&url=https://www.ruag.com/fileadmin/ruag/Divisions/Space/Products/Satellite_Instruments/Radiation_Monitors/PDF/NGRM_datasheet.pdf&bvm=bv.121421273,d.ZGg&psig=AFQjCNHCJMheSlxkTcphpokvqT7WqWuBfQ&ust=1462645484030350
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28 Sep. 2024
LANDING
SEQUENCE
T Y
> '_[].RI‘LLINB—AND__SAMPE-ANALYSIS PHASE wo > SEXTRASEIENCE PHASE

Approach

phase
00:27

00:19 00:28
Braking Vertical
phase descent
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Seqguence freld

Braking Phase

Altitude: 15000m

Range to landing site: 454730m

Duration: 474s

Driver: Minimum fuel

Guidance: Optimal Control Vertical Phase

. Altitude: 100m
G".'" T —— Range to landing site: Om

S

—— i Duration: 1Ss
A Driver: Safe Touchdown
Approach Phase ™~

Altitude: 4000m SN |
Range to landing site: 2500m |
Duration: 71s -
Driver: Maximum accuracy \ ¢

Guidance: ZEM/ZEV *

Touchdown |
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Key Hardware: Propulsion

A 890N nominal thrust
A 327slsp

A Maximum Thrust of ~1300N

Aerojet

R42DM
(C.Stechmar2010)



Propulsion Siglystem Cranfield

Fuel Tank 1
Pressurant Tank 1

Oxidiser Tank 2

Oxidiser Tank 1
Pressurant Tank 2

Front wiew
Scale: 1:10

Fuel Tank 2
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Cranfield
Key Hardware: GNCS :

Sensor Amount Name Main Function
IMU Miniature IMU Inertial Navigation
IMU LN-200S Inertial Navigation
Optical Camera N/A (Self designed)  Mapping

Flash Lidar DragonEye Navigation,HDA
Descent Camera MARDI Navigation, HDA

Lidar Velocimeter N/A Altimetry, Velocimetry



Descent and Landing Cranfield

LIDAR Camera

LIDAR Altimeter

Mapping Camera

Descent Camera

Front view
Scale: 1:10
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Braking
Altitude: 15000m

Range to landing site: 454730m
Duration: 474s
Driver: Minimum fuel

Guidance: Optimal Control

él=
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_
a’m Approach

Altitude: 4000m
Range to landing site: 2500m

Duration: 71s

Driver: Maximum accuracy
Guidance: ZEM/ZEV
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Altitude: 100m

Range to landing site: Om

Duration: 19s
Driver: Safe Touchdown

Descent

=
i
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AOCS

A AOCS is used for translation along late
axes

A Enable last minute course correction

A Increases Landing precision
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OBDH

ADual Leon 4 Processors

AOne analyses environme
upon descent

A One controls AOCS

Alf one fails the other can
Immediately take over
operations

ADual 250Ghit Mass Storage _
devices

A Architecture designed for
redundancy
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Touchdown
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DrivingRequirements
-Widefootprint for stability
-Absorbimpactvelocity(5m/s)
-Avoidsinkinginto regolith

Apollo LunarDescentModule

Main Challenges:

-Difficultto estimatein plane forces
-Calculatingcompression distance
-Accuratebearingstrengthof regolith
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U, Magnitude
+1.116e+01
+1.023e+01
+9.296e+00
+8.367e+00
+7.437e+00
+6.507e+00

CrushableCantilever

‘ Aluminium LithiumAlloyfor
struts

CrushabléAluminium
honeycomhinsidemain strut
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Risks

Main issues to be mitigated.:

A Instrumentation failure (Sun sensor, Lidar etc.)
A Asymetric thrust (Main engine or thrusters)

A Propellant Depletion

et ) . Post landing checks
g 2 o ensure spacecraft health
)+ before proceeding

) |

NASA/GSFC/Arizona State University
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Intermission
30 minutes
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29 Sep. 2024
START OF DRILLING
PHASE

EIENEE BHASE

Health checks  Partial eclipse
28/09/24 §/C switch off
25/10/24

Drilling and sample
analysis phase
122 days
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Schedule

A100.8m in122.34 days.
A97 sequences/samples

AA sequence involves:

ADrill descent + drill 1.05 m +
retraction P—

AProbe descent + analysis + —=
Retraction time

ASequence duration increases W
wire retraction time.

—_

400 5
Time (days)

2¢ :Jc:- 300 cr-::-
sequence [hrs] | duration [hrs] time [hrs] [cm]
1,01 17,51 16,49
2,60 19,10 16,46
3,82 20,32 16,43

4,03 20,53 16,40
4,25 20,75 16,37

H

4,46 20,96 16,34
4,67 21,17 16,31
4,88 21,38 16,28
5,10 21,60 16,25

Ol |N|OO || JWIDN

-
D



The Drill

ADimensions
ALength: 1m
ADiameter: 5cm

ARotarypercussive, hollow drill bit.

APink Drill bits
ADark greenDrill Mechanisms
ALight green: Science probe
ABlack: Thavireline

ALength 105m

ADiameter: 2.5mm
AOrange Archives

Crcmﬁj

eld
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Mechanisms

AWireline spool and motor.

AArchivedeployment into the borehole. 4

Credit: Honeybee robotics
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Goal 1 Understand the geochemistry/mineralogy of the lunar crust

Characterise the impact history of the landing site and constrain the age
Goal 2 south-pole Aitken basin

Goal 3 Understand the diversity and origin of the lunar south polar volatiles

Goal 4 Constrain models of the lunar interior

Characterise the lunar environment for the future scientific exploitation
Goal 5 human exploration

Goal 6 |dentify resources for the future human space exploration

Assess the potential of the lunar surface as a platform for the astrono
Goal 7 observations

Science education

Goal 8




Scientific Instruments

Crcmﬁj

Lunar Surface

Gammaray Spectrometer
TerrainCamera

Dust Analyser
RadioAstronomy Demo

Package

Radiation Monitor

Surface Permittivity Probes

SurfaceSeismometer

SampleAnalysis

Isotope Mass
Spectrometer

AlphaParticle XRay
Spectrometer

RamanLIBS
Spectrometer

Microscope

BoreholeScience

BoreholePermittivity
Probe

HighlyMiniature
Radiation Monitor
Micro-Seismometer

IR Imager

Heat FlowProbe

eld

NIVERSITY



Primary Payloads Cranfield

Permitivity Probe(s)

Radio Astronomy Package(s)

Isotope Mass Spectrometer

Drill Sub-system l

Microscope

Radiation Monitor Dust Analyzer

Top View
Scale: 1:10

CASSEPhilae

X-ray spectrometer

RAMAN Libs Sprectrometer
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Sampléiandling: InstrumeanmsiStrategy
A AlphaParticleX-Ray

Spectrometer - ) - » -
A RamanLIBSSpectrometer )
A Isotope MassSSpectrometer

@ e e o SEEE

@
. S

: 7 ',"'u‘“»'i.}
Strategyand path of distribution




Instruments Configuration Cranfield

Sample Grinder Microscope

Perform Sample Perform Sample Perform Sample
Analysis Analysis Analysis

Yes Yes Yes

|sotope Mass Raman- Libs

A-Ray Spectrometer

Spectrometer Spectrometer
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Sampléiandling: DesigndMechanisms

Mechanismsadaptedfrom ExoMardMission: Assembly

CoreSample

Handling Richter et al,
Mechanism 2013

ESA, 2013

Crushinggstation (eft) andDosingstation (right)

First part of the SHS consists of the 3 mechanisms

ESA, 2013 ESA, 2013



