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ABSTRACT

The Cislunar Explorers mission igair of ~3U nanosatellitegnamed Hydogen and Oxygerjaunching asa single
6U CubeSatas part ofN A S A Artemisl mission on the Space Launch System (SI®g two spacecrafwill
demonstratéechnologiesncreaig the reab, flexibility, and costeffectivenas of irterplanetarysmallsats These
innovationsinclude wate electrolysis propulsion, mubody optical navigation, passive sgtabilization, and the
operation of femtosatellites beyond low eaothit. Cislunar Explorers also serves as a patlgfi for denonstrating
the utlity and verstility of water for futire In Situ Resource Utilization (ISRU) space mission&iritical subsysems
comgdement each othéo redue@ the cost and complexityVaternot only serves ahe propellantfor the propulsion
system but also as aadiatin shield, electronics heat sinind nutationdamper Eachspacecrafs spin provides
attitude stabilizationseparads electrolyzel gasfrom the waterin the propul®n tank simplifies the active attitude
control systemandenableghe optical mavigation systento cover gpanoramioview around the spacecraftheunique
elements ofhe missiors p a ¢ e designgrdvidesadvaragedo traditional CubeSaitrchitecturesut alsgproduced
unexpected evelopment cHienges. By leveragingthe lessons leard from the developmentf the Cislunar
Exploras mission future interplanetarmissiors canttilize its technology to reducecost risk, andcomplexity.

INTRODUCTION

The Gslunar Exploers spaceaft will be launched as
part of N A S A&rtemis| mission (formally knownas
Exploration Mission Oneor EM-1). They wil be
launched on the SLS rket asoneof thirteensecondary
payloads.The Cislurar Explorersmission hasbeea in
developnent at the SpaceSystems Design Studio
(SSDS) aCornel University since 2015Themisson is

a participant in NASA& CulkeQuest @allenge a
competition that is par t of Cahteshiald s
Challenges with the objectie of delivering small
satdlites that operag near or bgond the Moon After
succeedingn the four figround tournaments Cislurar
Explorerswas selectedor laund as pat of Artemis|.
As a part of the CubeQuest Gilenge Cislunar
Explorers is competing for the Lunar Derbyand
Spaecaft Longevity prizes?

Hydrogen Oxygen
e

MI SSION OVERVIEW

The Cislunar Exjprers aretwo nealy identical L-
shaped ~3Wspacecraftaunchedn a 6U CubeSatform
factor® They are designed to separate using a spring
loaded mechanism, inding a desirg majoraxis spinn
eachspacecraftThis spinis one of the major features
Figure 1: Cislunar Explorers contiibuting to the mission goals of successfully using a
water dectrolysis propulsio system and an optical
navigation systemThe spincentrifugally separateshe
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electrolyzed hydrogen and oxygeags from liquid
water in the propulsion systemallowing the gaseous
mixture to combustandproduce thrusttach spaceaft
also has a nael low-costoptical navigation systerto
calculateits positionandattitude Thes conepts were
developedat SSDSo0 demonstrat¢hatwater is aviable
option for In Situ Resotce Uilization (ISRU)and ttat
low-cost terrestrial technology can be usedn
interplanetarysmalsatmissions The subsytems of the
Cislunar Exlorersinterfacesynbiotically, a key feature
of the design antlinctiondity of the mission

Water ElectrolysisPropulsion SystemDemo

The primary objective of th€islunar Explorers mission
is a technology demnstrdion of water electrolysis
propulsion as a meansf providing high gV while

conforming to CubeSat spgécations. CubeSats and
other nanosatetits do not traditionally have significant

propulsive capability, and a successful destmtion
would greatly increase the reach arftexibility of

smalka missions.Waterelectolysis technology can in
some ways be compared to ion thrusters, duetst

electrical characteristics. The required power per uni

thrust for a water electrolysithrusger islower than that
of anion thrugr, whichadvantageusly reducethe size
of solar pamels needed to sustain 2itAdditionally,

distilled waer is inert, meaning it can be stored for long

periods of time at v pressure. This is especialiselil

before a launch or for a lorduration mission.
Additionally, this mission demonstrate water

propulsion as an application Kk§RUfor future missions
ISRU is the use of materials in sgaformanufacturing
maintenancgor the lestoration of reaarces such as fuel
It has been iddified as a key technology for futuspace

exploration. Water has many advantages as a fuel, x.

compared to @nventonal liquid propelants.

Specificdly, it is abundah in the universe, does not

require conplex components to store and utilized is
very well documented It also opensopportunities for
refueling duing a mission using water collectedSitu.

For more informdion on the ISRU apptiation of this

technologyseeDoyle & Peck?

Low CostOptical NavigationDemo

Thesecondarpbjective of the mission t® demonstrate
its Optical Navigéion system (Op-Nav). Op-Nav
provides position and attituddatafor the spacecrafton

navigationsystems used on CubeSats ace suitable
beyond Esgh orbit. Current GPS receivers horizon
sensorsard magretometerare most applicable for low
Earth orbits but are insufficient for interplanetary
trajectories Other sensorsuchas star tackersare an
expengve alternative! The use oRaspberry Pcameras
for optical navigatiorns a noveland inexpensiveolution
for CislunarExploration.

CONCEPT OF OPERATIONS

Launch and Deploymet

Cislunar Exploers will be launchedn theSLS rocket,
a heawylift launch vehicle designed to ptalcsigh mass
and volume gploraion elements intdow-Earth orbit
(LEO) for transfer to lgher orbitsand Earth escape As
of May 2020, it is expectedo launch in lée 2021.5 After
theSLS launcles the upper sgge performs #&ranslunar
injection burn plaing the uppeistage on atransluna
trajectory. Then, he Orion Multi-Purpose Crewek
Vehicle (MPCV) separatesrom Interim Cryogenic
Propulsion Stage (ICP@nd continues its lunarflyby.
The SLS includessecomary payload adapters that
Interface withthe ICPS®

Launch Abort System (LAS)
o~
Crew Module (CM) \,./ 4
Service Module 1sm\\( ¥
Spacecraft Adapter [sA)\\t A;

Interim Cryogenic Propuision -
Stage (ICPS)

Encapsulated Service Module (ESM) Panels

Orion Multi-Purpose
Crew Vehicle

Launch Vehicle Spacecraft MPCY)

Adapter (LVSA) "\

"\

Solid Rocket
Booster (SRB) __

Instrument Unit (1U)
Integrated Spacecraft and
\ \P:yloaa Element (ISPE)

4
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Figure 2: SLS

The secondarypayloads are arrangeduniformly around
the inner surfaceof MPCV Stage Adapter. The ICPS
performs its disposal maneer after the Orionspa@
capslle has reachitescape Mecity (11.186 km/s and
separate The Secondary Payload Deploy&ysem is
thenactivated and wildeploy Cislunar Explorers fro

its way into lunar orbit. The spacecraft relies on three its dspensemuring the deployment intervafiBus Stop

onboardcamerago obtain measurements of thenSthe
Moon, and the Earth for state estimatidnthreeaxis

Oned (with an approximatealtitude of 360-500km)
arownd 4 hours after the SLS liftoff. Once Cislunar

gyroscope provides spin measurements for attitude Explorers is clear of ICPS, it will beginmeprogramed
propagation.Theg quantitiesare telemetered to the activation and deployment sequence of itsbaard

ground station for planning opéoop reorientation

system$

mareuvers to align the main thrusters in the direction

requiredby burnsduring the mision Many common
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Initialization and Spn-Up

At this point the two ~3Uspaceraft remainjoined in
their 6U deployment configuratio. Separateredundant
inhibits keep each spacecraftin an unpowered state
inside theCSD until deployment After activatioan, each
~3U will perform a health check @ncompute their
attitude ad position using the onbahr optical
navigation system.Then, both will make radio contzt
with the ground station to relalyealth, position, and
attitude dataFollowing contact, theCornell Universty
ground stationwill command the 6U spi-up and
separation maneuver. h& spacecaeft designged
Hydrogenwill fire its thrusterto reorientthe 6U, which
will eventuallysettle intoa major axis spirdue to the
propellantsloshing After this,a conmandis sent tathe
spacecraftOxygen to separate Figure 3 shaws the
movement of the saellites as they epaate with
Hydrogenas A ard Oxygenas B.

C

Figure 3: Separaton and Spin up.

Using springs mountedt point D, the satellites pivot
around point C to spin up before separating from eac
other The force balance dn constant anguta
momentum allowsfor calculations of the linear and
rotational velocities of the specraft A trade study was
conducted o spring constants. compressiorand the
optimal spring was chosen to yield a 6 rad/s rotatate.
Each~3U functionsindependenty after individual spin
stabilization The greycirclesrepregnt thepositiors of
thewater propulsionthrustemozzles.

Lunar Swing-by

After deployment and spimp, the next few daysare
used toreorient and begin adjustingajectoryfor the
upcominglunar swingby using the wateelectrolysis

system,andanentryinto a heliocentric orbit. The mid
course correction is timeensitive and serves prevent
this ejection as well agacilitate a swingpy, which will
keep the spacecraft in thearthMoon systm. The
spacecraf downlinks position, time, and orientation
data, which is used to calculatea command for the
necessary arrection maneuverAfter thecommand is
uplinked, the spacecraft begins the mamner and
downlinks new data. This proces®rates util the
necessy trajectory is achievedifter thelunar swing
by, there is approximately one month before the next
lunar encounterThe goal for the spcecraft during this
phase willsimply be to survive and maintain contact
with Earth Thetightest Ink budge of the etire mission
occurs during this phaskie to he extreme distance of
the smcecraf from Earth (well over 1,000,000 Km
Mid-course correction anewers will still be needed to
make sure the axt lunar encounter occurat the
appointel time

Lunar Captureand Orbit Circularization

id Course Correction 2
(24d)

Time between

| encounters: ~¥35d

. Injection burns (35h)

Figure 4: Simplified Cislunar Trajectory

Approximately one month after launch ith the
approachof the second (or third) lunar encountdre t
trajectory needs to bateredto facilitate a capture into
t he Mo one & sfluengehwigh a highly elliptical
lunar orbit.If capture on the second approach fdiisre
maybe enougtyd/ margin to tryfor a third encanter at
most The hghly elliptical lunar orbit will have an
apoapsis of tens of thousands of km, and a periapsis
hundreds to several thousands of km. For lthear
Derby prize, the spacedtamust entera more circular
orbit of at mo$ a 10,000 kn apoapsisind at least a 80

thruster. The water electrolysis system produces, orkm altitude ofperiapsis above the surface of the Moon.

average, a 1N pulsed thtusConsevatively, these
thrusts can only occur every 2 to 3 houwhich is the
estimated time need tdedrolyze enoughpropellen to
fire again Current estimies show about0.6kg of fud

will be usedo reach lunar capture with the remaining
fuel intend@ for orbital corrections and maintenance

after lunar capturd.he nominal swingy from the ICFS
trajedory will lead b an escae from the EartiMoon

It will likely take several months reach this orbit.

Station Keepingand End of Life Disposal

After circularizing its abit, the spaecraf will maintain
it aganst deviations from gravitational and other
disturbances. The intent of this phase ipadicipate in
the Spaceeft Longevity Challengeand maintain lunar
orbit until the spacecraftreactes the threshold of
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propellent neded for is end of ife maneuver.The
approximate timeuntil this occursis one year. The
spacecrafheed to bedisposedf by impact on thear

(STK). An attenpt was also made to takevaahtage of
GMAT, but the inability 6 simply customize engine
modeldimiteditsutility. STK uses a

side ofthe lunar surface,so it does not become spaceto achieve dsired outcomes using differential

debis or puthistorical siesat risk Ranaining propellant

corrector.The user sets thepntsthat STK can vary and

will be usedo lower the periapsis to intersect with the specfies the outcomes.Initially, trajectories were
lunar surface. At least 26 m/s g/ will be neededo
deabit from the Lunar Derby Prize orbit. Continuous
communicationwith the spaecraft will be attempéed
until impactis made

Figure 5: Previoudy Calculated islunar Trajectory

Trajectory Development Lessons Learned

Due to thdow thrustapproactof CislunarExplores, the
trajecbry had tobe extensively planned beforehand
Whenapproacing the Moon from trangunar injection
the spaecraftdo nothavethethrustcapabilty to directly
capture inb lunar orbit. Instead, the satellites will
completea lunar flyby with the goal of keeping the
satellites close to the ecliptic while also ciamiging the
orbit around the EarthtMoon system After
accomplishing this,the spacecaft can approach the
Moonos orbiting r & dcaptuse
however,limited thrust capabiliy causeghis to take a
significantamount oftime. Since slight perturbatits in
the flyby can causeappreciable inclination and
eccentriciy changes much careneeds @ be take to
identify the correct postioning of the satellitefor its
lunar approach.

One mission p@nning concern was thaNASAG&

annourement of new SLS launch dates would render

old trajectoriesinvalid andthat new ones could no be
reliably calculatel until aftertheannouncemerdf anew
launch dat. Any changes in théMoon3 location and
differences ifaunch positionsvereenough to cauesold

planned lunar flybys to failand send the satedis
cascading out into the solar system. Thebanges,
coupled with the error in thoptical navigtion system,
make planning these traferies verytime consuming
repetitive,and complex As each aw dde is given, a

updatedtrajectoryfollowing the same strategynust be
created.In learning from his repetitive process the
trajectory teamtook advantage of Systms Tool Kit

completed by hanby manuallyspecifying theoutcomes
andrunninga Aguess and chewdso
that the differential correatr could run hundres of
iterations andnighttake hours to rupdependingon the
amountof inputs

To combat concern of being unable a finalize a
trajectory between th&nal announcemenbf and the
actualdate ofSLS launch a series of ptimizersthat
interface with STKare closé¢o completion The firstis a
launchoptimizerto identify exactly where rar Bus Stop
One Cisluna Explorers canuse the leasamount offuel

to attainthe best result from the flyby. The optimizsill
iterate acrossll the positims of the ICPS trajectory a&h
change a seriesfadourns, their directions, and the
propagatia times. A circularizing optimizerwith the
expressed goaif decreasing radius and circularizing the
orbit after the lunar flgy is alsounderdevelgpment A
Monte Carlo simulation was created test the missn
success rate of our trajectory given aeseof failures,
and more importantlyhow much uncertairty will affect
the trajectoy. This information would allow the
enginers to fows more on atain subsyst@s aml
define tolerances thatause more fuel aste. This
simulation takes a fully completedajectory and runs
thousands of it@tions withvarying errors per segment
(such as optical navigation tolerance) as waslinitial
paametervariations (suchas dry mas).

Fhe optfinfzdt yiefi¥dSame! réislits, bt due to the
limitations of the differentiatorrector in STKandthe
processig power in aimited timeframe, the results were
not as comprehensive as intendeldevetheless, his
process determined thagtestimatins used for the solar
radiation pressure areawere sufficiently accurate
Further precisionin this area wil not impact the fuel
usage enough to warranetailed analysis Only 40
iterationswere run oubf the expected 1,006t the time
of publication All these simulations run STK usedan
approxmate engine mael. The current model for ¢h
systemis a finite thrust model with significantly lower
force than our system outputs. \Mever, since it is
modéded as a continuous thrust, therde overtime
producesimilar values. A new ma, which hasthe
higher foce impulsive maneuvers anddour waiting

period between pulses is currently being created to

operate with STK 11. Thisrew model will notchange
the trajectory in any meargful way, but rather
determine the locationd each pulsen space to her

characterize the missidrom a control perspective.
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COMMUNI CATIO NS the spacecraft. The station will also have a & for
sending commandand viewing received telemetnas
well asthe ability to have safe/unsafe commands for

h safetypurposes The advantage for this approach is that

existing equipment normally used for LEO CubeSat

missions can be repurposed fosthéw mission type.

The spacecraft communicates on the 437 MHEzcm
UHF amateur radio bandAs shown in Figure6, each
spacecrafsendsgrourd stations its acquired data, suc
as health statugosition, and attitude. Thdata isthen
sentto Cislunar Explorers Mission Control, located in
Rhodes Hall at Cornell

University. There the datasi PV
processegdarchived, and el to Gowrlink '. : | Cloud data D
determine future spaceraft N g\ archival and )
maneuvers  and missior RPN ’ ( backup )/
scheduling. The relevantions fo- ol Spacecraft - A’

are then serto thegrourd dation [ | —1 Up/Downlink H)\r/Data Transfer

from Mission Corrol which
sends the necessary commands
the Cislunar Explorer.

=
-
B
=
=
- -
-
&~

Ground Communications

Cislunar Explorers Mission
Control: Rhodes Hall,
Cornell University

The primary ground statiorfor
the missions locatedon Rhodes

Hall at Cornell University. There ;:'a':f’ Paf'é G’°:,:'|d 4| | Cislunar Explorers Ground ® Dosriinic Dule Provsesiy
is also abackup ground station | yasa wallops f'::?g:’m'?:fg:"v:'r‘;:’"°" N Il st
on BartonHall, which isrun by . gg;vnl(-:rrn ﬁTrac:sing. e Downlink: Data Acquisition : ’gg’t‘:%ma,
the amateur radio club W2CXM. | + Gk e Uplink: Command Radiation
Both spacecraft are in view O Tracking Data Reporting

. NASA CubeQuest Team
both ground statiors ~ Data - e Downlink: Prize Concurrence -—2222: E(I,an
approximately 812 hours per o Uplink: N/A 9
day depenithg on the season.  Figure 6: Communications Plan
The primary statiorés setup
includes the following . . _ )
equipment: All uplinks and downlinks are encoded \phaseshift
AYagi RHCP antenna (M2 436CP3@yr 70cm band keYing. Specifically, PSK125/250, an opsource
with 18.9dB Gain digital modulation scheme, is usedSpacecraft
A HF/ VHF/ UHF tr an2000e i v e reOMMENERigns yvij bedafagrarrbased Spacecraft
A Mausted PréAmp (SSB $-7000 downlinks will include a preamble,ysc word, time
A 1 BighoPYwver radio tinsmitter stamp, checksum, and telemetry data. For uglinle
A Ro t allerdYaese @R3PR) will send commands containing the specified flight

N ) mode, the function the flight mode should execute, and
Additionally, there are several computers with Hamthe parameters for the functionef@metry includeshe
Radio Deluxe software, capable of PSK250 signakgrthcentered inertial awdinates and attitude
demodulation, mission control software, and AZ/E'quaternion as computed by the onboargtical
Rotator control software.Because thespacecraft  npayigation system, internal temperature measurements,
communications are entirely on an amateur radio bangower production and consumption, and propellant tank
usingopensource amateur radio encoding, any suitablypressure Because the spacecraft position data is
equipped amateur radio operator could serve as a baCkBBmputed by the onboard optlcnavigation system
ground station if necessargince the spacecraft will mjssion operationavoidthe need for aadio signal to

continue to make regularodnlinks at all times, any ¢ r ack the spacecraftos positioc

amateur radio operators can receive packeat they wa | | ops F I i gnieter, FH& capablé 36 dish s
could forward to our team for assessment of spacecrafii| provide Doppler trackingand act as a baakp
health even when the spacecraft is out of sight of Ouground station Wallops will report the collected
ground station. However, the mission plan does nojstrometric data directljo NASA for the purposes of
assume or relpn the use of either downlink or uplink yerifying lunar orbit for the CubeQuest Challenge and

when the spacecraft is out\dew. The primaryground  gjiow for the verification of the Oplav System.
station utilizZs an Elasticsearch database to store all

received telemetry as well as logs of commands sent to
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While downlinked telemetry will be in the clear, security with the Raspberry Pi and power amplifier (PA). The RF
precautions are warranted on the uplink path to ensureignal enters a first stage Amplifier (ZX0L05LN+)
exclusivecontrol of the vehicle. Pending FCC approval, that sets the RF power level to 18.5dBm. This is the
cryptographic authentication will be employed for required input paver level to the PA to achieve an output
commands sent to the spacecraft. Special attention neepgswer of 7W for commuation at cislunar distances.
to be paid to how cryptographic keys arwlinters will  The PA module was developed in house aroundtage

be stored in order to prevent loss of commandindpe @ RF MOSFET  Amplifier Module (Mitsubishi
event of radiatioinduced data corruption; a suitable RAO7M4047MSA, a component with flight heritage
redundancy plan is currently being reviewed.with the ARTSAT 2misson’). The PA has an efficiency
Additionally, to minimize chances of unauthorized of 40%, so to dissipate thgenerated heat (~11W), the
attempts at communication with thpasecraft (which  ceramic substrate of the module is coated with thermally
could impair its ability to receive legitimatommands), conductive epoxy@MEGABOND 101) and fastened to
detailed trajectory and position information will only be the propellent tank. A highower SPDT RF switch
shared close to the date of downlink with organization§SKY13299321LF) is used to separate the RX and TX
that have communicated their interest in receivingsignal paths. The switds controlled by two DC voltage
packets. The Cignar Explorers Team will be soliciting lines, which are connected to the flight computer. The
and welcoming offers foalternate receiving ground TX port is connected to the PA board, the RX port to an

stations until the day of launch. LNA (ZX60-112LN+) and the RF common port
o connectsd the antenna element. The anteima half
Spacecraft Communicatiors wavelength dipke antenna (35 cm length) consist of

— two equal length®f steel spring tape with differential

' ’ " N input/output and a beam width of approximately 90
degrees. Figur8 showsthe hybrid board the anteas
are mounted toThe antenna ifolded against théong
side of each-3U spacecrafind held down bthe surface

of the CSD before deployment. The tension in the
antennas will force them to return to their optimal angle.

AMPLIFIER

————

s ‘
~Clrouits” 3 .
+5v o
ZX60-112LNe o N
g JREL finmm
1 *1o dBmmax VT

Figure 8: Hybrid Solar Panel, Antennaand Camera
Board

WATER ELECTROLYSIS PROPULSION

Figure 7: Comms Components As shown in Figure 9, the spaecraft dtairs its pwer

R ) from solar panels positioned on each face oéerior.
Thespacecraftsd communi &a tTheEPssupplids powertodwWB elécolyZBIS Jotated in
centered on the AXS043 Transceiver chip fromg waer propelant tank. The electrolyzedgaseous
AXSEM/ON Semi. Thisis an UHFtranscelverwrgh fglly hydrogeroxygen mixture is dected through the ftae
integrated RF fntend, modem, and communication arrestor intcthe canbustion cheber.Whenthe system
controller that enables register access through an SRdschesits critical pressurea glow plug is activated,
bus. It supports PSK modulation at data rates naggi \hich ignites the gaseous mixture. This éfected
fro_m 0.1 to 125 kbps with reported receiv_er sensitivity»mmug1 anozzle, producing thrusfThis process can
(without FEC) 0f-138 t0-108 dBm respectively, and a repeatfor aslong as there isufficient waterfor the
maxmum output power of 13 dBm in singgnded glectolyzersto produce gas. One of the main advantages
configuration. The comms architecture comprises a Sgif this systemis thatit only utilizes passivepressure
of components connected by F8&6 coax cales with  pearingcomponentsThe flamearrestor and check Wiz
SMA terminations. are pressurdriven, uractuateddevicesthat inhibit the
flow of hydrogen and oxygn from the combustion
chamber before performing a burks shownin Figure

A custom PCB was developed to intaré the AX5043
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10, the propulsiorsystem consists @& series ofCOTS
vacuumseded mponerg to carry the gases
products of the electrolysis proce$hefittings andtube

adatersweresourced from Swagelok, which specializes

in fluid systemcomponents.

Solar cells Nozzle expansion;
|

Liquid water tank

‘ 150 psi
B check valve

Flame
Electrolyzers afEﬂ_&L Combustion
chamber

- Process repeats

Power
distribution
system

>
>
>
>
>
>
>
>
>
>
.

Figure 9:Water Propulsion SystemDiagram

Electrolysis tkes place in aropellenttank, usng two
Horizon PEM Bue Electrolyzerghatare epoxid to the
tank lid on theside furthest from the spiaxis of the
spacecraff Eachelectrolyzerhas four prts, of which
two areinlets and twaareoutlet ports Oneinlet port of
each electrolyzerhas beenblocked with a tube cap
Doing this creates a gradieower which water can
slowly permeate the electrolyzing membrane.
Performance testig demonstted that thismproved the
rate of gas mrduction.The two dectrical termirals are
supplied with3V DC power through a PAVE electrita

feedthrougtt® This is a threaded plug with sealed wires

passing through its ceart which is screwed into &PT
port onthe tank.This is sealed ith Loctite Hysol 1C
epoxy to futher prevent anyleaks!! In order to dtach
these wires to thelectrolyzers, small 2mm threaded

banana connectors were inserted into the electrolyzerﬁtanium

and a ring terminal was secar& the connetor with a
nut. A thin layer of epoxyis coated aroundhe eletrical
terminals to Iinit exposue of these surfaces tooisture.
This helps prevent the electrical
corroding

Two additional compients interface with the tanising
NPT threding. One of these is they@ergy IFSU-
GP3006 pressurdransdaer.t? The other ompaent is

a Swagelok tube fittingwhich connects to the rest of the
propulsion system. All three components have had O
Five Thread Paste add, which actasa thread sdant.
Itis also utilizedor furtherprotectionagainsicorroson-
induced kakagse.® Additionally, a coating ofLC was
applied surrounding the threading.

interfaces from

Electrolyzer (x2)

Check valve

Pressure
Transducer

Electrical

feedthrough Glow plug

Combustion
chamber

Figure 10: Propulsion Sysem

Attached ¢ the tube fittingsasandar d 15680
steel tube. Each tube fitting has a binltcrushseal
which dfectively fuses the fitting to the tube. On the
other end of the tube is a Swagelok elbow tube fitting.
Beyondthat is a WITT Flashback Arrest85-10.1* This
component ambines threéunctions in oné it actsas a
flamearresto, atemperéure sensitive cuoff valve and

a nonreturn valve to prevergasfrom flowing in the
reverse direction On the other end of the flashback
arrestor is anber elbow tube fitting, wich is attached
to asteel tube bent at a 90° angle. This wastdispae
limitations of the system, so that the combustion
chambe could sit flush againsthe tank. Ths tube is
crushsealed to another tube fitting, which iseth
attached to the combueti chamber via NPT hreads.
Again, epoxy has been applied to thatsideof these
threads toform a seal against gas leakagéhe
combustion chamber igproduced fran 3D-printed

It was originally received as two segte
componentsthe chambr itself and a baclplate which
were welded together. A Bosch glow lyg
(#0250201032)s inserted into a port on the sidetbie
combustion chamber. Whehis componet receives a
voltage, it immediately begins to heat umlagnites the
gas mixture. Ttsbuild-up of presste due to combustion
allows the gas to pass thrdug largg Swagell check
valve (SS8CPA250) at the ou#t of the combustion
chamber. ldly, thegas is contractednd then expands
@s it exits a 3Bprinted ftanium nozzle on the othend
of the check vize. This check valve and nozzle, though
containirg NPT threads, di na have any thread lock
applied to hem, because exposure to laganges in
pressure in the eobustion chamber couldislodgethe
material.
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Figure 12 Triangulation for Position Data

Hardware

_ _ _ Each spacecrafttilizesthree Raspberry PRPi) Camera
Figure 11: Testing model of propulsion tank Module V2 sensors to detect the bodies of interest. The

The main designersichtsin the propulsion tandesign three cameras each have a field of views2R2° x 48.8°.
weretheuses of NPT threadingind3D printed titanium ~ They are positined such that together they cover a 180°
Titanium was originally chosen due its highstrengh- X 48.8° sector of space. The combined field of view and
to-weight ratio and to demonsiate an innovative SPin axis are suchdt the cameras sweep
manufacturing techgue however, its implemeation sFeradlan field of view per rotatlona_\ptured in a short
resulted in inceased cost and labor required forVidea A threeaxis gyroscopeprovides the current
developmentMore information on theitanium tanks ~ @ngular velocity required to compute the relative
can be foud in the Structuressection. Imperfections ~orientation of each frame. The flight computer can only
found in theNPT threads resuted in leakage during receive vileo from one camera at atime, so a multiplexer
testing To compensate for thisgetailed inspeans IS used to capture from each one in turn. Cameras are
wereperformed on theparts selected for the flight unit, controlled using the opesource PiCamera Python
and both OC Fivethread past andLoctite Hysd 1C ~ module, while image processing uses the Python
epay were used to seal the threads. bindings for OpenCV

OPTICAL NAVIGATION SYSTEM

The OpNav system is centered around three onboart
camera modles which take photographs tfe Sun,
Earth, and Moon. The imageandling software analyzes
these images to determine the unit vectors to eac
celestial body in the spacecraft body frame by locating
the geometric centers of all three. These measuremen
as well as the width measurents of the celestial bodies,
are used to create a transformation from the spacecre
body frame to an EariBentered Inertial (ECI) frame.
Position, velocity, and attitudedetermination are
performed by a pair of Unscented IKan Filters

(UKFs). Figure 13 Op-Nav Hardware (V1)

ImageAcquisition.

Whil e the spacecraftés spin a
achieve fullsky coverage, it also constrains exposure

times due to the resulting motion of images across the

frame. At the nominal spin rate, a light soumild

traverse the fielebf-view of a single pixel in less than 50

ps. Shutter speeds slower than this may result in motion
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blur that reduces the precision of measurements of Bython and execution on noeaktime Linux

bodydés size and | ocat i on Fo(tumately, thehcanseratmiodele fiselfetitcadsgsiab n o f
estimated spacecraftst).Fortunately, the target bodies frames with high precision, dnthe interval between

are all relatively bright, enabling short exposures andrames is precisely controlled when capturing video. The
making this system more suitable for a rapidly spinningc a mer aés c¢cl ock can al so be
craft than star trackersvhich are a far more expensivei t t o be correl ated with t
alternative Unfortunately, the dynamic range dfese for timing attitude control pulses). In this case, the
bodies is extremely large, spanning 22 stops between thieatues d COTS hobbyisgrade hardware facilitate

Sun and a quarter Moon. Given the carfesa-bil 0 the use of highevel, generapurpose languages and
analogto-digital converter no single exposure can operating systems on the flight computer, improving
capture all the information in the scene. accessibility and productivity.

gue
he o

The translation of radiance to signal in a camisra Once images are acquired, {Jpr@cessing is still
influenced by three variables: exposure time (a.k.arequired before measemerns can be made. Employing
shutter speed), aperture, and sensor gain. The RBNh activepixel CMOS sensor, the camera exhibits
camera has a minimum shutter speed of 9 ps, a fixewblling shutter effects that are pronounced at the
aperture of/2.0, and an analog gain adjustable betwees pacecr aft s spin rate. Each r
1i9.8. In terrestrial operation, an awéapcsure to read out, totaling 47nsver a fullresolution image,
algorithm coupled with automatic gain control (run on aduring which time the spacecraft rotates 16°. Correcting
continuous stream of discarded frames) sets the shuttthis effect requires accurately knowing the spin rate and
speed and gains to adapt to the scene. In space, howewaxis, which will be sensed by the-board gyroscope
the spin and high contrast interfere wittlese algorithms (with bias estimated as part of the attitude filter); lsixe
and causeunpredictat® betavior. Flight software will are then remapped to a location comeguly rotating
therefore manually set these parameters (as well as thodeir position an amount proportional to their row
for white balance) based on known radiance values anagumber.

Earthbased testing. Fortunately, thBPi userland

software was recentlupdated to allow direct setting of While correcting for rolling shutter removes most bias

gains (emoving the AGC that still runs for a fixed 1ISO). from the positions of the target bodies, their shapes will
be distorted from circles ug to their rectilinear

The measurementsperformed by the navigation projection ontoa flat sensor plane. This could reduce
algorithm requireonly highcontrast boundaries, so measurement accuracy for bodies imaged near the edges
overexposing bodies is not necessarily a problemof the frame.If the image were reprojected using a
However, exteme ovetexposure will result in lensdre,  stereographic projection, then circular bodies would be
impairing detection of the object itseEven wherusing  rendered as daifes. Converting pixel sizes to angular
the fastest shutter speed and minimum ghmSun will  sizes while not directly proportional, is straightforward
be overexposedo the RPi camerabut the flare is if pixel coordinates are normalized to fall between
manageable. The Earth and Moon are invsibl such ¢ OAT 0Ot o (whereFoVis the full field-of-view
exposures, though, and incrie@s exposure to along that axis), then a pixel diamelemeasuredor a
accommodate them leads to intense flare in the vicinitpody a distance¢ from the origin corespnds to a true

of the Sun. Taking multiple sequences of images aangular diameter of
settings adapted to each. body helps address t 2O A1 _r cOAT T - (1)
fundamental dynamic range issue. Note thatthMo on 6 s . | ) )

surface brightness varies caesiatly with observation ~Reprojection and rolling shutter compensation can be
direction (relative to the Sun), so separating Earth an€rformed as a single remapping operation. Both the
Moon exposures helps cover this range with bettefVerse stereographic and the forward gnomonic
signatto-noise as well. By using the maximum analog projections have_ simple form_ulatlons in Cartesian
gain, a quarter Moon can be isédctorily exposed at coordlnaes,_alloww_]g the_ rota_non to be naturally
shutter speeds $aerough to prevent significant motion performed via matrix multiplication. Unfortunately, the

blur, showing that the hardware is capable for thidotation amount depends on thegordinate of the pixel
application. after rotation and gnomonic projection, requiring a-per

pixel root solve. Performing pguixel operdionsin a

To relate bodies in different frames (to infer position), ag”ython loop is prohibitively slone common approach
well as to perform attitude estimation, the timinfy IS to only transform the corners of a mesh, then apply
frames captured by the camera must Kknawvn very linear remappings on the mesfguare®. Alternately,
precisely. Triggering events at such precise times fronhe problem can be cast as a large contraction in NumPy,
flight software is unrealistigiven its implementation in trading memory sage for orderof-magnitude of
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speedup. These optimiman trades are one of the body. The detector executes three masking procedures

downsides of using a dynamic language. for extracting the likely pixels for each body. For the
_ Sun, this will be all the white pixels, as it will be totally
Celestial Body Sensor white in spaceThe Earth is the only daly that will

A goal was to design a robusgorithm thatould detect contain blue pixels, so thentire spectrum blue is masked
desirel bodies inall environmentsOne of tre initial ~ for Earth detection. The Moon is composédymy and
chdlengeswas not knowing how the bodieswould ~ White colors, so they are masked out and handled
appear in the inges from our COTScameras The accordingly. We make use of the HBaturatiorValue
solution wasto design a system that would work in a (HSV) color space to facthte selection of visible light
wide variety of environmentsvith differing sensor Poundaris for each body. The masked pixels are passed
noise, changes in apparent brighssécontrastand ~ NtO the circle Hough transform along with fihened
motion blur. Several stepare required to detect the three Parameters for the transform function. In total, there are
bodies of interest and achieve nadiness.The circle ~ S€ven parameters for body detee: HSV boundary for
Hough Transform algorithris usedfor body déection ~ Masking and accumulator ratio, minimum ceet
due its relativly low computation cost and speed. It distance, canny edge detector threshold, center detection
estimateshreequantities: thecandy coordinates and #n  threshold,and theminimum andmaximum radi to be
radius of a circle. Based on edgdettion methods, the detectedThe prameters were firined byrunning the
transfom attempts to fit circles on the image by voting @90rithm on publichavailable images of theus, Moon

for likely candidates and selecting ticle with the ~ @nd Earth from prior missions such as Apollo,
most votes in an accumulator matrix. DISCOVR and Rosetta and picking those that yielded

the best fit circles
The OpenCV library implemens this algorithm in a ,
function that is esy to use. Before the algorithm can be The Moon canbe expected to hawediameter as small
run, the detector apgta-priori knowledge about each 2510 pixels. Inflight manewers will pu us on a path
body to distinguish them from one another. If the circlefoWwards the Moon, incremg its apparent diameteo t
Hough transform wrerun on the raw frae, we would hundreds of pixels across the
not be ableo tell which fitted circle belongs tolich ~ The detector must be robust to isthchange.

L2

LD

(1) Raw Frame

g0

o'

(2) Upsampled =2
[3) Upsampled x2

Figure 14: Optical Navigation Detector Pipeline
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Unfortunately, there does notist one set bparameters While the RPi camera mestexposure requirements,
that wak on all sizes of theMoon and the Earth. Brute these parameters were not evaluated when the selection
search for th optimal parameteggovedto be tmtime-  was made and were only verifiddtter. Performing
consuming Instead the parametersere fixedto work  brightness calculations up front would have reduced risk
on mediumto-large stebodies ad the image itselivas  For example,neutral dengy filters could hae been
scaled upln compute vision, a Gaussian Pynaid'®is a  considered for further reducing overexposure of the Sun,
multi-scale representation of the image used to fincdand motion blur limits could have influenced the target
objectsat different scalesLooking at Figue 14, we  spin rate. Body identification based on color filtering
upsampe the input frame (LO) as the circle Hough may also not be necessary if tiple exposure
transform parameters agasil fit to larger bodiesEach  sequences ammade (brightnessould be used instead).
frame is upsampletivice, creating levels 1 and 2 (L1, And the robustness tests used to tune algorithm
L2). Each level doulelsof the restution of the prgious  parameters could have been more physically motivated.
level. L2 is scaned for the Sun, thdoon, and the Earth.

To speed up computation, we skip processing L0 and L% significant realization was thaolling shutter effects
since the circle Hough traftsm with the selected andthe ability to corret for these effects has arge
parametersioes not provide any advantages at relativelympact on te quality of measurements and therefore
low-to-medium resolutions. The centers and radii of theplace additional requirements on spin determinatin.
Earth, SunandMoon circles are then scaled by 1/4 to the same timethe ability to do rapid, accurately timed
the original frame coordinates in LOlo test the acquisitions opens the possibility to determine spin from
robustness ofhis scheme to uncertaiasi in eposure, optical flow, possibly elirnating the needor a gyro
variations of our reference images were created with §nd its bias estimation) altogether.

range of brightness and contrast adjustments. The

detector performs reasonably weller a factor of 4 in

contrast anda range of[-20, 30] % full scalein  ATTI TUDE CONTROL SYSTEM

brightness. TheCid unar Expl orpassi@@ndAdv@ uses

Filtering for Position and Attitude methods to stabilize and control théeotation ofeach
spaceraft including spin abilization, nutation dampg

Assuming _that the uncertainty in our e_stimate isand reactin control system (RCS)These sgtems take
Gaussian, it can be represented as a covariance matrﬁijvantag@f theliquid wateron each speecraft.
This is more efficient than particle filters since we do not

have keep track of thousands of individual iB&®$.  Spin-Stabilizaion and Propellant Separation

Instead we can naw thesearch foparticles down to a

few based on the underlying distributions of theSpin-stabilization forsatellteshas ber extensivey used
uncertainty and process nagisgielding a UKFE The  since the edy daysof space exploratiomnd is well
translational measurement and dynamics models arainderstoodThe spin Hows spacecraft to act simillgrto
based on prior work done by students oa @islunar a gyroscope by maintaiing its attitude relatively il
Explorers team® without requiring multiple thrusters for contrdf. This

For attitude, the positions of the Sun, Moon and Earth SPistabiization allovs thespacecrafto be equipped

are first represented in body coordinates by subtractin ith only é’g?rR(f:S thrystdein the f?rbm of BCOZ;OId gas
their positiondn the onboard ephemeris tables from the rus_ter( . ) or attitude cattrol because there is no
satelliteds estimated -po'€quiefapyeatitugemoptipl o4y produces 3

SLTS;Z?Q@ d vi(ra];:ct)orsa E;?r:wenzggr?;rmsgi?:r %rnhde Cislunar Exploers demonstratesa new use fora
: spinning sateite architeture: the spacecrafuses the

measurements are the same set of unit vector : : A .
represented in a rotated frame. The relationship betwee?’r? ntripeta acceleation field generatd by the spinto

these frames is given by a quaternion (the state Oeparate liquid and gaseous propellams. water
interest) The UKF for estimating thigjuaternion follows lectrolysis is conducted withthe propelent tank, the

the guidance of Crassidis & MarkIéyln addition to the It?]g'a}: ir;gu;?]:jvef; eltguc;?e:ﬁgﬁgegim&?ea% Sseh%?lcii
current attitude state, our filter also estimates the bias igimplgied scher%atic of the fuél gtank and thruster
th(.a gyroscope, Whi.Ch is necessary to provide_ accuratgssembly obne of thespacecralt Water vaporcreated
;ﬁ;nnrrrlitr?ts for rolling shutter ceetion and image from liquid water using electrolyzemiustbe separated
: from the liquidbefore it can be burned ingltombustion
Lessons Learned chamber(outlined in redbn the ridnt side of Figire 15).
As the satellites spiraround the zaxis, which is

approximately alignedwith the thrust axis, the fuel
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mixture separates. Theenser water shifts to the deection of the sun bythe optical navigation system

outboard side of the &itank, while thedssden vapor
moves in towardshe spin axis A solenoid valve

between the combustiamhamber and fuel tank ensures

that oy vapor is allowd into the chamber and is
activated oncee fuel tank reaches a sefént pressure.

z

W
AV

K]

Vapor

Figure 15: Propellant Separation

Reaction Catrol System

Since the CGT is nearly at the tip of the arm of the principal Moment of Inettia tzz, kg m?

spacecraft, edn pulsecanapply alarge torque relative
to the center ofmass, resulting in sfi€ient attitude
control. Puses from the attitugthrusers are rpresented
by infinitesimally small torques, reorienting the
spacecraft to keep it properly aligned.

Q— ?
Each pacecrafhasoneCGT with 38gof CO, thatfires
parallel to the major spin and thrustaxes. Spacecraft
reolientation in any diretion is enabledby firing the
single thrusterrepeatedlyfor a finite time at agiven
post i on i n t hetatienpThis wvarks byf t
havingatorqueT on the spacecrafiroducedy theforce
exered on thesatellite bythe CGT pulse of time
durdion, t.

YO »O 3
The torqueprodued is a function ofthe radis r from
the CGT thrust veor to the spacecraftenter of mass,
andtheforce exerted byhie CGT during a puls&. The
center of nass shifts apropdlant is expenéd, sothe
effective radiusalso changes oer the course ofhe
mission.The force onproducedwascharacterized usqn
a tested model of the RCS system. phdion of the spin
during which to fire the CGT is determinedsea on the

30

00

The angulamomentun, H, duringa reorientation is as
follows.

00 YOQO (4

The path traversed byhe rotation axis during a

reorientation maeuver is a rhumbne precessiarMore
information on the ginamics of themaneuver ca be

foundhere'® Figure16 shows the impulse fronmé CGT

needed to @orient the spacecraft depkemt on a given
angular vebcity and moment of inertia, both wfich

will change oer thecourse of the missiot

Angular Impulse A L, kg m?/s

40

30

Angular Velocity o, rad/s

Figure 16. Calculated needed for

reorientation

impulse

Equation 4 also applies to reorientation torques
generated by the main electrolysis thruster, exdet t

the radius from the thrust vector to center of mass is

intentiondly minimized. With a shorteradid vector, the
net changen angular momentunis smaller; fimg the
main thruser should not re@ent the spacecraft. Due to

the shifting center afnass and assembly imperfections,

it is impossible to ensure thaft)=0 throughout the

whole mssion. Intead, to minimize the change of

dér%ction due to a burn, thmagnitude of the angular

momentum should be large compared to the torque

exerted by the force of the thruster. This provides

momentum stiffness during bureé the man thruster,
so mirimal devidion of the thrust axis away from the
desired impulse direath occurs. The satellite rotation

axis will move over the course of the mission as

propellant is expended. To reduce net torque over the

entire flight, thecenter of mass traverses ank to cros
the thrust axis when 50% of the propellant is.f&ft

The CGT propellants housed in a eland Gas cartridge
with a matching puncture valvéttached to the valve
using a Swagelok pipefittn g i s aaddof 3A®
stairless steel, which leads tbet solenoid via another
Swagelok itting. Once the CO2 cyliret is punctured
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inside the vale, the system is pressurized, and theof inertia of the CubeSatwith both empty and fll
solenoid controls the release of the ghlse solenoid propellan tanks'®

outputsto the custom 3D jmtedthruster wzzle through

an elbow pipditting. The threded fittings conecting to ~ This approximatiorof the water sloshg within the full
the puncture vak and nozzle arsealed with @ Five  fuel tank uses a mass bfkg, spherical radius & cm,

Thread PasteFigure 77 showsthe omputermodel of ~and a damper constant of 00BS This method
theassembledystem. eliminates the need for complex computational fluid

dynamis software and correspading test data to
validateresults. A Monte Carloanalysissimulatesthis
approximation wih uncertainty in spin rateand shows
thata 3UCubeSat stablizes quickly about its major axis.
The nutation angles from attitude thrusts decay to zero
due to tle Kane dampe keepimg the initial spin rate
relativdy constam to conserve momentum, shown i
Figurel9.

Passive Spin. Thruster Torque N e Poaks During

Figure 17: CGT

The 38g of GD2 can prowde 220@of reorientation, 6.1 R
times theorientation capabilityrequired to complete the r

mission. This vale was calculad by pulsing a modelof =l |
the CGT in a thermal vacuum chamber until the COzZ » ' o
canister emptied. The reorientaticapability was then  Figure 19: Exponential Decay of Nutation. Response
cakulatedusing theexperimentally determined average due to torque impulse, assuming a full propellant tank.
specific impulse of 57 seconds, and the moment arn$hown are (a) ®ponentialdecay 6the disturbed spin to
from the thrusterd the spacecraft center of mass. Thea new equibrium spinning about the principal axénd
minimum reorientation requirement was defined basedb) the nutation angl®.

on trajectory and ameuver planning.

00 B0 200 20 30 0 40 &0 w00

Propellant Consunption Considerations

COz Cartridge Puncture Valve 1/8” Tube Fitting

‘ As propellant is consum both the primary thruster
<GD |~ | Ty~ G s peilid s

o : and CGT the enterof mass of th€ubeSashifts, which

P E—— (] COxtravl i b creates a grgatempment pf 'in.erti tp resis spinni.ng'
orrntoard | smupsok i v Staines Comratied v ved path about tle major axis. To dlmlnlsh this effect, the initial
" - center ofmass has beedesignedto be located offset

o = e from the nozzle, so aggpellantis used, the centerfo

1 1 e B mass movedase to the spin axis and evently crosses
_ S vabe | E“‘?“'“f‘_'f"‘jf it. This allows he genter qf mas® be located as close
— o as it can to the axis obtation beause when half of the

. ) propellant is used, the center of mass is apinaxely
Figure 18- CGT Diagram aligned with the spin =is. Additionally, the moment of
inertia is reduced by the gaseougater dectrolysis
products moving to the combustion chamber, located
closer to thecenter of mass. Despiteigheffect, the

A key stabilizirg effect arises from thsloshing vater anaular momenturm of ea€ubeSatemairs unchanaed
within the propellenttank. As nutations occur from cold 9 ) 9
ecauseno external impulses havebeen applied.

gas thrusters, these are severely mitigated by visco%

effects from the water.This allowssubsystemso work onsequetly, the reduchon In rament dinertia causs
@e angular velocity to increase from 6 rad/s to

in synergy, because the sloshing water stabilizes th . .
gpacecraft rotatiothatin turn separate the water from approxmatly 7.5_rad/ s after propeiht consumption
This phenomenoris known as jet dampiqn  Viscous

theelectrolysis productsA Simulink modelwas able to effect of the water arossloshing motion. surface
simulate the attitudelynamics of the satellite(Figure tension behavior ana gﬂactiorsbet\?veerthe v’vater and
19), with waer sloshig being approximated as a Kane the fuel tank create this dampingeff. As fil fraction

damper. The spacecraftvasmodeledas a rigid bodyy L
tenporarily ignoring dissipated energysing moments of propellent changes, slosh amplitushereasesand

Nutation Damping
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damping coeffients areaffected as wle The most
notable changecomes from the time constant, which
indicates the thrgter déays required for reorientation
maneuvers and threst pulses. The water in the
propellent tank also segs as a partiaadiation shield,
as vater has favorable slitng properties for cosmic
radiation®® As propellent is consurdethe electronics
will lose sielding.

CHIPSATS

A small selfcontained
femtosatellite, known as a
ChipSat will be secued to
the outside surfaceof each
Cislunar Explorercraft. At
5cm by 5cm am 2.5
grams, ChipSats regsent
the current statef-the-art
small pacecraft. Each
ChipSatis simply a printed
circuit board outfitted with a suite of surfaemounted
sensors, a solar dg and a lowpower transeiver. The
purpose of #iaching these devices is to perin a
technical demonstrationf the ChipSats beyond ve
Earth obit (LEO). Though they have flowmultiple
times in LEO (on the KickSat I, KickSat Il, and \tar
missions),they have never operated altitudes above
400 km. By ataching these ChipSate the Cislunar
CubeSats, we Wiprove that the ChipSatcan opete in
the increased radiation d@mnment of cislunar space
and that they can communicatever the increased
distance. This is a ciiial denmonstration onhe pdh to
largescale planetary céence missions involving
ChipSats. The iteration of @bSat degin that will be
used is as knownsa t h e 0 NieChipSathade.a
secondary payload on @&ondary paylah They are
secured to th surface of eeh ~3U unt by a single
fastener ad epoxy. Electrical connectisrio the C&DH
will only be for radio activation and shubff as wellas
providing status
updates. Each
ChipSat is a Kapton
printed circut board.
Each carries a
CC1310 proesso
and radio, arnient
light $£nsors,
temperature sesors,
an inertial
measurement unit,
GPS reciver and
GPS antena (not ¢
be usd), solar cell,
and an embeddedISM-band antenna (915 MHz).

Figure 20: Monarch
ChipSat

Figure 22: Cislunar with
ChipSats Visible

SPACECRAFT BUS

To lower costs the S®S developed wes for the
subsystems of the Cislam Exgdorers to work together
symbiotically a key feature of he design and
functionality of the satellites. Inexpensive hobbyist and
temestrial canmercia off the shelf technology (CCH)
are useanthe Cislunar Exploresspacecrafto decreae

the cost of the mission dramaticallComponents we
evaluaéd for thér outgassingflammability, and toxicity
properties to ensurelstability aboad Artemis-1.

Figure 21: Bus Componerts Breakdown
Deployment System

Cidlunar Exporersutilizes aseparation mechanismath
leverages lementary mechanics and a burn wire to
propelspacecrafaway from eachtber. The sparation
medanism is assembled so thhe two spaecraft are
held together usingpsings and a latt mechaism that
are activatedya nichromevire wrappel in anylonline,
shown in Figure 23. Prior to activating four conical
springs aréneld ompressed between the tw@U halves
using tre latchmechanism that is helech placeby the
nylon line. The rotating slotted drum attached to the end
tab of Oxygen enclosea hantk extendng from the fuel
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