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ABSTRACT

The Orbital Express Demonstration System (OEDS)hflitest successfully demonstrated technologiesined) to
autonomously service satellites on-orbit. The missi integrated robotics solution, the Orbital Eegsr Demonstration
Manipulator System (OEDMS) developed by MDA, penfed critical flight test operations. The OEDMS caoised a
six-jointed robotic manipulator arm and its aviaicon-proprietary servicing and ORU (On-Orbit Reglble Unit)
interfaces, a vision and arm control system fopaoimous satellite capture, and a suite of Grourgin®at and Flight
Segment software allowing script generation anatetken under supervised or full autonomy. The aras wounted on
ASTRO, the servicer spacecraft developed by Boeéiing. NextSat, developed by Ball Aerospace, sergetha client
satellite. The OEDMS demonstrated two key goalthefOEDS flight test: autonomous free-flyer captame berthing
of a client satellite, and autonomous transfer BUS from servicer to client and back. The papevides a description
of the OEDMS and the key operations it performed.
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1. INTRODUCTION
1.1 Overview

DARPA'’s Orbital Express Demonstration System cosguitwo satellites, the Autonomous Space Transf&oBotic

Orbital Servicer (ASTRO) servicing vehicle and thextSat demonstration client vehicle ([1], [2]). el batellites were
launched as a mated pair on an Atlas V launch iefiom Cape Canaveral on March 8, 2007. The misslajective

was to demonstrate the technical feasibility obaotnous techniques for on-orbit satellite servicingluding satellite
refueling and a variety of robotic operations. Arekview of mission results is available at [3] 44

The Orbital Express Demonstration Manipulator Syst©EDMS), provided by MDA, was the mission’s imatgd
robotics solution. It consisted primarily of a 6-B@otary joint robotic arm, its flight avionics &iManipulator Control
Unit or MCU) and arm vision system, two On-Orbit gReceable Units (ORUs) and their spacecraft attactim
interfaces, a visual target and grapple fixturdaithsd on NextSat, and the Manipulator Ground Sagme

The OEDMS was mounted on the ASTRO. It was usezhjure and service the NextSat, a client satglhiteided by
Ball Aerospace. Using a robotic arm on-orbit, théi@l Express mission demonstrated autonomousucaptf a fully
unconstrained free-flying client satellite, autormrs transfer of a functional battery ORU betweeo spacecraft, and
autonomous transfer of a functional computer ORblesSE operations were executed as part of missiomasos that
demonstrated complete sequences of autonomouszrendg capture, berthing and ORU transfer.

All robotic operations were scripted prior to exon and performed autonomously as part of increggicomplex
mission scenarios. The arm was commanded to perfigsrioperations by either direct command from theugd, or
autonomously by the ASTRO Mission Manager softw&eenarios in the early phases of flight operationsrporated
a number of Authority to Proceed (ATP) pause poimsich required a signal to be sent from the gbtmauthorize
the ASTRO Mission Manager to continue the sequembés allowed the ground operations team to vettifgt the
scenario was proceeding as planned before congroirthe next step. Later scenarios incorporataeiféATPs. The
final scenarios were compound autonomous sequepegsyming rendezvous, capture, ORU transfer &und fransfer
without any ATPs. This paper describes the Orlaitgiress robotic operations and summarizes thetsesul

1.2 Technology Review

Free-flyer capture using a robotic arm on-orbit d@he control of robotic arms for space applicatiims topic of
considerable interest in the literature ([5], [6)here analytical, simulation and experimental itesare discussed. This



review briefly touches on just a small portion loé tbody of work in the area of space robotics aasve comparisons to
the Orbital Express mission.

The Space Shuttle’s SRMS ([7], [8]) has capturechynfiee-flying satellites, subsequently handling ttaptured
payloads and berthing them in the Shuttle paylaad B human operator controls the SRMS in a mamade for on-
orbit free-flyer capture. Perhaps the best knowrlli#® servicing missions in the human spaceflighdgram are the
periodic missions to service the Hubble Space Tefes.

Operational autonomy is important for On-Orbit $eing (OO0S). The ETS-VII mission demonstrated a hamof
autonomous satellite servicing and space robotitipodator techniques on-orbit ([9], [10], [11]). BT S-VII, a robotic
arm released a client satellite to float freelyeThotion of the client satellite was limited by @clling mechanism that
partially released for the experiment. After theerd satellite had moved approximately 20 centimsetéhe arm re-
captured it using visual servo feedback with a Zkimple period.

On Orbital Express the OEDMS performed several alisservos to capture the NextSat [12]. Four visseivo
operations were performed where the NextSat wad Hetrigidized by the ASTRO capture system. The GISD
captured the NextSat while it was fully unconstegirand free-floating twice. OEDMS was capable afoexing visual
servos with a faster update rate than the ETS-W@hotic arm, increasing the range of dynamics ardtive
misalignments that the arm could track. The OEDMs&on system maintained visual target tracking tigtmut the
entire capture operation, including rigidizatiorthe payload.

The ASTRO and NextSat were launched together Qtbital Express mission. The ASTRO capture sysedaased
and separated from the NextSat to perform unmapedations such as autonomous rendezvous and cagftorefree-
flyer capture using the OEDMS, NextSat was equippgd an OEDMS Probe Fixture Assembly (PFA), inéchglthe
target for arm visual servo. A robotic arm like tAEDMS could be equipped with an end-effector desipto interface
with pre-existing features on a satellite, withawtustom grapple fixture. Other projects have itigated the capture of
tumbling satellites or a satellite without a pretailed grapple fixture. The TEChnology SAtellitr lemonstration and
verification of Space systems (TECSAS) mission péhto launch a client and servicer satellite spdyr, to
demonstrate autonomous rendezvous and capturetwhlaling satellite with a generic grapple fixturg3], but the
project is currently on hold. The Front-end Rob®tmabling Near-term Demonstration (FREND) is depiglg a multi-
robot system to autonomously grapple tumbling Baelwithout custom grapple fixtures ([14], [15]).

Existing ORU transfer architectures are primardyrid on the International Space Station (ISS), wihieere is a range
of ORUs and ORU attachment interfaces, with difiérdignment features and stiffness propertiese@ithe variety of
ORU designs, an active Force/Moment AccommodatieklA) feature was implemented in the Special Purpose
Dexterous Manipulator (SPDM) for the performancecoftact operations such as ORU grasping and ORe&ltinn.
The FMA feature of the SPDM and its applicabiliy®RU insertion operations is described in [16] HW.

ETS-VII demonstrated interfaces and robotic cajitaslthat could be incorporated into ORU transfethitectures for
spacecraft servicing ([11]). The ETS-VII robotiecraremoved an ORU from the spacecraft and subsdguernstalled
it, using a socket tool driven by the arm’s endeefbr. The ORU was equipped with electrical/datanestors, fluid
connectors and a fluid tank to simulate ORU exckamgerations. The arm mated/demated electricalestiars on a
task board, performed peg-in-hole experiments, ldithe ability to change its end-effector. Perfagrcontact tasks
with the robotic arm required various sensor inautg calibration techniques.

Orbital Express demonstrated a complete ORU traresfehitecture with a fully functional battery OR&hd sensor
processing computer ORU ([12]). The battery ORU waegrated into the NextSat's power distributioystem,

providing power margin for unmated operations WBTRO undocked from NextSat. The AC3 ORU contaitiesl
redundant sensor processing computer, which handi¢d from sensors required for rendezvous op@stidhis

redundant AC3 ORU served as the prime sensor wimgesomputer for rendezvous scenarios executdtenater
phases of the on-orbit mission. For Orbital Expressingle ORU interface was designed for robotimpgatibility,

which enabled fully autonomous ORU transfer operetiwithout the use of an FMA feature or arm tigipon

calibration on-orbit. This “blind tip-accuracy” nietd was enabled by an ORU insertion interface githerous lead-in
geometry, knowledge of arm tip force capability, éiccuracy and tip stiffness properties, as weklrasvledge of the
as-built spacecraft dimensions. The arm designscs lead control of the ORU interface designs onit@rlExpress.
Where this is not the case, additional arm capg@slisuch as Force/Moment Accommodation, coulthbleded in the
arm control design that mission planners couldtgtease where appropriate.



2. SYSTEM DESCRIPTION
2.1 ASTRO and NextSat

The ASTRO was the servicer vehicle ([1], [2]). Itypical unmated scenario (operations where ASTR@ouaked from
NextSat), the rendezvous system flew the ASTROrautmusly while its sensors tracked the NextSaterAftation-
keeping at near-range, ASTRO initiated proximitgigiions, such as executing a fly-around of thentlsatellite. After
a fly-around, ASTRO performed station-keeping gira-defined range before entering the approachdwowrrFinal
station-keeping was performed as the ASTRO arratetlose range to NextSat. The ASTRO subsequexdiguted the
final approach, maneuvering to position the Next8ilin a desired capture envelope. The ASTRO therformed
either a direct capture using its direct capturgtesy, or a free-flyer capture using the OEDMS. ASTRO had two
ORU bays, one for a battery ORU and the other foomputer ORU. The arm was used to transfer ORtw fihe
ASTRO to NextSat and back. The ORU Interface AsdielfOIA) provided attachment interfaces for ORtsthe
spacecraft, and included electrical connectiongHertransfer of power and data.

The NextSat was the client satellite for the ASTR&vicer ([1], [2]). The NextSat could determinedarontrol its
attitude, but did not have thrusters to modifyatbit. The passive half of the ASTRO capture systeas installed on
NextSat to support direct capture, while an OEDMSown system visual target and grapple fixture \westalled on
NextSat to support free-flyer capture with the riidb@rm. The NextSat had one OIA to support a bat@RU. The
battery ORU was transferred to NextSat prior to élxecution of unmated operations, and it was ino@ied into
NextSat's electrical power and distribution system.

2.2 OEDMS

The OEDMS consisted of both a ground segment andnaorbit segment. Fig. 1 illustrates the OEDMSug and
flight segment architecture. The items shaded ue lnh this figure were supplied by MDA. The sectidoelow describe
selected components of the OEDMS.
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Fig. 1. OEDMS ground and flight segment architestur
2.2.1 Manipulator Arm Assembly (MAA)

The Mechanical Arm Assembly (see Fig. 2) was a @HDm, with the joint sequence Shoulder Yaw, SheuRitch,
Elbow Pitch, Wrist Pitch, Wrist Yaw, and Wrist RolEach joint contained a motor, brake, gearbox, position
sensors. To support the large joint travel ranggsired by mission operations, the arm was designtdoffset joints
and an external cable harness. An end-effector () mounted to the wrist cluster and formed thetithe arm. The
EE contained an over-centre mechanism called thesktoap, which captured the PFA probe tip with faws when




actuated by a plunger at the centre of the EE. @veenousetrap captured the PFA, a carriage ikEheould retract to
provide a rigid interface between the EE and thé.PFhe EE and its mousetrap grappled/released tha3t PFA,
grappled/released the ORU PFAs, and actuated tihbanesm used in the ORU latching/unlatching operati The EE
contained a Force-Moment Sensor (FMS) that was tsexbnse forces and moments at the tip of the &hm.EE
housing was also used as the mounting supporhé©EDMS Camera and Light Assembly (OLA), a compoié the
OEDMS vision system. The vision system consistethefOLA, cabling, a frame grabber in the MCU, @adtware
running on the MCU.

Fig. 2. Manipulator arm assembly (MAA) in the labreonfiguration in ground support equipment
2.2.2 Manipulator Computer Unit (MCU)

The MCU hosted the flight segment control softw@&DMS scripts and parameter files, and visionesyssoftware.
Scripts and parameter files were pre-loaded i) prior to launch, but could be updated by uplogdeplacement
files. The scripts and parameter files were usedHhay flight segment software to command and perfearious

operations. The flight segment software was resptdor controlling the MA in response to scripkegution

commands received from ASTRO. The MCU had sevendine safety checks that could inhibit power te t#rm

motors and arrest arm motion quickly through thgligption of friction brakes if an anomaly was ddésl. The MCU
also provided backup drive lines to ASTRO, so thators in the first three joints (SY, SP, EP) dmel EE could still be
driven in the event of an MCU failure.

The software could record compressed (JPEG) vidmm the OLA or VisCam3 cameras on the MCU. Imagesew
then transferred to ASTRO for storage and downlifike vision system software operated on imagesuoagtby the

frame grabber to compute a 6-DOF pose of the Néxi8a respect to the tip of the arm, which thelfli segment
software passed to its visual servo algorithm toegate arm control commands. The OEDMS mission peaformed

using a single release of the flight segment astrisystem software. Some operational work-arowel® required
during the mission, which required updates to imtlial parameter files or scripts. These files warall (typically < 10

kb). Individual files were easily uploaded to ASTR@d transferred to the MCU from the ground.

2.2.3 On-Orbit Replaceable Unit (ORU)

The ORU consisted of the ORU Container Assembly Apéand the ORU Interface Assembly (OIA) (see Fiy. The
OCA consisted of a main box, which housed the ORYgad, an interface plate that provided a strattaind electrical
connection to the ORU Interface Assembly on the RSTor NextSat spacecraft, and a grapple probe duige an
interface to the arm’s end-effector. The grapplebprfor the OCA was a modified version of the gtapgrobe on
NextSat, allowing actuation of the ORU latch medbiam The payload was mounted to the sidewall of@i@A and
connected electrically to the main connector onitkerface plate.

The OIA provided a mechanical and electrical irsteef between the OCA and the ASTRO or NextSat. ASTRO
equipped with two OlAs, while the NextSat was egeip with one. ASTRO was launched with two ORUsailhstl, one
on each OIA, a battery and the AC3 computer, wNiéxtSat was launched with its OIA unoccupied. Tseim the
OCA, cones on the OCA were seated on pins on te Ricroswitches on the OIA indicated when the O@As in the
correct position to be latched and when it had bseccessfully latched. The Ready-to-Latch (RTL) nesavitch
indication was routed from each OIA to the MCU, ahé feedback was used by the control softwarénitiate
latching. The state of the Latches Engaged (LE)a&igias evaluated after the latching operatiomsuse the OCA was
mated to the spacecraft. To unlatch and extracdDiR¥, the sequence just described was performéteireverse order,
with the MCU evaluating the microswitches to vetifie operation was proceeding as expected.



Fig. 3. ORU, OCA and OIA (from left to right). Adocking alignment features (pin/cone), B = bareghs and ready to
latch indicators (pin/plunger), C = electrical ceotor (OIA half of the connector not installed)=Dnated indicator
switches, E = launch shear features.

2.2.4 Probe Fixture Assembly (PFA)

The PFA (see Fig. 4) consisted of a compliant prgiapple body and vision target plate. The roupdf the probe
was used by the end effector mousetrap to “sofiucapthe PFA. The grapple body included 3 camsslotated at 120
degrees to provide rotational alignment featurdsvéen the arm EE and the PFA. The target plateudezl circular
features used by the OEDMS vision system to estirtiet pose of the NextSat with respect to theftipe@manipulator.

Fig. 4. Probe Fixture Assembly (PFA)
2.2.5 Manipulator Ground Segment (MGS)

The MGS was the link between the OEDMS and robatfErators on the ground. It included a groundastatomputer
and multiple display monitors, and was connectedhto Boeing ground segment (MGIA) via ethernet. 8IA
routed the relevant data between the spacecraf@3@. The MGS supported script generation, relaanpload, and
execution, as well as monitoring of real-time ahéwed telemetry from the MCU. Imagery recordedtey MCU could
be displayed synchronized with archived telemefhe MGS was used to create and upload new scrigtparameter
files during the mission when operational workamsimere required. The MGS was also used to plal tedemetry on
the digital and 3D displays, either “live” (with few seconds of latency) or post-operation with th data
downlinked from the spacecratft.

2.3 VisCam3 Camera and Light Assembly (VLA)

The VLA (see Fig. 5) consisted of an LED array andlack and white NTSC camera mounted on the ASTRO
spacecraft. The purpose of the VLA was to imageQhgtal Express Direct Capture System (OECS) fater between
ASTRO and NextSat. The MCU was used to controMbA functions, and record images.

Fig. 5. VLA front view, VLA side view



3. FLIGHT OPERATIONS
3.1 Overview

The Orbital Express on-orbit mission was executiedavseries of operational scenarios. Early opamati scenarios
were less complex, with Authority to Proceed (ATRuse points built into the autonomous sequendeg lexecuted

by the ASTRO Mission Manager software. At an ATRyund personnel were required to send a signakfiaved the

ASTRO Mission Manager to continue with the operadiosequence. As the mission progressed, operasoraarios

became increasingly complex, culminating in scasawith no ATP points that demonstrated end-to-&mwnomous
satellite servicing operations. This section désgithe results of the autonomous robotic opemtitamonstrated by
the Orbital Express mission. A description of tiverall operational steps for both free-flyer captand ORU insertion
can be found in [12].

3.2 Launch and early operations, deployment, and globalideo survey

OEDMS arm deploy occurred on March 26, 2007, witlh ASTRO and NextSat spacecraft still mated aften¢h. To
survive launch loads, the arm was restrained bgldiens designed to react shear, bending and addkl The tie-down
assemblies contained low pyro-shock separation whish released the arm from its constraints upotuadion.
Following release, a series of static checkouts peaiformed to verify functionality of the joint nws, brakes, and end-
effector. After initial checkouts in the launch igoration, the arm was commanded to deploy from l&unch
configuration through a complex series of joint imo$ to the Parked position, ready for subsequertrbit operations.
A dynamic checkout of the arm was performed, pladime arm in a pre-defined position and moving ejadtt 5
degrees in each direction. Telemetry from the aras Wownlinked and compared to dynamic simulatiota.d&his
verified the arm was performing as expected.

Backup drive functionality was to have been testedng this early checkout phase to verify the sgeaaft's ability to

control the arm by direct application of open-loggtages to the motors, and to characterize thelteg rate of joint

motion. The initial attempt at the backup driveilmation sequence was unsuccessful, as the OEDMi&&EBoReady
script timed out. The timeout occurred becauserticpdar tolerance parameter was set too tight,civliaused certain
arm commands to take longer to complete than eggdedthis issue was corrected easily with a paraniid¢eupdate,

and the sequence was performed successfully fatBeimission prior to execution of the first ORdnsfer.

The video recording and vision system were cheakgdand found to be operating nominally. The firstual servo
operation was executed, where the arm was commaodgzbroach the PFA on the NextSat in a visualsserode, and
pause at an offset from the target without makiogtact with the grapple fixture. The visual senteckout was
successful. Arm telemetry was downlinked and comgan results of a dynamic simulation of an arnuaisservo,
using MDA'’s simulation platforms. The visual seperformance matched the predictions.

NextSat Registration was performed to verify thetgaunch position and orientation of NextSat ietato ASTRO and
the arm base coordinate system. In this operaifi@narm positioned its camera over the NextSat BfF#\certain range,
and calculated the position of the NextSat witlpees to the tip of the arm end-effector. The MCUtwsare used this
information to calculate the position of the Next®dth respect to the base of the arm. The caledlaalues were then
compared to the expected values. Taking arm paosisensing and vision sensor accuracy into accadtinias
determined that the position of the NextSat PFA wékin expected tolerances after launch. This &&mgheck was
performed early in the mission as the ORU transferation relied on driving the tip of the arm iteefl positions with
respect to the arm base (i.e. a “blind” tip-accuragproach).

The flight control team then commanded the ASTR@xecute a Flight Control System modal survey, wtibe FCS
applied certain control inputs, via reaction whesld thrusters, in an attempt to excite arm flexibbdes. The data was
downlinked to characterize the impact of the armaigics on the Flight Control System and comparerdiselts to
predicted values. System performance was founcetwithin expected limits. This type of analysis veasmducted to
support the free-flyer capture operation, whereahe would be extended in a ready-for-capture guméition with its
brakes on as the ASTRO fired thrusters duringptgeach to NextSat.

With a camera at the end of the arm, the OEDMS cagsble of performing detailed image surveys ofedhs of both
ASTRO and NextSat. A series of survey sequences wrelated prior to launch, to be used in the eweahomalies, or
for confirmation of correct function. These surveyeluded scans of the OECS capture interfaced fluansfer
interface, deployable mechanisms, ORU interfacatlons, and a complete scan of both spacecragdcdiie mated



global survey. The mated global survey was an méhg lengthy and complex script. Total running tismas greater
than 1 hour, with approximately 100 targets, inglgdall deployable mechanisms, solar arrays, \@siapertures,
thrusters, grapple fixtures, ORUSs, etc. The s@@ved to exercise many arm functions, includingPDisition moves
with offset PORs and fixed-radius scans of varimtisrfaces. Later in the mission a sequence cordimgrthe arm to
scan and image the mated ASTRO-NextSat spacecitftits camera from certain vantage points was abegt A
composite photo (the “OE Family Portrait”) was donsted from the images obtained from this sequésee Fig. 6).

Photo Credit: DARPA/Boeing/MDA

Fig. 6. Composite photo of the mated ASTRO-Nexssatk on-orbit
3.3 ORU transfer operations

The Orbital Express mission included two ORUs. fitst was a battery (Batt), to demonstrate remownd replacing a
client satellite’s power source and re-integraiirigto the power subsystem. The second was arvisgmsor processing
computer (AC3), to demonstrate removal and replacerof a computer and its re-integration into thes®r processing
subsystem.

3.3.1 Battery ORU transfer operations (Scenario 0-4, 1-21-3, 3-2, 3-3 and 8-2)

The Batt ORU was launched attached to ASTRO, wihdfers performed throughout the mission in asterirections
between the ASTRO and NextSat Battery OlAs. OEDM8gmed 7 Batt ORU transfers. The Batt transféisaged

very repeatable trajectories and timing. Scendiids 1-3 and 3-3 transferred the ORU from ASTRMN&xtSat, while
scenarios 1-2 and 3-2 transferred the ORU from 8kxto ASTRO. In scenario 8-2, the ORU was transfetwice
more, from NextSat to ASTRO and then back to Next&ay. 7 illustrates the forces at the arm PORif{Pof

Resolution, its virtual tip), with the data fromveeal independent ORU insertion operations on glsigraph. The
build-up of forces as the ORU was driven from logwr, into contact all the way to the Ready-to-baiRTL) position
was very consistent. Similarly, the trajectory do¥ied by the arm from low-hover to RTL is repeataddeoss multiple
runs spanning the duration of the mission (see8&ig.

The first ORU transfer was performed at the lowesel of autonomy, requiring ATPs from the grouritea each
manipulator script. Subsequent transfers were egdcat higher levels of autonomy, culminating irvesal fully
autonomous transfers from start to finish. The momoous transfers took approximately 30 minutes feottract to
insert. With further trajectory optimization, thisne could have been significantly reduced. The aaftware tip rate
limit parameters could also have been increasedlyAis of data following the first Batt transferosted that contact
loads generated during the insertion operation wétkin predicted limits, and OCA positioning fansertion at the
OIA interface was well within the required alignnenlerances. An analysis of the arm trajectoriedree-space,
however, revealed deviations from the commandexdgstr line segments that were slightly larger thapected. These
trajectory segments had been executed with the antrol line tracking feature turned off, so thhe ton-orbit
performance of the arm could be evaluated and coadp dynamic simulation predictions in a methadi@shion
(where additional control features or compensaieee activated one at a time). Analysis of motarent signatures
and arm joint/tip trajectories indicated that thens external cable harness was slightly stiffertta¢ on-orbit
temperatures than expected, creating a non-lireafiguration dependent) external drag on indivigaats that was
slightly larger than the predicted values that baeén used for analysis and dynamic simulationss&ylent ORU
transfers were performed with the line tracking pemsators active for free-space portions of the aajectories,
improving the straight line trajectory tracking fmemance to within expected limits. After activagithe line tracking



feature for handling the ORU payload, the peak atéms from a straight line trajectory were redubgdt5% and 42%
for position and orientation, respectively, complate motion with no line tracking compensation. Slprovided a
comfortable margin to nuisance script aborts, & atm control software would halt a script if the of the arm
deviated from the commanded straight line trajgchyr more than a parameterized tolerance.

Fig. 7. ORU insertion forces at arm POR. Left figghows data from scenarios 0-4, 1-3 and 3-3 (ASTRextSat), right
figure shows data from scenarios 1-2, 3-2 and ReX{Sat to ASTRO)

Fig. 8. ORU insertion linear/angular trajectoriesn low-hover to ready-to-latch. Left figure shodata from scenarios 0-
4, 1-3 and 3-3 (ASTRO to NextSat), right figurewBalata from scenarios 1-2, 3-2 and 8-2 (NextSAS®RO)

3.3.2 Computer ORU transfer (Scenario 8-1)

The AC3 computer ORU was a fully-functional redumdsensor processing and data storage unit, irteshiato the
ASTRO sensor subsystem. Like the Batt ORU, the A@8 launched attached to ASTRO. In contrast tdBite ORU
transfers, performed between ASTRO and NextSat, ARJ transfer was demonstrated as a remove andceepl
operation on ASTRO only. Scenario 8-1 was perfornmtte as the last scenario of the mission prior to
decommissioning, as the AC3 ORU had been functgpama primary sensor computer for unmated opeatidower

on and self-test of the AC3 ORU after the finaleii®n showed the unit was fully functional andmiegrated with the
sensor processing subsystem.

3.4 Sep ring ejection (Scenario 1-1)

ASTRO and NextSat were launched mated, connectiédanstructural ring (the “Sep” ring) to bear labhroads across
the interface. The structural ring had to be epdtem the ASTRO on-orbit and the ASTRO sensoresaitecked out



before unmated operations could be performed (ASERsors were protected for launch by covers athth the
ring). The arm had to grapple NextSat and maneitieait of the way to a configuration referred tofattude D so that
the ring could be jettisoned into space. The tep of the operation was the release of the séparing band attached
to NextSat. The OECS was subsequently extendedstftacapture position so that NextSat was pustvealyadrom
ASTRO but still held loosely (de-rigidized). Thenawas commanded to autonomously visual servo tppigaand
rigidize the NextSat PFA to its end-effector. Fuling the successful visual servo and rigidizatiO&ECS released the
NextSat, leaving it grappled by the arm. This mdritee first visual servo to capture of the Next$sihg the OEDMS.

The arm was commanded to move NextSat from theqaggture position to the Attitude D configuratidnt the script
aborted by the MCU shortly after arm motion witte tNextSat payload began. The MCU software had tistea
deviation of the arm POR from the commanded sttaligle trajectory that exceeded the allowable etaderance
specified in its parameter files. The system thatated the appropriate autonomous responsesM@ecommanded
the arm to halt its motion and the ASTRO Missionnisiger paused the sequence. Solutions for this (gstreasing the
allowable trajectory tracking error and activatitige arm’s line tracking control feature for handlithe NextSat
payload) were readily available, and a small semoflified OEDMS parameter files was uploaded to M@U to
support the backup ring eject opportunity. The rdagt, the arm moved NextSat to Attitude D succdigséund held it
there to support the backup ring eject opportuniiter successful ring ejection, NextSat was mowedk to the
Preberth configuration (a configuration where thext$at was positioned in front of ASTRO’s captuystem but not
yet within its capture envelope), and from theite iposition for OECS soft-capture at the Berth @unfation. The arm
released the NextSat, and NextSat was fully matede ASTRO by the OECS. The NextSat Registratleackout was
repeated following this first re-mate to verify N8at interfaces were still within tolerances foceessful Battery ORU
transfer. Results indicated the pre-launch sciptdd still be used without modification. The ARCS&sor checkout
objectives were re-scheduled and performed prithedirst unmated operations.

3.5 ARCSS checkout and sensor test (Scenario 1-1 variah

Scenario 1-1 was repeated later (without the rjegt®n operations) to perform the ARCSS surveyioms, moving

NextSat to various extreme positions and attitudesharacterize performance of the ARCSS sensatshiid been
uncovered when the separation ring was ejectechaisof this scenario, the arm performed anothsuali servo and
capture of the static NextSat. Following capturd dgidization, the arm maneuvered NextSat toRheberth position,
just over one meter from ASTRO. From there, withTR® sensors tracking features on NextSat, the azgar
executing the first sensor checkout OEDMS scripiyimg to a configuration called X-Max, located Hgdwo meters
from ASTRO. This position represented the maximwupasation achievable while ensuring the extremiudés

required by the test could be attained by the drne arm moved NextSat laterally to four cornersadfox, near the
edge of the field-of-view of one ASTRO rendezvowenhsor. At each corner, the arm rotated NextSatutjiro
combinations of Pitch, Yaw and Roll angles to clmtkon-orbit performance of the rendezvous sengdrs.arm POR
was set to be coincident with the center of the Sp@ssive interface on NextSat, causing the baliextSat to remain
stationary, while being displaced in orientatiodyohe motions, contained within a single scrippk approximately
one hour to complete.

The ASTRO Mission Manager sequence returned thetartne Preberth position and began a second cheskopt.
The arm was commanded to the X-Max position, aathfthere through extreme angles in Pitch, Yaw, Ralil In the
Roll axis, NextSat was moved through 90 degreesn fi45 to +45. In Yaw and Pitch NextSat was movedugh -80
and +10 degrees. Motion was limited to these antglesnsure that both comfortable margin was maiethito arm
kinematic limits, and that clearance to structueswnsured.

The long duration of these manipulator scripts jmfedt opportunity to observe NextSat and its vidiargets in both
sunlight and eclipse. The sequence above was pegtbfirst in a Solar-inertial attitude, and agairan LVLH mode, to
characterize performance of the sensors underatieus lighting conditions expected during laterroated rendezvous
scenarios. Use of the arm to perform these testedas risk-reduction for rendezvous operatiotewing verification
of most ASTRO near-field relative navigation fuocts.

3.6 Visual servo operations and free-flyer capture (lanch and early operations, Scenarios 1-1, 7-1 and2-

The OEDMS performed a total of 7 visual servo oflens on-orbit. There were three different categordf visual
servo operations: (1) Visual Servo Checkout (on¢2) Static NextSat Capture (four times), and E8g¢e-Flying
NextSat Capture (twice).



3.6.1 Visual servo checkout (launch and early operations)

The first visual servo operation performed on-okkéts the visual servo checkout. The checkout iredIPFA target
acquire, track and approach, with the tip of thm aoming to rest at a pre-determined distance fiteerNextSat PFA.
This visual servo operation to a standoff positoiehtation with respect to the NextSat was exetute that
performance of the visual servo on-orbit could balwated before the arm was commanded to make atowttn the
NextSat and capture it. The visual servo checkoad wompleted successfully, and a comparison ofrbit-data to
dynamic simulations showed the OEDMS visual semidgsmance matched the predicted results.

3.6.2 Static NextSat capture (Scenario 1-1 variants: ringgject, ARCCS checkout, sensor test A and sensoste)

The next four visual servo operations involved Pfafget acquire, track, approach, capture and dgjdwhile the

NextSat was held in a derigidized state by the OEE%). 9 illustrates components of the vector frira POR (the
arm’s virtual tip frame) to the PFA target frame fhe four static NextSat capture operations (esqwd in the POR
frame in meters). Arm performance after these Visaavo operations was evaluated prior to executifotie first free-

flyer capture in Scenario 7-1. Arm visual servgectory tracking performance was found to be aglipted and very
repeatable. The misalignments between the EE andhof the NextSat PFA at the time of initial tact were well

within the required EE capture envelope. For layfdxtSat was held in a unique manner by the OFE®&owing the

first release and re-mate, OECS held NextSat climss&STRO, resulting in the Z-axis displacementrsigethe Z-axis
plot in Fig. 9.

<4— PFA captured signals (mousetrap closed signals)

Rigidization of NextSat PFA to arm EE
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Fig. 9. Vector from the arm POR to the PFA targetrfe, expressed in the POR frame in meters. Daegented for four
separate visual servo operations where the arnueapNextSat while it was held derigidized by thHeGs.

3.6.3 Free-flyer capture (Scenario 7-1 and 8-2)

In the final two visual servo operations, ASTRO ahd OEDMS captured the NextSat while it was filgexf). The
term “Free-Flyer Capture” (FFC) was used to desctite capture of a free-flying NextSat by the awhile the term
“Direct Capture” described the capture of a frgénf NextSat by the ASTRO using its OECS capturelraaism. The
operational sequence for an Orbital Express frger-tapture scenario is described in [12].

Scenario 7-1 was executed on June 22/2007, whereapproximately 18 hours, the ASTRO and the OEDM&uted
an autonomous rendezvous and capture of the NegliSat satellite (the text of this paragraph isiged from material
presented at [3] and [4]). ASTRO backed away froextiSat and retreated along the negative velocittoveto a
distance of 4 km. After reaching a turnaround po%8TRO initiated a series of maneuvers to rendegweith NextSat
for capture. As part of the rendezvous sequencd,RES stationkept at 120 meters for one orbit betoaasitioning
from 120 meters to 60 meters, entering the Nexapptoach corridor and deploying the robotic arnpri@paration for
capture. NextSat maintained a solar inertial pp@state during the approach. ASTRO positionedf iseethat NextSat
was within the capture box. The arm was then cond@drto perform a visual servo, capturing and riggigj the
NextSat to its end-effector. After capture, an amotion script commanded the arm to move NextSah¢oPreberth



position, and later to the Berth position. ASTR@isect-capture mechanism was then engaged, thereeased and
retracted, and the ASTRO and NextSat were fullyatech

The second free-flyer capture was performed asgi@tenario 8-2, the final and most challenginghated rendezvous
and capture scenario (the text of this paragrapthersved from material presented at [3] and [41).this scenario,
ASTRO demated from the NextSat and retreated alvmgegative velocity vector to a distance of 7 kipon reaching
the turnaround point, ASTRO autonomously firedlitsisters to initiate a return to the NextSat. Bgrihe rendezvous,
ASTRO demonstrated a “racetrack” mode, demonstyatie ability to perform precision standoff at mediranges,
and performed a circumnavigation of NextSat, allgvASTRO to visually inspect its client from varattitudes.
Finally, ASTRO executed a hold at 120 meters, edtéhe NextSat approach corridor and grappled Nextfh the
OEDMS. The free-flyer capture portion of the scam@&nded when the arm brought NextSat to the Ptielparsition,
and then the Berth position. The ASTRO direct-gepimechanism was then engaged, the arm releaseckimacted,
and the ASTRO and NextSat were again fully rematedllowing the unmated sequence, two battery ORidsfers
were performed, as well as fluid transfers. Sden&2 demonstrated, end-to-end, all the stepsimedjdor a satellite
servicing mission.

For free-flyer capture using the robotic arm, taferes were specified on the initial relative positbrientation and
linear/angular rates of the NextSat with respedh#otip of the arm. As ASTRO moved towards theragph corridor
from 120 meters, the arm was commanded to the yré&adree-flyer capture” configuration which pasited the tip of
the arm above a virtual “capture box” attachedhs drm base frame. ASTRO had to position itsethst the NextSat
PFA was in the “capture box”, within specified téla rates, prior to initiation of visual servo. @nASTRO positioned
itself so that NextSat was within the capture bibe, arm would have a clear view of the NextSat R¥th its vision

system camera. The arm’s vision system was thenmzomded to acquire the visual target on the NextBat visual

target plate is illustrated by Fig. 4; the ready ffee-flyer capture configuration and the “captbmx” is illustrated by
the left image of Fig. 10; arm visual servo datafrscenario 7-1 is illustrated by the right imadgéig. 10). Once the
target was acquired, the ASTRO transitioned to-thék, and the arm closed in on the NextSat toteapit in a visual
servo mode. The arm control law commanded the tamards the target based on pose estimate feedlbmokthe

vision system. Refer to [12] for additional detaif the visual servo arm control algorithm.

PFA captured signal

Rigidization of NextSat PFA to arm EE
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Fig. 10. Left: OEDMS in the ready for free-flyemtare configuration, and the capture box. Rightctéefrom arm POR to
the PFA target frame, expressed in the arm PORefiarmeters, for the free-flyer capture operatibaagnario 7-1.

4. CONCLUSIONS

DARPA's Orbital Express mission successfully dentiated the technologies required for autonomousrbit-satellite
servicing: rendezvous, capture, berthing, refgglamd component transfer. A small, lightweightvagng arm plays a
critical role for ORU transfer, and can act as ianpry or backup method for free-flyer capture aondking. Arm end-
effector tools could be provided for the actuatadrvarious interfaces on a client satellite. An azamn also perform



spacecraft inspections with a camera mounted ogritseffector. The OEDMS successfully demonstratiédf the
complex robotic tasks it was designed to perforrodait. This paper summarizes results of the kédyptiz operations.

The operations conducted for Orbital Express detnatesthat autonomous satellite servicing is tecdly feasible, a
technology that may find its place as the imporgant maintaining and expanding the capabilitiec@ihmercial or
military satellite fleets increases.
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