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ABSTRACT

The Orbital Express Demonstration System (OEDS) flight test successfully demonstrated technologies required to
autonomously service satellites on-orbit. The mission's integrated robotics solution, the Orbital Express Demonstration
Manipulator System (OEDMS) developed by MDA, performed critical flight test operations. The OEDMS comprised a
six-jointed robotic manipulator arm and its avionics, non-proprietary servicing and ORU (On-Orbit Replaceable Unit)
interfaces, a vision and arm control system for autonomous satellite capture, and a suite of Ground Segment and Flight
Segment software allowing script generation and execution under supervised or full autonomy. The arm was mounted on
ASTRO, the servicer spacecraft developed by Boeing. The NextSat, developed by Ball Aerospace, served as the client
satellite. The OEDMS demonstrated two key goals of the OEDS flight test: autonomous free-flyer capture and berthing
of a client satellite, and autonomous transfer of ORUs from servicer to client and back. The paper provides 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 comprised two satellites, the Autonomous Space Transfer & Robotic
Orbital Servicer (ASTRO) servicing vehicle and the NextSat demonstration client vehicle ([1], [2]). The satellites were
launched as a mated pair on an Atlas V launch vehicle from Cape Canaveral on March 8, 2007. The mission objective
was to demonstrate the technical feasibility of autonomous techniques for on-orbit satellite servicing, including satellite
refueling and a variety of robotic operations. An overview of mission results is available at [3] and [4].

The Orbital Express Demonstration Manipulator System (OEDMS), provided by MDA, was the mission’s integrated
robotics solution. It consisted primarily of a 6-DOF rotary joint robotic arm, its flight avionics (the Manipulator Control
Unit or MCU) and arm vision system, two On-Orbit Replaceable Units (ORUs) and their spacecraft attachment
interfaces, a visual target and grapple fixture installed on NextSat, and the Manipulator Ground Segment.

The OEDMS was mounted on the ASTRO. It was used to capture and service the NextSat, a client satellite provided by
Ball Aerospace. Using a robotic arm on-orbit, the Orbital Express mission demonstrated autonomous capture of a fully
unconstrained free-flying client satellite, autonomous transfer of a functional battery ORU between two spacecraft, and
autonomous transfer of a functional computer ORU. These operations were executed as part of mission scenarios that
demonstrated complete sequences of autonomous rendezvous, capture, berthing and ORU transfer.

All robotic operations were scripted prior to execution and performed autonomously as part of increasingly complex
mission scenarios. The arm was commanded to perform its operations by either direct command from the ground, or
autonomously by the ASTRO Mission Manager software. Scenarios in the early phases of flight operations incorporated
a number of Authority to Proceed (ATP) pause points, which required a signal to be sent from the ground to authorize
the ASTRO Mission Manager to continue the sequence. This allowed the ground operations team to verify that the
scenario was proceeding as planned before continuing to the next step. Later scenarios incorporated fewer ATPs. The
final scenarios were compound autonomous sequences, performing rendezvous, capture, ORU transfer and fluid transfer
without any ATPs. This paper describes the Orbital Express robotic operations and summarizes the results.

1.2 Technology Review

Free-flyer capture using a robotic arm on-orbit and the control of robotic arms for space applications is a topic of
considerable interest in the literature ([5], [6]), where analytical, simulation and experimental results are discussed. This
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review briefly touches on just a small portion of the body of work in the area of space robotics and draws comparisons to
the Orbital Express mission.

The Space Shuttle’s SRMS ([7], [8]) has captured many free-flying satellites, subsequently handling the captured
payloads and berthing them in the Shuttle payload bay. A human operator controls the SRMS in a manual mode for on-
orbit free-flyer capture. Perhaps the best known satellite servicing missions in the human spaceflight program are the
periodic missions to service the Hubble Space Telescope.

Operational autonomy is important for On-Orbit Servicing (OOS). The ETS-VII mission demonstrated a number of
autonomous satellite servicing and space robotic manipulator techniques on-orbit ([9], [10], [11]). On ETS-VII, a robotic
arm released a client satellite to float freely. The motion of the client satellite was limited by a docking mechanism that
partially released for the experiment. After the client satellite had moved approximately 20 centimeters, the arm re-
captured it using visual servo feedback with a 2 Hz sample period.

On Orbital Express the OEDMS performed several visual servos to capture the NextSat [12]. Four visual servo
operations were performed where the NextSat was held de-rigidized by the ASTRO capture system. The OEDMS
captured the NextSat while it was fully unconstrained and free-floating twice. OEDMS was capable of executing visual
servos with a faster update rate than the ETS-VII robotic arm, increasing the range of dynamics and relative
misalignments that the arm could track. The OEDMS vision system maintained visual target tracking throughout the
entire capture operation, including rigidization to the payload.

The ASTRO and NextSat were launched together for the Orbital Express mission. The ASTRO capture system released
and separated from the NextSat to perform unmated operations such as autonomous rendezvous and capture. For free-
flyer capture using the OEDMS, NextSat was equipped with an OEDMS Probe Fixture Assembly (PFA), including the
target for arm visual servo. A robotic arm like the OEDMS could be equipped with an end-effector designed to interface
with pre-existing features on a satellite, without a custom grapple fixture. Other projects have investigated the capture of
tumbling satellites or a satellite without a pre-installed grapple fixture. The TEChnology SAtellite for demonstration and
verification of Space systems (TECSAS) mission planned to launch a client and servicer satellite separately, to
demonstrate autonomous rendezvous and capture of a tumbling satellite with a generic grapple fixture [13], but the
project is currently on hold. The Front-end Robotics Enabling Near-term Demonstration (FREND) is developing a multi-
robot system to autonomously grapple tumbling satellites without custom grapple fixtures ([14], [15]).

Existing ORU transfer architectures are primarily found on the International Space Station (ISS), where there is a range
of ORUs and ORU attachment interfaces, with different alignment features and stiffness properties. Given the variety of
ORU designs, an active Force/Moment Accommodation (FMA) feature was implemented in the Special Purpose
Dexterous Manipulator (SPDM) for the performance of contact operations such as ORU grasping and ORU insertion.
The FMA feature of the SPDM and its applicability to ORU insertion operations is described in [16] and [17].

ETS-VII demonstrated interfaces and robotic capabilities that could be incorporated into ORU transfer architectures for
spacecraft servicing ([11]). The ETS-VII robotic arm removed an ORU from the spacecraft and subsequently re-installed
it, using a socket tool driven by the arm’s end-effector. The ORU was equipped with electrical/data connectors, fluid
connectors and a fluid tank to simulate ORU exchange operations. The arm mated/demated electrical connectors on a
task board, performed peg-in-hole experiments, and had the ability to change its end-effector. Performing contact tasks
with the robotic arm required various sensor inputs and calibration techniques.

Orbital Express demonstrated a complete ORU transfer architecture with a fully functional battery ORU and sensor
processing computer ORU ([12]). The battery ORU was integrated into the NextSat’s power distribution system,
providing power margin for unmated operations with ASTRO undocked from NextSat. The AC3 ORU contained the
redundant sensor processing computer, which handled data from sensors required for rendezvous operations. This
redundant AC3 ORU served as the prime sensor processing computer for rendezvous scenarios executed in the later
phases of the on-orbit mission. For Orbital Express, a single ORU interface was designed for robotic compatibility,
which enabled fully autonomous ORU transfer operations without the use of an FMA feature or arm tip position
calibration on-orbit. This “blind tip-accuracy” method was enabled by an ORU insertion interface with generous lead-in
geometry, knowledge of arm tip force capability, tip accuracy and tip stiffness properties, as well as knowledge of the
as-built spacecraft dimensions. The arm designers also had control of the ORU interface designs on Orbital Express.
Where this is not the case, additional arm capabilities, such as Force/Moment Accommodation, could be included in the
arm control design that mission planners could elect to use where appropriate.
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2. SYSTEM DESCRIPTION
2.1 ASTRO and NextSat

The ASTRO was the servicer vehicle ([1], [2]). In a typical unmated scenario (operations where ASTRO undocked from
NextSat), the rendezvous system flew the ASTRO autonomously while its sensors tracked the NextSat. After station-
keeping at near-range, ASTRO initiated proximity operations, such as executing a fly-around of the client satellite. After
a fly-around, ASTRO performed station-keeping at a pre-defined range before entering the approach corridor. Final
station-keeping was performed as the ASTRO arrived at close range to NextSat. The ASTRO subsequently executed the
final approach, maneuvering to position the NextSat within a desired capture envelope. The ASTRO then performed
either a direct capture using its direct capture system, or a free-flyer capture using the OEDMS. The ASTRO had two
ORU bays, one for a battery ORU and the other for a computer ORU. The arm was used to transfer ORUs from the
ASTRO to NextSat and back. The ORU Interface Assemblies (OIA) provided attachment interfaces for ORUs on the
spacecraft, and included electrical connections for the transfer of power and data.

The NextSat was the client satellite for the ASTRO servicer ([1], [2]). The NextSat could determine and control its
attitude, but did not have thrusters to modify its orbit. The passive half of the ASTRO capture system was installed on
NextSat to support direct capture, while an OEDMS vision system visual target and grapple fixture was installed on
NextSat to support free-flyer capture with the robotic arm. The NextSat had one OIA to support a battery ORU. The
battery ORU was transferred to NextSat prior to the execution of unmated operations, and it was incorporated into
NextSat’s electrical power and distribution system.

2.2 OEDMS

The OEDMS consisted of both a ground segment and an on-orbit segment. Fig. 1 illustrates the OEDMS ground and
flight segment architecture. The items shaded in blue in this figure were supplied by MDA. The sections below describe
selected components of the OEDMS.
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Fig. 1. OEDMS ground and flight segment architecture
2.2.1 Manipulator Arm Assembly (MAA)

The Mechanical Arm Assembly (see Fig. 2) was a 6-DOF arm, with the joint sequence Shoulder Yaw, Shoulder Pitch,
Elbow Pitch, Wrist Pitch, Wrist Yaw, and Wrist Roll. Each joint contained a motor, brake, gearbox, and position
sensors. To support the large joint travel ranges required by mission operations, the arm was designed with offset joints
and an external cable harness. An end-effector (EE) was mounted to the wrist cluster and formed the tip of the arm. The
EE contained an over-centre mechanism called the Mousetrap, which captured the PFA probe tip with two jaws when
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actuated by a plunger at the centre of the EE. Once the mousetrap captured the PFA, a carriage in the EE would retract to
provide a rigid interface between the EE and the PFA. The EE and its mousetrap grappled/released the NextSat PFA,
grappled/released the ORU PFAs, and actuated the mechanism used in the ORU latching/unlatching operations. The EE
contained a Force-Moment Sensor (FMS) that was used to sense forces and moments at the tip of the arm. The EE
housing was also used as the mounting support for the OEDMS Camera and Light Assembly (OLA), a component of the
OEDMS vision system. The vision system consisted of the OLA, cabling, a frame grabber in the MCU, and software
running on the MCU.

&

= H

Fig. 2. Manipulator arm assembly (MAA) in the launch configuration in ground support equipment

2.2.2 Manipulator Computer Unit (MCU)

|

The MCU hosted the flight segment control software, OEDMS scripts and parameter files, and vision system software.
Scripts and parameter files were pre-loaded in the MCU prior to launch, but could be updated by uploading replacement
files. The scripts and parameter files were used by the flight segment software to command and perform various
operations. The flight segment software was responsible for controlling the MA in response to script execution
commands received from ASTRO. The MCU had several on-line safety checks that could inhibit power to the arm
motors and arrest arm motion quickly through the application of friction brakes if an anomaly was detected. The MCU
also provided backup drive lines to ASTRO, so that motors in the first three joints (SY, SP, EP) and the EE could still be
driven in the event of an MCU failure.

The software could record compressed (JPEG) video from the OLA or VisCam3 cameras on the MCU. Images were
then transferred to ASTRO for storage and downlink. The vision system software operated on images captured by the
frame grabber to compute a 6-DOF pose of the NextSat with respect to the tip of the arm, which the flight segment
software passed to its visual servo algorithm to generate arm control commands. The OEDMS mission was performed
using a single release of the flight segment and vision system software. Some operational work-arounds were required
during the mission, which required updates to individual parameter files or scripts. These files were small (typically < 10
kb). Individual files were easily uploaded to ASTRO and transferred to the MCU from the ground.

2.2.3 On-Orbit Replaceable Unit (ORU)

The ORU consisted of the ORU Container Assembly (OCA) and the ORU Interface Assembly (OIA) (see Fig. 3). The
OCA consisted of a main box, which housed the ORU payload, an interface plate that provided a structural and electrical
connection to the ORU Interface Assembly on the ASTRO or NextSat spacecraft, and a grapple probe to provide an
interface to the arm’s end-effector. The grapple probe for the OCA was a modified version of the grapple probe on
NextSat, allowing actuation of the ORU latch mechanism. The payload was mounted to the sidewall of the OCA and
connected electrically to the main connector on the interface plate.

The OIA provided a mechanical and electrical interface between the OCA and the ASTRO or NextSat. ASTRO was
equipped with two OIAs, while the NextSat was equipped with one. ASTRO was launched with two ORUs installed, one
on each OIA, a battery and the AC3 computer, while NextSat was launched with its OIA unoccupied. To insert the
OCA, cones on the OCA were seated on pins on the OIA. Microswitches on the OIA indicated when the OCA was in the
correct position to be latched and when it had been successfully latched. The Ready-to-Latch (RTL) microswitch
indication was routed from each OIA to the MCU, and this feedback was used by the control software to initiate
latching. The state of the Latches Engaged (LE) signal was evaluated after the latching operation to ensure the OCA was
mated to the spacecraft. To unlatch and extract the ORU, the sequence just described was performed in the reverse order,
with the MCU evaluating the microswitches to verify the operation was proceeding as expected.
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Fig. 3. ORU, OCA and OIA (from left to right). A = docking alignment features (pin/cone), B = barrel cams and ready to
latch indicators (pin/plunger), C = electrical connector (OIA half of the connector not installed), D = mated indicator
switches, E = launch shear features.

2.2.4 Probe Fixture Assembly (PFA)

The PFA (see Fig. 4) consisted of a compliant probe, grapple body and vision target plate. The round tip of the probe
was used by the end effector mousetrap to “soft capture” the PFA. The grapple body included 3 cam slots located at 120
degrees to provide rotational alignment features between the arm EE and the PFA. The target plate included circular
features used by the OEDMS vision system to estimate the pose of the NextSat with respect to the tip of the manipulator.

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

The MGS was the link between the OEDMS and robotics operators on the ground. It included a ground station computer
and multiple display monitors, and was connected to the Boeing ground segment (MGIA) via ethernet. The MGIA
routed the relevant data between the spacecraft and MGS. The MGS supported script generation, rehearsal, upload, and
execution, as well as monitoring of real-time or archived telemetry from the MCU. Imagery recorded by the MCU could
be displayed synchronized with archived telemetry. The MGS was used to create and upload new scripts and parameter
files during the mission when operational workarounds were required. The MGS was also used to play back telemetry on
the digital and 3D displays, either “live” (with a few seconds of latency) or post-operation with archived data
downlinked from the spacecraft.

2.3 VisCam3 Camera and Light Assembly (VLA)

The VLA (see Fig. 5) consisted of an LED array and a black and white NTSC camera mounted on the ASTRO
spacecraft. The purpose of the VLA was to image the Orbital Express Direct Capture System (OECS) interface between
ASTRO and NextSat. The MCU was used to control the VLA functions, and record images.

Fig. 5. VLA front view, VLA side view
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3. FLIGHT OPERATIONS

3.1 Overview

The Orbital Express on-orbit mission was executed via a series of operational scenarios. Early operational scenarios
were less complex, with Authority to Proceed (ATP) pause points built into the autonomous sequences being executed
by the ASTRO Mission Manager software. At an ATP, ground personnel were required to send a signal that allowed the
ASTRO Mission Manager to continue with the operational sequence. As the mission progressed, operational scenarios
became increasingly complex, culminating in scenarios with no ATP points that demonstrated end-to-end autonomous
satellite servicing operations. This section describes the results of the autonomous robotic operations demonstrated by
the Orbital Express mission. A description of the overall operational steps for both free-flyer capture and ORU insertion
can be found in [12].

3.2 Launch and early operations, deployment, and global video survey

OEDMS arm deploy occurred on March 26, 2007, with the ASTRO and NextSat spacecraft still mated after launch. To
survive launch loads, the arm was restrained by tie-downs designed to react shear, bending and axial loads. The tie-down
assemblies contained low pyro-shock separation nuts which released the arm from its constraints upon actuation.
Following release, a series of static checkouts was performed to verify functionality of the joint motors, brakes, and end-
effector. After initial checkouts in the launch configuration, the arm was commanded to deploy from its launch
configuration through a complex series of joint motions to the Parked position, ready for subsequent on-orbit operations.
A dynamic checkout of the arm was performed, placing the arm in a pre-defined position and moving each joint 5
degrees in each direction. Telemetry from the arm was downlinked and compared to dynamic simulation data. This
verified the arm was performing as expected.

Backup drive functionality was to have been tested during this early checkout phase to verify the spacecraft’s ability to
control the arm by direct application of open-loop voltages to the motors, and to characterize the resulting rate of joint
motion. The initial attempt at the backup drive calibration sequence was unsuccessful, as the OEDMS ParkedToReady
script timed out. The timeout occurred because a particular tolerance parameter was set too tight, which caused certain
arm commands to take longer to complete than expected. This issue was corrected easily with a parameter file update,
and the sequence was performed successfully later in the mission prior to execution of the first ORU transfer.

The video recording and vision system were checked out and found to be operating nominally. The first visual servo
operation was executed, where the arm was commanded to approach the PFA on the NextSat in a visual servo mode, and
pause at an offset from the target without making contact with the grapple fixture. The visual servo checkout was
successful. Arm telemetry was downlinked and compared to results of a dynamic simulation of an arm visual servo,
using MDA'’s simulation platforms. The visual servo performance matched the predictions.

NextSat Registration was performed to verify the post-launch position and orientation of NextSat relative to ASTRO and
the arm base coordinate system. In this operation, the arm positioned its camera over the NextSat PFA at a certain range,
and calculated the position of the NextSat with respect to the tip of the arm end-effector. The MCU software used this
information to calculate the position of the NextSat with respect to the base of the arm. The calculated values were then
compared to the expected values. Taking arm position sensing and vision sensor accuracy into account, it was
determined that the position of the NextSat PFA was within expected tolerances after launch. This simple check was
performed early in the mission as the ORU transfer operation relied on driving the tip of the arm to fixed positions with
respect to the arm base (i.e. a “blind” tip-accuracy approach).

The flight control team then commanded the ASTRO to execute a Flight Control System modal survey, where the FCS
applied certain control inputs, via reaction wheels and thrusters, in an attempt to excite arm flexible modes. The data was
downlinked to characterize the impact of the arm dynamics on the Flight Control System and compare the results to
predicted values. System performance was found to be within expected limits. This type of analysis was conducted to
support the free-flyer capture operation, where the arm would be extended in a ready-for-capture configuration with its
brakes on as the ASTRO fired thrusters during its approach to NextSat.

With a camera at the end of the arm, the OEDMS was capable of performing detailed image surveys of all areas of both
ASTRO and NextSat. A series of survey sequences were created prior to launch, to be used in the event of anomalies, or
for confirmation of correct function. These surveys included scans of the OECS capture interface, fluid transfer
interface, deployable mechanisms, ORU interface locations, and a complete scan of both spacecraft called the mated
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global survey. The mated global survey was an extremely lengthy and complex script. Total running time was greater
than 1 hour, with approximately 100 targets, including all deployable mechanisms, solar arrays, visible apertures,
thrusters, grapple fixtures, ORUs, etc. The script served to exercise many arm functions, including TipPosition moves
with offset PORs and fixed-radius scans of various interfaces. Later in the mission a sequence commanding the arm to
scan and image the mated ASTRO-NextSat spacecraft with its camera from certain vantage points was executed. A
composite photo (the “OE Family Portrait”) was constructed from the images obtained from this sequence (see Fig. 6).

Photo Credit: DARPA/Boeing/MDA

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

The Orbital Express mission included two ORUs. The first was a battery (Batt), to demonstrate removing and replacing a
client satellite’s power source and re-integrating it into the power subsystem. The second was a vision sensor processing
computer (AC3), to demonstrate removal and replacement of a computer and its re-integration into the sensor processing
subsystem.

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

The Batt ORU was launched attached to ASTRO, with transfers performed throughout the mission in alternate directions
between the ASTRO and NextSat Battery OIAs. OEDMS performed 7 Batt ORU transfers. The Batt transfers showed
very repeatable trajectories and timing. Scenarios 0-4, 1-3 and 3-3 transferred the ORU from ASTRO to NextSat, while
scenarios 1-2 and 3-2 transferred the ORU from NextSat to ASTRO. In scenario 8-2, the ORU was transferred twice
more, from NextSat to ASTRO and then back to NextSat. Fig. 7 illustrates the forces at the arm POR (Point of
Resolution, its virtual tip), with the data from several independent ORU insertion operations on a single graph. The
build-up of forces as the ORU was driven from low-hover, into contact all the way to the Ready-to-Latch (RTL) position
was very consistent. Similarly, the trajectory followed by the arm from low-hover to RTL is repeatable across multiple
runs spanning the duration of the mission (see Fig. 8).

The first ORU transfer was performed at the lowest level of autonomy, requiring ATPs from the ground after each
manipulator script. Subsequent transfers were executed at higher levels of autonomy, culminating in several fully
autonomous transfers from start to finish. The autonomous transfers took approximately 30 minutes from extract to
insert. With further trajectory optimization, this time could have been significantly reduced. The arm software tip rate
limit parameters could also have been increased. Analysis of data following the first Batt transfer showed that contact
loads generated during the insertion operation were within predicted limits, and OCA positioning for insertion at the
OIA interface was well within the required alignment tolerances. An analysis of the arm trajectories in free-space,
however, revealed deviations from the commanded straight line segments that were slightly larger than expected. These
trajectory segments had been executed with the arm control line tracking feature turned off, so that the on-orbit
performance of the arm could be evaluated and compared to dynamic simulation predictions in a methodical fashion
(where additional control features or compensators were activated one at a time). Analysis of motor current signatures
and arm joint/tip trajectories indicated that the arm’s external cable harness was slightly stiffer at the on-orbit
temperatures than expected, creating a non-linear (configuration dependent) external drag on individual joints that was
slightly larger than the predicted values that had been used for analysis and dynamic simulations. Subsequent ORU
transfers were performed with the line tracking compensators active for free-space portions of the arm trajectories,
improving the straight line trajectory tracking performance to within expected limits. After activating the line tracking
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feature for handling the ORU payload, the peak deviations from a straight line trajectory were reduced by 45% and 42%
for position and orientation, respectively, compared to motion with no line tracking compensation. This provided a
comfortable margin to nuisance script aborts, as the arm control software would halt a script if the tip of the arm
deviated from the commanded straight line trajectory by more than a parameterized tolerance.

POR Forces at Insert (blue = Sc0-4, red = Sc1-3, green = 5c3-3) POR Forces at Insert (blue = Sc1-2, red = Sc3-2, green = Sc8-2)
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Fig. 7. ORU insertion forces at arm POR. Left figure shows data from scenarios 0-4, 1-3 and 3-3 (ASTRO to NextSat), right
figure shows data from scenarios 1-2, 3-2 and 8-2 (NextSat to ASTRO)
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Fig. 8. ORU insertion linear/angular trajectories from low-hover to ready-to-latch. Left figure shows data from scenarios 0-
4, 1-3 and 3-3 (ASTRO to NextSat), right figure shows data from scenarios 1-2, 3-2 and 8-2 (NextSat to ASTRO)

3.3.2 Computer ORU transfer (Scenario 8-1)

The AC3 computer ORU was a fully-functional redundant sensor processing and data storage unit, integrated into the
ASTRO sensor subsystem. Like the Batt ORU, the AC3 was launched attached to ASTRO. In contrast to the Batt ORU
transfers, performed between ASTRO and NextSat, AC3 ORU transfer was demonstrated as a remove and replace
operation on ASTRO only. Scenario 8-1 was performed once as the last scenario of the mission prior to
decommissioning, as the AC3 ORU had been functioning as a primary sensor computer for unmated operations. Power
on and self-test of the AC3 ORU after the final insertion showed the unit was fully functional and re-integrated with the
sensor processing subsystem.

3.4 Sep ring ejection (Scenario 1-1)

ASTRO and NextSat were launched mated, connected with a structural ring (the “Sep” ring) to bear launch loads across
the interface. The structural ring had to be ejected from the ASTRO on-orbit and the ASTRO sensor suite checked out
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before unmated operations could be performed (ASTRO sensors were protected for launch by covers attached to the
ring). The arm had to grapple NextSat and maneuver it out of the way to a configuration referred to as Attitude D so that
the ring could be jettisoned into space. The first step of the operation was the release of the separation ring band attached
to NextSat. The OECS was subsequently extended to a soft-capture position so that NextSat was pushed away from
ASTRO but still held loosely (de-rigidized). The arm was commanded to autonomously visual servo to grapple and
rigidize the NextSat PFA to its end-effector. Following the successful visual servo and rigidization, OECS released the
NextSat, leaving it grappled by the arm. This marked the first visual servo to capture of the NextSat using the OEDMS.

The arm was commanded to move NextSat from the post-capture position to the Attitude D configuration, but the script
aborted by the MCU shortly after arm motion with the NextSat payload began. The MCU software had detected a
deviation of the arm POR from the commanded straight line trajectory that exceeded the allowable error tolerance
specified in its parameter files. The system then executed the appropriate autonomous responses — the MCU commanded
the arm to halt its motion and the ASTRO Mission Manager paused the sequence. Solutions for this issue (increasing the
allowable trajectory tracking error and activating the arm’s line tracking control feature for handling the NextSat
payload) were readily available, and a small set of modified OEDMS parameter files was uploaded to the MCU to
support the backup ring eject opportunity. The next day, the arm moved NextSat to Attitude D successfully and held it
there to support the backup ring eject opportunity. After successful ring ejection, NextSat was moved back to the
Preberth configuration (a configuration where the NextSat was positioned in front of ASTRO’s capture system but not
yet within its capture envelope), and from there into position for OECS soft-capture at the Berth configuration. The arm
released the NextSat, and NextSat was fully mated to the ASTRO by the OECS. The NextSat Registration checkout was
repeated following this first re-mate to verify NextSat interfaces were still within tolerances for successful Battery ORU
transfer. Results indicated the pre-launch scripts could still be used without modification. The ARCSS sensor checkout
objectives were re-scheduled and performed prior to the first unmated operations.

3.5 ARCSS checkout and sensor test (Scenario 1-1 variants)

Scenario 1-1 was repeated later (without the ring ejection operations) to perform the ARCSS survey motions, moving
NextSat to various extreme positions and attitudes to characterize performance of the ARCSS sensors that had been
uncovered when the separation ring was ejected. As part of this scenario, the arm performed another visual servo and
capture of the static NextSat. Following capture and rigidization, the arm maneuvered NextSat to the Preberth position,
just over one meter from ASTRO. From there, with ASTRO sensors tracking features on NextSat, the arm began
executing the first sensor checkout OEDMS script, moving to a configuration called X-Max, located nearly two meters
from ASTRO. This position represented the maximum separation achievable while ensuring the extreme attitudes
required by the test could be attained by the arm. The arm moved NextSat laterally to four corners of a box, near the
edge of the field-of-view of one ASTRO rendezvous sensor. At each corner, the arm rotated NextSat through
combinations of Pitch, Yaw and Roll angles to checkout on-orbit performance of the rendezvous sensors. The arm POR
was set to be coincident with the center of the OECS passive interface on NextSat, causing the base of NextSat to remain
stationary, while being displaced in orientation only. The motions, contained within a single script, took approximately
one hour to complete.

The ASTRO Mission Manager sequence returned the arm to the Preberth position and began a second checkout script.
The arm was commanded to the X-Max position, and from there through extreme angles in Pitch, Yaw, and Roll. In the
Roll axis, NextSat was moved through 90 degrees, from -45 to +45. In Yaw and Pitch NextSat was moved through -80
and +10 degrees. Motion was limited to these angles to ensure that both comfortable margin was maintained to arm
kinematic limits, and that clearance to structure was ensured.

The long duration of these manipulator scripts provided opportunity to observe NextSat and its vision targets in both
sunlight and eclipse. The sequence above was performed first in a Solar-inertial attitude, and again in an LVLH mode, to
characterize performance of the sensors under the various lighting conditions expected during later un-mated rendezvous
scenarios. Use of the arm to perform these tests served as risk-reduction for rendezvous operations, allowing verification
of most ASTRO near-field relative navigation functions.

3.6 Visual servo operations and free-flyer capture (launch and early operations, Scenarios 1-1, 7-1 and 8-2)

The OEDMS performed a total of 7 visual servo operations on-orbit. There were three different categories of visual
servo operations: (1) Visual Servo Checkout (once), (2) Static NextSat Capture (four times), and (3) Free-Flying
NextSat Capture (twice).
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3.6.1 Visual servo checkout (launch and early operations)

The first visual servo operation performed on-orbit was the visual servo checkout. The checkout involved PFA target
acquire, track and approach, with the tip of the arm coming to rest at a pre-determined distance from the NextSat PFA.
This visual servo operation to a standoff position/orientation with respect to the NextSat was executed so that
performance of the visual servo on-orbit could be evaluated before the arm was commanded to make contact with the
NextSat and capture it. The visual servo checkout was completed successfully, and a comparison of on-orbit data to
dynamic simulations showed the OEDMS visual servo performance matched the predicted results.

3.6.2 Static NextSat capture (Scenario 1-1 variants: ring eject, ARCCS checkout, sensor test A and sensor test B)

The next four visual servo operations involved PFA target acquire, track, approach, capture and rigidize, while the
NextSat was held in a derigidized state by the OECS. Fig. 9 illustrates components of the vector from the POR (the
arm’s virtual tip frame) to the PFA target frame for the four static NextSat capture operations (expressed in the POR
frame in meters). Arm performance after these visual servo operations was evaluated prior to execution of the first free-
flyer capture in Scenario 7-1. Arm visual servo trajectory tracking performance was found to be as predicted and very
repeatable. The misalignments between the EE and the tip of the NextSat PFA at the time of initial contact were well
within the required EE capture envelope. For launch, NextSat was held in a unique manner by the OECS. Following the
first release and re-mate, OECS held NextSat closer to ASTRO, resulting in the Z-axis displacement seen in the Z-axis
plot in Fig. 9.
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Fig. 9. Vector from the arm POR to the PFA target frame, expressed in the POR frame in meters. Data is presented for four
separate visual servo operations where the arm captured NextSat while it was held derigidized by the OECS.

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

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

Scenario 7-1 was executed on June 22/2007, where over approximately 18 hours, the ASTRO and the OEDMS executed
an autonomous rendezvous and capture of the NextSat client satellite (the text of this paragraph is derived from material
presented at [3] and [4]). ASTRO backed away from NextSat and retreated along the negative velocity vector to a
distance of 4 km. After reaching a turnaround point, ASTRO initiated a series of maneuvers to rendezvous with NextSat
for capture. As part of the rendezvous sequence, ASTRO stationkept at 120 meters for one orbit before transitioning
from 120 meters to 60 meters, entering the NextSat approach corridor and deploying the robotic arm in preparation for
capture. NextSat maintained a solar inertial pointing state during the approach. ASTRO positioned itself so that NextSat
was within the capture box. The arm was then commanded to perform a visual servo, capturing and rigidizing the
NextSat to its end-effector. After capture, an arm motion script commanded the arm to move NextSat to the Preberth
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position, and later to the Berth position. ASTRO’s direct-capture mechanism was then engaged, the arm released and
retracted, and the ASTRO and NextSat were fully remated.

The second free-flyer capture was performed as part of Scenario 8-2, the final and most challenging unmated rendezvous
and capture scenario (the text of this paragraph is derived from material presented at [3] and [4]). In this scenario,
ASTRO demated from the NextSat and retreated along the negative velocity vector to a distance of 7 km. Upon reaching
the turnaround point, ASTRO autonomously fired its thrusters to initiate a return to the NextSat. During the rendezvous,
ASTRO demonstrated a “racetrack” mode, demonstrating the ability to perform precision standoff at medium ranges,
and performed a circumnavigation of NextSat, allowing ASTRO to visually inspect its client from various attitudes.
Finally, ASTRO executed a hold at 120 meters, entered the NextSat approach corridor and grappled NextSat with the
OEDMS. The free-flyer capture portion of the scenario ended when the arm brought NextSat to the Preberth position,
and then the Berth position. The ASTRO direct-capture mechanism was then engaged, the arm released and retracted,
and the ASTRO and NextSat were again fully remated. Following the unmated sequence, two battery ORU transfers
were performed, as well as fluid transfers. Scenario 8-2 demonstrated, end-to-end, all the steps required for a satellite
servicing mission.

For free-flyer capture using the robotic arm, tolerances were specified on the initial relative position/orientation and
linear/angular rates of the NextSat with respect to the tip of the arm. As ASTRO moved towards the approach corridor
from 120 meters, the arm was commanded to the “ready for free-flyer capture” configuration which positioned the tip of
the arm above a virtual “capture box™ attached to the arm base frame. ASTRO had to position itself so that the NextSat
PFA was in the “capture box”, within specified relative rates, prior to initiation of visual servo. Once ASTRO positioned
itself so that NextSat was within the capture box, the arm would have a clear view of the NextSat PFA with its vision
system camera. The arm’s vision system was then commanded to acquire the visual target on the NextSat (the visual
target plate is illustrated by Fig. 4; the ready for free-flyer capture configuration and the “capture box” is illustrated by
the left image of Fig. 10; arm visual servo data from scenario 7-1 is illustrated by the right image of Fig. 10). Once the
target was acquired, the ASTRO transitioned to free-drift, and the arm closed in on the NextSat to capture it in a visual
servo mode. The arm control law commanded the arm towards the target based on pose estimate feedback from the
vision system. Refer to [12] for additional details of the visual servo arm control algorithm.
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Fig. 10. Left: OEDMS in the ready for free-flyer capture configuration, and the capture box. Right: Vector from arm POR to
the PFA target frame, expressed in the arm POR frame in meters, for the free-flyer capture operation of scenario 7-1.

4. CONCLUSIONS

DARPA’s Orbital Express mission successfully demonstrated the technologies required for autonomous on-orbit satellite
servicing: rendezvous, capture, berthing, refueling, and component transfer. A small, lightweight servicing arm plays a
critical role for ORU transfer, and can act as a primary or backup method for free-flyer capture and docking. Arm end-
effector tools could be provided for the actuation of various interfaces on a client satellite. An arm can also perform
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spacecraft inspections with a camera mounted on its end-effector. The OEDMS successfully demonstrated all of the
complex robotic tasks it was designed to perform on-orbit. This paper summarizes results of the key robotic operations.

The operations conducted for Orbital Express demonstrate that autonomous satellite servicing is technically feasible, a
technology that may find its place as the importance of maintaining and expanding the capabilities of commercial or
military satellite fleets increases.
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