Preprint
UCRL-JC-135060

Autonomous, Agile Micro-
Satellites, and Supporting
Technologies

A. G. Ledebuhr, J. F. Kordas, L. C. Ng, M. S. Jones, J. C.
Whitehead, E. Brietfeller, R. J. Gaughan, M. D. Dittman, B.
Wilson

This article was submitted to

AIAA Space Technology Conference and Exposition
Albuquerque, New Mexico

September 28-30, 1999

U.S. Department of Energy

Lawrence

Livermore July 19, 1999

National
Laboratory

N=""

Approved for public release; further dissemination unlimited



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United States
Government or the University of California. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or the University of California, and
shall not be used for advertising or product endorsement purposes.

This is a preprint of a paper intended for publication in a journal or proceedings. Since changes may be
made before publication, this preprint is made available with the understanding that it will not be cited
or reproduced without the permission of the author.

This report has been reproduced
directly from the best available copy.

Available to DOE and DOE contractors from the
Office of Scientific and Technical Information
P.O. Box 62, Oak Ridge, TN 37831
Prices available from (423) 576-8401
http://apollo.osti.gov/bridge/

Available to the public from the
National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Rd.,
Springfield, VA 22161
http://www.ntis.gov/

OR
Lawrence Livermore National Laboratory

Technical Information Department’s Digital Library
http://www.lInl.gov/tid/Library.html



AlAA-99-4537

AUTONOMOUS, AGILE MICRO-SATELLITES, AND SUPPORTING
TECHNOLOGIES

A. G. Ledebuhr, J. F. Kordas, L. C. Ng, M. S. Jones,
J. C. Whitehead, E. Breitfeller, R. J. Gaughan, M. D. Dittman, and B. A. Wilson
Lawrence Livermore National Laboratory
P.O. Box 808, L-043
Livermore, CA 94550
(925) 423-1184

ledebuhri@linl.gov

Abstract. This paper updateke on-going effort at Lawrenckivermore National Laboratory to devel@utonomous,

agile micro-satellitegMicroSats).The objective othis development effort is to develop MicroSats weighing only a few

tens of kilograms, that are able to autonomously perform precision maneuvers and can be used telerobotically in a variety of
mission modesThe required capabilities includgatellite rendezvous, inspection, proximity-operations, docking, and
servicing.The MicroSat carries an integrated proximity-operatisessor-suite incorporatingdvancedavionics. A new
self-pressurizing propulsion systartilizing a miniaturizedoump and non-toxic mono-propellant hydrogen peroxide was
successfully tested. This systaan provide a nominal 25 kg MicroSaith 200-300 m/sdelta-v including avarm-gas

attitude control system. The avionics is based on the latest PowerPC processor using a CompactPClI bus architecture, which
is modular, high-performance and processor-independent.léM@sages commercial-off-the-shelf (COTS) technologies

and minimizes the effects of future changegriocessorsThe MicroSatsoftwaredevelopment environmenisesthe Vx-

Works real-time operating system (RTQBat provides a rapidievelopment environmeffor integration ofnew software
modules,allowing early integration antkst. Wewill summarizeresults ofrecent integrategroundflight testing of our

latest non-toxic pumped propulsion MicroSat testbed vehicle operated on our unique dynamic air-rail.

Introduction of a space asset by flying to different view points of an
This paper updateshe on-going effort atLawrence inspection geometry requires precisiorMicroSat
Livermore National Laboratory (LLNL) to develop positioning, pointing,tracking andimaging. A satellite
autonomousagile micro-satellitegor MicroSats) capable rescue might involvedocking, repairing or refueling the
of performing precision maneuvers irspace. It  satellite, followed by a departure, and post-rescue
summarizes the latest advances in ghepulsion,sensor, inspection. The rescue mission requires precision guidance,
and avionicsareas. Results ofecent integratedground navigation, and control; precision ranging; high resolution
flight testing of our latest non-toxic pumpegbropulsion imaging; and some type of micro-robotic manipulation. For
MicroSat testbed vehicle areported.The objective of this example, a variety of robotic arms could used toenable
development effort is to develop MicroSats weighing only @he MicroSat to perform a physicalock with atarget
few tens of kilograms, with 1 to 2 km/s Af, capable of satellite. Figure 2 illustrates orgich approach. Here a
performing precision maneuvers autonomously oMicroSat deploys four mechanicalarms to grapple the

telerobotically in space. launch vehicle interface flange asldnds onthe target
) o satellite. Once docked, aprecision 6 degrees-of-freedom
Potential Missions manipulator (actuator) could hesed toalign and plug an

Potential missions for MicroSats center on space “logisticsexternal connector into a targeted satelliteisbilical

missions such as rescue and serviciigt will require  connectorfor datacollection, diagnostic measurements or
vehicles withthe ability toperform a variety of functions re_powering. This servicingperation could be performed
autonomously or semi-autonomously. Theseclude  tg|erohoticallyfrom the ground, toprovide theflexibility
rendezvous, inspectionproximity-operations  (formation ang problem solving of a humamresence Other space
flying), docking, and robotic ~ servicing functions |qgistic operations such as thellection and de-orbiting of
(refueling, repowering or repairing). Figureshows the  hazardous space debris (junk) require precisiehicle
various MicroSat missions of interestEach of these gy igance,navigation and control and a precision homing
mission functions require kefechnical capabilities. For  girategy.

example, rendezvous with a space asset by performing

orbit matching requires precisiananeuvering. Inspection

Copyright © 1999 by the American Institute
of Aeronautics and Astronautics, Inc.
All rights reserved.
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Rendezvous

Docking

Figur
Formationflying, flying in concert with a spacebject or

another MicroSat, requires statidkkeeping, positioning,
and precision state vector estimation.

Close-up inspectiomissions offer ameans to remotely
determine a satellite’s health and status, andcofiect data
that cannot be obtained frorthe ground. Forexample, a
laser vibration sensor can determine bearingvear on
moving componentslike momentum wheels, control-
momentgyros or solarmarray drives. Infrared sensing can
observe thermal nonuniformities anddetect leaks and
differences in thermalnsulation. Other missions may
involve physically moving or towing a spacbject to a
different orbit, constructing a 3D surfacénage of the
object using stereovision, estimating the objecimass

Inspection

Servicing

e 1 Potential missions of Micro-Satellites in
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Proximity-Operations

Performance Verification

ey

Low Earth Orbit.

Research Laboratory, hadeveloped several MicroSat
prototype vehiclegor groundtesting using a number of
state-of-the-art technologies ®upport futureAir Force
missions.One mission concept callsfor the MicroSat to
demonstrate proximity-operations near a spatgect
including the capability ofsoft docking. A proposed
mission scenario ishown in Figure 3. Aragile MicroSat
will eject from the carrier vehicle to a distance of about 10m
and conduct a series of proximity operations within the
10m radiussphere. For exampleproximity inspection
sequence vigoints at 1-2-3-4-5-6¢ircular stereo imaging
via circles6-3-1-5-6 and 6-4-1-2-6; sofanding viapoints
6-7-8-9; and formation flying at points 1, 4, 6, and 2. The
mission iscompletedwhen the MicroSathas successfully
demonstrated repeatedoft-dockings with the carrier

properties, and perhapsven reconstructing the internal vehicle.

structure of the objecfrom 3D computedtomography.
There are many potentianissions that will become

apparent once the basic system capability becomes routinely

available.

A previous studyhas shown that BlicroSat with300 m/s
of velocity change (oAv) is about the minimumecessary
to carry out a basienission, assuminghe MicroSat is
placed in the same orbit as the satellite toirtspected.
Clearly vehicles with largeftv offer multiple mission
capabilities and the ability to changebits. Inaddition if a
spaceborne refuelingapability is developed,then the
mission utility of the MicroSat can be greatly extended.

In order to demonstrate many of these proximity operation

capabilities, LLNL, under the sponsorshipté Air Force

2

Once docked the MicroSat “Services” the Target Platform

® >Triple A in the Sky” *
Repair/Replace subsystems - Attach and deploy a

® Tow or push vehicle to Tether for large vehicles

different orbit

Passive Stereo Imaging
Augments Active Ranging

— Active RADAR or LIDAR for
Precision Ranging during
~ -finakRacking Phase

mancuver.
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MicroSat Maneuvering Sequence within
a 10m radius

Proximity Maneuvers:
1. Octahedron imaging 1-2-3-4-5-6
2. Circular stereo imaging C63156-C64126

3. Soft docking 6-7-8-9

4. Formation flying 1,4,6,2

Figure 3 A proposed proximity maneuver and
soft dockirg mission scenario.

Supporting Technologies

Propulsion

AlAA-99-4537

apportion propellant between translational maneuvers and
rotational control in advance.

Figure 4 shows #&lock diagram of theself-pressurizing
propulsion subsystem. For operatidime liquid side of the
tanks are filled with high test hydrogen peroxide (HTP) and
the gas side charged with anitial charge of 5Qposi of air.

For system startupthe liquid solenoid valve is simply
opened.Propellant at 50psi flows throughthe pump,
regulator, and gas generator. With 50 psi drivingpthep,

the liquid outlet isboosted to a highgpressure,and the
positive feedback loop is controlled kye liquid regulator
which is set to shut at 300 psi.

A series of tests were conducted wittle self-pressurizing
portion only of the propulsion systemDuring this test
series, itbecame clear that part of the advantage abia-
toxic propellant is that system testing could proceed without
rigorously testing individual components for safety
reasons.Data obtained included the rate pfessurerise,

the pump frequencgaudio),and several key temperatures.
While the warm gas lines and ggesnerator operated in the
500°F to 120C°F range, the tank and pump block remained
below 300°F which is well withinthe long-term capability

of aluminumalloys. During a videotaped test series in
September 1998, successful starts were achieves, &0,

and 50 psi. Times to reach 300 psi were 30 s, 20 s, and 10
s, respectively.

A new self-pressurizing hydrogen peroxide propulsiorPumpcycling averaged approximately 1 ldaring startup
system has been developed with liquid thrusters and gas (etg. 40exhaust pulsesieard during a 20 geriod). It

attitude control without heavgas storageessels. Apump
booststhe pressure of asmall fraction of thehydrogen

stroked very slowly athe lowest pressuresghen gradually
went faster and finally slowedown asthe liquid regulator

peroxide, sothat reacted propellant can controllably began toshut. The scarcity ofpump exhaust pulsesfter

pressurize itown source tankThe warm decomposition

gas pressurizethe propellantanks, powershe pump and

is used bythe attitude control jetfor attitude control.

Considering the single source reservtiiere is no need to
~-— —

L Additional
warm gas
lines feed
attitude
control

jets.

Oxygen,
Steam, &
Condensate
30-300 psig

Piston Tank—=|
(2 used in
complete

system for
balancing

mass)

Warm
gas
powers
the

pump

85% HTP
30-300 psig

Liquid valves feed
catalytic thrusters

Boost Pump

Figure 4 Schematic diagram of our first self-pressurizing
propulsion system.

3

startup indicatedthat leakagewas minimal through the
warm gas dynamic seals.

The pump displacement iscg, or 5-6 ccestimated output
per cycle. Thus roughly 100 cc of,®, were pumped in
order to pressurize the Higer tank ullage tB00 psi.Note
that this was most ofthe tankvolume, as only asmall
propellant loadvas used fothesetests. Assumingall the
water condenses, pressurizing 2 liters to 300 psR2) at
250 °F (~400°K) requires1.2 gram moles ofoxygen, or
~40 grams. This amount of oxygen is present in ~100
grams (73cc) of 85% H,0,. This calculation roughly
accounts forthe startup propellant volume (nos®me is
needed to drive thggump), and is consistent with the
conclusion that essentiallyall the steam in the tank
condensed.

The completeself-pressurizing propulsion system was
assembled ashown inthe linedrawing in figure 5. Tests

American Institute of Aeronautics and Astronautics



were plannedor horizontal thrustingonly, so the boost
pump wasconnected in place of thepper thruster. The
latter's valve remained andas actuated to initiateself-
pressurization.The pump orientationcauses any rising

AlAA-99-4537

information suitablefor a variety of mission operations
over distances from 10 km to docking contddte visible
cameras ardased uponcommercial CMOS active-pixel
sensor (APS)imaging detectors.The laserrangers are

bubbles in the liquid manifolds to move upstream instead ahodified commercially availableystems,one for distant

naturally escaping. Thus,potential problems with gas
pockets in microgravitywould become evidentduring
ground testing. Other parts were located for mass
balancing, and to confinde hottest tubinguns in asmall

ranging and the othefor proximity ranging. The star
tracker is an upgrade of a wide-fieystem, originally

developed and flown othe successfuClementine | Lunar
mappingmission. The IMU is thecommercially available

areaaroundthe afttank. Anormally open vent valve was space qualified LN200 by Litton.
included on thewarm gascircuit so thesystem would
safely shutdown upon loss ofelectrical power during
ground testing.The initial low-pressure nitrogercharge
was also introduced here.

Wide Field of View (WFOV)
Star Tracker

Color Stereo CMOS
Imagers

POS Control

Long-Range tlectronics

LADAR

The propulsion system had 16 warm ggss to provide
independent fine control of both translational position and
angular orientation. Available valves having high
temperature elastomer segalcks werefitted with conical
nozzles andised forthesegas jets. Figure 5 represents a
9.85 kg dry propulsion system. Thixluded over 2 kg of
heavyweightattitude jetsand 1.6 kg of stainless steel
fittings, so at least 3 kg could be trimmed.

short Range
.ADAR/RADAR

Visible Inspection
Camera

Figure 6 Multi-function integrated MicroSat Proximity
Operations sensors head.

Visible Imagers
The VisibleInspection Camerhas a 150 mnfocal length

lens imaging on 4024 X 1024CMOS APS array. A one
meter target at a range of 5 lsubtendghree pixels on the
detector. At 100 m the camera will resolve featuresnael|

as 7 mm.The Visible Inspection Camera will continue to
provide good imagery until handoff to the Color Stereo Pair
at a range of 30 to 1fheters.The cameradelivers digital
data at a frame rate as high as 10 Hz.

The Color Stereo Pair has twidentical 28 degree FOV

va NS camerasising 640 X 48(ixel CMOSAPS detectorsthat

Nozzle i ] incorporatered, green and blue filters in a Bayer pattern.

Figure 5. Complete self-pressurizing maneuvering systen.hese also provide digital data at a frame rate up to 10 Hz.
At 10 meters each of the cameras cesolve features as

This system wasncorporated into a prototype micro- Small as 4 mm on the target satellite. The cameras are

satellite for terrestrial maneuvering tests with the test resullddependent, anthay beusedindividually (in- monocular

reported in a later section of this paper. &dditionaldetail ~Mode) or when used together (in stereo mocts), provide

on the propu|si0n system see Reference 2. paSSiVe ranging information and also giVEtelEpl’esence
capability, for remote man-in-the-loop operation of the

MicroSat.

Generator
(hidden)

Sensors
The sensorsare integrated into a single packaget
providesdatafor guidance, navigation, and control, andCMOS APS detectors were chosen due the large
also providesimagesfor transmission tahe ground. A  reductions in mass, volume, and power possible thigse
variety of sensor assembliemuld be integrated into this devices in comparison with standsE€Ds. Inaddition to
package.The specific configuration presentdtere, as the savings foeachsingle camera, there will kedditional
shown in figure 6, has two differenisible imagingsensor ~ Savings inthe avionics because of the commonality of the
systems, two laser rangers, a star tracker, and an IMU. TRa@mera interfaces. The CMOS sensors are extremely
sensors complement eachother, providing detailed flexible and provide selectablegain, frame rate, and
integration times. In addition, they offaindowing or on-

4
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chip pixel summing allowing more rapithage acquisition
or easier downlink of a region of interest.

Rangers
There ardwo activelaser rangers ithe integratedsensor

packageThe long-rangeLADAR is a dual aperturdime-
of-flight system, using amodulatedlow-power infrared
source. It'saccurate to 2 m at km, and better than 1 m
from 2 km to <30 m.The Proximity Ranger is a direct-
feedback systenaccurate to <1 cnfrom 30 m to 0 m
(Docking).

MU

The LN200 is currently beingused inthe ground test

vehicles due to its performance and relativieiw cost.

This IMU has a measuredrift rate of approximately
L’/hour and is a ruggedizeghckage suitabléor use in
space.There are a number of othévlUs that could be
utilized in these vehicles includingome new MEMs

AlAA-99-4537

Sensor_Functions

For atypical Inspection/Dockingnissionthe sensoranust
supportthe various mission phasekat the MicroSatnust
execute. Irthe initial Rendezvougphase thesensoranust
first acquire the satellite to be inspectett then carry out
the necessary Proximity-Operations duritige Inspection
and DockingPhasesDuring theRendezvougphase,from

10 km to 10 meterghe visible imager will be required to
identify the target and provide centroids to the guidance
system to support an autonomous rendezvous operation.
The Visible Imageprovidesthe long-range acquisition of
the target spacecraft argtovidesinitial imagery of the
target. At 5 kmthe distant rangdsegins providingactive
range information witit2 m accuracy. At 100neters the
InspectionPhasebegins.The visible imager will provide
detailed imagegor downlink to the ground station. The
100 m to 10 m closing portion dhe inspectionphase
continues to require input fronthe visible imager. A
variable focus andmagnification zoom lensystem could

systems that currently promise reduced mass and power tpbvide flexibility and an overlap inapability beyondthat
at the expense operformance. Measured drift rates for possible with fixedocal lengthlenses.Technology trades

MEMSs IMUs are currently at thd0°/hour rate, which if
periodically updated with a Star Tracker is quiteeptable
for MicroSat applications.

WEQV Star Tracker

A key sensor inthe MicroSat is a wide-field-of-view
(WFOV) Star Trackerthat providesinertial orientation of
the vehicleand updates fothe IMU. The Star Tracker
camera inconjunction with StellaCompass software can
provide a quaternion pointing accuracy4&0 prad, 3y in
the roll axis, and 90urad, 3 in pitch andyaw. The Star

are inprocess tadetermine thebest flexible solution. At
about 26 meters the proximity rangeegins to provide
range information, with amccuracy of+1.5 cm. At 10
meters the vehicle will switch to its pair of color inspection
cameras, whichwill produce moredetailed images for
ground evaluation.The color stereo pair will again be
required to provide information to the guidance and
navigation control system during the 10 m to 10 cm closing
portion of theDocking phase Forthe docking maneuver
the opticalsensorswill allow features to be identified, and
in the terminal phase they willdetermine the precise

Tracker field of view is large enough to contain at least fivéocation on the targewherethe hard dock will bemade.

bright stars (Mv=4.5) in any orientation. Singteages are

The Stereo Color Inspection Camera gmduces close-in

processed to identify unique stellar patterns and provide tlimagery of the target satellit€his systemmay beused in
determination of the inertial orientation of the MicroSat ineither stereoscopic or monoscopitde. Stereo imagery

real-time. The collection aperture of tlens is maximized
for the greatestpossible light gathering capability. At
F/1.25, ny = 4.5 GO stars provide antegrated star signal
that is 15 times the electronimise fromthe focalplane.
This level of signal gathering capabilitypatchedwith the
wide field of view, ensures a 99.9% probabilityat 5stars
above minimum threshold will be available for the
algorithm setfor all possible quaternion pointingectors.
This allowsthe Star Tracker to handlthe “lost in space”
condition with a single stamage frameand no other a
priori knowledge of attitude.The latest Star Tracker
generation replaces tipeeviousCCD arraywith the same
1024 X 1024pixel CMOS APS array used inthe visible
camera.The modifiedStar Tracker will have a 32 x 32
degree coverage using the existing lens design.

5

provides passive range data for the GN&C system.

The integratedsensor systendescribed hersupports the
operational phases of apotential inspection/docking
mission. However,the modular nature of theensor
components makes fielatively straightforward to modify
or add to thesensorsuite defined here toneetvarying

requirements of other specifimissions. After docking

operations are complete, the MicroSat withdock and
depart the satellite. Theensor system nowvill produce

new inspection images.

American Institute of Aeronautics and Astronautics
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_ ~ Avionics _ based onthe specifics of thenission profile. During a
The MicroSat avionicsystem described here is large  mission sequencthe MicroSat will store on board the

part the same as theescribedpreviously, but hasbeen  majority of imagery data collectefbr later down-link to
modified to accommodate @ewer sensorsuite and

advances in COT80 modules.The avionics architecture

is based on a high performanBewerPC processor and
CompactPCl bus ashown in Figure 7.The PowerPC
family is widely used in embeddedsystems for its
performance andlow power features. In addition,
commercial versions ofthe PowerPC 603ehave been
tested, demonstrating significant inherent radiation
tolerance. The CompactPQus is a high-performance,
processor independent I/O bus, which providegfédent

path for processor upgrades. The system supports modern,
real-time embeddedoftware developmentenvironments.

This design allows rapid code developmetipugging,

and testing. Its modular design leveragesCOTS
technologiespermitting early integration and test of bothearth.The specific telemetry capability are subjectbtath
hardware software elementsthe chosen architecture the on-board transceiveselected as well as the type of
provides a high performance solution for current and futurground stations employed for the mission.

MicroSat missions.

Figure 7 PowerPC Processor

SompactPC Enclosure Communications
+ St pote The communications module provides the interface between
- - the on-board processor and the RF transceiver. For ground
repection testing this hardwarean be as simple as an ethernet
Docking Visible » 3round Test/Debug Port :
R CHE module thatconnects to wireless network components.
Frame Buffer 1 Star |h h h ﬂ h d I I h f
Module Trackerl Although t e |g_t modulemust also ave a port for
— ground testing, it connects to #&ansceiver that is
Vo Vaive | compatible with satellite network hardware. The current RF
System Inteflace [ u transceiver selection is a noMelw mass SGLS-signaling
Module . . .
|_’|““_| ﬁ AFSCN-compatible unit designed lilge Naval Research
Waster Sensor Laboratory (NRL). More detailed information may be
Power [— ower . .
Distrbui Distributi — e obtained by consulting thRL Naval Centerfor Space
— .,I._i_ -I Technology specifications SSD-S-CM013 at85D-S-
Figure 6 Avionics Architecture. CMO17.

This samearchitecture anddesign approachare being Image Acquisition and Processing
adopted by major aerospaggstem providers. Projects are The current digital framgrabber module is a COTS board
now underway for developing radiation-hardened designed to provide a high-performariogage acquisition

PowerPC CompactPCIl modules. and datahandling interface between the CompactPCl bus
and high-speedligital cameras. It features 8 to 16 bit
Processor Module pixels, pixel clock rates of up to20Mhz, multiplexed

As hasbeen described ir{1), the MicroSat processor operation for cameras sharing the video channel,
module shown in Figure 8contains a high-performance Automated Imaging Association (AlA) digitacamera
PowerPC 603e RISCPU and utilizes a 33MHz, 32 bit compatibility, a Look UpTable (LUT) to allow real-time
data pattCompactPChbus. The flight processowill be a  hardware functions such as thresholding, a 16K by 32 bit
COTS module with modificationfer thermal management FIFO buffer to supporDMA over the CompactPCbus,
and radiation tolerant parts as needed. and a Region of Interest (ROI) acquisitionode. For
additional imageprocessing capabilitythe next-generation
The MicroSat local datstore will be connected to the frame buffer module will be eommercialDSP board with
processor's controller port axlicatedabove. Thiswill be  local storage and an add-omezzanine designed for
a commercially availabl€lashDisk thathasbuilt-in error  hardware-based image compression.
correction capability. The size of thtisk selected will be

6
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Vehicle Control

The systeminterface modulgrovides connection, control,
and acquisition functiongor the MicroSat guidance and
navigation elementsThe current module is aimdustry

Pack (IP)carrier boardthat uses serial IP modules to
communicate with the IMU, GPS, and Ranging
components. Adigital /O module controlsthe valve

drivers. Operations that requirephysical connections
outside the MicroSat are handled via the exteimtelface

module. This includescontrol of mechanismsised in

docking and servicing mission phases such r@otic

arms, grappling fixtures, and electrical connectors.

Power Distribution System

The current MicroSagroundtest vehicles havesed low
cost rechargeabldli-Cad cells. Weplan to utilize Li-ion
rechargeable batteries that anedergoingqualification for
space under Air Forcgponsored effortsThere are several
advanced solar cell technologies that caruged forfuture
flight vehicles.Dual-junction cells and concentratarrays
offer the ability to maximizepowergeneration in very low
mass andgsmall areas. Aspecific choice will await future
flight design efforts.

Power Management

The power management schemaeses the approach as
describedpreviously. The power management controller
monitors and controlthe power toall of the spacecraft
loads. It communicates withthe system processor to
provide thecapability to make modehanges,carry out

AlAA-99-4537

other real-time operatingodescan be adaptedor the
representative satellite mission.

| Mission |

Executive Level

o
O Experiments Level
m]
[m]

Services Level I—l
Hardware Driver Level
- nspection Jocking s
| |
I I |
SNC Imaging tee Telemetry
Jets/ | ~ Transmitter
Thrusters LAY ~ameras e

VXWorks Operating System

Figure 8 Hierarchical organization of mission software.

Most recently, we implemented ti&N&C code developed
by Octant,Inc. for an Air Force micro-satellite mission,
and validated theirde-spin mode, inertial-attitude-hold
mode and alsdhe closed-loop divert (lateral-translation)
operations on our indoor rail test vehicle. Fittthg Octant
code intoour development environment only took one
programmer a couple of weeks.

Integrated Testing
Groundperformance testing is the key to theccess of a

MicroSat mission. It iscrucial to be able to repeatedly

power down commands to various components, anthracticeand test the integrated vehiclebility to perform

monitor the power system condition. Thidink also
provides a way forthe controller to signal theystem
processor of power system alarms and to alertthhamneed
for imminentshutdown.The MicroSat will enter gpower-

precision orientation and translationadaneuvers.These
tests shouldnclude maneuvers to achieve orhbiiatching
and rendezvous,inspection and proximity-operations,
docking, satellite servicing, and un-docking. Ideally, one

down mode autonomously bihe system processor as a yould like to have a 6Degrees-of-Freedom (DOF) test
result of preprogrammed mission operations or as a resifyvironment. However. imost cases a BOF or 4 DOF

of detecting battery depletion via the mastgower
distribution module. A secondneans is receipt and
confirmation of apower-downcommand fromthe ground
station.

Software
The MicroSatsoftwaredevelopment environmenises the
VxWorks real-time operating systefRTOS). VxWorks is
a commonly used, well-testeRTOS thatprovides arapid
development environmerfior integration ofnew software
modules. It is also portable among mamgcessors. It has
been used inspace applications includingPL's Mars
Pathfinder and the Clementine | spacecraft. Figusa@vs
the hierarchical organization of our mission softwatany

environment is sufficient.

In order to supporthe testing of integratedicroSats,
LLNL has developed 4DOF and 5 DOF dynamic air
bearinggroundtesting facilities. The DOF facility is an

air rail with 3 degrees of rotational freedom and one degree
of translationafreedom.The 5DOF facility is an air table
with 3 degrees of rotational freedom ameb degrees of
translational freedom. These facilities enabldow cost
repeatableend-to-end performance testing of integrated
MicroSat testbed vehicles, and full-up performance
acceptance testing of final flightardware and software
before launch.

software modules for GN&C, imaging, target tracking, anthyying the Fall 0fL998, anoutdoor 40meter air rail was

7

set up to supporthe integratedHot Fire” testing of the
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latest generation of MicroSat test vehicle incorporating the HNELEEULEELEE T
self-pressurizing pumped propulsisgstem. A 40meter

air rail was used to provide long lateral thruster pulsing and
large translations to evaluate vehicle stability during thruster
firing. The large (20N) liquid thrusters weremounted
transversely to thgehiclelong axis and tdhe sensorline-
of-sight. Stable operation of the vehiclgas demonstrated
using the warm-gas ACS thrusters tmaintain vehicle
attitudethroughoutthe run. These long baseline transverse
maneuvers simulate somecontemplated MicroSat
inspection mission geometries. With the long rail a complex Figure 10 Warm gas DACS stabilized and propelled
sequence of maneuvers were executed, including one rur the vehicle during testing.

that transitioned from transverse thrustingakial thrusting

(using warm-gas thrusteedigned along the “longVehicle  and utility of both the HO, transverse thrusters and the
axis). These maneuvers are contemplated conditions  warm-gas ACSystem. As shown ithe figure, there are
where it is necessary tmaintain propulsive acceleration eleven executions ranginfrom demonstrating simple
along a line in space whilpointing cameras at a fixed attitude control inpitch, roll, and yaw, to making both
object, thus one needs t@nsition from one translational transverse andxial translations, and aimulated soft
thruster to another while rotating thiehicle. The ability to docking maneuver as the vehicle is propetledn the 130
track the target at a higherossingvelocity will tax the  foot air rail. On the returtrip, the vehicle is demonstrating

warm-gasattitude controlsystem and therefore provide ag maximumtransverseAv maneuver while maintaining
higher assurance dhe propulsion system performance. yghjcle attitude stability and control.

Figures 9 and 1@8how the ETV-200 vehicle irclose-up
view and during testing respectively. P
. § Lo Trams st n

Figure 11 Maneuvering control experiment sequence on
an air-rail.

Figure9 Warm gas ETV-200 vehicle in close-up view.

The purposes dhe Hot Fire propulsiorexperiment are to  Figure 12 shows the resulting roll, pit@md yaw motions
first demonstratethe operation of theself-pressurizing and the transverse thrusting sequence. Figurshd@s the
micro-pumped KO, propulsion system design atiten to  yaw ACSjet time histories. Notethat an additional 360

demonstrate the precision maneuvering capability of thgsneuverwas added near the end at t6®s mark to

Engineering Testbed Vehicle equipped with fimispulsion  gimylate a targesearch.The preliminary results of the
system. Finally, weneed to measure andolleCt —eyperiment demonstrated that teew non-toxic self-
performance data on thgropulsion system andehicle  pressurizing propulsion system is operatioffle vehicle

maneuvers usinghe on-board control andata collection  achieved a vehicle acceleration @fLg. Measurements of
electronics and guidance and control software. entual - he pointing stabilityduring the pure translationaportions

goal is to provide a testbeethicle that can experimentally of the experiment10 to 40 seconds) shothat the pitch
verify MicroSat inspection and logisticsission maneuver  ayis was held to a precisiorattitude pointing of 0.16

requirements. degrees.

Figure 11 below describes a setgaieral maneuverthat

simulate a potential MicroSat mission. Execution of a series

of simple maneuvers are useddemonstrate the versatility
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Figure 12 Hot fire experiment vehicle roll, pitch, yaw Figure 14 Prototype vehicle used for the AGILE experiments.
and transverse thrusting time histories.

AGILE ws 6D oF MenteCarl o runs (3/25/350
T T T

Prior to the hot fireexperiment,vehicle controlsoftware 8 | ! ! ;
was developed and debugged on a cgas prototype . B e Ve 3 s S
vehicle operating on aimdoor 20 mair-rail asshown in ; 10 runs each | | :

Figurel4. The air-rail flight software waslidatedusing a
6-DoF simulationthat predicted the vehicle performance
during the experiment.The indoor facility was used to
conduct MonteCarloruns. Figure 15 showshe results of 0.4
an experimentthat is equivalent to a close fly-by inspection

Miss Distance (m)
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y 20 Figure 15 AGILE LOS rate prediction versus 6 DOF runs.

Summary
The MicroSat Technologie®rogram is continuing to

develop more capable MicroSgtoundtest vehicles with
new sensoravionics and propulsion technologies. New
= ground test capabilities enable compleixigh fidelity
) ) ) o performance testing thisew class ofagile MicroSats.
E;ggﬁe]é? Hot fire experiment yaw ACS jet time Work is still in progress todevelop advanced pump-fed
' propulsion systems that can directly feed ligihidisters at
high pressuresgnabling reduced propellant tamkasses
mission of a target satellite at a véoyv closingvelocity of  anq |argermass ratios resulting iMicroSats with multi-
10 m/s. The mission is started at 100 meters fitwentarget  ijometer per second Av capability. Coupling  this
leaving a time to closest approach of 10 s. This preliminaryropmsion capability with advanced integratedensors,
experiment did not include orbital effects amwdbuld  gyionics andntelligent GN&C softwarewill enable these
simulatebehaviors in very high orbits whetiee vehicle is ghicles to autonomously perform complex space logistics
essentially in an inertiaframe. We are interested in missions. A series affocking experiments are planned to
estimating collision avoidance capabilities of the MicroSakyajyate thevarious sensingtechnologies andGN&C
by measuring theniss distance performanchor different  girategies necessary ¢aable a MicroSat to perform these
transverse acceleration capabilities the vehicle Note the | aneuvers.
close correlation between simulation amcperimental
results. Aspredicted smaller miss-distances wessible
using larger transverse accelerations for the vehicle.

L
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