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Abstract. Distributed space systems are often cited as a means of enabling vast performance increases
ranging from enhanced misson capabilities to radica reductions in operations cost. To explore this
concept, Stanford University and Santa Clara Univerdity have initiated development of a smple, low
cog, two-satellite mission known as Emerdd. The Emerald misson has severa on-orbit gods. Firg, it
will verify an array of component-level technologies necessary for enabling highly capable and robust
digtributed space systems.  Second, it will combine these technol ogies to experiment with smple closed
loop relative postioning, digtributed control, and autonomous operation.  Third, it will validate the
digributed space system concept by assessng how these capabilities improve a basdine scientific
investigation involving lightning-induced atmospheric phenomena. The Emerald bus designisbased on a
heritage Stanford University design, a 15-kilogram, modular hexagona vehicle relying heavily on
commercia off-the-shef components. Emerad is being funded through the AFOSR/DARPA
Universty Nanosatellite Program, and a Space Shuttle launch in 2001 is being planned. This paper will
discuss the Emerdd team’s programmatic and on-orbit objectives, the conceptuad design of the Emerad
gpacecraft, and the development approach adopted by the university team.
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sendng.  While the former manifestation has
proved successful for severa communications,
navigation, and remote sendng sysems, the
capabilities and vaue of the latter verson are
dill largely unexplored. It has been postulated,
however, that tightly coupled flegts
demondrating formation flying and autonomous
operaion cgpabilities will have a dgnificant
impact on many dentific, military, and
commercid space gpplicaions for survellance,
gynthetic gperture radar eath  mapping,
magnetosphere  senaing,  interferometry, and
severd other missons.

Highly coordinated fleets of spacecraft offer

severd potentiad  peformance  advantages.

Theselndudethefollowmg
Extendve, autonomous  co-observing
programs with minimal ground support,
Increased observationa baselines between
ingruments enabling revolutionary
improvement in Space-based
interferometry, world coverage for remote
sensing, and Smultaneous target tracking,
Replacement of large complex spacecraft
with a flexible architecture of smple
microsatellites that offers  redundancy,
reconfigurability, and graceful degradation,
Emphass on indrument development and
operation by streamlining and reducing bus
development costs through standardization
and economies of scale,
Rapid insertion of crucid sysems dlowing
long lead-time indruments to join the fleet
asavalable.

With these potentiad benefits, however, come a
vaiety of chdlenges  These incdude the
following’:
Performing high-accuracy relaive postion
sendng given trangmisson effects and
disturbances,
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Controlling relaive spacecraft postion to
levels of precison ranging from tens of
metersto less than a centimeter,
Devdoping and implementing flegt-leve
Mission processing srategies,

Implementing robust inter-satellite
communications  links for  exchanging
congtellation management data,

Developing low cost design approaches
such that multi-sadlite  congdlations
become a competitive option for some
missons.

Recent successes in GPS-based sensors have
demongtrated that Carrier-Phase Differentiad
GPS (CDGPS) techniques can autonomoudy
track the relative podtion and attitude between
severa spacecraft>*>®78919  Together with
podtion control devices and inter-sadlite
communicetion links, GPSbased could in
theory be used to enable precisdy controlled
goacecraft formations. A variety of space
missions to test this capability are currently in
devedopment. The NASA EO-1 mission will
attempt coarse formation flying (10-20 m) with
the Landsat 7 spacecraft in order to vaidate the
multi-spectral Landsat imager. The NASA
DS-3 misson will control multiple spacecraft to
within a fraction of the wavdength of light
(basdines of severa kilometers) to perform
optica gelar inteferometry™.  In addition,
Stanford is developing a Sx spacecraft, Sx
month misson cdled Orion which  will
demondrate closed loop (sub-meter leve
sensng) dation keeping and attitude control
combined with the formation-level specification
of maneuvers'.

Recent work in autonomous operations
techniques has smilarly demongtrated enhanced
capabilities for precise and cod-effective
system hedth management and mission services
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processing. These capabilities are crucid to
managing clugters of coordinated spacecraft in
an eficdent manner. This work includes the
devdlopment of advanced  reasoning
approaches such as model-based strategies as
well asthe judicious integration of these systems
into misson operations systems.  Specific
highlights include the NASA DS1 Remote
Agent experiment and the beacon-based hedlth
monitoring systems developed by NASA and
SSDL12'13’14.

The Air Force Office of Scientific Research
(AFOSR) is dso sponsoring distributed space
system research in support of the Air Force
Research Laboratory's revolutionary approach
to peforming space missons usng large
dusters of microsadlites®.  In particular,
AFOSR’'s TechSat 21 Program involves
sadlites flying in formaion tha operate
cooperatively to perform a surveillance misson.
One of the TechSat 21 initiatives, known as the
Univerdty Nanosatdlite Program  (jointly
sponsored by the Defense Advanced Research
Projects Agency), involves the development of
ten low-cost universty spacecraft. These
projects are intended to explore the military
usefulness of nanosadlites, particular missons
of interest include technology development
expaiments  supporting  formation  flying,
enhanced  communications, miniaturized
sensors, attitude control, maneuvering, docking,
power collection, and end-of-life de-orbit.
Sdected univerdties in the Nanosadlite
Program are funded at a level of $100,000 to
develop a spacecraft over a two-year period.
In addition, alaunch will be provided; currently,
a Shuttle launch is being planned for late 2001.

The missons that compose the Universty
Nanosatdlite Program include the following:
Congdlation Pethfinder (Boston Universty),
Solar Blade (Carnegie-Médlon Universty), 3
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Corner Sat (Arizona State University, the
University of Colorado, and New Mexico State
University), ION-F (the Universty of
Washington, Utah State University, and Virginia
Tech), and Emerdd (Stanford University and
Santa Clara Universty).

2. The Stanford University — Santa Clara
University Team

The Stanford Universty — Santa Claa
Universty team has world-class experience in
the development of low-cost university-class
sadlites as wdl as in the devdopment of
advanced gpacecraft technology.  Specific
expertise contributing to the development of the
Emerad mission is discussed here.

Low-Cost Satellite Design

Both Stanford’'s Space Systems Devel opment
Laboratory (SSDL) and the Santa Clara
Remote Extreme Environment Mechanisms
Laboratory have successful, established
programs in low-cost spacecraft design. Each
has a smd| satdlite program for producing low-
cost, rapidly developed spacecraft for testing
new technologies and/or peforming smple
sience missons'®'’.  Each program s
structured such that sudents are responsible for
managing and engineering the entire misson. In
addition, each program relies on re-engineering
commercid components not typicdly used for
goace applications.  Professona  oversight,
indugtrid  mentoring, and emphass on
verification testing are used to address the
elevated risk inherent in these approaches.
Between these two laboratories, severd flight-
ready spacecraft have been developed.

Since 1994, SSDL has developed two
microsatellites, Sapphire and Opd, which are
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picture in Fgures 1 and 2. Sgpphire will flight
tes an array of new micromachined infrared
sensors as well as a low cost satdlite hedth
asessment sysem for the Jet Propulsion
Laboratory (JPL)™; in addition, it will offer
basic photographic and communication services
to the public. Sapphire is complete, but export
licensang redrictions have prohibited launch
planning. Opd will test a
mothership/daughtership  mission  architecture
for DARPA by housng and gecting severd
sub-kilogram *picosatdlites *°.  Opad will dso
characterize the operation of severd
commercid sensors for JPL and for the
Stanford Univergity’s Gravity Probe-B mission.
Opd is complete and is manifested for launch in
September 1999 from Vandenburg Air Force
Base onboad an Orbita  Sciences
Corporation OSP launch vehicle. Overdl, the
development of each of these spacecraft has
required about 4.5 years of work, the
participation around 75 graduate students, and
a cash budget of approximately $50,000 for
components.

Since 1998, Santa Clara Univerdty has
developed five very dmple sadlites, two
Banacle project microsatellites and three
Artemis project picosatellites, shown in Figures
3 and 4. The Barnacle vehicles will provide
ghort duration component test for DARPA and
JPL®.  The sounding rocket verson of
Barnacle is manifested for launch in late 1999
on-board an amateur rocket as pat of the
international Cheap Access To Space (CATS)
competition. The orbita verson of Barnacle is
aso complete, but export licenang redtrictions
have prohibited launch planning. The three
Artemis picosatellites will test the functiondity
of sub-kilogram spacecraft and will attempt to
peform a dgmple digributed science
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Figure 4.One of Several Santa Clara Artemis
Picosatellites
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experiment involving lightning-induced
amospheric phenomena®’. These picosadlites
will be gected from the Stanford University
Opd microsatelite after its launch in September
1999. Ovedl, the development of each of
these projects has produced multiple spacecraft
and has required about 11 months of work, the
participation 7 undergraduate students, and a
cash budget of approximately $10,000 for
development equipment, components, and
travel.

Advanced Spacecr aft Technology

Stanford Univergty serves as the principle
advanced technology developer for the Emerad
team. With respect to the misson theme of
robust didributed gspace sysems, the
Aerospace Robotics Laboratory is providing
expertise in GPSbased formation  flying
capabilities.  In addition, the Space Systems
Devdopment Laboratory is guiding work in
radigtion testing, distributed computing
architectures, and autonomous operations.

Formation Flying

Stanford Universty’'s Aerospace Robotics
Laboratory (ARL) is a world leader in
devdoping GPSbased formaion flying
gysems. This work includes development of
the Orion formation flying congdlation as well
as severd formation flying testbed systems.

One testbed, shown in Figure 5, consds of 3
active free-flying robots that move ona 12 x 9
ft. granite table top*>%. These ar cushion
vehides smulate the zero-g dynamics of a
gpacecraft formation in a horizontal plane. Each
vehicle has onboard computing and batteries, is
propelled by compressed ar thrusters, and
communicates with the other vehides via a

wirdess Ethernet.
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Figure5. ARL Formation Flying Robots

A second testbed demondtrates formation flight
in three dimendons usdng lighter-than-ar
vehicles (blimps). This testbed will be used to
demondtrate that various GPS errors, such as
the circular polarization effect, can be modded
and diminated from the measurement equations;
these errors play a crucid role on-orbit because
gpacecraft can undergo more generd 3D
motions.

Radiation Testing

SSDL has initisted a new research program for
characterizing how radidion affects new
technologies in the space environment.  This
program includes the low cog, quick turn-
around testing of componentsin space. As part
of this work, a generd purpose micro-
electronics testbed is being designed for
multiple space missons. The testbed will be
ale to functiondly operate diverse
microdectronics, to provide imulus and
measurement  cgpabilities to  characterize
radiation-related falures, and to recover faled
microelectronics when possible,

Distributed Computational Architectures

As part of severa research and flight projects,
SSDL has adopted a didtributed computing
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architecture based on an array of smple PIC
microprocessors connected to a centraized
processor viaan 1°C seria bus. This approach
supports the migration of subsystem-related
software and hardware control  functiondity
from the primary flight computer to the
subsysem. This has proved useful in smplifying
ubsystem interfaces and pardld subsystem
development.

Autonomous Operations

SSDL has an active research program in the
development of autonomous techniques for
operating complete space systems.  This work
includes the development of new reasoning
techniques, the exploitation of fundamentd
design models in these reasoning Processes,
and the incorporaion of the resulting systems
into gpacecraft and ther ground-based
command and control networks. As part of this
work, SSDL has led the development of a
globd microsadlite misson architecture
condsing of sved  communicaions
grounddtations, amateur radio and Internet
communications links, and a centraized misson
control complex.

3. TheEmerald Mission

The Stanford — Santa Clara Emerdd mission
will further understanding of robust digtributed
gace sysems in severd ways. These include
performing severd flight experiments, providing
generd experimenta services for auxiliary on-
orbit investigations, and conducting a variety of
developmenta studies.

Flight Experiments

The Emerdd misson is being desgned to
support severd flight experiments.
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Component Verification

The operation and performance of severd
specific components will be assessed.

The firsd of these is an aray of COTS
microelectronics components?.  Developed
through SSDL’s radiation effects research
program, a component testbed system will be
used to monitor component degradetion in the
gpace  environment. This sygem will
characterize single event effects by continuoudy
monitoring sngle event latch-ups and by
periodicaly messuring single event upses.
Devices under test (DUTS) will be re-initidized
and power cycled as needed. Totd dose
effects will be measured by assessng DUT
functiondity and by measuring supply currents
and input/output voltages.  The radiation
environment  will  be monitored through
dosmetry circuitry.

Second, a low-cost low-power GPS receiver
developed by ARL will be tested. Shown in
Figure 6, a modified Mitd 12-channd, 2
antenna GPS recaiver will be flown on each
gpacecraft. These recelvers exist, and versons
of them are used for ARL’s other formation
flying studies.

Figure 6. The Modified Mitel GPS Receiver
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Figure7. Colloid Microthruster Prototype

Third, advanced colloid microthrusters will be
incorporated on one of the satdlites. These
thrusters, shown in Figure 7, supply vectored
thrust on the order of 0.11 mN, and have a
goecific impulse of goproximatey 1000
seconds. These components ae being
developed by Stanford's Plasma Dynamics
Laboratory (PDL)?. In addition to providing
orbital maneuvers, these components will dso
be evauated for their ability to control attitude.

Spacecraft Formation Flying

Given the proper operation of GPS receivers,
coa= formation flying capabiliies will be
demongtrated by ARL researchers.  Through
the use of an inter-satelite communications link
provided by the Emerdd bus, the GPS
recaivers will exchange data and will compute
relative podtion (gpproximatdy 2-5 meter leve
accuracy in red-time).
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Figure 8. The Orion Microsatellite

With relative position determination established,
relative podtion control will be attempted.
Fird, a navigaion control computation will be
performed on-orbit.  The resulting control
directives will command a smple set of drag
panels provided by the Emerdd bus. These
pands will increase the drag of one satdlite
thereby affecting the relative trgectories of the
two sadlites. Although the control authority of
this system is limited, it is predictable and low-
cost. Assuch, it isan appropriate technique for
amisson of thistype. Asan option, the colloid
microthrusters may aso be used for postion
actudtion at the concluson of its component-
level experiment.

An exciting joint flight opportunity, a formation
flying demondration with the Stanford
Universty Orion-1 sadlite is dso targeted.
Orion-1 is aflight prototype for the planned 6-
saellite Orion congdlaion currently being
developed by Stanford and the NASA
Goddard Space Hight Center. Depicted in
Figure 8, Orion-1 is a 50 kilogram 50 cm x 50
cnx 50 cm cube vehicle with 3-axis control,
cold-gas thrusters, and a higher performance
GPS receiver. Compared to the navigation
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capability of the Emerald spacecraft, Orion is
far more complex and capable thereby alowing
it to fly in atightly controlled manner with ather
or both of the Emerdd sadlites.  This joint
misson will devate the reative pogtion control
issues involving Emerdd from a 2-body
autonomous rendezvous operation to a more
interesting and complex 3-body autonomous
formation flying problem.

Autonomous System Operations

The Emedd misson will provide severd
demondtrations of advanced and cost-effective
autonomous operations techniques.

The Emerdd vehicles will cary an enhanced
verson of the beacon-based hedth monitoring
gysem that has been incorporated into the
Sapphire and Opa gpacecraft. A basic
beacon-based hedth monitoring system is
composed of an on-board software production
rue sysem and a transmitter capable of
broadcasting low data rate tones. This system
determines and periodicaly broadcasts a very
high levd hedth daus message  These
broadcasts are received by a network of low-
cost automated receiving stations developed by
SSDL. The dations forward the hedth
messages to a centra misson control complex
which automatically pages an on-cal operator
in the event of a vehide anomdy. Initid
experimentation has shown that this sysem is
capable of dragticdly lowering the cost of
nomind hedth monitoring*.  The Emerdd
enhancements to this sysem will indude a) the
use of more robust mode-based hedlth
asessment  techniques, b) an inter-satdlite
beacon capability, and ¢) a sngle space
segment level beacon broadcast to ground.

In addition, an on-orbit inteligent execution
system is being developed for the VLF science
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payload. This system will provide synchronized
control of the VLF systems on each Emerad
satellite thereby dlowing ‘space segment leve
control” in which a sngle ground command
initiates  collaborative actions on  both
goacecraft.  In addition, the ability to detect
unplanned opportunigic VLF science events is
being developed. Thiswill dlow the satdllitesto
detect such events on ther own and to
subsequently  coordinate  data  collection
activities on ther own. Additiona capabilities
involving on-orbit science data processng may
also be explored.

Findly, an autonomous ground based navigation
control system will be used to command
satdlite postioning when the on-orbit system is
not functioning. This may occur do to
component falures, power limitations, or
because the vehicles are out of range of the
intersatellite communicetions system.  In the
current design, the enhanced beacon system
may be usad to indicate the gatus of the on-
orbit navigation sysem. Based on this
information, the ground-based system will
engage itsdf in order to compute and execute
position control commands.

VLF Science

Each Emedd sadlite will indude a VLF
recaving sysem for recording and anayzing
VLF waves emitted by lightning. Developed by
Santa Clara University and Stanford’'s Space
Tdecommunications ~ And Radioscience
Laboratory (STARLAB), these receivers will
support a variety of science studies relaing to
lightning and to the dructure of the
ionosphere®®.  The most compdlling experiment
involves didributed sensng by the VLF
recevers on both Emerad vehicdes VLF
lightning discharges will be smultaneoudy
recaved and sampled a 12kHz;, the smadll
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differences between the received dgnds are of
scientific interest and indicate local ionospheric
differences dong the paths of each sgndl.

Formation flying technologies offer specific
advantages in conducting this experiment. For
example, tagging the recaved dgnds with
accurate timing, absolute pogtion, and relaive
position data provides great vaue to the science
data In addition, the possbility exigs to
actudly command a sengng basdine over a
territory of interest in order to optimize a
paticular study. Autonomous operation
technologies dso offer advantages such as
supporting automated coordination of the
vehicles and detecting unplanned science
opportunities.  For these reasons, this science
mission is being used as a means of vaidating
the digtributed space system technology being
verified through the other flight experiments.
The misson name, Emerdd (ElectroMagnEtic
Radiation And Lightning Detection), refers to
this science gpplication.

Payload | ntegration Approach

Without question, the attempt to incorporate al
of these payloads is aggressve given the limits
on spacecraft and programmatic  resources.
This is being addressed in a variety of ways.
Firg, the Emerdd misson will rely on exiding,
funded research programs in order to provide
funding and personnd. Second, it will dso
depend on unpaid or externdly funded students
for nearly dl devdopmentd tasks. Third, it will
utilize edablished mentoring and  inkind
equipment and test facility contributions from
the space indudsry. Fourth, it will use a
schedule-driven  management  drategy  for
eiminating payloads that do not meet ther
development timelines.
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In addition to these agpproaches, a building
block experimentd dtrategy is used to provide
mission leve robustnessin the face of diminated
payloads and/or on-orbit falures. This
gpproach will consg of firgt performing ample
payload experiments in isolaion in order to
asess the space performance of individud
components.  Experiments requiring the use of
multiple research payloads will then be
accomplished in order to assess system leve
capabilities. As an example of this gpproach,
the performance of the GPS recelvers will first
be tested individualy. Next, they will
communicate with each other via the inter-
sadlite communications payload in order to
perform a relative positioning experiment. Then
the pogtion control devices will be added in
order to achieve coarse relative posgtion
control.  Dedgning the misson with this
gpproach will ensure that vauable experiments
may ill be performed in case some payloads
fal on orbit or ae teminaed due to
developmentd delays.

Auxiliary Investigations

Through the use of standard bus services being
provided by the Emerald spacecraft, a variety
of additiond on-orbit investigations may be
conducted. These are classified independently
from the aorementioned flight experiments
snce these auxiliary investigations do not drive
the required desgn and functiondity of the
satellites.

Possbly auxiliary invedigations include:
An assessment of the drag panel system as
apogtion and/or attitude control actuator.
An assessment of the inter-satellite
communications sysem as a function of
distance and environmenta conditions.
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The use of GPS recevers and the inter-
satellite communications sysem to study
atmospheric phenomena

An extension, due to the impact of the drag
pand system, to a previous sudy with the
Sapphire and Opa microsatellites for using
solar panel current data for computing
attitude.

Other invedtigations of interest that may be
achieved through the use of command and
telemetry services built into the basdine
design.

Developmental Studies

During the process of developing the Emerad
misson, severa process-oriented studies will
take place.

Firg, this proect will naurdly involve an
exploration of generd low-cost satellite design,
faorication, and operation techniques and
gpproaches.  Such techniques have been
pioneered in the universty and amateur satdlite
communities. Many of the lessons learned in
this fidd have dready been incorporated into
previous Stanford and Santa Clara spacecraft;
additiona contributions to these methods will be
made in order to extend the cost-effectiveness
of the Emerald satellites.

Second, the project will explore the manner in
which projects of this type are conducted in a
universty environment.  Although both schools
have performed such projects in the padt, these
methods will be formalized into an appropriate
moded for project-based integrative education
and research activities. In addition, methods to

support  inter-school  collaborations  and
digributed desgn teams will dso be
investigated.
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Third, the vaue of the PIC processor-based
digributed computing architecture will  be
asesed. In particular, a qualitative evauation
of its contribution to amplified integration and
development will be balanced with its monetary
cods and any measured impact to rdiability and
robustness.

Fourth, an attempt will be made to develop a
cost assessment for this program. In the padt,
rough gpproximations of cash outlays have been
made for the Stanford microsatdlites. For
Santa Clara spacecraft, detailed accountings
are avalable for purchased and donated
component codts, programmatic costs such as
travel, and an hourly assessment of personne
hours. For the Emerdd project, the cost
accounting will be more dealed and
formaized; in addition, it will attempt to capture
in-kind contributions for environmenta testing,
universty services provided through overheed
billing, and other total program costs.

4. The Spacecr aft Conceptual Design

In order to achieve this misson given the limited
time and resources, the design of the Emerad
satellites will be largely based on heritage SSDL
designs as well as on purchased space qualified
components.

The dructurd configuration for the Emerdd
vehides will use SSDL’s exiging sadlite bus
design. This congsts of a 15 kilogram, 14-inch
tal, 16-inch diameter hexagona configuraion
employing a modular, stackable tray structure
made of aduminum honeycomb. Figure 9
depicts assembled and exploded views of this
configuration. Drag pands will be incorporated
into this design by actuating two opposte sde
panels.

13™ Annual AIAA/USU Conference on Small Satellites



(a) Assembled View

(b) Exploded View

Figure 9. The Heritage Satellite Configuration

For aflight computer, the Emerad satdlites will
use the commercidly avalable SpaceQuest
FCV-53 flight processor running the BekTek
operating system. Together, this provides a
radiation tolerant syssem with 1 MB RAM, a
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file sysdem, and a schedulable command
execution system. The processor will connect
to most subsystems through the use of an FC
serid bus.

A UHF, hdf-duplex, 9.6 Kkbs packet
communications sysem will be used. This will
include a SpaceQuest digitd modem and a
modified amateur radio transmitter and receiver.
This system will be used for both inter-satelite
communications as well as spacecraft to ground
communications. A secondary VHF receiver
may aso be included for redundancy and to
enhance the use of the sadlites by amateur
radio enthusasts.

The power subsystem will include donated solar
cdls body mounted on each of the sadlite's
gght 9des A dngle multi-cdl NiCad battery
will be included, and regulated 5-volt and 12-
volt power will be provided throughout the
satelites. Coarse attitude determination on the
order of +/- 5 degrees, suitable to meet misson
objectives, will be provided with a
magnetometer and smple visbleinfrared light
sensors.  Passve attitude control is achieved
through the use of permanent magnets. Passve
thermad control will be achieved through the use
of insulation and therma coatings.

Payload components, discussed earlier in this
paper, include the following: a GPS receiver on
both satdlites, VLF indrumentation on both
sadlites, a radiation testbed on one sadlite,
and a colloid microthruser on one satdlite.
Both sadlites will indude navigaion and
autonomy software.

Fgure 10 shows a sysem-levd diagram of the

satellite components. Figure 11 givesan artist’s
depiction of the Emerdd vehiclesin orbit.
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Figure 10. The Emerald System Diagram

Emerald  Wade Henping June 1930

Figure 11. Emerald satellitesin formation [ Henning] .

5. Emerald Mission Operations many of the other Univergty Nanosatelite
Program spacecraft. The current concept is for
The Emerdd satdlites will be launched from the al satelites to be attached to a single baseplate

Space Shuttles SHELS launch platform with which will be connected to the SHEL S platform
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by a Mamon clamp. The Orion-1
microsatellite is currently being planned for
induson on this baseplate as well. The
Emerdd satelites will be stacked, and the
bottom Emerad vehicle will be attached to the

baseplate.

When ready to deploy, the entire baseplate will
separate from the Shuttle. After safe separation
from the vicinity of the Shuttle, the various
Nanosatellite Program  spacecraft will  be
gected at different times. The Emerald stack
and the Orion-1 vehicle will be gected in close
proximity in order to minimize differences in
orbital trgectories. Vehicle checkout and some
initid flight experiments will be performed prior
to separating the Emerad stack. When ready,
the Emerad sack will separate and  will
commence its digtributed flight demongtrations.

Command and control of the Emerdd
gpacecraft will be conducted through a globa

gpace operations network that is being
edablished as pat of SSDL’'s research
program in space system operations®. This
system consids of a network of amateur radio
communication gations linked via the Internet.
A centralized misson control complex provides
conventional and advanced control capabilities
for processng misson services and maintaining
sysem hedth. The overdl misson architecture
ispictured in Figure 12.

6. The Emerald Program Organization

Stanford and Santa Clara have demonstrated
expertise in developing qudlity, low cost space
systems capable of supporting advanced
technology demondrations. In addition, their
previous collaboration on the OPAL/Artemis
misson provides a srong foundation upon
which to excd asateam.

Products and Services

i)

Weh Interface
for Clienis

Internet

Spacecrafi
Opal & Pirosats  TIREX

Emerall

- Planning & Sched uling
- Anomaly Management

- Eqjuipment Control
- Data Management

Figure 12. The Mission Control Architecture
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Furthermore, the Emerald team includes world-
class researchers in the required advanced
gpacecraft technologies, experienced managers
and systems engineers with outstanding records
of leading student-based projects, and dozens
of graduate and undergraduate engineering
dudents cgpable of dedgning, fabricating,
integrating, tesding, and opeding the
Spacecraft.

The team’s development gpproach integrates
Stanford and Santa Clara students into a single
design team responsble for producing both
goacecraft.  This drategy atempts to take
advantage of potentid economies of scde
inherent in a unified, multi-product production
activity. In addition, using
component/subsystem  teams composed  of
Stanford graduate students and Santa Clara
undergraduate students provides a logica
hierarchy among the team and ensures a
consstent gpproach for the analyd's, fabrication,
and test of al subsystems.

Student M anagement Plan

Development of the Emerald spacecraft buses
is being peformed as pat of established
student programs a both Stanford and Santa
Claa Stanford students take part in the
project through severd graduate courses in
which sudents participate in the hands-on
development of microspacecraft. Santa Clara
sudents participate through their senior design
project program.

Together, these programs provide a continuous
integrated design team of approximately 40
sudents from dl engineering disciplines in order
to jointly develop the Emerdd satellites. These
sudents are organized into payload and bus
ubsystem teams based on interet and
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capability. The payload teams have the
authority to work directly with the cognizant
Principd Invedtigator. The bus teams develop
and produce the subsystems for both spacecraft
buses, these will be nearly identicd in most
cases. A systems engineering team manages
requirements and interfaces, oversees trade
dudies and documentation, and controls
verification procedures.

Veteran dudents from previous spacecraft
projects at both Stanford and Santa Clara
provide key leadership roles in managing the
dudent team. These Sudents are typicdly
graduate students who are co-investigators for
Emerdd's technology experiments as part of
their dissertation research. Their participation is
funded through external research contracts.

Facilities

Both Stanford and Santa Clara have laboratory
faclities for deveoping and operaing the
Emerad spacecraft. Theseinclude:
Computer workstations at both schools for
design modding, smulaion, and anadyss
Mechanicd shops and deveopment
laboratories a both  schools  with
gopropriate instrumentation and supplies for
fabricating and testing components and
ubsystems
Dedicated space and equipment a both
schools to support the integration and test
of Emerdd sysems
Limited environmentd test equipment a
Stanford to enable preiminary testing of
components
Donated and/or low cost access to
extendve environmental test facilities a a
number of aerogpace companies in the
Silicon Vdley region
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Ground segment equipment at both schools
for conducting operationd system tests and
for managing on-orbit operations of the

spacecraft

The physicd proximity of Stanford University
and Santa Clara University dlows daly person-
to-person interaction, the sharing of facilities,
and an integrated development effort.
Neverthdess, attention to and management of
team communication and coordindion is a
paramount concern. To ad this, the team
employs phone, fax, Internet, and
videoconference communications. Web-based
project documentation on existing workstations
permits didributed access and review of
technical and manageria aspects of the project.

Systems Engineering Approach

The Stanford and Santa Clara spacecraft design
programs specidize in the gpplication of rationa
sysems engineering gpproaches in order to
develop quality, low-cost systems capable of
meeting the needs of technology developers.
These gpproaches include the following:

Precise understanding and management of

the technology validation requirements
Formdl, traceable  flowdown  of
requirements to  subsygsems  and
components

Generation and consderation of desgn
dternatives based on system-level metrics

Use and reengineering of commercid
components where gppropriate

Proactive application of robust project
management techniques such as problem-
tracking, rapid prototyping, proof-of-
concept testing, interface management, and
margin maintenance.

Rigorous use of concurrent design
principles to devdop a smple sysem
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concept with acceptable performance that
isaso flexible, testable, and operable.
Reiance on extensve testing and andyses
in order to verify peformance especidly
when risky and low-cost gpproaches are
used

Regular peer review of development
activities by industry mentors

The execution of these tasks is performed as a
forma part of the Stanford and Santa Clara
educationa programs.

Schedule

The Emerdd team is usng a schedule-driven
management drategy in order to scope
technicd complexity and payload integration.
Sgnificant schedule dips are controlled by the
removd of experiments from the misson aswell
a by the temination of subsystem
enhancements.

The overdl development schedule is as follows.
Design and prototyping occurs through 9/99.
Conggent with academic timing condraints,
full-scale fabrication and integration occurs from
9/99 through 6/00. Environmenta  and
operationa testing occurs from 6/00-12/00.
Three months are reserved as a schedule
margin.

7. Conclusons

The Stanford — Santa Clara Emerdd mission
will contribute to the understanding of
digributed space sysgems.  This will be
achieved by verifying severd component-level
technologies, by combining these technologies
to demongrate enhanced control capabilities
such as rdaive podtion control and
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autonomous science operations, and by
vaidating these technologies by assessng ther
impact on a basdine science misson involving
the sudy of lightning induced amospheric
phenomena  Although smple in concept, this
project serves as a vauable prototype for more
advanced formation flying missons being
developed by Stanford, AFOSR, and NASA.

As is beng demondraed by the
AFOSR/DARPA  Universty  Nanosatdlite
Program, univerdty class spacecraft are a
vauable dternative avalable to space system
researchers. These vehicles serve as low-cost
dbeat riky plaforms that may be used to
rgpidly verify the capabilities of advanced
technology. In addition, such projects often
lead to innovative design approaches, and they
successfully promote the education of a new
generation of aerospace engineers.
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