
Source of Acquisition 
NASA Marshall Space Flight Center 

Modular, Reconfigurable, High-Energy 
Technology Development 

Colmie Carrington 
EV2 1 

NASA Marshall J;lace Flight Center 
Huntsville, .4L 358 12 

256-54~1.-0870 
connie.carril~&on@nasa. - rrov 

Joe Howell 
VP33 

NASA Marshall 3p:ice Flight Center 
Huntsville, AL 35 8 12 

256-96) -7566 
joe.howell@nasa.gov 

Abstract- The Modular, Reconfigurable High-Energy 
(MRHE) Technology Demonstrator project was to have 
been a series of ground-based deinonstrations to mature 
critical technologies needed for in-space assenlbly of a high- 
power high-voltage illodular spacecraft in low Earth orbit, 
enabling the developlllellt of future modular solar-powered 
exploration cargo-transport vehicles and infrastructure.' 
MRHE was a project in the High Energy Space Systelns 
(HESS) Program, within NASA's Exploration Systems 
Research and Technology (ESR&T) Program. NASA 
participants included Marshall Space Flight Center (MSFC), 
the Jet Propulsion Laboratory (JPL), and Glenn Research 
Center (GRC). Contractor participants were the Boeing 
Phantom Wol-ks in Huntsville, AL, Loclheed Mai-tin 
Advanced Technology Center in Palo Alto, CA, ENTECH, 
Inc. in Iceller, TX, and the University of AL Huntsville 
(UAH). 

MRHE's technical objectives were to mature: (a) 
lightweight, efficient, high-voltage, radiation-resistant solar 
power generation (SPG) technologies; (b) inllovative, 
lightweight, efficient therinal inanagemeilt systems; (c) 
efficient, 100lcW-class, high-voltage power delivery systems 
froin an SPG to an electric thruster system; (d) a~~tonoinous 
relldezvous and doclcing tecl~i~ology for in-space asseinbly 
of modular, reconfigurable spacecraft; (e) robotic asselnbly 
of modular space systems; and (f) modular, reconfigurable 
distributed avionics technologies. 

Maturation of these technologies was to be iinplemented 
through a series of increasingly-inclusive laboratory 
delnonstrations that would have integrated and delnonstrated 
two systems-of-systen~s: (a) the autonomous rendezvous and 
docking of modular spacecraft with deployable structureb, 
robotic assembly, reconfiguratioil both during asselnbly and 

(b) the developnlellt and integration of an advanced tllerlnal 
heat pipe and a high-voltage power delivery systeiu with a 
representative lightweight high-voltage SPG may.  In 
addition, an integrated silnulation testbed would have been 
developed containing software illodels represeilting the 
techi~ologies being inatured in the laboratory deinos. The 
testbed would have also included inodels for ~lon-MRHE- 
developed subsystenls such as electric propulsion, so that 
end-to-end perforinance could have been assessed. 

This paper presents an overview of the MRHE Phase I 
activities at MSFC and its contractor partners. One of the 
inajor Phase I accomplisl~i~~eilts is the asselnbly 
denlonstration in the Loclcheed Martin Advanced 
I'echnology Center (LMATC) Robot-Satellite facility, in 
which three robot-satellites successfully delnonstrated 
rendezvous cPc docking, self-assembly, reconfiguration, 
adaptable GN&C, deployment, and interfaces between 
modules. Phase I technology maturatioi-1 results fiom 
ENTECH include material recoinillendations for radiation- 
hardened Stretched Lens Array (SLA) concentrator lenses, 
and a design concept and test results for a hi-voltage PV 
receiver. UAH's accoillplishmei~ts include Supertube heat- 
pipe test results, which support estiinates of tllemal 
conductivities at 30,000 tilnes that of an equivalent silver 
rod. MSFC perfornled systenls trades and developed a 
prelilllinary concept design for a 100kW-class nlodular 
reconfigurable solar electric propulsion transport vehicle, 
and Boeing Phantom Works in Huntsville performed 
assembly and reildezvous and doclcing trades. A coilcept 
animation video was produced by SAIC, wllich showed 
rendezvous and doclcing and SLA-square-rigger deploylnent 
in LEO. 

in the event of module failure, and the use of reconfigurable 1. INTRODUCTION ..................................................... 2 
distributed avionics systems to perfor111 these functions; and .............................. 2. CONCEPT DEFINITION STUDY 3 
1 
1 U.S. Government work not protected by U.S. copyright. 
2 IEEEAC paper # 1 1 18 , Version 1, October 20,2006. 
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Modular, reconfigurable spacecraft, asseinbled in orbit froin 
identical building-bloclc components, was a fundainental 
capability identified in NASA's 2004 Vision for Space 
Exploration. Goals included cost savings tl~rough multiple- 
unit production, module replacement, and module 
redundancy. Modular, high-energy, solar-powered 
spacecraft present particular challenges in assembly, power 
distribution, thermal management, and survivability in 
radiation enviromnents. These technology issues were to be 
addressed in the four-year Modular, Reconfigurable, High- 
Energy (MRHE) Technology Deinonstration project. 
MRHE, along with most of the other technology 
developnlent projects selected in 2005, was closed out at the 
end of Phase I. 

The MRHE Teclmology Deinonstrator Project had planned 
to conduct system-of-systems laboratory deinonstrations that 
would have supported technology develop~nent for nlodular 
solar electric transport vehicles, siinilar to the concept in 
Figure 1 [l].  The MRHE spacecraft concept consists of 
identical solar-powered inodules, each equipped with an 
electric propulsion system, asseinbled in a reconfigurable 
arrangement. The concept also provides payload 
attachments on each bus that supports flexibility and 
configurability, acconunodating multiple tecl~nology 
experiments that represent different exploration payloads. 

leilowatt-class spacecraft suitable for on-orbit assenlbly and 
reconfiguration. Maturation of ENTECH's Stretched Lens 
Array (SLA) solar concentrator technology included the 
design, development, fabrication, and testing of radiation- 
resistant concentrator lenses and photovoltaic receiver 
circuits capable of long-tenn operation at 11cV levels. The 
University of AL Huntsville (UAH) was to determine 
feasibility and then nlature the "Supertube" solid-state heat 
pipe fioin Technology Readiness Level (TRL) 2.5 to TRL 5 
by fabrication, testing, and analysis, and to develop and test 
an advanced radiator concept. The Jet Propulsion 
Laboratory (JPL) technology development responsibilities 
included a Power Delivery Systein (PDS), capable of 
handling 300 to 600 volts, and developlnent of a distributed, 
fault-tolerant, wireless avionics system, for inter- and intra- 
module comnlaild and data coilununications, capable of 
performance equivale~it to a 1394 bus [2]. JPL teclu~ology 
responsibilities also included the asseinbly of hardware 
inodels for the PDS, the avionics subsystein and the robotic 
asseinbly subsystein to support the MRHE demonstrations, 
fro111 conlpoilent to systenl levels. Glenn Research Center's 
responsibilities included maturation of thin-film solar power 
generation technology by developing and evaluating thin 
fill11 photovoltaic coatings to enable high voltage array 
operation, and evaluating thin fill11 photovoltaic perfor~nance 
under low energy radiation conditions [3]. Autoi~o~nous 
rendezvous and doclcing (AR&D) responsibilities at MSFC 
included evaluation, simulation, and testing of target 
geometries, acquisitioil sensors, and proximity operations 
scenarios suitable for MRHE modules. 

Project deliverables for the four-year activity included 
concept definition, systein design, feasibility studies, 
architecture and operations concept development, and 
laboratory demonstrations of satellite self-assembly and 
reconfiguration, an eval~~ation of integrated components, and 
an assessinent of systein f~~nctionality for major critical 
systems. The project would have delivered a set of 
integrated laboratory demonstrations, including three 
reconfiguration and assenlbly de~nos using illultiple robotic 
satellites in an asseinbly testbed laboratory facility at 
Lockheed Martin's Advanced Technology Center (LM 
ATC). 

This paper provides an overview of the MRHE Phase I 
accoi~~plisl~mei~ts of MSFC and its contractor partners, 
docuinented in the MSFC final report [4]. A summary is 
presented of MSFC's concept definition study, Boeing's 
AR&D and launch vehicle assessment [5], UAH's thermal 
management testing and tecln~ology developlnent [GI, 
ENTECH's SLA developn~ent and testing [7], and LM 
ATC's robotic assembly demonstration and technology 
developlnents [S]. 

Fig. 1 Solar Clipper Transport Concept 

The primary objectives of MRHE were to iilature 
technologies for future developlnent of a modular, 100 



2. CONCEPT DEFINITION STUDY 

The objective of the Phase I concept definition study was to 
develop a concept and inissioil scenario that would provide 
top-level requirements and a focus for the technologies 
being matured in MRHE. Configuration trades and assembly 
concepts were to be developed in the first three months of 
Phase I, so that decisions on voltage levels, power- 
conduction across joints, and robotic berthing versus 
autonolnous doclting could be made. These decisions would 
influence early requirements developmeilt for the power 
delivery system, module interface design, and the robotic 
system. Preliminary requirements documents for selected 
subsystems were written in Phase I, to provide a blueprint 
for the hardware development and testing in Phase 11. 

Concept definition guidelines included identical spacecraft 
buses, each launched on a Delta 2-class launch vehicle and 
self-assembled in low Earth orbit (LEO). Each spacecraft 
bus was to be powered by solar energy, using Stretched Lens 
Array concentrators and body-mounted planar panels. The 
assembled configuration wo~lld have at least 1001cWe total at 
end of life, with continuous high-power operational 
capability only during periods of insolation. Direct-drive of 
the electric thrusters was a principal objective, so a noi~~inal 
voltage of 6OOV froin the solar arrays to the thrusters was a 
guideline. A lifetime of 5 years was baselined. Each 
spacecraft bus would have an identical payload declt, 
capable of supporting 150 ltgs of payload mass, and 
providing utilities. After assen~bly and check-out in LEO. 
each spacecraft in the configuration would use its solar 
electric propulsioll system to transport the assenlbly to a 
higher orbit, through the Van Allen belts and beyond. 

The JPL MRHE teain performed payload trades and mission 
design studies, and are documented in the JPL MRHE final 
report [2]. The reference mission selected for study was a 
selectioil of science instruments transported fi-om a 2s.; 
degree, 3001tin Earth orbit to lunar polar orbit. The two 
representative science payloads, to be mounted on two of the 
spacecraft buses, were a topographic LIDAR altimeter for 
detailed 3D surface mapping of the lunar surface, and a 
chemical LIDAR tuned to detect evidence of water ice and 
other resources suitable for in-situ utilization. 
Representative payloads for the other spacecraft buses were 
to have been selected in Phase 11. 

Con~gzrration Trades 

MRHE proposed the investigation of a new tetrahedrai 
configuration concept for modular spacecraft, and a 
comparison of that configuration with the solar clipper linear 
modular configuration conceived in the Space Solar Power 
(SSP) studies. The tetrahedral configuration consisted of 
four identical solar-powered buses, each equipped with an 
electric propulsioil system, which self-assemble, either 
through doclting or via robotic capture, into a stable, 
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tetrahedral truss configuratioi~. Each bus was to have a 
reconfigurable payload deck that could accommodate a 
single large payload or nlultiple smaller payloads, depending 
on nlission requirements. The tetrahedral configuration was 
coilceived so that each satellite's solar array contributes 36 
ItW of power, providing 1001tWe from only three buses, to 
compensate for shadowing of the fourth bus. A PMAD 
system integrated illto the tetrahedral truss would route 
power to the payload or shadowed bus, as needed. 

After iilitiation of the MRHE project, a feasibility 
investigatioil of the tetrahedral config~~ratioil was begun. 
Preliminary orbital analysis of the configuration showed that 
significant shadowing of the solar arrays on at least two of 
the illodules occurs for long periods during the spiral out of 
LEO. Oversizing the arrays or increasiilg the lengths of the 
tetrahedral truss illembers does not adequately address this 
shadowing issue. In addition, this configuratioil requires the 
routing of power through the tetrahedral truss to the electric 
thrusters on shadowed buses. The power illanagemellt 
system in this configuration would be coii~plex and dynaiamic 
as the spacecraft attitude and orbits change. The routing of 
power through the truss also requires high levels of power 
transfer across yet-to-be-designed, multi-degree-of-fi-eedoin 
rotational joints at each of the spacecraft buses. Hence the 
tetrahedral configuration for the MRHE modular concept 
was eliminated early in the concept definition study. 

The solar clipper linear configuration, shown in Figure 1, 
was a inod~llar concept proposed during the Space Solar 
Power (SSP) studies. Propulsion nlodules are separated fro111 
solar power generatioil iilodules by booms, and a single 
large payload is located at the center of the configuration. 
Orientatioll options during the spiral out fronl LEO include: 
( I )  Sun-oriented inertially fixed orientation, with the long 
axis of the vehicle perpendicular to the sun, (2) 
Perpendicular-to-the-orbit-plane (POP) orientation, with the 
long axis of the vel~icle perpendicular to nadir and aligned 
with the orbit nonnal, and (3) Gravity-gradient orientation, 
with the long axis of the vehicle parallel to nadir. The sun- 
oriented inertially fixed orientation produces significantly 
large gravity-gradient torques on the vehicle while in Earth 
orbit, requiring large control authority to maintain this 
orientation. The POP orientation, which the SSP solar 
clipper proposed, allows the arrays to face the sun while the 
thr~~sters rotate about the long axis to iilaintain velocity- 
vector orientation, but separate illodules are needed for the 
solar arrays and thrusters, with sufficient separation between 
these nlodules to avoid plume impingement. The gravity- 
gradient orientation has significant shadowing of the arrays 
around iloon and midnight, which could be reduced by 
increasing the separation between modules. The gravity- 
gradient orielltation has the significant advantage of 
illounting the solar arrays and thrusters on the same module, 
much lilte current spacecraft are designed. 
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Fig. 2 Perpendicular-to-Orbit-Plane (POP) Orientation 

For siinplicity of design, tlle configuration teain initialt~ 
selected the gravity-gradient orientation for study, but found 
that in near-Earth orbits at 28.5-degree iilclinations, 
shadowing of one satellite by tlle next satellite was 
significant, even for booin lengths in the range of 15-20111. 
Shadowing requires periodic sll~~tdown of thrusters on the 
shadowed spacecraft, which colnplicates tllrust vector 
control and produces libration of the configuration around 
nadir. Hence the gravity-gradient orientation was rejected, 
and a perpendicular-to-orbit-plane (POP) orientation that 
removes the shadowing issues between spacecraft was 
chosen. This orientation produces a inore complex 
spacecraft configuration, in which the solar arrays are 
located on a separate unit, deployed by a booin froin the 
spacecraft bus. The deployable unit will rotate about this 
boom to traclc the sun, as the spacecraft bus lteeps the 
thrusters aligned noininally along the negative-velocity 
direction. The POP configuration is shown it1 Figure 2. 

The booin length in tlle "pop-out' configuration shown in 
Figure 2 was initially selected to avoid plunle iinpingeillent 
on the solar array panels. JPL performed a quick analysis 
which showed that plume iinpingement on the solar arrays 
primarily erodes the SLASR fi-ameworlt. Hence the 
requireinent for coillplete pluille avoidance, which initial!) 
was used to determine boo111 lengths, was reduced, and a 
boom length of -5.6111 was selected. 

for nlodule assembly in LEO. The Delta 2 two-stage launch 
vehicle can deliver 2.7 to G metric tons of payload to LEO. 
The 3.0111 coinposite payload fairing and 6915 payload 
attach fitting were used to size the spacecraft bus. 

JPL reviewed Hall thruster options coinpiled for the JIM0 
EP study and selected Aerojet's BPT-4000 thrusters for 
MRHE. These thrusters require 4.5 1cW and provide 0.26N 
of thrust and an I,, of 2059 seconds at 400VDC. A suimnary 
of the JPL propulsioil system trades can be fot~nd in the JPL 
MRHE final report [2]. MRHE baselined five of tllese 
thrusters on each spacecraft bus, nlounted on a giinbal plate. 
JPL also sized tlle Xenon tanlc, using data froill the Dawn 
mission. 

LMATC, who was responsible for the booins and a new 
deployer design for the asseinbly demo, provided the boo111 
concept. The concept definition study had to be con~pleted 
in the first six illoilths of MRHE, so it did not include tlle 
LMATC deployer design, which was developed later in 
Phase I. The voluine reserved in the concept coilfiguratioil 
for the booill deployer was capable of housing a 33111 long 
boom, significailtly longer than the final booin length of 
5.6111. 

The SLA solar arrays were sized using data froill the 2004 
Boeing preliininary design study for a 1001cW High-Power 
Tecl~nology Demoilstration Spacecraft [9]. Using a 3-inoiltll 
transition period through the Van Allen belts, and Spacecr.uft Bzrs P~-e l i~~ i i t~a~y  Design 
extrapolating quadruple-junction cell efficiencies to 2008, 

The primary design drivers for the spacecraft bus and the waterfall chart of conversioil efficiencies froill the 
paclca~ing are the Delta 2 launch vehicle, the POP Boeing study provided an EOL 342 ~ 1 1 1 1 ~  areal power 
configuration with solar arrays on the same side of the density. For 25kWe at EOL, the arrays were sized for each 
spacecraft, the SLASR solar arrays, which deploys in two spacecraft bus at 75m2, using six 2.5111 x 5111 standard-bay 
directions and has a relatively-fixed aspect ratio, the booill panels in a SLA Square Rigger frame. 
deployers, which require spacecraft voluine for the canisters 
and a transition structure, and the propulsion systenl needed 



1. Main Switchgear Unit 
2. Battery Charge/Oischarge Unit (2) 
3. Series Boost OC-DC Converter (2) 
4. ithium Ion  Battery (2) 
5. OC-DC Converter (2) 
6. OC-OC Converter PPU (2) 
7. Shunt Regulator (2) 
8. Control Electronics Assy 
9. Star Tracker (2) 
10. Inertial Measurement Units (2) 
11. 3-Axis Accelerometer (3) 
12. Reaction Wheels (4) 
13. SDST X-up/X/Ka-dovm (2) 
14. Ka-Band 5W 5SPA (2) 
15. Waveguide Transfer Switch (2) 
16. Coax Transfer Switch (2) 
17. X/Ka HGA 
18. X-LGA Horn (2) 
19. Ka-LGA Horn (2) 
20. Electra-Lite UHF Transceivers (2) 
21. UHF Quad Helix antennas 
22. Robotic Arm Stowed Envelope 
23. Solar Array Stowed Envelope (2) 
24. Xenon Tank 
25. Pressurant Tank 
26 Assy Prop Tank 
27. Assy Prop Tank 
28. BPT-4000 Thruster (5) 
29. Remote Engineering Unit (2) 
30.3U and 6 U  cPCI Cards 
31. Wireless Avionics Units 

Fig. 3 Major coiiiponents in the bus concept 

The bus structure was designed with an octagonal cross- 
section, which lends itself to tlie four-hardpoint Delta 2 691 5 
payload-attach fitting (PAF). Longeron-frame-panel 
constructioil was used for the primary structure in three 
vertical bays of the bus. Interior longerons are 2 ~ 2 ~ 0 . 0 8 3  
inch square aluminum tubing, and exterior longerons are 
2 ~ 2 ~ 0 . 1 2 5  inch square aluiiiinuin tubing. The total vertical 
length of the bus is 3.21111 without the payload instrument 
and 1.70in across the flats. This is an asy~nmetrical layout, 
with solar arrays on one side, and the payload maiiipulatx 
arm on another side. The spacecraft platform provides 
illajor services for the satellite bus and payload operation. 
These include power, coiiimarld and data handling, 
telecommnunications, attitude and orbit control, thennal 
control, spacecraft rendezvous and doclting, and payload 
change-out and reconfiguration. Major MRHE colnponentrs 
are shown in Figure 3. 

Boeing developed trades for delivering the MRHE satellites 
fi-om tlie Delta I1 launch vehicle to the 3001tiii altitude orbit 
for assembly. An early baseline concept was to insert the 
MRHE satellite into a 180-1 S5lun orbit from a basic two- 
stage Delta I1 veliicle, and then use self-propulsion to raise 
the altitude to 3001tm. The satellites would also perforin 
orbit phasing at 3001un to rendezvous with other MRHE 
satellites for assembly. Initial assembly propulsion options 
were: (1) the use of an auxiliary chemical propulsion systenl 
on each spacecraft, (2) a hybrid systein on eacli spacecrafj., 
consisting of a disposable solar array to provide power f a  
one electric thruster, and (3) a chemical propulsioii service 
and asseinbly niodule (SAM), which would ferry MRHE 
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satellites and perforin rendezvous and doclting with tlie 
assembled cluster. These trades recommended an upgraded 
GEM-augmented Delta I1 vehicle, which placed the 
satellites directly into the desired 3001tm orbit. 

A mono-propellant system was added to the MRHE 
satellites for orbit phasing and rendezvous, in addition to a 
cold-gas system for docking. The asselnbly propulsion 
subsysteiii reconililended by Boeing was a main hydrazine 
inonopropellant systein wit11 six thrusters rated at 25 lbf each 
and twelve thrusters rated at 1 Ibf eacli. A secondary cold 
gas system witli twelve thrusters rated at 1 lbf each would 
provide proxiinity operations and doclting capability. Talks 
were sized for each of these systems and added to the 
MRHE satellite configuration, mounted adjacent to tlie 
central Xenon tai11t. Based oil Boeing's Orbital Express 
(OE) analysis experience for a typical rendezvous scenario, 
the required delta-V is 90 fps, witli 10 fps is added for 
attitude maneuvers, for a total = 100 fps. Initially, a 100% 
design margin was used to account for dispersions, two 
possible wave-offs, and leave margin, providing a design 
prop budget at 200 fps to get the vehicle to a close proximity 
operations point. The GN&C errors were estimated using 
Boeing's OE analysis experience for rendezvous scenarios. 
Details of tlie assenibly propellant systems, and rendezvous 
approach trades are docuinented in the Boeing final report 
[51. 

Another co~ifiguration driver was the two boom-deployer 
systems needed for each MRHE satellite, shown in Figure 4. 
The booms are collapsible rollable tubes developed by 



ATIC under contract to Loclheed Martin ATC, and require a 
supported transition region froin where it exits off the spool 
to a distance where the boo111 is fully unflattened and 
capable of suppoi-ting loads. The booill on the spacecraft 
concept was 13.75 inches in diameter. A concept for the 
transition-region support structure, based on telescoping 
tubes, is shown in Figure 4. This figure also shows a 
preliminary design for the drive mechanism to rotate the 
solar array asseinbly around the boom. 

~mmition tengm 
3-5 tims baamdiowter , /- 

Transition Leo~th:  - 

thruster exploration systems, However, converters at the 
PPUs could be used to lower voltages froin the bacltbone, if 
lower voltage thrusters were advantageous to the MRHE 
transportation system. JPL analyzed lower voltage options in 
their trajectory analysis from LEO to lunar orbits, and found 
that shorter transit times occurred for the lower voltages, a 
desirable feature when transiting the Van Allen belts. 
However, at 6OOV, the propellant savings were significant, 
even though the transit times were somewhat longer, so 
direct-drive fi-om the arrays at 600V was reconlnlended for 
MRHE. All electronics will be shielded for radiation 
exposure during the longer transit times. 

Mass estimates for each MRHE satellite are shown in Table 
1; these are launched Illass estimates, including phasing and 
asseinbly propellant. Battery and wiring inasses were scaled 
from previous studies, and the payload arm robotic unit was 
based on a inass estimate for only payload reconfiguration 
and not berthing-assistaace during assembly. Estinlated 
inasses also include the split power systenl between the solar 
array assenlbly and the spacecraft bus, the parallel lower and 
higher voltage power bacl<bones, the rotating lnechanisllls 
between the boo~us and the solar array assembly, and the 
doclcing mecl~anisms. With a payload allowance of 1501cg 
and an estinlated 7001cg of Xenon for transit from LEO to 
lunar orbit, the launched Inass of each MRHE satellite is 
estiniated at 25001<g. Details of the concept definition study 
and operational concepts can be found in the MSFC final 

*---- - report [4]. 

Fig. 4 Dual Booin Configuration and Transition Support- 
Structure Concept Table 1. Launched Mass Estinlates for One Satellite 

To bring power fi-oin the SLA arrays to the spacecraft bus, 
study options included embedding the cables in the boom or 
running an insulated high-voltage power cable along the 
outside of the boom. As a worst case, 35lcWe power transfer 
from the arrays to the bus was examined. For GOOV, the 
required power cables would be 6 AWG for about 60 amps. 
or, for 1000V, 8 AWG for about 35 ainps. The 6 AWG wire 
has a circular cross section with a diaineter of 0.24 inches, 
which is a fairly large wire. Two options for embedding wire 
in the booin structure were examined: using inultiple sinaller 
gauge wires, or using ribbon-like wires with rectangular 
cross-sectioas. Both of these options require technology 
development, and since the rollable booin was a technology 
developinent in itself, the embedded-wire option was not 
selected for the spacecraft concept. The GOOV power cable 
would be rolled on a spool nlounted outside the booin- 
deployer, and as the boo111 is deployed, the cable would 
unroll, parallel to the boom. 

Subsysteln Mass (kg) 
2 Solar Arrays + Mechanisms 125 

Co~nputing &Data Handling 57 1 Teleco i l~~~~u~~ica t io l s  27 

Attitude Control Systein 40 

1 Electric Propulsion Systein I SO 

I Monoprop. Assembly Propulsion System 137 

Electrical Power Systein 210 

Batteries 75 

Wiring 35 

Autonlated Rendezvous & Assembly Sys. 40 

Structures & Thermal 285 

Rotating & Docking Mecl~anisms 70 

2 Booills & Deployers/Structure 60 

Robotic Unit 25 

600V power bacltbone and arrays at GOOV in the project I Propellant 700 
proposal for technology develop~nent and maturation, to I ~ ~ t ~ l  2490 
provide a roadmap for 6OOV systems required by large Hall ' 

Since the BPT-4000 electric thrusters noillinally run at 4001: 
Margin/Contingency 273 

SIC Dry Mass (with co~ltingency) 
or lower voltages, but could be qualified to run at 600V, 
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trades were done on thruster voltages. MRHE proposed a / 150 



Concept of Ope~atio17s 

JPL and MSFC jointly developed a concept of operations 
for the M W E  mission, with MSFC providing launch and 
assembly operations, and JPL providing transit and lunar 
mission operations. 

Five identical satellites, each approxinlately 2500 leg, will 
self assemble in LEO into a gravity-gradient-oriented 
configuration, separated by deployable booms. Each satellite 
has a "pop-out" unit that suppol-ts the solar arrays at a 
suitable distance from the spacecraft body to tniiliillize 
electric thruster plume impingement. After assembly, the 
configuration will reorient to a perpendicular-to-orbit-plane 
(POP) configuration, so that each module's solar arrays will 
be illuminated. Each satellite will fire its five solar electik 
Hall thrusters to spiral out to the moon, where the modular 
coilfiguration will separate into individual satellites. The 
payloads on each of the satellites will then gather data in 
lunar orbit and transmit it to earth. 

Each MRHE spacecraft is launched on a two-stage Delta 2 
fioin the Cape into a 300 lcm circular orbit at 28.5-degree 
inclination. At the current mass estimates, a Delta 2 lnodel 
7420 with four GEMS and a 3.0m fairing is suitable. The 
Delta launch operations center at the Cape is planned for use 
in vehicle integration, launch support, and i~ninediate 011- 

orbit support. A yet-to-be-determined ground operations 
center will nlonitor and control assembly in LEO, transit to 
the moon, and lunar operations. 

The Delta 2 second stage will insert the spacecraft into a 300 
lun circular orbit. Power during this phase of the inission 
will be provided to the spacecraft by batteries and body- 
mounted solar panels. The spacecraft will acquire the suli 
using sun sensors and use its cheillical asselnbly propulsion 
system to stabilize attitude, and then use its star trackers to 
orient itself so that the solar-array pop-out unit points in the 
nadir direction, and the electric thrusters point in thr 
negative-velocity direction. 

The assembly propulsioa system on each spacecraft provides 
translational and full three-axis control for in-orbit phasing, 
rendezvous and doclting, and inomentutn management. The 
main syste~n is a llydrazine illonopropella~lt system, and a 
secondary cold gas system provides additional propulsion 
capability for close proxiinity operations and doclting. 

A representative deployment scenario for the first spacecrafi 
is shown in Figure 5. After the attitude control systein 
orients the spacecraft with the solar-array unit in the nadir 
direction, the boom trallsitioil structure deploys for the solar 
array boom system. The boom transition structure provide2 
the transitional support between the flat-rolled boom on its 
reel and the fully deployed circular cross-section of thp 
boom. The boom can be deployed to an intermediate 
distance of 3in, which will provide a shorter configuratioil 
length during assembly, if required for control lnanageillent 

during the build phase. As the boom deploys, an insulated 
high-voltage power cable is unrolled, parallel to the booin 
between the spacecraft body and the solar array unit. The 
Stretched Lens Array in its Square Rigger (SLASR) frame 
deploys; the fsame is first unfolded and loclced in place, and 
then motors draw the folded SLAs across the bays. The 
arches supporting the stretched lenses spring into position, 
and the unit is rotated into position to start traclting the sun 
by rotating the solar array unit around the boom tip. The 
arches nlay be shifted to effect beta-tracking by shortening 
the distance between the stretched lens and the solar cell 
strips. A11 optional process for beta-traclting is to use solar- 
array drive assetnblies at the base of each solar array. 

Fig. 5 Deployment Scenario for First Satellite 

Subsequent n~odules will be launched on Delta 2 vehicles 
noini~laily into the same 300 Icm, 28.5-degree circular orbit 
of the first module. Dispersions fsom the Delta 2 second 
stage insertion could require as nluch as a 10 ltin altitude 
raise, and small corrections in inclination. Previous 
experience has shown that several dispersion sources will 
need to be accoinmodated by the GNC and propulsion 
systems. These dispersions result fsoin inertial initialization 
and updates, inertial drift, and navigation systein accuracies. 

A reference trajectory and scenario for the phasing orbit and 
rendezvous, based on Boeing's Orbital Express experience, 
is shown in Figure 6. The reference trajectory includes 
cptions for various sensors in traclcing the target module. 
The new module could begin far-range visual traclting of the 
target inodule at around 200 ltm. At approximately 28 lull 
fiom the target module, the rendezvous inodule will begin 
the first of several in-plane Lambert trajectories to close in 
on the target. At approximately 20 km, infrared traclcing of 
the target could begin, and at 10 ltm fro111 tlle target, 
Advanced Video Guidance Sensor (AVGS) or lidar traclting 
could start, if needed. At 6 ltm, the rendezvous inodule goes 
into a hold position, in which GN&C updates, sensor 
inforlllation, and health monitoring of the prop~tlsion system 
could be done, in addition to ground-operator monitoring, 
intervention, and per~llission-to-proceed for the next phase, 
if needed. 

Figure 6 also shows a short-range view of the phasing orbit, 
beginning from the permissiotl-to-proceed hold point at 6 
ltm. The second Lambert trajectory will bring the 
rendezvous inodule to the 1 Itin 110ld point, in which GN&C 



updates, check-out and permission-to-proceed could be 
done. The AVGS will provide attitude, range, and bearing 
from 1201n into the target. A third Lainbert trajectory will 
bring the rendezvous module fro111 1 lull around the front of 
the target lnodule to a third "hold" point at 120 111 in front of 
the target vehicle. The last Lambert trajectory will bring the 
rendezvous module above, back, and then down to the 
negative-R-Bar approach to tlie target module. At close 
proximity operations, the secondary propulsioll cold-gas 
system could be used, if contalnination from the nlonoprop 
system is an issue. The phasing orbit, from 200 lcm to the 
last hold point, could take approximately 7 hours. 

Mid-Range View 
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Fig. 6 Phasing Orbit and Re~ldezvous (Mid- and Short- 
Range) 

After mating between the two modules, the trallsitioll 
structure will deploy froin the new lliodule to begin boom 
deploymelit for the solar array unit. The solar array unit 
boo111 is deployed to the i~ltermediate 3111 length, with the 
high-voltage power cable unreeled in parallel. The second 
boom on the first module, which separates it from the solar 
arrays on the second module, will deploy to the intermediate 
3m length, and then the SLASRs to power the second 
module will deploy. No power co~lilection runs fro111 the 
second module to the first module. 

New modules will follow the same process of orbit phasing, 
rendezvous and dockinglberthing, and then booin 
deployment and solar array deployment. After the asseinbly 
is complete, the configuration will perform a 90-degree roll 
to align the booms along the orbit normal. The booms will 

then deploy to their full length, and the system will begin 
preparation for spiral transport usitlg the solar electric 
thrusters. 

Once the final coilfiguration has been attained and the POP 
orientation has been achieved, all five tlu-usters on each 
module will then be brought on line and the spacecraft will 
begin to spiral out from the 300 lcm orbit on a low-thrust 
trajectory. Preliminary low thrust trajectory ailalyses were 
developed by JPL for the MRHE spacecraft example 
inissioli (21. There are two phases to the spacecraft's transit 
between the Earth and the Moon. The first is the -5 month 
spiral output froin low Earth orbit (LEO) that talces the 
spacecraft beyond the Van Allen radiation belts. The second 
phase is the -5 month spiral into low lunar orbit (LLO). The 
total trip time for the example missio~i is approximately 10 
mo~~tlls ,  during which -3350 leg of propellailt \vould be 
consumed by all five MRHE modules (670 kglmodule). The 
five month spiral out from LEO through the Van Allen belts 
represents the largest single source of radiation for the 
spacecraft, correspoildiilg to -32 lcrads total ioiliziilg dose 
(RDF=l) assuming nornillal environment conditions. Once 
beyond the belts and while in luilar orbit, the spacecraft is 
expected to see approximately 5 lcrads per year. Thus, the 
total mission radiation dose is estimated to be -54 laads. 
Spacecraft shielding was estimated at 100 mils of 
Aluminum, with additional shieldiizg if required to mai11taitl 
dosage levels acceptable to the avioiiics hardware. Once the 
vicinity of the Earth-Lunar L1 point has been achieved, the 
spacecraft will traiisitio~l to a lunar polar orbit and spiral 
down to a 300 lcm lunar altitude. 

The study identified two conditio~ls under wllich payloads 
may be recoilfigured once the initial lunar orbit is achieved: 
(1) Reseating of a payload onto another module if its hosting 
module is disabled in a fashion that ~vould prevent operation 
of the payload as planned; and (2) Assembly of a larger 
payload using portioils of the payload inouilted on several 
spacecraft payload decks. I11 either of these events, the 
robotic assemblies would transfer the payload fro111 the 
source module to the desti~latio~l module in a cooperative 
fashion. The robotic asseinbly 011 the source module would 
grasp its payload, any payload latching i~~eclianisins \vould 
be disengaged, and the robotic assembly would then lnove 
the payload to the midway point between tlle source and 
destination modules. The destiilatioil module robotic 
asseinbly would then grasp tlie payload. Once the 
destiilatioll robotic asseinbly has cot~firmed grasp of the 
payload, the source robotic assembly will disengage from 
the payload. The destination robotic assembly will the11 
move the payload oilto its payload deck and place it into 
position for securing its coilllectioils to the destii1atioll 
module. Once placement has been confirllled, latching 
mecl~anisins will be engaged to secure the payload on the 
destiilation module. This process may be entirely automated, 
or ground confir~nation may be required to proceed from 
one step to the next. 



Once the initial luilar orbit has been achieved (nominally 
300 I<m polar orbit) and any payload reconfiguratioi; 
required has been accoinplished, the inodules could 
disconnect fro111 each other one at a time and use their 
inonopropellant or cold gas system to achieve a safe 
separation distance. Each module would then achieve their 
respective lunar operations orbits by using either their 
electric propulsion system or the monopropellant system. 

3. THERMAL MANAGEMENT TECHNOLOGY 

High power satellites must provide equivalent thennal 
lnanagenleilt capability. Phasing thrusters, altitude thrusters, 
relnote inanipulating arm, beam deployinent, bean1 docking, 
and down link antennae, as well as of power conditioning, 
coinmunications, and other electronic boxes nlust be 
thermally inanaged for the several co~lfiguration states, 
environnlents, and internal heat loads of the MRHE mission. 
In low earth orbit, these configuration states iilclude the 
battery powered, undeployed, single MRHE unit, the battery 
and solar powered build up of MRHE units into the cluster, 
and the fully deployed MRHE cluster of up to five units. In 
transfer orbits and lunar orbits, these include solar powered 
and cold gas thruster phasing of the fully deployed MRHE 
cluster. The high waste heat that must be dissipated due to 
the sigllificairt power levels on these spacecraft buses 
require a high heat dissipation technology. The tecl~nolog; 
selected was the patented "Supertube" by Dr. Yuzhi Qu, due 
to its extremely high thermal conductivity and its 
temperature operation regime. With successful maturation. 
Supertubes could be utilized to direct heat to and from an 
optiinally placed Advanced Space Radiator (ASR) to 
effectively dissipate the waste heat fro111 high-power users 
on the MRHE satellite. 

Ovelvie~i) of Tesfirig on SzrpertuDes for un Advuriced Space 
Radiutol. 

Several Supertubes, both gravity illdependent and 
dependent, and in a variety of lengths and diameters, have 
been extensively tested by Dr. Jatnes B. Blacl<mon anc! 
graduate student Sean Entrelcin of the University of Alabalna 
Huntsville (UAH) Propulsion Research Center [GI, [lo]. 
The goal of the testing was to deterinine if potential 
payloads, electric thrusters, or other high-power users on the 
MRHE bus could be cooled by radiation alone io 
temperatures of 100 C or less. Key to providing this ainou~it 
of heat dissipation is high collductivities that direct heat 
away from the heat source, for radiation to a cooler 
environment. The Supertube superconductivity capability 
was investigated for use in MRHE. UAH's testing revealed 
an activatioil tenlperature for the superconductivity, and 
implied a possible iniiliin~in heat flux rate necessary tc, 
activate the superconductivity. 

UAH's conductivity tests have repeatedly show11 the thermal 
conductivity to be much greater than that of copper for a 

coinparable diameter tube and wall thickness. This illcrease 
is inore than 10,000 tilnes higher for the shorter lengths (17" 
and less) tested, and inore than 30,000 tiines higher for the 
longer (10') units tested. 

Testing has also indicated a co~lsistent superconductor 
activatioil telnperature of approxilnately 30°C for the shorter 
units, and approxilnately 40°C for the longer units. Below 
the activation temperature, the Supertube has the 
collductivity of the material it has been placed inside , which 
was regular copper for the Supertubes tested by UAH. 
Above the activation temperature, the superconductivity 
properties are iininediately exhibited, lasting up to the 
melting point of the base material. 

Loss of the Supertube vessel wall integrity causes loss of the 
super conductivity. If a breach occurs, the tube reverts to the 
collductivity of the base material, at least when exposed to 
air and humidity for several days. Additioilal testing is 
required to deternline if iininediate repair, or use and repair 
under vacuum, or other optilnal repair improves the 
recoverability. 

Set I Supertube testing, as well as earlier testing on a pool 
boilitlg heat pipe, deinoi1strated the ability to achieve the 
heat rejection rates needed for the candidate concentrating 
photovoltaic array. However, the Supertube was far lighter, 
had a inuch sinaller diameter, and offered higher effective 
thermal conductivities than the heat pipe. 

The lighter weight of the Supertubes, at less than 40% of 
that of traditional liquid heat pipes, would allow use of 
~nultiple tubes to provide redundancy in case of failure. 
Several coilcepts for mechanically joiniilg Supertubes were 
coilsidered. Future ailalysis and testing are required to 
f~lrther assess these joining concepts which could be utilized 
to alter supercoi1ducting pathways to bypass breached units. 

Use of soille the Supertubes suggested gravity dependency, 
confirmed by fi~rther research into Supertube attributes. 
Although the space application would dictate those without 
gravity dependency, the loilger units were procured with this 
feature due to availability. 

Further research into Supertubes has also discerned that 
units are available that are optiinized for at least three 
temperature ranges, a feature that was unavailable at the 
time of ordering the longer units. Future procure~nents 
should select optilnal range for use with temperat~lres of the 
targeted pl~otovoltaic array on MRHE. 

Set I Testi~ig of Slio~.ter SzpertzrDes 

Initial testing was conducted on several types of heat pipe 
and prototype space radiators applicable to the candidate 
photovoltaic system. Early evaluation indicated the 
capability of Supertubes ill providing extremely high 
thermal conductivity. Set I testing included several 



"shorter" Supertubes that ranged fro111 4" long to 17" long. 
Some were found to be gravity independeilt, and the rest 
were gravity-dependent units. Set I testing also included 
similar-sized deoxidized copper rods for comparison. 
Testing was conducted in ainbient and vacuuln conditions, 
and thermal instruinentation was limited to oilly two or three 
sensors per test. I<-type therinocouples were utilized as 
available and cotnpatible with vacuuin chamber data 
processing, and heat guns, lleated/boiling water, or a band 
heater were used as heat sources. 

Set I tests were exploratory, and utilized existing Supertube 
hardware - some damaged and all of insufficient length to 
explicitly quantify the thermal conductivity. However, heat 
gun testing of a 4" long, 718" diameter Supertube showed 
evidence of high therlnal conductivity. Several boiling 
water and band heater tests of the 9" to 17" lollg Supertubes 
showed evidence of excellent thermal coilductivity with 
notable exceptions. Assessment of the exceptions led to 
understanding that, besides an activation tenlperature there 
inay also be a power level threshold. Tests of damaged and 
ruptured units led to understanding that some crimping will 
not adversely affect the superconductivity: however if the 
wall integrity is compromised, the units will revert to t h ~  
conductivity of the base metal. 

the base inetal can achieve, are key to tlle higher heat 
rejection that Supertubes can provide. 

Factors were then applied analytically to copper 
conductivity to deterinine lower bound of superco~~ductivity 
seen in the Si~pertube. This factor was found to be a 
ininiinum of 10,000. Set I testing also discerned angle 
dependency in some of the Supertube units. As shown in 
Figure 8, the 7 7/88" L x 3/16" OD Supertube could be 
heated fro111 either end and still display the Supertube effect 
when vertical and wit11 either end up. 
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Fig. 8 Supertube with Gravity Independence 

The data for the early boiling water test on a 17" Supertube, By co~ltrast, Figure 9 sho\vs the angle dependeilcy of a 17" 
in Figure 7, shows how the Supertube is able to draw heat L x 5/16" OD Supertube. When held vertical, either end of 
along its length notably better than a regular copper rod. the t ~ ~ b e  could be down, and if heated fro111 below, the 

supercoilductivity would be activated. However, it c o ~ ~ l d  
not be activated when heated fro111 above. 
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Fig. 7 Data and Billet Allalysis for Boiling Water Test, 
units 

5116" Four Way Orie~~tation Test 7114105 

The billet analysis referred to in Figure 6 assunles an infinitt 
thermal conductivity, and so is the ideal or best possible 
case. As shown, the Supertube perfornled allnost equal to 
the assunled perfect conductor. And while it took less than 
40 seconds for even the far end of the 17" Supertube to heat 
to approxiinately 88 C, the ide~ltically sized copper rod 
lagged considerably. In addition, these 60 seconds show ths 
beginning of how temperatures on the copper rod w;1! 
striate, whereas all of the Supertube has isotherinalized. 
This isothemalization, and at temperatures higher than what 

17" 
Fig. 9 Supertube with Gravity Dependency 

Several of the shorter Supertubes were X-rayed, in part to 
help substantiate that there is no liquid ill them. One of the 
X-rays is shown in Figure 10, and depicts the fine wire mesh 
fouild in the 17" and 4" long Supertubes. Renewed reviews 
of the Supertube literature and patents discerned language 
that there may be at least two versions: one with a mesh 
screen that is gravity independent and one with powders that 
are gravity dependent. 



Fig. 10 Wire mesh in gravity independent Supertube 

Set II Testing of Longer Szqert~rbes 

Set I testing indicated the need for longer Supertubes, more 
sensitive instrumentation, higher fidelity controllers, and 
joint and repair capabilities. Set I1 testing was conducted on 
10 "longer" Supertubes, each 10' L x 5/16" OD. These 
tubes were gravity dependent units, d~ le  to availability. 
Compariso~l was made with a11 identically sized deoxidized 
copper rod. Testing conducted to date on the 10' units has 
all been in ambient. Therlnal instrumentation currently 
limited to five sensors per test. I<-type ther~nocouples are 
still being utilized, but will be replaced with thermistors as 
the'"ra1ce" is completed, and for tests where temperatures are 
on the order of 100 C. Band heaters were used as the heat 
source. Since these units were directionally dependent, they 
could not be tested in the vertical orientation withoul 
support. Instead, these units were tested suspended fi-om the 
ceiling, at an approxilnately 30-degree angle, with the band 
heater at the lower end. 

As the band heater was ramped up to 350 C, the 10 
Supertube performed as shown ill Figure 11, where the 
Supel-tube at each of the five axial locations listed was 
essentially at the same temperature (isothemalized). 
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Fig. 11 Trend data from band heater test of 10' Supertube 

UAH inspection of the data found the superconductivity 
activation started at about 750 seconds and stopped at about 
6500 seconds. This corresponded to about 40 C for 
calculated (not sensed) telnperature of the 10' Supertube 
under the band heater. 

A test was then performed on an identically-sized copper 
rod. Again the band heater was ramped up, this time to 
approximately 275 C, the band heater temperature needed to 
get the copper rod sensor nearest it at about the same 
temperature it was in the 10' Supertube band heater test. 

The isotherti~alized response of the Supertube shows how 
they can be utilized to effectively conduct heat away from a 
high heat source. The gradient response of the copper rod 
shows it is ineffective for that f ~ ~ ~ ~ c t i o n .  Indeed, even the 
first section of the copper rod cannot conduct as much heat, 
and each section thereafter conducts even less. 

Factors were then applied analytically to copper 
conductivity to determine a lower botuld of the 
superconductivity see11 in the Supertube. As shown in 
Figure 12, the factor is 30,000 as a minimum. 

Convection Heat Loss From Tip is Negligible, Tip is 
Treated as Adiabatic 

h d a r  Copper 1000'k h d a r  Copper 10 OOO'k - - M a r c a p p e r  30 000'kl 1 1 I C o p p e r I ~ e T U O ~ t e  

Fig. 12 Ten foot Supertube data and copper conductivity 
multiples 

Con17ection Opti017s ,for Szrpertzrbes to fomi~ C ~ I I  Adva~iced 
Space Radiato~. (ASR) 

The high conductivity of Supertubes allows quick 
isotl~emalizatio~~ of individual units. However, unless units 
call be joined by a process that would continue the 
superconductivity pathway, the ASR would have to be close 
to the high heat source. That location could have a less than 
optinlal viewing environmeilt and potentially high parasitic 
heat. In addition, tl~ermally efficient joints would draw the 
heat more efficiently across the interface, helping conduct 
more heat to the ASR, where it can be efficiently radiated. 

Connection options include joining tubes together with 
"snap-in'' joints, using solder having a temperature above 
the maximum operational temperature. The solder would be 
"sweated" onto the tube's inner joilling surfaces and the 
outer surface of the co~lnecting joint, such that when inserted 
into each other, and heat applied, the joints would seal. 
Another option is to join two sealed Supertubes together 
with an inner (or outer) slip joint sleeve, which can be 
soldered to the Supertube to form a better thermal path. 
This is essentially the same as joining two ordinary tubes, 
except that the slip joint sleeve ~rould be have the same 



surface protective layer as stated in the patents, which in part 
protects the tube inaterial from degradation. 

A third coilllectioil option is to develop a connecting joint 
with an inner hollow needle that call pierce the ends of both 
Supertubes. As the tubes are inserted into the joint, a seal 
forms. As the tubes are iuserted further, the needle pierces 
the Supei-tube ends. The gas that apparently forins in the 
Supertube, which iilay be the means by which the Supei-tube 
achieves high thentnal conductivity, would then be able to 
pass between the tubes. The end of the Supertube inay be 
formed froin a plastic that allows the hollow needle tu 
penetrate it, without plugging the needle. Alteri~atively, the 
end of the Supertube could be made of a relatively thin 
metal, or a ilietal plug with an iililer hole plugged with a 
suitable inaterial that would be pushed free by the hollow 
needle could be used. 

Another option is to add a valve between each Supertube to 
the connectioil methods above. The valve would allow the 
gas in each tube to be in a continuous, open flow path, 
which nlay allow the Supertube effect to occur across the 
valve. In the event one of the Supertube sectioils was 
punctured, gas would escape to vacuuin until the valves 
were closed. This could be accoinplisl~ed with soleiloid 
valve and a pressure sensor. After the valves have closed, 
the punctured Supei-tube could be reinoved and replaced. 

A last option is to join sealed Supertubes using a relatively 
large joint area. However, these tecluliques would rely on 
conventional therlnal cond~~ctivity across the joint froill one 
Supertube to the next, necessitating a relatively large depth 
and contact area to reduce the temperature drop. 

None of these joiiliilg concepts were tested during MRIIE 
Phase I. Future work should iilclude analysis and testing tr, 
further assess joint concepts, to conduct heat efficiently to 
an ASR. and to lower rislc by creating alternate 
superconductiilg pathways to bypass any breached units. 

JPL had respoilsibility for the requirements, design, 
demoi~stration, and inodeliilg of the power delivery system. 
These respollsibilities incl~~ded (a) evaluatiilg and 
irnplellleiltiilg terrestrial power systein techniques to the 
MRHE power delivery system; (b) evaluating and inodeliilg 
a high-voltage (300-600 VDC) direct-drive power bus to the 
electric propulsioll subsystem; (c) evaluating and designing 
a multiple power bus delivery system using Iilternational 
Space Station voltage levels (120 VDC); (d) estabiishiilg 
EPS power delivery requirements and technology needs 
coilliilg out of the overall systein coilcept definitions. 

ENTECH's tasks illcluded the design, developineilt, 
fabrication and testing of both radiation-resistant 
coilcentrator leilses and photovoltaic receiver circuits 
capable of long-term operation at GOOV to lOOOV levels. 
ENTECH also provided systein level illputs to the power 
delivery and thermal subsystems, and developed a system 
inodel of the SLA power generator. 

GRC had responsibility for tecl~ilology developilleilt of thin- 
fill11 solar power geileration subsystems and how these 
systems could best be utilized ill an MRHE type system. 

EPS Sztbsystem Descriytiol~ 

The primary solar power geileration systein for each 
spacecraft coilsist of two arrays which provide a minimum 
of 251cW at the End of Life (EOL), and which drive five 4.5 
liW electric thrusters and the general spacecraft load power. 
Each of the two arrays consist of three 2.5in x 5111 stretched 
lens arrays developed by ENTECH, Inc. using a 
SquareRigger deployment systenl developed by Able 
Engineering, and called an SLASR array. The two arrays are 
coililected to a rotating, non-power-coi~ductii~g rollriiig, 
"pop-out" unit located at the end of the deployable bo0111. 
The power is transinitted at a high voltage (150 VDC to 600 
VDC) down a flexible power-conducting cable deployed 
with the boom. This cable is fixed at the top and bottom of 
the boo111 and then winds around the boom during the solar 
traclting portion of the orbit. During eclipse, the cable 
un~vinds back to its initial positioil to await the next sunrise. 

4. ELECTRICAL POWER SYSTEM AND SOLAR 

CONCENTRATORTECHNOLOGY 
The key team tl~einbers for the EPS were the Marshall Space 
Flight Center (MSFC), the Jet Propulsioll Laboratory (JPL), 
the Glenn Research Center (GRC), and ENTECH, Inc. 
MSFC and JPL had overall MRHE roles in project 
inanageineilt, project engineering, the developilleilt of 
specific systems, and integration and testing in laboratory 
den~onstrations. 

MSFC had responsibility for the overall coordination- 
inailageinent of the two solar power techi~ologies with the 
power delivery system, plus the tecl~nology developille~~~ 
and modeliilg of ENTECH's Stretched Lens Array (SLA) 
power generator. 

At the spacecraft end of the power cable, the power is 
transinitted to the Power Delivery Systein (PDS) of the 
spacecraft. The PDS portion of the EPS was inailaged by the 
JPL. The electric thrusters are powered "directly" by the 
high voltage arrays, wit11 a PDS architecture coilsisting of 
both high and low voltage busses. An auxiliary body- 
mounted secondary array powers the PDS from launch 
through priinary solar array deployment, and the low voltage 
bus call be powered fi-om this secoildary array. A DC to DC 
down-converter is ~lsed to coixlect the high and low voltage 
busses. A Li-1011 secondary battery supplies power to the 
low voltage bus only, malcing high voltage bus operations 
impossible during eclipse. Electrical illtercoililectivity 
between spacecraft illodules is not required. 



ENTECH's Solar Concentrator Tecl~nolo,g~ Advailce~nents i11 technology attributable to this effort 

The slow spiral out t l ~ o u g h  the Van Allen belts has been 
estimated to take 5 months, requiring radiation-tolerant solar 
concentrator lenses and photovoltaic receivers. Over the 
past two decades, ENTECH and NASA have explored a 
wide range of possible lens materials for refractiv2 
concentrators, froin fluoropolymers to clear polyiinides to 
silicones to sol-gel glasses. Of all of these materials, space- 
qualified silicone (Dow Corning DC 93-500) has proven to 
be the most appropriate. ENTECH investigated tlie use of a 
new class of materials, lulown as Polyhedral Oligo~neric 
Silsesquioxaile (POSS), that could possibly offer even better 
radiation durability. ENTECH perforined trade studies, 
analysis, and inaterial tests on the new POSS materials. 
Based upoil all of the results, the key coilclusion was that the 
coated silicone lens material was still the preferred 
approach to concentrator lenses [7], [ l  11. 

ENTECH also began developineilt for a durable, high 
voltage, radiation-tolerant photovoltaic receiver. Their 
approach was to fully e~lcapsulate the photovoltaic cell 
circuit with dielectric materials, to prevent direct 
environ~nental interaction with either the space plasina or the 
"grounded" radiator sheet material. The voltage gradient 
was also liinited through the dielectric layers above aiid 
below the solar cell circuit to preclude long-ten11 voltage- 
endurance (corona) failures of these insulating layers. 
Single-cell samples were fabricated and tested in underwater 
hi-pot tests. In these tests, the cell voltage is biased to very 
high levels (2,250 VDc) relative to the carbon fiber radiator, 
which was subinurged in water to siinulate space plasma. 
This receiver was successfully tested for 95 days of 
operation [7], [ l l ] .  

5. ASSEMBLY DEMO AND TECHNOLOGIES 

One of MRHE's inajor deliverables was a concept assembl:~ 
den~onstratio~i in the Locltheed Martin Advanced 
Technology Center (LMATC) Robot-Satellite facility. The 
goal of tlie MRHE testbed coilcept deinoilstratio~l was to 
illustrate in hardware the fundamental guidance, navigation, 
and co~ltrol fuilctioils needed to operate autonomously. 
LMATC leveraged a sizeable and capable infrastructure 
consisting of a test facility and test vehicles developed using 
LM internal funding. This infrastructure was co~npleiilented 
with LMATC-designed boom deploymeilt mechanisms 
funded by LM IRAD, and aug~ne~lted with MRHE-specific 
hardware and software. Pait of the MRHE hardware was 
custom-designed, pait provided througli off-the-shelf 
hardware procurements, and part (the deployable booms) 
provided by LMATC's ATIC subcontractor. The MRHE 
effort at the ATC benefited froin tremendous synergies with 
prior LM internal iilvestinent in basic technology anct 
infrastructure. These were essential to the successful 

included: (1) Customization and imple~nentation of a real- 
time path planili~lg systein that call be used to orchestrate 
safely a sizeable iluinber (in this case, three) vehicles 
~naneuvering in a coordinated fashion in close proxiinity to 
one another; (2) Design and implementation of a flight-like 
booin that call undergo repeated deployineilt / stow 
sequences; and (3) Design and implementation of an 
auto~nated and autonomous guidance, navigation, and 
control system. This GN&C systeln provides each vehicle 
with the capabilities to rendezvous and dock with one or 
Inore vehicles, to inaiiltaiil iilter~lally and update the state 
and topology of the docked configuration, i~lcludiilg the 
state of the deployed booin length, to reconfigure vehicle 
control systems a~itono~no~isly as aggregate systems change 
configurations, and to recogilize and recover froin a 
siinulated fault which results in a failed docl<ing attempt. 
Details of this asseinbly demo can be found in the Loclheed 
Martin ATC final rePoit [S] 

Technology Develoyn~e~it for the Coricept Demol~strution 

Co~trol  and Azltotlmtio~i LaDo~.rrtoty I17Ji.ustrzictzn.e-The 
MRHE asseinbly deino tool< place in the Controls and 
Autoination Laboratory at the Locldleed Martin Advanced 
Tecllnology Center in Palo Alto, CA. The laboratory assets 
include a 12' x 24' granite air-bearing surface for the 
sirnulatioil of zero-gravity operatioils, a custom pseudo- 
starfield for the emulation of star-tracker-like navigation, 
iluinerous robotic vehicles, and associated conlputiilg and 
wireless communicatioiis infrastructure, including a standard 
PC "ground station." The 50-1<g robotic vehicles, shown in 
Figure 13, are equipped wit11 upward-looltiag caineras 
e~nulating star trackers, pneumatic thrusters, reaction 
wheels, sensors, coinputatio~i, wireless coinn~unications, and 
~ o w e r .  All of these components have bee11 developed under 
Loclheed Martin iilterrlal funding (IRAD or fixed assets); 
additional co~npo~lents were developed for the MRHE 
demonstration. 

completion of the ainbitious MRHE co~lcept deinoilstration 
within a short schedule and modest funding. Fig. 13 LMATC Robotic Vehicle for MRHE Operations 



MRHE Con7po~e17ts-It was necessary to create a ilunlber of 
components and add the111 to the existing laboratory assets in 
order to coinplete the MRHE technology demonstration. 
The mechanical co~nponents include side-loolcing doclcing 
cameras and targets used for vel~icle relative positioil 
sensing, the doclcing latches used to Inate the vehicles, 
deployable booms, and deployable boo111 inecl~anisms. New 
ground station software includes both a sophisticated ~notion 
planner and an operator interface. The majority of the new 
software resides on-board the vehicles in the fonn of 
guidance and control algorithms, taslc plan~~ers and 
schedulers, and co~lfiguratioil inanagelnent tools. 

Vel7icle Relati~w S e ~ s i ~ g  S'jste17t-Because actual spacecraft 
would liltely not have access to global position information 
such as that provided by the laboratory star-field system, 
realistic de~nonstrations of relldezvous and doclci~lg 
behaviors require an onboard relative sensing system. The 
system chosen for MRHE is an optical systein utilizing a 
side-loolcing cainera on the active docl<ing vehicle and a 
passive LED target on the target vehicle. The doclcinp 
camera runs a Locld~eed Martin-developed softwo~e 
algorithm that uses the locatioil of the three LEDs in the 
image to deterinine the relative position and orientation of 
the target and the camera. The camera sends the relative 
range, heading, and bearing information to the vehicle, 
which then uses the known location of the cainera and target 
on the vehicles to deterinine the relative position and 
orientation of the vehicles themselves. 

Docking Latches-The motorized latch developed under 
MRHE is an adaptation of an earlier Loclheed Marti11 
design for a highly precise and repeatable Itinematic latch. 
While the requirements for such a device differ significantly 
froin those for a spacecraft mechanical doclcing interface, 
the availability of pre-existing hardware and docu~nentation 
greatly accelerated fabrication and integration for the Phase 
I assembly demonstration. This latch collsists of an active 
component lnounted to the chaser vehicle in the doclting 
scenario and a passive half mounted to the target vehicle. 

Boon? Assemblies-Deployable booin asselnblies were 
integrated illto two of the three vehicles. The vehicles, when 
docked together, can then vary their center-to-center spacing 
to create an expandable aggregate structure. A total of three 
booins were purchased as part of the effort, the third being 
used for bench-top testing with the Loclheed Martili 
designed and built deploy~nent mechanism. 

The three 2.5"-diameter, 92"-long booms built by ATIC for 
Phase 1 einploy CRT (Collapsible Rollable Tube) 
technology developed by ATIC for Loclcheed Martin under 
an earlier, separate effort and later refined for MRHE. Thc 
goal of the CRT technology is to achieve a deployable and 
retractable, flight-like boom with a high packing ratio and 
good stiffi~esslweight characteristics throughout its 
deployable range. 

The deployment mechanism shown in Figure 14 was 
developed by Loclcheed Martin under a parallel but separate 
internal research and developmei~t (IR&D) effort and 
features a positive traction drive, encoder-based position 
control, and end-of-travel/l~otllii~g switcl~es. A deployable 
lengt11 of 1.5 ineters was achieved for the MRHE 
demonstration. After co~npletio~l of the doclcing sequence 
and recoilfiguratioil of the vehicle controller, the booill may 
be deployed and retracted repeatedly to any desired length 
within its range. The deploylnent sequence lasts 
approxinlately 30 seconds with a maximum deploy~nent 
speed of 2 cinlsec. Details of the MRHE asseinbly booin and 
deployer are provided in 1121. 

Pig. 14 Booin deploynlent mechanism in fully-retracted 
positioil 

GI.OZIII~ Stafiol~ C I I I ~  C O I I ~ I I I Z ~ ~ ~ ~ C N ~ ~ O I ~ S  Sojt~vare-The 
ground station software has two primary purposes. The first 
is to provide the operator with teleinetry fi.0111 the vehicles 
showing status and other infow~ation, and to provide the 
user with an interface with which to coinmand the vehicles. 
The second is to nln the nlotion pla~lner for the vehicles, 
which allows the111 to start in random positions and 
orientations and still find their way to their appropriate pre- 
docking locations. 

Integrated into the ground station and vehicle sofrware is a 
custo~n comm~~nicatio~~s manager, which autoinatically 
generates co~nlnunications soclets with the vehicles, 
whenever they colne online. Telemetry fi.0111 the vehicles 
consists ~nostly of the report messages. The vehicles also 
issue coininands to one another, but not to the ground 
station. The only periodic message sent by the ground 
st~tion is a tinling synchronizatioil signal that the vehicles 
use to set their local cloclcs. 

A4otio17 Pkniner-The primary software componeilt of the 
gro~lnd statio~l is the integrated inotion planner. It is the job 
of this planner to take the initial starting locations of the 
vehicles at the beginilillg of the demonstration sequence and 
plan collision-fiee trajectories to get them to their 
designated starting locations, in an evenly-spaced line near 
the center of the table. The decision to place this planning 
taslc on the ground station was made for two reasons. First, a 



centralized planner is sinlpler to implement, as it does not 
have to deal with the conlplexities of sequential planning, 
voting, or other nlethods used for distributed task planning. 
Second, memory limitations with the current vehicle 
operating system preclude the use of this particular planner 
onboard the vehicles tl~emselves. It is inlportant to note, 
however, that there is conceptually no difference between 
locating a centralized planner on the ground station as 
opposed to onboard a mobile vehicle. 

The particular planner i~nple~nented for MRHE is a 
Randomized ICinodynamic Motion Planner (RICMP), 
adapted from the planner developed at the Stanford 
University Aerospace Robotics Laboratory. Randonlized 
 notion planners offer as couple of advantages. They are 
extremely fast, which is critical for applications involving 
vehicle motion in dynan~ic, changing, or otherwise 
unpredictable environments. In addition, while the plans 
themselves are random, perfor~nance is actually soinew!.zt 
predictable. Details of the nlotion planner, controller 
design, and demo execution can be foilnd in [13]. 

For the MRHE demonstration, planning for the multiple 
vehicles was handled sequentially, with priority depending 
upon the distance of each vehicle fi-om its goal location. 
Once a vehicle is planned, it is treated as a nloving obstacle 
by all re~naining vehicles. Motion planning with extended 
objects - such as the MRHE vehicles with the extended 
booins -presents challenges in collision checking and 
rotation control during planning. 

Fig. 15 Motion Plan 

Figure 15 shows the GUI display of the conlplete planning 
trees returned by the motion planner during one run of the 
MRHE demonstration scenario. The darker versions of the 
vehicle icons correspond to the initial locations and 
orientations, while the brighter versions represent the goal 
locations (all in a line). The trees of explored motioii 
segments are clearly visible. The tree for the blue vel~icle is 
the largest because it is planned last, requiring it to dodge 
the other vehicles and resulting in a more-difficult planning 
tasls. 

Col~troller Design-The controller is the nlost co~nplicatsd 
software module, whose functions include: (1) Determining 

the control  node (Off, Stationlceeping, Trajectory 
Following, Doclcing, or Slave Mode), (2) Determining the 
proper regulator and estinlator based upon control mode and 
physical configuration, (3) Updating the estimators from the 
appropriate sensors, (4) Deternlining the vehicle positio~l 
and velocity setpoints, (5) Calculating vehicle position and 
velocity error, and (6) Computing applied control from the 
state error. 

The fiill-state regulators used for the vel~icles were designed 
using standard Discrete Linear Quadratic Regulator (DLQR) 
methods. In addition to the position and velocity feedback, 
these regulators have been enhanced to include optional 
integral terms with saturation cutoffs and optional position 
and velocity deadbands. The controller sends the output of 
the regulators to the vehicle actuators. Desired torque is sent 
directly to the reaction wheel, while the thrust vector is sent 
througl~ an optimized thrust mapper and a software pulse- 
width modulation module to be applied to the thrusters. For 
solo vehicles, only the reaction wheel is used to generate 
torque, in order to ~ninirnize fuel use. 

Both stationlceeping and trajectory-follo~vi~~g use exactly the 
same regulators and estimators, differing only in the choice 
of setpoint and the use of feedforward. In the MRHE 
implementation, each trajectory is a variable-length list of 
individual nlotion segments. This is the sanle trajectory 
fornlat (and code) as is used on the ground station for the 
motion planner, and it naturally allo\vs stationary, collstant 
velocity, and constant acceleration segments. 

The doclcing controller operates sligl~tly differently fro111 the 
stationlceeping and trajectory following controller, in that the 
position and velocity setpoints are colnlnanded merely based 
ilpon relative position of the docking vehicle with respect to 
the target. This relative position and orientation inforlnation 
conles directly from the doclcing cameraltarget pair, and the 
doclcing controller does not use ally inforination from the 
vehicle upward-loolting canlera system. A separate ICalman 
filter conlputes relative velocity information. A nlinimunl 
closing velocity has been set to overcome the slight 
resistance in the spring-loaded latch jaws to passage of the 
probe. In the event that the doclcing vehicle nloves outside 
of a narrow approach cone, the controller changes strategy 
and turns off the longitudinal regulator and the vehicle 
sinlply shifts laterally until back within the approach cone. 

Corit1.01 RecoriJgzn-ation arid A4zrlti-boc& Contl.ol- 
Autonomous control reconfiguration to acco~~nt  for changes 
in vehicle topology and dyna~nics is one of the lcey 
functional capabilities of the MRHE technology 
demonstration testbed. The first requirement for such 
reconfiguration is Itnowledge of the current vehicle and 
systenl configuration. In MRHE this was accomplisl~ed 
through the use of a software entity called the Connectivity 
Manager (CM). The CM has an internal nlodel of the 
connectivity of itself and all other vehicles: in other words, 



which vehicles are tnovi~lg solo and which are currently attempt and automatically executes a back-off iuaneuver to 
docked to each other, and in what relative location. put a safety buffer between it and the target. 

Once the connectivity map with other vehicles is 
established, each vehicle uses its own location in the map to 
determine its role: solo, master in an aggregate structure, or 
slave in an aggregate structure. This in turn dictates which 
co~ltroller is applied. A three- vehicle aggregate call use up 
to three independent thrust vectors applied at the individual 
vehicle center of gravity locations, and the su~ll total of all 
three reaction wheels. Sensing and estimatio~l for the 
aggregate vehicle is accomplished using the sensors on the 
lead vehicle only, and the setpoint is applied at that vehicle 
center of gravity. 

Task E1igi17e and Event Seqzreiici~ig-The fi~lal major 
component of the vehicle co~ltroller architecture is the task 
engine, which is responsible for all event-sequencing 
throughout the demonstration. The structure of the task 
engine is primarily that of a sequenced list. In general, each 
vehicle will have a parallel, although potentially differeni, 
set of taslts within its task sequence. Si~nulta~leous 
advancement through the task lists is accomplished by 
designating one vehicle as the lead for each particular task 
entry. Upon taslc completion, the lead vehicle then radios the 
other vehicles to advance to the next task. 

Assembly Concept Denlo~istrution 

The intent of the MRHE concept demonstratio~l was to 
demonstrate both the feasibility of the fundamental 
technologies necessary to autonomously assemble large 
space structures and to show significant initial 
i~nplernentation of these technologies on a representative 
testbed. The final demo~lstratio~l sequence was executed In a 
fully autonomous manner by the vehicles. 

Motion Pla1111ii7g to Goal Locations-At the begin~li~lg of 
the demonstration, each vehicle starts in an UI&IIOWII 

random locatio~l and orientation. After determinillg tllei., 
location and heading on the table, they radio this 
information to the system ground station computer. The 
ground station uses the Randomized I<inodynamic Motion 
Planner to plan paths for each vehicle to its prescribed goal 
locatio~l, while avoiding all potential obstacles. In this case, 
the prescribed goal co~lfiguratio~l is a line of three evenly- 
spaced vehicles, all facing the same direction. 

Pajectoi-), Following to Goal Locutiolis N M ~  Failed/Aborted 
Doclciiig Atteinpt-At a colnmalld fro111 the ground station, 
each vehicle proceeds along the trajectory plan to the 
desired goal locatio11. The first doclting maneuver IS 

attempted. I11 this case the doclting fails because this 
particular target vehicle purposely does not have the 
appropriate doclcing probe, effectively mimicl<ing a 
hardware failure that the system must first detect and ther? 
recover. The doclcing vehicle times-out of its docking 

Jfel7icle Locatio~i a r ~ l  Role Excharige-Because the 
previous doclci~lg attempt could not talce place, the two 
vehicles now change locations and switch roles, doclter vs. 
target, for a new docking attempt. 111 this case the malleuver 
and system reconfiguration is scripted, and is effectively 
hard-coded within the vehicle task engines. Develop~ne~lt of 
fully-autonomous fault-detection and correction strategies 
was planned for Phase I1 of MRHE.; 

Docking 1i~it17 Coi~troller Recoi?figz11'atio17-After the 
reorganizatioil above, the deilloilstratio~l sequence proceeds 
as if the task sequence had bee11 uninterrupted, but with two 
of the vehicles now in different roles. The new doclci~lg 
vehicle now doclcs with the new target vehicle. After 
successful doclcing, the doclting vehicle exa~lliiles the 
sensors in its latch mechanism to determi~le that it is now 
latched otlto another vehicle, and announces this event to the 
other vehicles. The vehicles then compare their lcnowledge 
of their relative physical "con~~ectivity" so that each vehicle 
Icnows who is connected to wllom. 

Using this connectivity infornlation, the doclti~lg vehicle 
reli~lquisl~es control to the target vehicle to which it has 
doclced. The target vehicle assumes the leading role in a 
master-slave control configuration, and recollfigures its 
regulators and estimators to account for the new mass and 
inertia properties of the aggregate vehicle, the change in 
center of gravity location, and the additional actuators 
available to it from the second vehicle. Thereafter the lead 
vehicle computes the necessary control for both itself and 
the follower vehicle, and radios to it the desired reaction 
wheel and thruster commands. 

Cooperative Doclci17g-The two-vehicle aggregate 11ow 
doclcs with the third vehicle using the new master-slave 
controller co~~figuration. After doclting the vehicles again 
compare connectivity and reco~lfigure their respective 
co~ltrol strategies accordi~lgly. In this case, the center vehicle 
retains co~ltrol of the aggregate, while the two end vehicles 
act as followers. 

Uoolli Deploynie17t, A41'zrIti-Boc/j!l, Lateral fia1islatio17, a ~ i d  
Boo~il Retractioi7-The Loclcheed Martin-supplied 
deployillent mechanisms now deploy the booms co~l~lecting 
the three vehicles, half a meter each to obtain a center-to- 
center spacing of over 1.5 meters. During the deployment, 
the lead vehicle senses the boom length and adjusts its 
control gains to accommodate the change in vehicle inertia 
and lnaintain stability, while statio~llceeping at its current 
location. 

The aggregate vehicle tra~lslates 0.5 meters laterally, 
followed by stationlceepi~lg at the new location. Each vehicle 
co~ltributes to the coiltrol necessary for the maneuver. 



Following the conclusion of the fully-autonomous sequence, 
the booms are retracted to their stowed configurations. 

MRHE Assembly Detnonstrution Szininlury 

The Loclcheed Martin Advanced Teclulology Center 
provided a successful assembly concept deinonstration 
which met the demonstration requirements established by 
LM and MSFC. This demonstration, which entailed a 
substantial hardware and software integration task and 
testbed demonstration, was brought to fruition in a very 
limited timeframe and budget. 

Accolnplish~nents during the Phase I MRHE project include 
advances in concept definition for high-voltage modular 
1001cWe-class solar electric propulsion satellites, testing that 
provided characterization of the superior thermal 
management performance of Supertubes, the selection of 
recommended radiation-hardened concentrator lens material 
for transport through the Van Allen belts, advancements in 
the design and testing of 6OOV PV arrays, and a successful 
autonoinous ground deinonstration of assen~bly and 
operations for an MRHE-like configuration. 

The configuration trade of tetrahedral versus linear modular 
configurations was done early in Phase I. The selection of 
the linear solar clipper configuration without power transfer 
between modules eliminated the requirement for power- 
conducting joints for JPL's Power Delivery System. 
Orientation trades resulted in the perpendicular-to-orbit- 
plane (POP) orientation, providing the requirements for the 
detailed preliminary bus concept, and determining the 
number of booms, solar array locations, etc. A spacecraft 
mass estimate was was provided to JPL for trajectory 
analysis and propellant requirement estimates. The launch 
vehicle trades and phasing orbitlproximity operations trades 
performed by Boeing provided detail needed for the concept 
of operations development, mission design, and the 
assembly scenario. These details were captured and 
animated in a video of MRHE assenlbly and SLASR 
deployinent developed by SAIC. 

UAH's thermal testing has shown that the then-nal 
conductivity of Supertubes is at least 10,000 times that of 
copper for short lengths, and at least 30,000 times that of 
copper for longer lengths. Their testing has also confirmed 
a consistent temperature threshold for activation of 
superconductor properties. They found that 
superconductivity capability is lost if the Supertube is 
punctured. UAH concluded that for a specified heat load, 
Supertubes are significantly lighter, had smaller diameters, 
and offered higher effective thermal conductivities that 

units, or for by-pass repair of breached tubes. Their testing 
deternlined that the perfor~llance of some Supertubes is 
gravity-dependent, which would not be suitable for space 
applications; however, this information is valuable for fi~ture 
specifications of S~~pertubes 6om the vendor. UAH also 
discenled that Supertube units are available for at least thee  
temperature ranges. 

ENTECH addressed two issues of SLA use for MRHE: the 
radiation-hardening of concentrator lenses, and the 
developinent and testing of encapsulation processes for 
long-term operation of PV cells at 6OOV. Their testing of 
POSS nlaterials for radiation resistance determined that 
coated silicone lens nlaterial is still the recoilunended 
approach for SLA lenses. ENTECH also fabricated 
encapsulated cells and successfully tested them for 95 days 
of underwater exposure, documenting ina~lufacturing and 
repair processes. They have continued to test these cells 
beyond the end of the MRHE project. In addition, 
ENTECH developed a detailed software inodel of SLA solar 
power generation, for use in the JPL MRHE Silnulation 
Platform. 

Locld~eed Martin Advanced Technology Center provided a 
highly successful assembly demonstration of three robotic 
satellites in a solar clipper linear configuration, coillplete 
with the deploynlent and retraction of flight-like lightweight 
boonls. Highlights included autonomous vehicle path 
planning and execution, autonomous GN&C capabilities, 
autonomous reconfiguration, sensor configuration changes, 
automated doclcing, self-assembly, fault detection and 
recovery, wireless conli~lunication between a ground station 
and the modules, and the deploynlent and retraction of 
boonls integrated 011 the vehicles. Teclu~ology 
advanceinents included the manufacturing of three ATI< 
CRT booms, the LM IRAD-funded booin deployment 
mechanisms, and the successful vehicle-integration of 
booms, doclcing cameras, doclcing targets, doclcing latches, 
GN&C and control planning and proximity operations 
algorithms and software. 
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known heat pipes, enabling redundancy capability in 
designs. UAH also developed several concepts for joining 
Supertubes for either assembly of heat pipes across ~nodiile 
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