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FOREWORD

This report documents work performed by the TRW Space and qmnszodomz,msocv.
Redondo Beach, California, for the NASA George C. Marshall Space Flight Center (NASA/MSFC),
Huntsville, Alabama, under Contract NAS8-35635.

This final report is submitted in compliance with the contract statement of work
and covers the entire contract period of performance from October 1983 through March 1985.

The study was managed for TRW by Robert E. Patterson of the Power Sources Engineering
Department, Power and Electronics Hardware Laboratory, and for NASA/MSFC by -Ralph Carruth
of the Power Branch. Ted Edge of NASA/MSFC was responsible for reviewing the Final Report.

The very helpful participation in this study by many personnel of TRW and NASA/MSEFC
is gratefully acknowledged.
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INTRODUCTION

A miniaturized Cassegrainian concentrator (MCC) solar array concept is being developed with
the objective of significantly reducing the recurring cost of multikilowatt solar arrays. The
desired cost reduction is obtained as a result of using very small high efficiency solar cells
in conjunction with Tow-cost optics.

The MCC single element concept and panel concept are shown on the facing page. Incident
solar radiation is reflected from a primary parabolic reflector to a secondary hyperbolic re-
flector and finally to a 4-millimeter diameter solar cell. A light catcher cone is used to
improve off-axis performance. An element is approximately 13-millimeters thick which permits
efficient Taunch stowage of the concentrator system panels without complex optical component
deployments or retractions. The MCC elements are packed in bays within graphite epoxy frames
and are electrically connected into appropriate series-parallel circuits.

2 entrance aperture and a 20 percent efficient, o.mm-nam

2 of 11-percent efficiency (at 68°C)
silicon solar cells. The MCC concept provides the potential for a significant reduction in array

A MCC single element with a 21-cm
gallium arsenide solar cell has the same power output as 30-cm

cost due to a 99 percent reduction in required cell area and a 30 percent reduction in array area
relative to a planar array of equivalent power. The approach also offers early opportunities

for the application of advanced high efficiency cell types that may be more readily available as
small-area devices in large quantities from production facilities otherwise limited by market
size and capital investment factors. ,

The analysis and rationale on precursor studies that led to the miniaturized Cassegrainian
concentrator approach have been described elsewhere in detail (1, 2, 3, 4). First generation
feasibility hardware and a preliminary concept of a 100 kW MCC solar array system developed
under the previous contract (NAS8-34131) are described in Reference 5. This report covers all
work accomplished under Contract NAS8-35635, and includes (a) second generation element hardware
development, (b) first generation support structure demonstration hardware development and (c)
performance prediction updates.
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TECHNICAL SUMMARY OF PRECURSOR CONTRACT

Under the precursor NASA Contract NAS8-34131, a miniaturized Cassegrainian concen-
trator (MCC) module was designed, assembled, and tested. Results support technical feasi-
bility. Thermal vacuum testing and analysis confirmed earlier predictions that miniaturi-
sation results in acceptable solar cell temperatures with passive thermal control for a
concentrator element with an effective concentration ratio of 130. Electrical performance
of the demonstration hardware was as predicted at normal solar incidence. A light catcher
cone improved off-pointing performance, but its full predicted effectiveness was not achieved.

A number of element and module design trade studies were performed. A packing density
study led to the selection of hexagonal close packing of untruncated elements as the base-
line approach because it maximizes W/kg performance and minimizes element cost per unit
power output. Electrical cell stack configuration, coverglass location, reflector material/
configuration, and element radiator configuration studies were performed. These studies
identified multiple acceptable approaches.

A MCC solar array system study was performed to assess the practicality of assembling
the basic MCC element into a total array system capable of producing multihundred kilowatts
of power for Space Platform/Space Station or other low earth orbit long lifetime missions.
Preliminary mechanical and electrical subsystems were developed in order to determine first
order performance characteristics. Results of the study support the feasibility of a
100-kilowatt MCC array system with beginning-of-1ife performance of 160 z\am and 28 W/kg.
It would occupy approximately 8 linear feet of Shuttle Cargo Bay in the fully stowed con-
figuration.

The performance numbers are based on 20 percent efficient (at operating temperature)
solar cells and 0.25-millimeter thick electroformed nickel optics. These performance
numbers can be improved upon significantly with the development of higher efficiency solar
cells and/or lighter weight optics. This effort (NASA 8-34131) is fully documented in
Reference 5.
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CONTRACT NAS8-35635 TECHNICAL RESULTS SUMMARY

The objectives of this contract were to (1) demonstrate element performance improve-
ment (with respect to the nine element module tested under Contract NAS8-34131, Reference
5), (2) demonstrate one of the panel structural designs identified on Contract NAS8-34131
and (3) update solar array performance predictions based on the element and panel hard-
ware demonstrations.

Second generation MCC element hardware was designed, fabricated and tested and had
a significant performance improvement in on-axis optical efficiency over first generation
hardware (70% versus 55%). Gallijum arsenide solar cells were evaluated which were up to
189 efficient at AMO 100X at 28°C. A 26 inch by 56 inch graphite epoxy tri-hex grid ele-
ment support structure was fabricated into 26 inch by 28 inch sections. Load deflection
tests verified predicted panel stiffness. Five second generation MCC elements were in-
stalled in one of the 26 inch by 28 inch panel sections. This work demonstrates feasi-
bility of producing a lightweight, stiff, MCC element support md«cnﬁcxm. Based on hard-
ware performance results, MCC solar array system performance of 160 z\s and 28 W/kg
remains a reasonable design goal.
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MCC ELEMENT DEVELOPMENT OBJECTIVE AND APPROACH

The approach to accomplishing the objective of improving element optical
efficiency from 55% to 79% is shown on the facing page.

12
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THERMAL ANALYSIS SUMMARY FOR A
200 NAUTICAL MILE 28.5° INCLINED ORBIT

Five different element configurations were analyzed to determine their effect on cell
operating temperature. A1l analyses assumed a tri-hex grid element support structure
(selected as the baseline approach for this contract as discussed in Section 4). The
hex portion of this structure has an "opening” which is smaller than the element aper-
ture. Thus, a separate radiator of an MCC element either needs to be smaller than the
tri-hex grid opening, or it needs to be attached following element installation into
the structure if it is larger than the tri-hex grid opening. H:ﬁmoﬂmd radiator designs

do not have this constraint.

The 10-mil1 thick copper optics with integral radiator was selected as the baseline
design because it has the lowest operating temperature of the five candidate configurations.
This concept also is easier to assemble into panels than designs requiring installation
of a separate radiator following element attachment to the panel.

14
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CASSEGRAINIAN CONCENTRATOR ELEMENT ASSEMBLY

The basic design approach for the MCC element was to produce self aligning sub-
assemblies. The "bird cage" secondary support structure was designed to locate the
secondary reflector as well as the light catcher cone. Alignment along the optical
axis is much improved over the "spider support structure” used for first generation
hardware. The primary reflector and cell stack was designed for single operation
assembly.

16
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MCC ELEMENT COMPONENT SUMMARY DATA

MCC element component data is summarized in the facing page table. The primary dif-
ference between second generation and first generation hardware is the switch from alumi-
num to silver optical surfaces to improve optical transmission (85% nominal reflectance
for aluminum to 95% nominal reflectance for silver). Also, second generation hardware
uses a BeD insulator to electrically isolate the cell stack from the primary reflector,
whereas, first generation hardware had the cell back contact common to an integral

radiator through a molybdenum heat spreader.

18
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ELEMENT COMPONENT FABRICATION METHOD

Element component fabrication methods are identified and rated in the facing
page table. Mirror fabrication method remains unchanged relative to first generation
hardware. Second generation hardware uses gallium arsenide solar cells rather than
silicon.

20



12

YE/683900-GY

J3pJ0 Ul Jo |,

poog Butuiyoew piepuelg apiwiAjod sioje[nsul jeuIL3 |

poofi Asap Buluiyoew piepuerg sseig s|eulwta |
JU3|33x3 aje|djajejdjuaaiasy|ig NY/IN/UNOW uonezijelay e

1U3||39x3 aaip/1ajuis/ssaidos) 03g i0)ejnsul |39
poog Jisodap wnnaep (Asejanidoay) Buneod Yy e
poog nsodap wnnaep «DV/IN/aDjuz/ny uonezijjelad e

poob Asap Axeyda aseyd iodep syeq 1133
JU3||33xa ‘1004 WaQ3 ‘18seq VN SMOpUIM o

poob Aiap jue|q pauiyiely SS ¢0€ 10 |y 2909 abeapug
ne4 lisodap wnnaep 0'g/by sbuijeo? e

poog Guiwiojoi3033 IN 1014w 91U0Y
poob As3p ysodap wnnaep 0'g/by sbunieo)

poob Asap Buiwiojons)3 IN Joanw anoquadAy
poog Jsodap wnnaep 01s/6y sbuneon o

poob Asap Gunuiojonaa)y ININIAN Joinw Jtjogeley
Ayjenp poylay uonesuqeq [eudiey Juduoduio

AA)I ¥

poyia|y uonesuqeq juauodwos juawa)y

dnoJg ABojouyaa |

%§ 80edS MYJ

uoIsialg

158} pue Bunaauibuy



MCC ELEMENT CELL STACK ASSEMBLY TOOL

A five station assembly tool was produced which permits the simultaneous assembly
of five cell stack subassemblies. The cell stack is manually stacked on a self
aligning station as shown in Figure a. The primary reflector is then placed on top
of the cell stack and secured to the tool with a spring clamp as shown in Figure b.
The loaded five station assembly tool is heated in a vapor phase condensation reflow
soldering unit. This enables all cell stack joining to be accomplished in one opera-
tion, and consequently, is well suited for lTow cost assembly.

22
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MCC ELEMENT CONE-TO-BIRDCAGE ASSEMBLY

The cone is aligned and bonded with adhesive to the birdcage support structure
using the tool shown on the facing page.

24
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MCC ELEMENT SECONDARY-TO-BIRDCAGE ASSEMBLY

The secondary reflector is aligned and bonded with adhesive to the birdcage
support structure using the tool shown on the facing page.

26
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MCC ELEMENT WITH BIRDCAGE ASSEMBLY SHOWN SEPARATELY
The two major MCC element subassemblies are shown separately on the facing page.

The birdcage support structure subassembly is self aligning with the primary reflector-
cell stack subassembly. The two subassemblies are bonded together with adhesive.

28



o

-

A

OQRIGINAL PRG3R
OF POOR QUALITY

6¢

60/68900-5Y

AA)I ¥

Aj9jeiredag umoyg
Ajquassy abeapaug yum uswajy ggm

dnouzy ABojouyos)

B 80edg UL

uoIsinIQ

159] pue Bunaauibuj



MCC ELEMENT ASSEMBLY LOSSES
UNDER 1 SUN AMO ILLUMINATION

MCC element assembly losses are shown in the facing page table. Of great significance
is the 12.8% average 1oss in maximum power. This number is significantly greater than that
experienced for silicon planar arrays (1 to 2%) and for that experienced on the precursor
concentrator contract (NAS8-34131) which used silicon concentrator cells. Current and
voltage losses contribute approximately equal to the power loss. Cell stack losses are
under investigation unde' the follow-on contract effort (NAS8-36159).

30



£1/68900-G)

1€
IDOVHIAV HILIWVHYA HOH s
0082 1V ANV NNS L LV SINIW3T3 6 40 3DOVHIAV .
oLL- %80 %8'ZL %0 | %yl ADN3IDI443
62- £10°0 LLL0 6100 v6L°0 HOLOV4 1114
0LL- MWBEL'D | Mw 9Lz MW pL°0 MW £p°Z HIMOd WNIWIXVI
2 vw/goo | wvwzeos VW 1910 VW Z0Z'€ HIMOJ WNWIXVIN LV INIHHND
z9- A 620°0 AELLO A b€0°0 AL9LO HIMOd WNWIXVIN 1V 3OVLT10A
by- VwpoL'o | vwzez VW 1810 VW gppe LNIHHND LINDYID LHOHS
Lt A 620°0 A ¥58°0 A LEOO A L680 JOVLI0A LINJYID NIJO
c *
L I5NYH 0 +IOVHINY JOVHINY .
1N3JYH3d 43liWvivd
ATSWISSY HI L4V ATSWISSY 40439

SS3HOO0HJ NI NOILVDILSIANI

AN3OH3Id 2 OL L O1 S3SSO1 A1aW3SSY 3DNA3YH OL

"AT8WISSY INJW3T3 01 3NA %L1 A8 A3AVHHIA IONVYIWHO4YHId 113D HV10S Sved

AANF ¥

dnoig ABojouyaa|

=°_u.—w=_=._=_= c_>_< R 3%edS Myl

uoIsing

ung | J1apup sasso] A|quassy JUBWAIT PPN ey pue suseni



MCC ON-AXIS ELEMENT OPTICAL PERFORMANCE

The optical transmission design goal for this contract is 79%. Based on hardware
measurements of reflectance and geometry (birdcage blockage, etc) the predicted trans-
mission for second generation hardware is 77%. The measured optical transmission is
70% (average). Thus, actual transmission is approximately 10% lower than predicted
transmission. Optical transmission improvement is discussed further in Section 5.
Optical transmission improvement is under development on the follow-on contract effort
(NAS8-36159).
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PRELIMINARY OFF-POINTING TEST RESULTS

Single second generation elements were tested at TRW using a motorized solar
tracker to determine off-axis performance. Results of this test are presented and
show that although the cone improves off-axis performance over that predicted without
a cone, the total predicted effectiveness of the cone has not been achieved. These
results are similar to first generation hardware results, and are not surprising
since second generation hardware design did not differ from first generation hard-
ware design with respect to off-pointing performance. O0ff-pointing performance
improvement is under investigation on the follow-on contract (NAS8-36159) .
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MODULE DEVELOPMENT OBJECTIVE AND APPROACH

The basic module development approach is summarized on the facing page. The tri-hex
grid was selected as the baseline design. A specification was developed and an RFP was
issued. Fiber Science was selected based on their lowest risk approach as discussed in

this section.
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PANEL STRUCTURAL CONFIGURATION SUMMARY

The facing page presents a table summarizing the panel structural configurations
developed under the previous contract (NAS8-34131, Reference 5). The filament wound
tri-hex grid structure was selected as the baseline design based on excellent thermal
stability, excellent strength to weight ratio, and Tow cost fabrication potential.
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SPECIFICATION

The specification shown on the following three facing pages was developed and
used to procure the tri-hex grid panel. An RFP was issued to four companies for a
best effort fixed price contract to produce the tri-hex grid panel per the specifi-

cation.
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The facing page is the second page of the three page specification.

44



S

uir 4 ,00¢-

Xew 4 ,00€
ainjesadwa) adinIag

U S G .06
Ul [SX 01¢ .0
‘yibuans ajeunyyn uoissaidwod /uoisuay

Ul SN €°1L .06
ulw SN 0°0¢ .0
:snjnpow uoissasdwod suoisua|
Xew 4,/ut/ul 9-013¢1 .06
Xew 4,/ui/ul 9-01300 .0 313
3WN|0A J3q1 wnuiuiw Juaasad gg

[€] :sleen

ulr 4 .,00¢-

Xew § G[¢
ainjesadwa) adinag

WSy 6 .06
Ul |SX 0€L 0

‘yibuans ajewnyn uoissaidwod /uoisuay

UlW SN 60 .06

ulw IS 0°€1 .0
:sninpow uoissaidwod /uoisua |

Xew 4,/ut/ut 9-0130¢ .06
Xew 4,/ut/ur 9-0136€ .0 ‘319
awn|oA Jag) wnwiuiw Juadiad gy
[€ ] :siuawaiinbay

|ELIBlEW XLJBW UIS3l 3|qelins e ul Juaweyjly aypydesb ;jeuajepy ‘|

(panunuo?) juawyaeny Juawajy 1o}
AAY1 ¥ SU3sU| Ylim ajesjsqng [aued puUg Xay-u|
TEem— 4ou] 95 Aq yau| gz Joj uonealyldadsg

dnoig Abiojouyas|
B 30605 Myl

1s3) pue Bunsauibug

uoIsIAIQ



The facing page is the third page of the three page specification.
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FIBER SCIENCE TRI-HEX GRID MOLD DEVELOPMENT

Fiber Science was selected based on their initial low risk approach. The geometry
of the tri-hex grid is such that extraction of the part from the mold is very difficult.
The original Fiber Science approach was to use a machined plaster mold which could be
broken out after filament winding and curing to remove the mold from the finished part.
Studies using subscale plaster molds showed two basic problems. The plaster material
is brittle and the machining of the slots resulted in a very weak mold structure. The
second problem was that resin migrated into ﬁ:m interfaces between the mold and the in-
sert during fabrication making it difficult to remove the grid along with the inserts
intact after curing.

A single piece aluminum mold was tried next. However, subscale tests showed that
the mold/part differential thermal expansion set up high binding forces in the mold that
made it virtually impossible to remove the part.

The third tooling was successful and consisted of an assemblable tool consisting of
hexagonal and triangular shaped parts assembled on a baseplate. This configuration
allowed the baseplate to be separated and then permit subsequent removal, individually,
of the hexagonal and triangular shaped parts from the finished tri-hex grid.
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26 BY 56 INCH TRI-HEX GRID SUBSTRATE
(Two Halves Bonded Together)

To minimize tooling cost and to demonstrate multiple use of the assemblable tool,
the 26 by 56 inch panel substrate was fabricated by producing two 26 by 28 inch panels
from the same tool and then bonding them together. A DEN 431/xu 205 epoxy resin system
with a long pot 1ife was used (debulked before use). A single T300-3k graphite roving
was used. The theoretical packing of the fibers was not obtained because of the dif-
ficulty in squeezing out the excess resin at the cross-overs. Worst case fiber volume
fraction is estimated to be between 20 and 30%. The layup in the mold was not compacted
(compaction tooling complexity beyond the scope of the subcontract with Fiber Science).
The mold was vacuum bagged and cured at 350°F. No resin was allowed to bleed off.

The finished panel has a flatness of approximately *+ 0.050 inch.

The work done by Fiber Science proves the feasibility of manufacturing the tri-hex
grid. Further development is required to improve panel grid flatness, fiber volume
fraction, and insert attachment.
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PANEL LOAD DEFLECTION TEST RESULTS

Static loading tests were performed on the developmental tri-hex grid substrates
to measure stiffness and deflection characteristics and to correlate analytical com-
puter models with the experimentally-derived mechanical characteristics. The figure
shcws a typical test set-up. The panels were supported with various edge conditions
and uniformly loaded by application of thin rubber mats up to a maximum loading of
16 dc\ﬁﬁm, which represents about 16 g's based on expected STS acoustic/vibration

launch/landing environments.

The calculated flexural modulus from the bending tests was about 10 x dom psi.
The deflections were consistent with the predicted results based on the actual graphite

fiber volume ratio.
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TRI-HEX GRID WITH ELEMENTS

A 26 inch by 28 inch tri-hex grid panel with five 1ive elements attached is shown
on the facing page. The five elements are individually electrically connected to a
connector. Element attachment inserts have been installed so that the panel can be
fully populated as elements become available.
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FRONT SIDE VIEW OF MCC ELEMENT IN TRI-HEX GRID

A front side close-up of one MCC element in the tri-hex grid panel is shown on
the facing page. The inserts are designed to allow each individual element to float

so that as the panel is thermal cycles, the structure does not mechanically distort
the MCC element.
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BACKSIDE VIEW OF MCC ELEMENT IN TRI-HEX GRID

A backside close-up view of a MCC element in the tri-hex grid panel is shown on
the facing page. The rear side of the element is painted white to minimize element
operating temperature in low earth orbit when earth albedo and IR impinge on the
rear side (earth facing) of the panel.
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MCC PANEL WEIGHT ANALYSIS

A MCC panel weight analysis is presented on the facing page. The total mass for
the as built panel is 1.286 kg. The projected mass for a fully populated quarter
panel is 5.342 kg. Work under the previous contract indicated that a fully populated
quarter panel with a mass of 4.159 kg corresponds to a 28 W/kg array system performance
(beginning of 1ife). Thus the first generation MCC panel hardware is approximately
30% heavier than a 28 W/kg flightweight design.
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MCC ELEMENT EVOLUTION

In general, second generation hardware had improved performance over first generation
hardware primarily due to improved mirror reflectance (silver versus aluminum) and reduced
secondary reflector support blockage. Also, there was a significant improvement in cell
efficiency with the switch from a 10% efficient silicon cell to an 18% (maximum) efficient
gallium arsenide cell. It is anticipated that third generation hardware will experience
even further performance improvements by improving refiector specularity and figure, making
alignment adjustments, reducing distortion and blockage and using more efficient (20%)
gallium arsenide concentrator solar cells.
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TRI-HEX GRID PANEL EVOLUTION

First generation MCC panel hardware has a 20 to 30% fiber volume and aluminum
inserts. Second generation hardware to be developed under contract NAS8-36159 will
increase fiber volume and eliminate aluminum inserts to achieve a 28 W/kg (beginning
of 1ife) array system performance and to achieve thermally compatible inserts.
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BOL PERFORMANCE PREDICTION FOR
A 235 NAUTICAL MILE ORBIT

The performance prediction for a 100 kilowatt solar array system concept is
summarized and shows a beginning of life (BOL) performance of 160 z\sm and 28 W/kg.
This analysis was developed under the previous contract NAS8-34131, Reference 5),
and was reviewed under this contract. Based on performance results of hardware
built under contract NAS8-35635, an optical transmission of 81%, a cell efficiency
of 20% and a quarter panel mass of 4.259 kg remain reasonable and achievable design
goals.

Array power is based on 250,368 elements at 0.417 W/element (including all
degradation factors). Overall packing factor is 0.79.
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CONCLUSIONS

The objectives of this contract were to: (1) demonstrate element performance
improvement (with respect to the nine element module tested under contract NAS8-34131,
Reference 5), (2) demonstrate one of the panel structural designs jdentified on
contract NAS8-34131 and (3) update solar array performance predictions based on the
element and panel hardware demonstrations.

Second generation MCC element hardware was designed, fabricated and tested and
had a significant performance improvement in on-axis optical efficiency over first
generation hardware (70% versus 55%). Gallium arsenide solar cells were evaluated
which were up to 18% efficient at AMO 100X at 28°C. A 26 inch by 56 inch graphite
epoxy tri-hex grid element support structure was fabricated in 26 inch by 28 inch
sections. Load deflection tests verified predicted panel stiffness. Five second
generation MCC elements were installed in one of the 26 inch by 28 inch panel
sections. This work demonstrates feasibility of producing a lightweight, still,
MCC element support structure. Based on hardware performance results, MCC solar
array system performance of 160 z\am and 28 W/kg remain a reasonable design goal.
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FOLLOW-ON CONTRACT PLANS

A follow-on contract (NAS8-36159) is currently in progress to continue development
of the MCC solar array. Contract tasks are shown on the facing page. The overall
objective is to further improve both on-axis and off-axis performance of the MCC element
and to develop fully populated panel segment hardware capable of withstanding a Shuttle
launch environment and performing five years life in a low earth orbit with minimum
degradation.
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