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ABSTRACT mini-dome lens array provided the highest perforoeaand
the lowest degradation of all 12 advanced arraysthen
Since 1986, ENTECH has been developing photowoltaiPASP Plus flight test [3]. In addition, in highiage space
concentrator arrays for space power. ENTECH'syarra plasma interaction experiments, the refractive eatrator
utilize ultra-light Fresnel lens optics to focusbght onto  array was able to withstand cell voltage excurstons00 V
multi-junction solar cells. An ENTECH mini-domenke relative to the plasma with minimal environmental
array (using Boeing cells) on the NASA-USAF PASRSsP| interaction [3].
flight experiment in 1994-95 demonstrated the best
performance and durability of 12 advanced arragsyim a In the middle 1990's, ENTECH and NASA developed a
high-radiation orbit. An ENTECH line-focus lensray new line-focus Fresnel lens concentrator, whichasier to
(SCARLET, integrated by ABLE using TECSTAR cells) o make and more cost-effective than the mini-domes len
NASA’s Deep Space 1 probe in 1998-2001 demonstratedoncentrator. Using a continuous roll-to-roll pees, 3M
exceptional performance in powering both the spadec can now rapidly mass-produce the line-focus sikcdens
and its ion engine for 38 months, enabling rendegwoith  material in any desired quantity.
both an asteroid (Braille) and a comet (Borrell@ur latest
technology, the Stretched Lens Array, offers sufiith
improvements over SCARLET. NASA's Exploration
Systems Mission Directorate recently selected SbA &
major Technology Maturation Program. SLA and itsny
attributes are discussed in this paper, as arentite
terrestrial spin-offs from this exciting space teclogy.

1. Evolution of the Stretched Lens Array (SLA) :
Since 1986, ENTECH and NASA have been developing
and refining space photovoltaic arrays using réfvac
concentrator  technology [1]. Unlike reflective
concentrators, these refractive Fresnel lens cdraters
can be configured to minimize the effects of shapers,
enabling straightforward manufacture, assembly, anc Fig. 1. Mini-Dome LensArray
operation on orbit. By using a unique arch shapese for PASP Plus (1994-1995).

Fresnel lenses provm_ie more than.lOOX greater Shopm In 1994, ABLE joined the refractive concentratearn
tolerance than either reflective concentrators or

conventional flat Fresnel lens concentrators [2] and led the development of the SCARLET® (Solar
: Concentrator Array using Refractive Linear Element
Technology) solar array [4]. SCARLET used a sni@lb
o cm wide aperture) silicone Fresnel lens to focudight at
was developed and flown on the PASP Plus missitaiw 8X concentration onto radiatively cooled triple-gtion

Irr;?rl;gfi}\(/je acgrlljcrggter;tg]; err:gll i‘i\ézncéﬂ_rgéﬁsm[i?gi'_gomecells. Launched in October 1998, a 2.5 kW SCARLET
: Y s array powered both the spacecraft and the ion enginthe
lenses over Boeing mechanically stacked multi-jimmct

L NASA/JPL Deep Space 1 probe, shown in Fig. 2.
g,l:/la?ecf,uséﬁ?@%ﬁvﬁggfb&{g;hea@'engdsqmgr:gn(ﬂgg 93 SCARLET achieved over 200 Wfnareal power density
500) an}:j coated b Boe'npandqcl)JCIl_ll to :(') ide exton and over 45 W/kg specific power, the best perforrean

/" y ng L provide guuo metrics up to that time [5]. The SCARLET array whe
against space ultraviolet (UV) radiation and atomiggen

(AO). Figure 1 shows the mini-dome lens array WHiew first solar array to fly using triple junction soleells as the

. rincipal power source for a spacecraft. With SCER
on PASP Plus. This array performed extremely welP""¢!
throughout the year-long mission in a high-radiati@O- working flawlessly, Deep Space 1 had a spectagularl

ST N successful rendezvous with the comet, Borrelly, in
degree inclination, 363 km by 2,550 km ellipticabit, : : el i
validating both the high performance and radiatiandness September 2001, capturing the highest-resoluticxgas of

of the refractive concentrator approach [3]. Irdjethe a comet to that date and other unprecedented aiateet

In the early 1990’s, the first refractive conceidr array
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Fig. 2. SCARLET Array on Deep Space 1 (1998-2001). Fig. 3. Rigid-Panel
Stretched Lens Array (SLA) Wing.
At the end of the 38-month extended mission, in

December 2001, SCARLET’s power was still withi2%  cell assembly alone (unmounted). Thus, SLA has a

of predictions. The SCARLET array won the Schreiber substantial inherent mass advantage over planason

Spence Technology Achievement Award in 1999 and th&wlti-junction-cell solar arrays. Similarly, due its 85%

NASA Turning Goals into Reality (TGIR) Award in 200  cell area and cost savings, SLA has a substamteréent
power cost advantage ($/W) over such planar multi-

Over the past four years, the team, now includimpukn  junction-cell arrays.

University, EMCORE, and lon Beam Optics, has devetb

an ultra-light version of the flight-proven SCARLEfFray, All three refractive concentrator arrays discusabdve,

called the Stretched Lens Array (SLA), with muctitére the mini-dome lens, SCARLET, and SLA, use Freseet|

performance metrics, as described in the following

paragraphs [6].

The Stretched Lens Array (SLA) is an evolved \arsif
SCARLET, retaining the essential power-generating
elements (the silicone Fresnel lens, the multifiamcsolar
cells, and the composite radiator sheet) while atitiag
many of the non-power-generating elements (the (gass
arch superstrates, the lens support frames, thoytitaic
receiver support bars, and most of the honeycordbback
face sheet material in the panels). Figure 3 shbesiear-
term, low-risk, rigid-panel version of SLA.

The defining feature of SLA that enables the aiimiion
of so many elements of the SCARLET array is thetsitred
lens optical concentrator (Fig. 4). By using pgparches
to stretch the silicone Fresnel lens in the lenggbw
direction only, these lenses become self-supposiressed
membranes. SCARLET'’s glass arches are thus ncetong
needed, eliminating their complexity, fragility, mase, and
mass in the new, patented SLA [7]. With this sabsal ]
lens-related mass reduction, the supporting panettsral Fig. 4. Stretched Lens Approach.
loads are reduced, making ultra-light panels peattior  gqical elements based on the same symmetricaatédn
SLA. This c_ascading mass-reducing effect qf thetsited principle, shown schematically in Fig. 5. Solarysa
lenses continues throughout the SLA wing Structuréjnercept the smooth convex outer lens surfaceamedeach
resulting in unprecedented performance metricscaBge of  (afacted by the curved outer surface by one helangular
its 8.5X geo_metric concentration ratio, SLA saveercﬁ_’f»% amount needed to focus these rays onto the sdlar Bee
of the required area, mass and cost of the muiB§an  yiher half of the required refraction is perfornaithe rays
solar cells per Watt of power produced. Signiftganthe  |oae the inner prismatic lens surface. Thus,stlar ray
total combined areal mass density (kg pef @ sun- jncidence angle at the smooth outer surface edhbalsolar

collecting aperture area) of the lens material, Mgtor ray emergence angle at the prismatic inner surftacevery
sheet material, and the fully assembled photowoteieiver ray, as shown in the enlarged view of the lensign &

is much less (about 50%) than for a one-sun muittcfion
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Fig 5. Symmetrical-Refraction
Color-Mixing Fresnel Lens.

Emergence
Angle

This symmetrical refraction (angle in
condition minimizes reflection losses at the twmsle
surfaces, thereby providing maximal optical perfance,
while also offering unprecedented error tolerange the
mini-dome, SCARLET, and SLA lenses [2].
dome lens array uses a point-focus (3D) versiorthef
symmetrical refraction lens, while both SCARLET &8idA
use a line-focus (2D) version of the symmetricdtastion
lens. The multitude of prisms in the symmetriaiaction
lens allows the individual prism angles to be tweshko
tailor the photon flux profile over the solar celboth
spatially and spectrally. For example, a paterdptical
innovation incorporated into the SCARLET and SLAdes
is an alternating-prism color-mixing feature thatritical to
the optimal performance of monolithic multi-juncticells
placed in the focus of such lenses [8].

Built and successfully tested in 2002, the rigadel SLA

angle out)

The mini-

possible leakage current with a 500 V potential liapp
between the cell circuits and the panel, and thasomed
leakage current was less than 1 micro-Amp for @achiver
[9]. SLA's high-voltage capability is facilitatetdy the
small size of the photovoltaic cells, which allowaper-
encapsulation of the cell circuits at low mass figna

In addition to the near-term, low-risk rigid-panarsion
of SLA, an advanced version of SLA is also under
development. The advanced version is a flexibéerkét
SLA, similar to the small prototype array showrfig. 6.

Fig. 6. Flexible-Blanket Stretched
Lens Array (SLA) Prototype.

For this SLA version, the lenses form one flexiblanket
while the radiator elements, containing the pholiavo
receivers, form a second flexible blanket. Bothnlkets
fold up into a very compact stow volume for launeind
automatically deploy on orbit. One of the mosticiht
platforms for deploying and supporting the flexiblanket
version of SLA is the SquareRigger platform, depelb by
ABLE Engineering [10]. The SquareRigger platformaswy
originally developed by ABLE under funding from tiAér
Force Research Laboratory for use with thin-film
photovoltaic blankets in space. However, with thech
higher efficiencies achievable with SLA comparedthin-

prototype wing in Fig. 3 included several completefjm photovoltaics, the marriage of SLA and SqudgzRr

photovoltaic receivers, each 0.5 m long and cointgii4
series-connected triple-junction solar cells. Tdudar-to-
electric conversion efficiency of each
assembly was measured in a state-of-the-art sioharator,
using NASA Lear-Jet-flown reference cells for cadition.
The net aperture area efficiency of the best lensiver
assembly was 27.5% under simulated space sunkgvo (
spectrum) at 28C cell temperature [9]. This néitiehcy
corresponds to 31% cell efficiency times 90% lepscal
efficiency, and also matches separate NASA Lear J
measurements on lens/cell units. On geostatiorarth
orbit (GEQ), the operating cell temperature for Stells of
this efficiency will be about 80C, resulting in allc
efficiency reduction factor of 87%. Combining thactor
with the geometrical packing loss factor (95%), iie¢ SLA
efficiency at operating temperature on GEO at haguop of
life (BOL) will be about 23%, corresponding to angiilevel
areal power density well above 300 W/nAt a 7 kW wing

lens/receive

(Fig. 7) provides unprecedented performance metrics
summarized in Table 1 [11].

Table 1. Performance Attributes of SLA
on ABLE’s SquareRiggePlatform.

Time Frame <5 Years 5-10 Years
Power Capability (kW) 100 1,000
BOL Specific Power (W/kg) 330 500
ptowed Power (kW/m °) 80 120
Voltage 1,000 TBD

Initial development of the SLA/SquareRigger tedbgy,
including a small prototype demonstrator (Fig. 8gs
recently been completed by ABLE Engineering, with
ENTECH subcontract support, under a NASA Small
Business Innovation Research (SBIR) Phase | cdrtag

size, which is typical of current GEO communicationAdditional development, including much larger scale

satellites, the corresponding specific power isro¥80
W/kg (BOL) at operating temperature.

In addition, the well insulated photovoltaic re@s in
the prototype SLA wing of Fig. 3 were wet hi-posted for

hardware development, is being done under a Ph&&#IR
contract. All of this development work is directexivard
the SLA/SquareRigger array approach shown scheatfigtic
in Fig. 7. Analysis of this type of SLA/SquareRégyg
system led to the near-term and mid-term performanc
metric estimates of Table 1. Note that SLA/Squayg&
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Fig. 7. Stretched Lens Array ELA) on SquareRiggetPlatform.

Stretched Lens Array (SLA) Technology Roadmap
(Ref: O'Neill, STAIF 2004)
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Year

enables giant space solar arrays in the 100 kW kWL Fig. 9. Long-Term Technology Roadmap
class, with spectacular performance metrics (30BQ0 fbr ihe Stretched Lens Array (SLA)
W/kg specific power, 80 to 120 kW#nstowed power, and '

operational voltages above 1,000 V) in the neant@010) réauirements for space power systems for many afrgd
to mid-term (2015). NASA'’s Exploration missions.

In the longer term (2020-2025), with constanthypiov-  2- Stretched Lens Array (SLA) for Space Exploration

ing solar cell efficiencies and incorporation ofan@ano- Electrical power is a critical need for all spaogloration
technology materials into the lens and radiatomefets, ~MiSSions, and the Stretched Lens Array’s uniquéfqia of
SLA’s technology roadmap leads to 1,000 Wikg sola@tlributes enables SLA to meet the needs of many
arrays, as shown in Fig. 9 [12]. Indeed, SLA isque exploration mlSSIOﬂS.’ One important class of noissi
among all solar array technologies in its portfoly ~ Planned by NASA’'s  Exploration =~ Systems = Mission
attributes, which include world-record-level solarelectric ~ Diréctorate relates to space tugs using solar reect
conversion efficiency (high W/# ultra-light mass density Propulsion (SEP). These tugs are envisioned by NAS

; ble cargo carriers from low earth orbit toaluorbit
(low kg/nf), spectacular stowed power density (k\fym €usable cargo car _ , ’
highly scalable power (kW to multi-MW), high-voltag transporting materials needed for sustained exitoraof

capability (Kv), modularity (individual lens/celluiiding ~ theé moon. The most efficient and lowest mass apirdo
blocks), mass-producibility, and cost effectivene®L A's S_EP tugs involves the d|rect-dr|\_/|ng of electricuters by
unique portfolio of attributes matches the critical Nigh-voltage solar arrays, operating around 600 V.
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To operate reliably for many years at high voltaties
photovoltaic cell circuit must be extremely welsidated, to
prevent electrical interaction with the space plasim with
the “grounded” solar array structures. Figure hOves a
fully encapsulated photovoltaic receiver for a 60@ersion
of the Stretched Lens Array (SLA) for an SEP missid he
multi-junction cell uses an integral bypass diodael &nd
tabs to enable this compact configuration. Thetagd
gradients through the insulating layers above (Bigton)
and below (3 V/micron) the cell circuit were seéttto
ensure reliable long-term high-voltage endurancethaf
insulating layers. The cover glass thickness alibeecell
can be increased for additional radiation shieldfngeeded
for the specific mission, with trade studies regdirto
determine the optimal cover thickness. For theelas
receiver design shown in Fig. 10, the total Stretchens
Array SquareRigger (SLASR) array mass breakdownafor
100 kW array is summarized in Fig. 11. Note tiat total
areal mass density for the full SLASR array is 08185
kg/m?, with 70% of this mass in the lens and cell/rasfiat
blanket elements.

Fig. 10. Fully Encapsulated 600 Volt SLA Receiver.

Harnessing
6%

Element
Lens & Cell Panels
Harnessing
Structure
Mechanism
Substrates
Yoke Assembly
Root Assembly
Tiedowns
Total

Areal Mass Density
0.600 kg/sq.m.
0.051 kg/sq.m.
0.076 kg/sq.m.
0.058 kg/sq.m.
0.027 kg/sq.m.
0.009 kg/sq.m.
0.016 kg/sq.m.
0.016 kg/sq.m.
0.853 kg/sq.m.

Structure
9%

Mechanism
7%

Substrates
3%

Yoke Assembly

Lens & Cell %

Panels
70%

Root Assembly
2%
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2%

| Note that the Lens/Cell/Radiator Blanket Mass Is 70 % of Total |

Fig. 11. Mass Breakdown for 100 kW Stretched Lens
Array SquareRigger System.

ENTECH has participated in several recent tradeiss
of SEP tug missions, with typical results for onects
mission shown in Fig. 12. This mission study wasdad on
a 2008 technology freeze, including an expected-sume
solar cell efficiency of 34%, which equates to asud solar
cell efficiency of 38%, based on the measured perdmce
gain with concentration for SLA cells from both $pelab
and EMCORE, the two leading suppliers of multi-jtioc

t Mass/0.70
Study)

Assumption: Total SquareRigger Array Mass = Blanke
(Reference: ABLE's 100 kW SLA SquareRigger Design
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Fig. 12. Results of SEP Mission Study for Space gu
with 7 Annual Trips from Low Earth Orbit to Lunar
Orbit, Including 6 Return Trips (13 Total Transits of the
Earth’s Radiation Belts).

solar cells. The key parameter plotted in Figislthe end-
of-life specific power, after radiation degradatiof the
solar cells due to the 13 slow spiraling transftthe earth’s
radiation belts. The peak point of the SLA curabdut 280
WI/kg) corresponds to the optimal amount of celliatidn
shielding. (More shielding adds to array mass nupriekly
than it reduces array power degradation.) The sanree
for a planar multi-junction cell array, which issalshown in
Fig. 12. Note that the planar array peaks at apprately
80 W/kg. Note also that the peaks occur at wirvgllareal
mass densities of about 1 kd/for SLA and about 3 kg/fn
for the planar array. For comparison, a highlyalded
thin-film solar cell array is shown by a singleatigular data
point in Fig. 12. For this idealized array, a edficiency of
10%, with zero cell mass and zero radiation dedradla
was assumed. Note that this idealized thin-filnmaar
provides about 90 W/kg at about 1.3 k@/areal mass
density. All three array types used the Squareftigg
platform and the same high-voltage insulation systaf
Fig. 10, with an optimal amount of added cover glas
shielding for the SLA and high-efficiency planaray. In
summary, for this important exploration applicatid®LA
offers an advantage over planar arrays of more 8¥in
end-of-life specific power.  Furthermore, SLA offer
substantial advantages in cost effectiveness, @its tise of
much less expensive solar cell material than theng
arrays. Similar substantial advantages for SLAehbeen
seen for other exploration missions as well.

3. Near-Term Terrestrial Spinoffs

During the initial development of SLA in 1999-2Q00
ENTECH performed some outdoor tests on lens/cell
concentrator mini-modules, fully expecting relativg@oor
performance under ground sunlight, since its spéctr
content was thought to be so much different froracsp
sunlight. In fact, the then-accepted ground spettfor
direct normal sunlight (AM1.5D) implied that a cell
optimized for space sunlight (AMO) would have itpt
(GalnP) junction current badly out of balance (by
approximately 40%) with its middle junction (GaAs)rrent
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under ground sunlight, resulting in a relativelwloell and  technology for terrestrial solar power are also amd

module efficiency. However, ENTECH's early outdoor development. ENTECH is convinced that the excejptiy

measurements resulted in net lens/cell mini-modulénigh performance of SLA for space power, and of SLA

efficiencies in the spectacular 26 to 29% rangd.[1Bhis  derived systems for ground power, will lead to very

much higher than expected terrestrial module efficy has  successful penetration of both of these markets.

since been explained by NREL researchers who ave no

working on a more realistic solar spectrum to repldne old 5. Acknowledgements
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