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Abstract

An ultralight, stowable and deployable photovoltaic (PV) array manufacturability of cells, modules and arrays. Energy
is described for aerospace applications such as in lightweight Conversion Devices, Inc. (ECD) and its subsidiary, Sovonics
space vehicles and high altitude balloons. The array consists of Solar Systems have developed manufacturing technology in
thin-film, tandem-junction, amorphous silicon alloy solar which tandem junction, n-i-p/n-i-p solar cells are deposited
cells deposited onto a thin metallic foil. The array design by a roll-to-roll process onto thin, continuous, stainless steel
utilizes 20 giant-sized cells, 1566 cm2 in area, connected in or polymer sheets.' Currently available commercial devices
series to provide power of 207 W at AMO illumination. The have a conversion efficiency of about 8.5% at an insolation of
weight of the array is only 800 g, which results in a power air mass 1.5 (AM1.5). Advanced a-Si alloy cells developed at
density of 258 W/kg, about one order of magnitude greater than ECD, utilizing a triple cell, spectrum splitting structure, have
existing space arrays. Each of the cells is fully protected with yielded recently an efficiency of 13.3%, measured and reported
bypass diodes to prevent damage upon partial shading or cell by the Solar Energy Research Institute (SERI). 2

mismatch. A lightweight mechanism for stowing, deployment
and support of the PV array has been designed and a prototype The solar cell material deposited on a polyimide,
constructed which will also be described. The overall power high-emperature substrate has been used in successful
density for the array and this mechanism is 145 W/kg. development of Ultralight T monolithic PV modules and

arrays.3.4 These arrays have demonstrated improvements of
an order or magnitude in power per weight, per volume, per

1. INTRODUCTION dollar, and in resistance to ionizing radiation. For future
arrays an increase in total array power of up to one megawatt

1.1 Power Sources for Soace is anticipated. The Ultralight monolithic modules are made by
patterning a continuous, multilayer solar cell sheet into a

With the maturing of the space technology ambitious plans have matrix of cells interconnected in a series and parallel
been made for the next ten to twenty years, which will require arrangement by processes used in making integrated circuits.
power from kilowatt up to multi-megawatt range. They include Such modules and arrays can be rolled up repeatedly for
scientific, commercial and military applications. For space stowing and they are damage- tolerant, even when pierced by
missions of long duration, especially those in which electric projectiles such as meteorites or space debris. These devices
propulsion is envisioned, only two sources of high electrical are being developed further for high voltage space arrays.
power are considered as practical. They are nuclear and solar
power. Nuclear power faces a number of serious obstacles, The object of this paper is to report on further new
including technical, sociological, environmental and political, developments in the Ultralight array technology. They include
which limit its acceptability for widespread use in space. (1) the use of giant cells, which have areas up to 100 times

greater than typical cells used in space arrays, and (2) the
1.2 Photovoltaic Arrays for Soace development of lightweight deployment and support mechanism

for the Ultralight array. These innovations may lead to future
Photovoltaic arrays have been the most reliable and most availability of low-cost, high energy PV arrays that will be
extensively used electric power supplies on space vehicles, required for electric propulsion in space.
Their widespread use stems from their ability to produce
electricity for decades directly from the virtually
inexhaustible sunlight, without any moving parts, fuel or 2.0 DEVELOPMENTOFADEPLOYBLEPVARRAYSYSTEM
maintenance. Although the conventional photovoltaic array has
been the work horse of space electric power, its practical limit 2.1 Photovoltaic Array Consisting of Giant a-Si Alloy Cells
is probably 100 kW. NASA's lengthy consideration on how best

to provide power for the Space Station illustrates this point. The size of photovoltaic arrays made of crystalline silicon solar

The reason for this power limitation is that basically the same cells is limited by the size of the starting wafers, typically,

crystalline silicon technology has been used for over decades, less than 100 cm2 , by the brittleness of the wafer, and the

Space arrays based on crystalline cells are too heavy, requirement of performance uniformity. In the case of

cumbersone, vulnerable to physical damage and too costly ever Sovonics thin-film a-Si alloy cells on continuous flexible

to qualify for 100 kW to megawatt power range. substrates, the size is virtually unlimited and the cells are
unbreakable. Because of the continuous process, uniformity is

1.3 Amorohous Silicon Alloy Cells for High Fnerov Soace excellent. However, because of the small thickness of the
Arrays multilayer cell structure (less than one micrometer), shorts

and shunts between the top and the bottom electrodes may

An excellent prospect for high power PV space arrays is found occur, which has lead in the past to decreased production yields

in solar cells based on thin-film amorphous silicon alloys and cells of limited size. Recently, Sovonics has developed a

(a-Si). The a-Si PV cells constitute a natural choice for high novel means of eliminating all such shorting defects,

power space arrays because of a rare combination of unique subsequent to the deposition of the cell layers, which facilitates

materials' properties and because of the demonstrated the fabrication of very large individual cells having areas
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Fig. 1. SOVONICS UL-200 UltralightT 200-watt photovoltaic array for
aerospace use, consisting of twenty 1566-cm 2 cells; specific power: 4
kg/kW. The array stows in the canister held by the person in the photo.

limited only by the size of the substrate. For example, one of 2.1.3. Construction and Testing of the PV Array. The starting
Sovonics commercial products, the P-101 module, consists of solar cell material consisted of a stainless steel substrate, 0.2
one cell 120 cm x 30 cm in area, which is about 40 times mm thick, and a sequence of deposited layers consisting of a
larger than the largest crystalline silicon cells. The objective textured, metallic "back-reflector", n-i-p/n-i-p a-Si alloy,
of the present work was to design and construct the first same-gap, tandem-junction structure, and a top, transparent,
commercial prototype of an Ultralight array based on a-Si indium tin oxide (ITO) layer with a thickness giving
alloy technology for aerospace applications. For this purpose quarter-wave, anti-reflection characteristic. The top ITO
we have taken advantage of the capability to produce such 'giant' electrode surface was patterned by masking and etching into a
cells. rectangular array of parallel sub-cells, followed by screen

printing of a silver current-collecting grid. Six thin, parallel
2.1.1. Minimal Design Soecifications for the PV Array. The tinned copper busbars were applied and connected to the silver
nominal power output of the arrray was to be 200 W at AMO. grid to assist with the current collection. The busbars extended
In addition, it had to meet several other specifications, over one of the longer edges of the cells and were connected
including electrical performance, size, weight, stowability and electrically to the bottom electrode of the neighboring cell. Six
damage tolerance in normal operation. The first prototype did flat bypass diodes, capable of carrying up to 2.5 A each were
not need to be space-compatible, which meant that any placed along the edge of each cell and connected to the
convenient encapsulation could be used. neighboring cell. All interconnections were made on the top

surfaces. Five cells connected in this manner formed a

2.1.2. The Design of the PV Array. In order to demonstrate the "quarter panel", which was vacuum-encapsulated in a

use of large cells an arbitrary goal had been set to construct the continuous sheet of polyester. After the top encapsulation, the

array of a single string of cells connected in series. This stainless steel substrate was thinned by chemical etching from

decision, along with known power performance data, has its initial thickness of 200 .m to an average of about 15 Im.

culminated in a design consisting of 20 solar cells, each The quarter panels were then electrically tested before being
interconnected into a full array and encapsulated from the rear

measuring 54 cm x 29 cm (1566 cm2 ), arranged in two rows in polyester. A photograph of the array, designated as the
of 10 cells in each, into a final format of 2.92 m x 1.11 m in UL-200' array, is shown in Figure 1. Note the six bypass
area. diodes, clearly visible along the vertical edges of each cell.
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2.1.4 Testina of Cells. Quarter Panels and Array. All 2.1.5 Final Soecifications and Electrical Power Data for the
sub-cells, and cells were tested for 100% yield prior to the Array. Table I below lists the final physical specifications and
assembly. For the quarter panels, current-voltage curves photovoltaic test results for the array.
were taken in Spire solar simulator set for AM1.5
illumination. For final testing, short circuit current and open
circuit voltage were taken in sunlight and the AM1.5 power TABLE I
output was calculated by using an average of the four fill
factors obtained for the quarter panels, in Spire AM1.5 solar Soecifications and Performance Data for the UL-200 Array
simulator. A conversion factor of 1.24, determined
independently5 for similar small test cells, was used to convert Physical Dimensions
the AM1.5 power data to AMO. The completed array still awaits
full testing under a suitably large simulator for AMO Array Weight 800 g
insolation. Array Size (stowed. rolled uo)

Length 1.11 m
Diameter 7 cm

Array Size (deoloved) 2.92 m x 1.11m x 0.01 cm

Array Materials Amorphous silicon alloy
thin-film cells on a thin

(a) stainless steel foil.
Polyester encapsulation.

Power Outout at AMO Insolation and 350°

Powe 207 W
Onen Circuit Voltaae 33 V
Operatino Voltaae 25 V

Fill Factor 0.57

2.2 Mechanism for the Deolovment and Suooort of the PV Array

r The deployment and support mechanism for the array is based
on the design shown in Figure 2 a, b, and c.6 Depicted is a
rollup PV array, having a support element configured in a

1 (b) letter 'X' on the rear side of the array, and affixed diagonally to
its corners as shown in Fig 2 c. The support members are
slightly longer than the diagonals, thus forming a bowed
structure which stretches the array and imparts support to it.
We have found that when the support elements are made of a
thin-walled tubing that is slit along its length, it is possible to
roll up the support elements along with the array as in Figure
2 a to stow the array. The rolled up tubing acts as a coiled
spring, which when released deploys the array as in Figure 2 b

S e to its fully deployed and supported form 2 c.

A prototype of the mechanism was constructed as a 'proof of
\ concept', consisting of plastic tubing, 3.8 cm in outer

diameter. The deployment unit employs also a tubular mast
attached at one point at the cross-over of the 'X' (the hub) and,
importantly, at two points at the opposite edges of the array.
From Figure 2 c one can see that when all three tubes are
attached to each other at the center, and the ends of the tubes to

(C) the extremities of the array, as on a bicycle wheel, the array
will be immobilized and outstretched, especially when under a
built-in tension. In fact, when the array is deployed, one can
hold the mast by its end and move the array freely it in all
directions, indicating a good support for the array.

Fig. 2a. Ultralight photovoltaic array stowed in the The support structure allows the array to be stowed into two
form of twin scrolls, along with Its compact scrolls, each having a diameter of less than 7 cm and a
deployment and support mechanism, length of 1.1 m. The weight of the deployment mechanism was

622 g, resulting in total weight of 1422 g when combined with
Fig. 2b. Partially deployed array of Fig. 2a. the array. The overall specific power for the deployable PV

system thus became 145 W/kg.
Fig. 2c. Fully deployed array, rear side, showing its

deployment mechanism now used as a
support for the array.
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3.0 DISCUSSION AND SUMMARY

Two major advances have been achieved in this work, which
may have a significant impact on the availability of power
sources for electric propulsion in space, for a variety of
lightweight satellites and for high altitude balloons.

One of these advances is the successful demonstration of the use
of giant-size, thin-film, amorphous silicon alloy solar cells in
the construction of ultralight PV arrays, having power per
weight one order of magnitude higher than existing space
arrays. They are are also stowable, deployable, and tolerant to
radiation and to physical damage. This development signals the
arrival of high-energy, low-cost power supplies for space
missions of long duration.

The second significant achievement is the development of a'
lightweight, stowable deployment and support mechanism for
PV arrays, applicable at least to small arrays for lightweight
satellites and to high altitude balloons.

Additional work is needed toward the development of
space-compatible encapsulation for the arrays. In addition
suitable materials for the deployment and support mechanism
must be developed which must be space-compatible, elastically
deformable but plastically non-deformable. Continued,
accelerated development of advanced multi-junction cells is
needed as well as the means of manufacturing them to achieve
higher power per area and a further increase in specific power.
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