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Section 1

INTRODUCTION

This is the final report on the design, developwent, fabrication, and testing of the
Transparent Solar Cell Module Developrent effort'which was performed by Lockheed
Missiles & Space Company for JPL under contract 954653 as part of the Energy
Research and Development Administration (ERDA) Low-Cost Silicon Solar Array Project
from 8 January 1977 through 31 August 1977; Figure 1-1 depicts the major elements
and oufput of the program, namely the design, fabrication, and test of 12 preproduction
modules which comply with the requirements of JPL Specification 5-342-1 Rev B.

8ix of the preproduction modules were retained at LMSC for mechanical and environ-
mental tests prior to shipment and the other six were shipped directly {o JPL. Cell
performance and material process characteristics were determined by exiensive tésts
and design modifications were made prior to preproduction fabrication. These tests
included three cell submodules and two full size engineering modules, Along with
hardware and test activity, engineering documentation was prepared and submitted

as depicted in Figure 1-1 and in accordance with the program schedule, Figure 1-2.
The final report was rescheduled until September 1977 to incorporate results of
sunlight i;esting and repair analysis as reported in Section 4.

A major objective within the program was fo gather module development and perform a
cost analysis based on mass production quantities of this module. The analysis served
the purpose of identifying material and labor intensive features of the module design.

As a result of first fabricating two engineering modules, design and fabrieation improve-
ments were made which later resulted in more cost effective preproduction modules

and in the identification of cost reduction areas for future mass production of modules.
Features of a suggested baseline production module design evolved and estimated costs
to produce 5 to 50 KW and 1 mW are presented.

i-1
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SUMMARY

The mechanical features of the module design incorporate high transmission glass
superstrate, custom extruded aluminum side and end rails, a backside center stiffening

web which also served as a mounting for two electrical output connectors, and three com-
pliant grommets for mounting the unit into subarray frames.

The electrical portion of .the design incorporates 3-inch diameter circular cells from
two vendors, Cells from each vendor were used to fabricate half of the modules so

side by side comparative testing could occur at JPL and at LMSC, Forty-one cells
were interconnected in series using chem-~etched in-plane stress relief copper inter-
connects., The cell sirings were mounted to the underside of the cover glass using
clear silicone adhesive, The modules fabricated during the program are representative
of the general desi;g'n and of terrestrial cells currently available. Slight modifications
of the interconnect, to accommodate the cells with single N bus, is the only significant
adaptation from one design to the other,

To assess the value of primed versus unprimed glass, selected modules used no primer
and others used two types of silicone primeyr, Also to gain additional comparative dafa
in this developmental program, two types of encapsulanis were used.

Two methods of frame mechanical fastening were assessed, self-drilling tapping
screwg and blind or pop rivets. Riveting was found to be far superior. It was also
found, for mechanical design and assembly, that the program baseline design was
quite labor intensive because of high mechanical piece part counts and required
fabrication processes. However, as a result of these and other general findings, the

following conclusions and recommendations can be stated.
CONCLUSIONS,

1. Cell loading or handling time can be reduced over 50 percent by having an omni-
directional N bus electrode geometry for the solar cells.

1-4
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Water white high transmission glass (0. 01 percent iron oxide content) enables cells
to produce up to 20 percent more power at AMI, In terms of value added at present
prices the high transmission g'laés costs $.50 more per 12 but provides $18 worth
of additional power per £ft2, This corvesponds to a savings of $3, 00 per watt,

Glass front éurfacé permits cleaning by normal methods to restore power, ‘

Modules that are transparent beiween cells permit energy throughput and cause

lower operating temperatures (and thus more power) than in opaque modules,

10,

11,

12,

The technical features of the design have been proved by the module efficiency
which averages 9. 84 percent (based on cell area) at 60 deg C, 100 mW/ om?,

Developmental design changes which combine mechanical part functions can
reduce parts count in modules from 25 fo 10, The number of fabrication process

steps would be reduced by 50 percent.

At maximum projected levels of module production the consumption of key materials
{e. g., aluminum, high transmigsion glass, silicone) is insignificant compared with
existing production capacity, No significant material cost reductions are expected
from large scale module production, This conclusion, of course, does not apply

to the costs of silicon or cell fabrication,

Cells need to be handled only one time during the entire fabrication process when
combination loading-registration-traveling fixtures are used,

The use of glass primers does not improve the adhesion of the cells to the glass for
qualification testing survivability. Data does not yet exist to assess lifetime per-

formance of primed and unprimed glass.,

Blind rivets are more time-cost effective for module frame assembly than
self-drilling/tapping serews and represent less of a safety hazard,

Practical weight limifations on modules discourage laminated glass designs.
Better materials and encapsulation methods are required for environmental

protection, particularly moisture absorption,

The LMSC module design and assembly tooling and methods accommodates a wide
variety of cell configurations and size tolerances., Minor adjustments in the LMSC
interconnect design will accommodate most of the existing cell contact configu~

rations although greater savings would result from use of omnidirectional contacts.

1-5

ORIGINAL PAGE IS

OF P

OOR QUALITY

P v



LMSC-D573729

RECOMMENDATIONS

1.

Additional work should be done on room cure, hard skinning encapsulants.
Alternative encapsulation methods such as bonded films should be investigated.

- 8tudies should be initiated to.determine maximum size solar cell configurations,

mcludmg handling considerations, shape adaptatmn for round, sheet, ribbon, ete,,
and assessing these features for end-use requlrements such as current and ’
voltage Specﬁmatmns. ) '

An ommchrectlonal cell electrode design Would reduce module fabrication time
mgm._fmantly. Studies of omnidirectional cell electrode design costs weighted
against cell indexing flats or optical placement registration mechanigms ghould
be. conducted.

‘Solar cells are still, and will be for. the near future (until érossovers are reached

where serap out is more cost effective), the most costly eleinents i 4 terrestrial

- -modi_ﬂe. A program should be conducted to develop nondestructive methods of

cost.effective refurbishment of modules for cell replacement,

For néar and intermediaté term, testing methods for solar cell characterization
in end-item combinations should be developed so that differences in performance
due to changes in speciral response and other design dependent phenomena are
accounted for when comparing performance of different.cells., Comprehensive

_evaluation cannot be made at the bare cell level. It must be accomplished by

side-by-side testing of different cells with identical covers and encapsulants.
As module packing factor increases the module temperature will also increase,

" Studies and development hardware tests should be conducted to determine the

maximum feasible packing factor which will give-greatest power at lowest

temperature,
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Section 2
MODULE DESIGN

2.1 DESIGN DESCRIPTION OF LMSC TERRESTRIAL TRANSPARENT SOLAR
CELL MODULE

The LMSC module developed for this contract uses 41 cells which are solder inter-
connected into a single series string with flat copper interconnects and are bonded to

the back of high transmission glass with clear silicone adhesive, The module delivers

20 W electrical at peak solar irradiance (air mass one) at 28 deg C cell temperature,

It is supported by an aluminum frame which consists of extruded channel side rails and
angle end rails which are used for module mounting and a center web which gives structural
rigidity and is used for mounting the electrical connectors and grounding.

Modules are made with two different types of 3-inch diameter solar cells from two
different vendors. Spectrolab and Optical Coating Laboratories Inc. (OCLI). This proves
the adaptability of the LMSC design, tooling, and assembly methods, Minor changes

in interconnect design permit assembly of both types of module in the same tooling.

Cells with diameters of 2, 93 to 3. 005 inches are assembled in the tooling, and mini-
mum spacing of . 027 inches between cells is maintained.

The module in Fig. 2.1-1 uses Spectrolab silicon solar cells with texturized surface,
anti-reflection coating, and silk-screened contacts. The N contact has redundant

collection buses to which redundant interconnect tabs are soldered.

The module in Fig. 2.1-2 uses OCLI silicon solar cells with polished surface, anti-
reflection coating and vapor deposited contacts., LMSC modified the interconnect
design to provide redundant attachment to the single N bus collector on OCLI cells,

The module cross section shown in Fig, 2,1-3 shows the way the module is assembled.
The cell/interconnect/adhesive/glass assembly is fitted into the frame with the foam
seal tape in place in the side rails. Then the electrical connectors are attached and

ORIGINAL PAGE I3
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Figure 2.1-1 Engineering Module - Spectrolab Cell
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TYPICAL MODEL SECTION
GLASS FOAM SEAL TAPE
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Nl YO T R
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ENCAPSULANT

E//////////

Figure 2.1-3 Typical Section Through Module Siderail
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the rails riveted in place. Finally the encapsulant is applied over the back of the
module — sealing it from the environment and providing some structural properties
to the assembly. Figure 2.1-4 shows the two engineering modules prior to
encapsulation,

Electrical Configuration

The electrical connections within the module are totally redundant internally and
externally (see Fig., 2,1-5), There are two connections to the solar cells and two
conductors to separate pins at the module output connector.

2.2 DESIGN DEVELOPMENT

The LLMSC solar cell module design has been developed by merging high efficiency and
reliability from aerospace and cost effectiveness from commercial practice. The
result shows that these areas are completely compatible — it is cost effective (at least
at present) to use the highest efficiency solar cell, the highest transmission (in the
cell response region) cover, high transmission cell-to-cover adhesive (applied in
vacuum), and transparent encapsulant, and to mount them in a structure which is
designed and assembled in much the same way as a window for a mobile home or

recreational vehicle.

LMSC worked with many organizations during the development of this design. The
result is a design which is suitable for production in quantities of 1, 000 to 2,5 million

if some minor design changes and increased levels of automation are achieved.

Solar cell manufacturers were requested to submit ten solar cells which reflect their
best and most likely high volume production cells for the next few years. Those
responding were Spectrolab, OCLI, M7 International, Solar Power Corp., Sensor
Technology, International Rectifier, and Solarex. Since that time, more terrestrial
cell manufacturers have come on line and they will be included in future studies.
LMSC selected Spectrolab and OCLI, the two vendors whose cells had the highest
output/cost.,

ORIGINAL PAGE IS

e OF POOR QUALITY]



LMSC-D573729

Figure 2.1-4 Rear View of Engineering Modules Prior to Encapsulation
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Glass companies were asked to seﬁd saminlés of their "solar prc;diict” lines for evalua-
tion on LMSC photovoltaic panels, Respondents were Libbey Owens E;‘ord (LOTFY,
Pittsburg Plate Glass (PPQG), 4nd Fourco=-who mike 4 oW iToi glass with total sun
spectrum transmittance of 85 to 8S‘pe;'cent, and ASG<with Sunadex which has fofal

sun spectrum transmittance of 90 percent and 97 pexcent effective transmittance

when cells are bonded as in our module; ' s

With the help of Fluorocarbon Corporation, éil_ic,o'ne channe] exfrusions were deveiope@
in two configurations, The method selected for module assembly did not permit the
use of either extrusion and closed cell vinyl foam tape by 3M was substituted.

Side and end rails on the module were made from custom extriisions developed for
this design with a351stance from Ametek Pacific Extrusions,

2.2.1 Requirements

The module has been d981gned to meet reguirements of JPL Spec::flcatlon 5-342-1
Rev B with the followmg feaf:ures

(A) Module Shape and Size

The solar cell module is 9 inches in width, 46 inches in length and a maximum
of 1,56 inches in thickness, including dluminum fins along the edge of the
two 46 inch lengihs,

(B) Cover Selection

The solar cells are protected from the terresirial environment by Sunadex
high transmission glass 3/16 inch thick,

(C) Encapsulant/Adhesive Selection

Sylgard 184 silicone adhesive/encapsulant and DOW‘Coming=X1—257-7

encapsulant are used.
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(D) Electrical Design

The module is éapaf)le of providing power greater than specified (minimum
output 12 Watts at 15. 8V, 60 deg C, AM1, 100 mW/cmz),

(E) Thermal Design

The module is transparent to sunlight wherever possible to achieve the lowest
possible operating temperature. Aluminum side rails along the two long
edges are provided to enhance coocling,

(F) Structural Design

The aluminum side rails serve to restrict deflection of the module so the

constraints of the mechanical integrity testing are met. A center web

prevents deflection at midspan. )
(@) Mechanical Interface Design

For the module three mounting points are providegl using elastomeric
standoffs, The mounting arra,ngemeilt meets the requirements of the
JPL test structure per JPL Dwg., 10081548 with addition of holes to
match LMSC modules. ’

() Maintenance

I power is reduced due to accumulated dirt on the cover, recovery is

possible by standard window washing methods.
2.2.2 Cell and Module Size Selection

The size and shape of the solar cell have the greatest influence on module shape and
gize. This program was limited to the commonly available round solar cell.sizes-
2~1/4 inch (57 mm), 3 inch (76 mm), 3.5 inch (90 mm) and 4 inch (100 mm), These
sizes were included in a module size study along with the 40 to 42 cells in series re-
quired to provide peak power voltage near 15, 8 volts at 60 deg C, AMI, 100_mW/cm2,
and the specified subarray dimensions of 46 x 46 maximum overall (44. 5 inch maximum
active dimension). This resulted in the selection of 3,0 inch diameter cells nested

2-9
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with 3,12 inch centerline spacing in string dimension and 2, 6 inch.between string
centerlines with glass area of 8,5 x 44,5 as shown in Table 2, 2-1,

9.2.2.,1 Solar Cell Selection

Solar cell selection was based on a comprehensive series of screening tests which
"fully characterize the performance of the selected cells,

2.2,2,2 _Cell Vendor Selection

Because LMSC is not and does not plan to be a solar cell producer, we objectively
evaluate performance of terrestrial cells available at the start of the program from
on~line manufacturers under identical conditions, ‘ For this contract, sample cells
were purchased off the shelf from seven manufacturers and compara:tively tested,

Testing and comparisons included bare cell perfdrmance at 28 deg and 60 deg C,
solderability, size availability, and cost per watt, It is recognized that this method
of screéning; may wnduly penalize manufacturers who do not use anti-reflection
coa.tingsr on' their bare cells, A more complete comparison would (if time would have

permitted) have included tests on cells after cover bonding, '

Cells without A/R coatings usually show significant increases in output when encapsu-
lated while those with A/R coatings do not. For future programs TLMSC suggests
more thorough testing of cells in the proposed final configuration to more fairly
evaluate cell performance, A program for side-by-side and identical cover/
encapsulant testing of different solar cells is required to eliminate the performance
prediction problems which result from testing cells that have different frequency
responses under different configurations.” The desirability of this-approach was
acknowledged by LeRC at the 6th 1.SSA Project Integration Meeting.

Table 2. 2-2 shows the cells which were tested. Figure 2.2-1 shows various sizes
and contact configurations typical of cells from different vendors,

2-10
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TABLE 2, 2-1
MODULE DESIGN TRADEOFFS - TERRESTRIAL CELYL, PERFORMANCE

SOLAR CELL SIZE SELECTION — 3 {N, DIAM
e LOWER PIECE PART HANDLING PLUS BEST AREA EFFICIENCY

CELL o I SPACE Anm MODULE | SUBARRAY
ENVELOPE ceL/Row | o8l oputes | senween | ACTIVE AREA AREA CELLS
C (INCL CONFIG | Motk bER MODULES | AREA OF |EFFICIENCY | EFFICIENCY |  PER
LOCATION FORL=44.,5 MIN SUBARRAY | FOR X = 0.25 CELLS IN Am AM MODULE

TOLERANCE) o) ) MOBULE @XT WXT

2.12" |2 ROWS: 21/21 4,24 9 0.37 132 0.70 0.58 42,
2,12 2 ROWS NESTED:
21/20 3,95 10 0.15 129 0.73 0.63 41
2.37 3ROWS: 1717/17| 7.1 6 0,06 160 0.50 0.47 51
3.64 4 ROWS: 12/12/
12/12 14.56 3 0.17 339 0.52 0.50 48
3.12 3 ROWS: 14/14/14 9.3 4 1,64 296 0.71 0.58 42
3.12 3 ROWS NESTED: - - - )
14/13/14 8.5 5 0.20 290 0.77_ 071 - 1 4
4,18 4 ROWS NESTED: (0 FOR
11,/10/11/10 15.04 3 X =0.14) 528 0.79 0.77 42
I
—{x ——— = |
+
SIDE RAIL T a0
WIDTH T W)
| SPACE
I BETWEEN
2 MODULES
I D——— s |
[ e 44 50___|_ ‘
oo 46 oo—-—--,
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TABLE 2, 2-2 )
TERRESTRIAL CELL COMPARATIVE SIZE DATA
- Cell Sizes Actual Active Area¥* 9
Nom. (maximum) n.” (em®)
SL 2 in, 2.05 All 3.3 (21.29)
3 in, 2.96 (later cells are ATl 6. 86 (44.24)
2.98 in,)

M7 3 in. 3.20 3.0 dia 7.07 (45.861)
3P " 90 mm 3.54 3.50 9. 62 (62.06)
IR 3 in, ¥* 3.00 All T7.07 (45.61)
IR . 2 in, 2,00 1.95 2.99 (19.29)
ocC 3 in. 2.98 All 6.97 (44.97)
BX 3 in, 2.97 All 6.93 (44.71)
8X 4 in, 4,06 pis All 12.70 (81.94}).
8T 2 in. 2.15 2,12 3.53 (22.77)

SL = Spectrolab

M7 = M7 International

8P =  Bolar Power Corporation

IR = International Rectifier Corporation

OC =  Optical Coating Laboratories, Inc.

SX = Solarex )

ST =  Sensor Technology, Inc,

* Active area includes contact but excludes border around cell when present
**Produced by Solar Technology International, purchased by LMSC through IR
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Figure 2.2-1 Terrestrial Solar Cells
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Bare cells were tested with X-25 steady state illumination adjusted to give 100 mW/ cm?
per Spectrolab 2 inch diameter standard cells 3001 and 3003 which were calibrated by
LeRe.

Current-Voltage (I-V) curves for eight to ten cells of each type were taken at 28 deg C.
Then one "average' cell was selected for temperature performance tests in which I-V
curves were taken at 28 deg, 40 deg, 60 deg, and 80 deg C.

The results of the bare cell test data are summarized in Table 2, 2-3 where Ig,, Ve,
Imps Vmps and me at 28 deg C and Ig,, Ve, Imp' Vmp’ me, IatV = ,385* and
Wat V = ,385* at 60 deg C are reported after having been normalized to 3 inch

equivalent cell diameter for all cells.

Based on cost and bare cell power output at 60 deg C SL (glassified), SX and OC cells
were selected for further testing.

The quantities of cells involved in this program, where only two engineering modules
and 12 preproduction modules were assembled, were relatively small. Procurement
of cells for a production program would be preceded by cell performance evalua-
tion which accounts for end product output, i.e., cells mounted in segments simulating
the design cross-section tested simultaneously under pulse zenon and cross-checked

under sunlight to minimize AR, spectral response anomalies.

2.2,2,3 Interconnect Design

In the LMSC module the interconnected cell string is bonded to the backside of the glass
cover with Sylgard 184 in vacuum. Then, after curing the 184, an encapsulant is added
to seal all components from the environment. Thus the interconnect is fully embedded

in the adhesive/encapsulant as well as being soldered to two cells. The functional

requirements of the interconnect are as follows:

e Conduct current in redundant paths between cells

e Prevent thermal expansion from causing loading on the contact bonds —
planar, torsion, peel

e Prevent shorting of cell junction

*, 385 volts = 15,8 volts (i. e., module voltage at 60 deg C) + 41 cells in series
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e Maintain integrity during thermal cycling when embedded in adhesive/
encapsulant

e Cover minimum of cell active area

Producibility requirements for the interconnect are as follows:

¢ FEasily automated
o Accommodate large cell {olerances
e Self tooling for accurate contact location on cell

The current and early interconnect designs are shown in Figure 2, 2, 3-1 with differences
noted, These changes resulied from the following considerations:

Thicker and Wider Traces

The copper thickness wasg increased from 1 oz. to 2 oz. and the trace width was
increased from . 080 to . 105 to reduce the potential for intercell voltage drop and
to improve redundancy.

Inboard Tooling Stem

The tooling stem was moved inboard to reduce the possibility that the tooling tab’
wotld bend up over edge of cell causing shorting.

Offset P&N Tabs

The P&N tabs were offset to accommodate moving the tooling stem. An additional
consideration was o reduce cell shadowing by interconnect on the OQCLI version.

Solder in Connect Points Only

Reduces possibility of cell shorting due to solder melting near edge of cell. Reduces
solder consumption. In addition, the material can be produced for either stamping

or chemical etching of the inferconrect in large quantities.

Current thought is that stamping is most feasible for individual interconnects which
would be fed in tape form to the module assembly soldering station. The potential
for chem-etching appears greatest in forming a complete module of interconnects
in one piece. Thig offers potential for sa_v‘ing labor or automation costs for placing

interconnects.
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CURRENT INTERCONNECT

WIDE TRACES

TOOLING STEM lNBOARD

P&N TABS OFF-SET

SOLDER IN CONNECT PTS ONLY
2 OUNCE COPPER

OCL SPECTROLAB
(INTERIM)

EARLY INTERCONNECT

NARROW TRACES
TOOLING STEM OUTBOARD
P&N TABS IN=-LINE

SOLDER PLATED ALLOVER

1 OUNCE COPPER

Figure 2.2,3-1 Interconnect Designs
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Another area of interest is in the potential design of interconnects.for cells with omni-
directional contacts. The inter-relationship of all contact and interconnect design

features must be considered for optimum module output,

LA

Interconnect-Soldering Evaluation, Solder plated copper mterconnects were used to
solder three cells in ser1es. These threé cell assembhes were. used in solderabmty

tests that were performed to determine easé of soldermg and the effect of so'ldermg
on power output, Allcells of the selected types soldered easily.’ The P contact of
Spectrolab cells exhibits' a d]fferent characteristic during soldering 1n that:it does not
fillet, The Wettmg action of the solder appears to ”puddle” in small areas between
the cell and interconnect rather than "tinning'' the whole area. This apparenily does
not affect cell performance. Humidity tests.with soldered Spectrolab cells showed
no degradation, . ’

The three cell modules were then bonded to cover glasses, ret'ested and subjected to
18 rapid thermal cycles from -50 deg to +90 deg C, Problems with operating the test
caused some LNg to splash onto the modules cracking the unfempered coverglass.
The cycling was ferminated and electrical tests were run, No degradation occurred,

Table 2, 2. 3.1-1 shows the effect of the process steps and testing on cell output from
individual cells through temperature cycling. '

These tests proved the concept of m-plane' stress relieved iqtercor;_neéi;s encapsulated
in Slygard 184, No module output degradation or contact delamingtion o_‘ccﬁrred.

The_se tests provided sufficient information regarding cell performance to enable se-
lection of OCLI and Spectrolab cells on the basis of cost and output.

Further testing of these cells using redesigned interconnects is described in
Section 4, “ ’
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TABLE 2,2.3.1~1
PROCESSING EFFECTS ON CELL OUTPUT

N Covered 3 Cgll
Individual Base {Base 3 Cell Module] Module at 28~ C

Covered 3 Cell
Cells at 28° C at 28° ¢

After Module at 60° C

Before Temp. Cycle Temp. Cycle . | After Temp. Cycle
Module Voc: Voc Voc Voc Isc me Voc Isc me Voc Isc, me Voc Isc mp

X a 0.574|0.582{0.580| 1. 72 | 1..36(1.56 | 1,74 1.89 | 1.58 | 1..74 1.38 | 1.56 1.54 | 1.40 | 1.387

sxb |0.579]0,578|0.577|1.71 | 1.85{1.60 | 1.72 { 1.36 | 1,57 | L.72|1.40| 1,61 | 1.52 1,42

i. 36
SL a .71 | L,37| 1L, 57 | 173 1.41 1.59 | 1.73|1.39] 1.60 | L.53} 1l.42 1.33
OCa In.terconnect broke and could not be resoldered — prompted new intérconnect design*
OCbh

1.73 1,04 1.28 (Cell Broken)*

*Thig problem was caused by using an interconnect designed for SL cells on OC modules. It was decided
that results c_>f other temperature tests made sufficient to unable selection of OCLI cells on cost basis.
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Voltage Drop Due to Interconnects. Analysis indicated thai:, in a 250 volt systera where
16 modules would be connected in series with the Design Review Baseline Module, a

total voltage drop of 8,822 volts (3,5 percent) could occur, 7 545 volts or 3 pexcent is
attributable to the interconnect using 1 ounce copper with a pmmary tab width of . 080

inches. A new design was developed for-a modified interconnect which increased tab
width to . 109 and, by incorporating 2 ounch copper, increase interconnect thickness
from . 00128 to . 0025. Interconnect thickness is still maintaine& below 3 mils to ensure
flexibility. With this modification total drop is reduced to 4,017 volts or 1,6 percent.
Changing interconnect termination wire gauge from 22 to 18 reduced losses approximately

0,72 volts or 0.3 percent.

2.2.2,4 Cell Adhesive

The properties'required for the cell to cover adhesive include:

High transmission of solar energy
Good adhesion to glass and to the cell
Ability to cure in large thin unexposed areas (i. e., between cell and glass) .

Low modulus to compensate for high thermal expansion relative to glass and
cell (enables stretch to compensate for differential thermal expansion without
delammatmg) —

. Mamtams properties over wide temperature range especially low modulus

at low temperatures

] Non-1omz1ng in presence of moisture
o UV stability

Sylgard 184 wag selected because it bas the best performance of existing known
adhesives as wéll as moderate cost when the amount is contrqlled during application.
Jts moisture pérmeability and tacky suriace, however, with its sofiness and affinity
for dirt cause concern regarding durability when used as an 'ence.psulant. This is
discussed further in the next section. ' '

To bond the cells to the coverglass the outgassed Sylga:rd 184 is metered onto the front
of the cleaned solar cells. A vacuum is drawn between the cells and cover before they
are pressed together. This ensures that no air remains between the cell and cover,
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The completed modulés were primed in three (3) ways: -without

primer, with Dow Corning 1200 primer, and with Dow Corning '3-6060 primer, TLMSC
does not expect any difference in performance between the modules 1o be caused by the
different primers, It is our opinion that the glass cleaning prior to bonding is of more
importance fo long life performance, However, the fact that selected moddles do con-
tain primed surfaces will provide data for comparison should any -delaminating occur
during the tegt life of the modules. ' |

2,2.2,5 Encapsulant

Materials considered for module encapsulation included the following: ‘

Films
Mylar
Tedlar
FEP
"Glad"

Thermal Control Paints ORIGINAL P I?GE 15
White OF POOR Q
Black

Silver
Fabric/encapsulant combination

Silicones
Dow Corning R4-3117
" Sylgard 184
Dow Corning X1-2577

‘.Prelimirllary attempts to encapsulate the module with a film resulted in entrapped
bubbles between film and cells, This approach should be pursued further because the
film offers greater moisture protection than any of the other coatings. Areas which
should be investigated are: application of film in vacuwm during cell bonding operation,
configuring the film as a part of the assembly/soldering tool to remain with cells when
bonded, and incorporation of interconnects on film to reduce operations and piece part
handling operations,
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Thermal control paints and fabric/encapsulant combinations were not used during this
contract for encapsulants but they offer interesting possibilities and should be investi-
gated further,

As for silicones, Sylgard 184 can be used but its sofiness and affinity for dirt cause
concern regarding durability in use. This may not be a serious problem because the
surface is shielded underneath the module, but the fact that Sylgard 184 must be ap-
plied in thick coats or multiple coats to ensure full coverage of protrusions has major

cost implications,

Two other Dow Corning materials that can be applied thinner and that have a harder,
dust resistant surface were considered.

R4~3117 is currently produced in large quantities and is readily available. It has two
major drawbacks: It is expensive ($14.25 per 1b) and it hardens with decreasing

temperature causing cracking during thermal cycling,

X1-2577 is an experimental material which offers better thermal performance and

lower cost (projections estimate $5-8/1b when, and if, material is produced in large
quantities) than R4~-3117, It may replace R4-3117 if it confinues to perform as

designed, but it is still in a developmental phase. Modules delivered under this

contract are encapsulated with Sylgard 184 and X1-2577 as noted in Section 3 in Table 3.2-1.

The application methods will influence encapsulant selection. It is of primary importance
to obtain a uniform coating of all surfaces which will provide desired surface and moisture
properties. Special attention is addressed at coating sharp protrusions such as cell

edges or interconnect or wire edges which are either wiped clean of encapsulant during
application, or are coated so thin that minor abrasion during installation will wipe away
protection.

More work in the area of module encapsulation is required in both areas of materials

and application methods.
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2.2.2,6 Coverglass Selection

Module ouiput is affected by transmission of available solar energy to the cell through

the cell cover and adhesive interfaces. The energy available fo the cell is not the product

of normally reported transmission (Figure 2.2.6-1) of the glass times the solar cell response
integrated over the cell response wavelengths. The normally reported transrg’ission values
are determmed by energy throughput from air-to-glass-to-air. The reflectance values

of air to glass and glass to air caused by their indices of refraction are deducted along

with the bulk absorption of the glass to give the normal transmission value.

The net energy transmitted to the solar cell in the LMSC module is affected by more
interfaces than those discussed above. These additional interfaces have the .effect of
permitting more net energy to reach the cell, The energy throughput from air to glass
to adhesive to cell AR coating to silicon is affected by the respective indices of refraction
at each interface. LMSC tested these effects (described further in Section 4):

e By measuring Sunadex transmission in normal (no adhesive interface) way
with EG&G spectroradiometer in sunlight (i. e., by measuring spectral
irradiance of sun with dnd without Sunadex in input path, and

e By measuring transmission after bonding (temporarily with uncured 184)
Sunadex to the input optics of the EG&G instrument,

The results (see Figure 2, 2, 6-2) show that the Sunadex transmits 96, 5 percent of the
sun's energy in the solar response region from 380 to 1150 NM when bonded to the
optics while it transmits only 90 percent when positioned in the normal way,

A further check on effects of glass transmission on cell output was made by measuring
cell output before and after bonding to-different glass types. Cells with identical
response were selected, tested, and covered with different glass types. Then their
output values were compared with their respective bare cellnoutput. The results in
Figure 2.2.6-3 shpw that the Sunadex covered cell delivers 97 percent after being
covered. The cells used in these tests had textured surfaces and SiO sintered AR

coatings,

The increased cell output due to the higher trangmigsion results is savings of $3. 00 per
watt .in the cost of cells and glass.

pAGE 1B
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The measured output of LMSC modules using Sunadex averaged 20, 94 Watts at AM1,
100 mW/cmz, 28 deg C, 18,7 volts, I plate glass were used the oufput would be
17,27 Watis; for low iron the output would be 18, 99 Watts. If we assume that the 41

cells cost $7. 50 each or $307,50 we can calculate the cost/watt for each glass type
ag follows: ’

Waits Per Value Added
Cell Cost  Glass Cost* Watts/ Ft2 $/Watt®* Per Fi2
Glass Type $/Module  $/Module Module Glass Over Plate***
High 307.50 2.55 20. 94 7.32 14,381 18.96
Transmission
Low-iron 307. 50 1,60 18.99 6. 64 16.28 9.77
Plate 30%7. 50 1.26 17.27 6.04 17.88 -0~

*Based on current purchase prices for 1/8 inch thickness
**Cell + glass cost + Watts/module

_ ®xkWatts/ft2/glass minus Watts/ft2/plate x $/Watt/glass

227
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Section 3
FABRICATION

The overall fabrication concept for the solar modules was based on a combination of
proven methods and new techniques and tocling developed for this program. Due to the
small quantity being bui]i;'(fourteen total), the tooling was kept to 2 minimum and simple
in nature. Where feasible, aerospace fabrication techniques were applied to the ter-

" restrial modules if no cost penalty was appavent. Although the prime purpose of the
fwelve preproduction units was to prove the assembly processes, much information
was learned about the cost drivers that were inherent to the design, The engineering
modules were assembled fo verif_;y process selection and design integrity. Several
éhanges were incorporated during this phase to improve module performance and
simplify production, Although no attempt was made to apply automation directly to the
twelve preproduction modules the ability to convert to automatic and/or semi-automatic
assembly was a primary factor in the choice of processes and methods,

The assembly area for the fabrication of the engineering modules and the twelve
preproduction modules was the solar array clean room in the Electronics Manufacturing
Division of TMSC. A clean room environment is not required for the terrestrial
modules, but the access to existing facility equipment was best met by utilizing this
area. With a larger quantity of modules a dedicated faeility would be more conducive

to production efficiency. An advantage to the use of the clean room for this contract
wa;.s the large area pulsed light solar simulator which is located within this facility,
Easy access to this test equipment enabled fast turnaround for the assembly of the

modules,

Mechanical piece parts were fabricated in a batch mode at an LMSC machine shop lo-
cated in a nearby area. Final module assembly was performed in an area adjacent to
the solar array clean room to reduce the amount of hardware movement,

ORIG
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3.1 PROCESS DEVELOPMENT

Prior to the fabrication of the twelve preproduction modules some development
hardware was produced to identify and correct assembly problem areas and design
weaknesses,

This development effort fell into three categories, (1) précess evahiation, (2) three~ -
cell evaluation modules, and (3) two engineering modules. The I.)rOéeSS evaluation
tasks invalved cell solderability, cell-to-cell interconnect fabrication and adhésive
application techniques. The primary effortof this process evaluation involved soldé_ring
techniques for the terrestrial cells, Although several techniques are known for attaching
interconnects to solar cells the use of solder reflow has been the most prominent in
recent years and has performed successfully for many years in space, Parallel gap
welding is presently a production system used at TLMSC on one flight-oriented program
but the equipment set-up and monitoring requirements are extensive, Attempts at
mechanical attachment are promising but require more development eiffort to show

long term xeliability. Other batch processing techniques such as tunnel furnace and
infrared soldering approaches were not investigated on this contract due to the few ‘
modules to be delivered and the short span to perform.

The use of a heated-tip 35 Wait soldering iron had very good results for both the i)0-
sitive and negative solder connections, To improve on this method for repeatability.

and to lessen the chance of 1ifting the negative contact of the cells, a setting of 650 deg F
was used on the negative contacts for both OCLI and Spectrolab cells. Due to the in-
creased heat-sinking néar the center of the cell a temperature setting of 750 deg F was
required for the positive contact solder connections. The pretinned copper interconnects
wetted much faster to the OCLI evaporated Ti-Ag contacts than fo the screened-on solar
paste electrode Spectirolab cells, The use of a mildly activated resin flux (MIL-F-14256
Type RMA) was necessary to induce adequate solder wetting for all solder connections,
Flux femoval was best gchieved by spraying with Freon TMC for approximately

30 seconds, ’
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The adhesive bonding of the: intercon_nectled cells to the glass presented the most.
difficult process problem, ~Attempts at coating the glass only.and applying the cell
resulted in unwetted cell areas and the edtrapment of numerous bubbles, 'Coating the
cell 100 )_."Jerceniband applying the glass solved the setting problems but not the bubble ) -
entrapment, Efforts at coating both cell and glass resulted in similar conditions,
Pulling a vacuum on the assembly prior to cure caused considerable cell movement

due to expanding bubbles if the glass was on the bottom, With the cell"down and the
heavier glasé on ~1;01') some bubbles did disperse but not to a satisfactory and répeaiable
condition, '

To resolve the bubble entrapment condition it ;vas necessary to perform the bonding
process in a vacuum. To accomplish this a simple two chamber vacuum {ixture ‘was

~ made that incorporated a thin membrane as the dividing wall between the chambers,

" The fixture was used for the two engineering modules and the twelve preproduction
modules, The vacuum process eliminated all bubble problems and allowed the Sylgard
184 adhesive to be applied to individual cells.

The adhesive application process was an adapta{tion of the technique used during the"
coverslide-to-cell -bonding of flight type cells. After the adhesive is mixed '{ten parts
base to one part cata,lystj and degassed,it is loaded into plastic syringes. Adhesive
dispensing was then controlled by a varimeter which controls volume by a set pressure
and timed shot.

Y .
The process for interconnect fabrication was a photo-etch method, The smsll quantities
involved and the need for quick and easy configuration changes favored etching over -

punching,

The final process area that was investigated was the back~side encapsulation of the
modules after the end and side rails have been attached. This encapsulation step was
modified several times during the-processing of the Iast six pre-productioﬁ modules
to achieve a hard-skin effect on the -back-side of the modules. _
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After cells are bonded.to the coverglass a pool of Sylgard 184 covers the edge of the -
cell and approximately half of the back. Several approaches were taken to encapsulate
the cells and interconnects on the back side of the module. -On the six early modules
the back was flow coated with an additional layer of Sylgard 184 which was thick enough

to level out most of.the uneveness, . -

Several application methods were tested including: (1) trowelling, (2) spraying,
(3) multi-coating, (4) brushing, (5) roller coating and (6) film~coating,

Thickness control is inadequate with trowelling, especially around protrusions where
the trowell wipes away the coating leaving bare spots,

One of the delivered modules was coated with an additional layer of X1-2577 by
"trowelling".it.on, Thickness control was inadequate, causing variations in fransmission
through the backside of the module as evidenced by uneven yellowing,

Spraying appears to be promiging, Several tests were run using dilutions of X1-2577
with xylene and foluene at various ratios, Using a venturi gun, the xylene to X1-2577
ratio of 1 to 3 gave the best coverage, However, overspray recirculation caused by _
spraying into the frame causes frosty deposifss on the encapsulant which impede

transmission,,

Multicoating involves the application of different layers of encapsulant, Brushing
causes brush marks and starving around protrusions. Roller coatfing produces the
hest.conformance and complete coverage of protrusions. Its only drawback is the
tendency to entrap small bubbles. This tendency can be reduced by diluting the
encapsulant with a suitable solvent., Additional work should be performed in this area.
Film coating was tried by applying a small quantity of adhesive and using a sqﬁ_eegee to
apply a thin film of FEP or Saran fo the module back. -This method caused many bubbles
to be entrapped. However, with further development, the bubble problem could possibly
be eliminated. Film coat is an encapsulation approach,othérrthan glass lamination,

that offers potential for eliminating moisture penetration through the encapsulant.
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Problems associated with encapsulation which require further development include:.
development of application method which uniformly coats all areas of module with thin
dielectric coating, and materials development of coating which is moisture resistant
(non-ionizing), 'h"ard skinned, " and transparent to infrared wavelengths.

Potential solutions which require further development to prove ﬁability may include:
Composite coating consisting of a thin non woven fiber layer placed over the back of the
module followed by rolier ‘coating of hard skinning silicone material. Fibers would
control encapsulation thickness and prevent starving around protrusions as well as
provide further protection against moisture penetration.

3.1.1 Three Cell Evaluation Modules

Three -cell modules were fabricated to perform numerous engineering tests including
sunlight performa.nce, thermal cycling, and humidity effects. The build-up of these
modules allowed tooling concepts to be tried at low risk and minimum cost. Soldering.
techniqueés were refined on these modules as well as bonding methods. As these modules
had no edge rails some of the design problems of the 41 cell modules were not apparent
during the processing of the three cell units,

The soldering fixtures for the engméermg modules and-the 12 preproduction modules
were, in design, similar to-the three-cell module fixtures. .These fixtures incorporated
front and back-side soldering in the same fixture and allowed electrical testing without
removing the soldered assembly. Based on earlier process development the adhesive
bonding was performed in the two-chamber vacuum fixture. This was the first trial

run for the fixture and allowed the bonding of all seven three-ce@l modules in .one

operation,

Back side encapsulation of these three-cell modulés was performed using Sylgard 184

so no coating problems were encountered on these units.
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3.1,2 Engineering Modules

With the processing variations fairly well defined, two engineering modules were
fabricated, one with OCLI solar cells and one with Spectrolab solar cells.  Due to the
single bar negative conta.ct of the OCLI cell a modification to the intercomnect confi-
guration was made to add a redundant solder joint, This involved an artwork change

and a new photo-template for etching the new design, The interconnect processing was

a straight forward photo~etching technique using a dry fllm negative working photo
resist, Final trimming of the individual interconnects from the frame was accomphshed
by an X-acto knife. Solder coating of the solder area was done by hand dipping into a
solder pot., The exception to the solder dipping was in the negative contact area of the
OCLI configuration which had to be hand tinned with an iron,

The solder fixture for the 41 cell modules was designed to accommodate all 41 cells
and 42 interconnects in registration at one time. By this approach the cells and
interconnects can be Joaded in series, soldered, cleaned, the unit functionally fested,
and the cell string bonded to the coverglass without any handling loads transmitted to
the solder joints. The negative contacts are soldered first., The cover to the fixture
is then secured over the cells and the fixture is flipped over exposing the positive contact
area. The positive contacts are now soldered again using a controlled temperature
soldering iron. TFor all soldering operations the use of.a mildly activated resin flux
was required fo promote wetiing of the solder from the tinned interconnect fo the cell
nozzle, After the flux was.removed from the positive (back-gide) solder areas the
fixture cover was removed, and the negative contact (cell active side) solder areas were
cléaned in Freon TMC in a like manner, These operations are shown in sequence in
Figures 3.1,2-1 through 3.1, 2~4, '

To verify electrical integrity the seriss connected module was next tested at 28 deg C
using a pulse light simulator. In a production mode the module would not need to be
heated toa precise 28 degC +0, 1 for this initial test but would be tested at room ambient'
temperature and correctedto 28 degC by the readout system, For the two engineering
modules and the 12 preproduction modules the 28 deg C controlled temperature was
desirable as an engineering data collection point. Figure 3.1.2-5 shows the test
set-up for a controlled temperature electrical power output determination using the
TRW data console {a Spectrosun data console is also used interchangeably).
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After the module had tested satisfactory it was ready for adhesive bonding of the cells
to the coverglass. For the two engineering modules there was one to two days delay
between the freon clean operation and the cell bonding step. Due to this delay and

an additional amount of handling and transporting of the cell strings caused by test
process debugging, a reclean of the top-side (bonding side) of the cells with freon
TMC was performed to ensure their cleanliness.

The Sylgard 184 adhesive was mixed per the manufacturer's instructions of 10 parts
base to one part catalyst. After thorough mixing the adhesive was degassed in a
vacuum bell jar for 10 minutes. When degassed the adhesive was transferred to
plastic syringes forapplicationto the solar cells. The dispensing equipment was a
Vari-meter which can be adjusted for syringe loading pressure and time of dispensing.
It is activated by a foot pedal leaving the operator's hands free to handle the syringe
and workpiece. The particular settings found to be satisfactory were 20 psi

pressure and 1.7 seconds dwell. A pool of adhesive was next dispensed at the

center of each cell as shown in Figure 3. 1. 2-6.

The glass covers were prepared for bonding by hand wiping with a lint-free cloth and
Freon TMC. After air drying for 10 minutes the OCLI Engineering module was
primed with Dow Corning DC1200 primer and allowed to air dry for 30 minutes.

The Spectrolab Engineering Module coverglass was cleaned but not primed.

As shown in Figure 3.1.2-7, the cell-strings still located in the solder fixture are
next placed in the two-chamber bonding fixture. The coverglass is then placed over
the cells but is not in contact as it rests on stand-off pins above the adhesive coated
solar cells. The mating half of the bonding fixture is set in place and a vacuum is
pulled in the lower chamber and the upper chamber. After 5 minutes the lower
chamber is vented to atmospheric pressure and cells are lifted off the solder fixture
and pressed against the coverglass as shown in Figure 3.1.2-8 by the deformation in
the fixture center membrane. The bonding fixture is then flipped over and ambient
pressure retained against the membrane for an additional 5 minutes (Figure 3.1.2-9).
Figures 3.1.2-10 through 3. 1. 2-12 show the fixture being taken apart after the remaining
chamber has been vented to atmosphere and the pressure equalized between the two



Figure 3,1.2-1 Interconnect "N'" Tab
Soldering with Cells and
Interconnects in
Registration Fixture

Figure 3.1.2-4 "P" Joint Cleaning
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Figure 3.1.2-2 "N" Joint Freon Spray
Cleaning

Figure 3.1.2-5 Module String Electrical
Test — TRW Data System
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Figure 3.1.2-6 Adhesive Application to
Cells

LMSC-D573729

Figure 3.1,2-7 Module String and Glass
Loading Into Vacuum
Fixture

Figlll‘e 3. 1. 2-8

Figure 3.1.2-9 Fixture Turnover

Application of Ambient
Pressure to Fixture .
Lower Chamber

Figure 3.1.2-10 Fixture Disassembly
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Figure 3.1.2-11 Fixture Disassembly Figure 3.1.2-12 Glass/Cell Assembly
Liftoff

Figure 3.1.2-13 Module Test
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place the corner clips were located and one pop rivet was. mstalled at each corner
clip interface. In the case of the Spectrolab eng,meermg module the use of self—
tapping screws were used but the corner, cllps had to be drilled at the assembly
level which increased cost and resulted in unde51rab1e aluminum ch1ps throughtout
the assembly. The Center Connector Assembly was next installed at mldpomt of the

side rails. .- . . . .

The electrical wiring was routed across the back of the cells on thé Spectrolab
module but this was changed to side rail routing on the OCLI module to provide
uniformity in design and appearance. The electrical connection of the wire leads to
the termination.tabs on the cells was accomplished by hand solden}lg. The tabs
were cleaned with isopropyl alcohol to remove silicone adhesive and then fluxed and
pretinned. After soldering of the lead wires the flux was removed by locally
cleaning with alechol. ‘ , ‘

The backside encapsuiation of the modules was varied in an attempt to obtain a suitable
covering. On the Spectrolab engineering module half of the back was flow coated Wlth
Sylgard 184 and the other half was coated by trowelling with Dow Cormng X1-2577.

The X1-2577 was used in an attempt o achieve a hard coat that would allow easy
cleaning. The frowel meihod introduced numerous bubbles and coating thickness was

not even.

Other attempts at controlling the bacﬁ-side thickness were tried on the OCLI module.

It was level coated with Sylgard 184 and affer cure was coated with several coafs of
Dow Corning X1-2577. T_he application methods involved rolling with a hana applicétor,
brushing by hand and spraying, The rolling and brushing introduced too Iﬁany bubbles
while the spraying created a frosty finish. More work in these areas needs to be done
before a final method is selected.

Following final coating and cure the typed identification plate was attached, the
module cleaned and readied for final.test for power performance testing.
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3.2 PRE-PRODUCTION MODULES

Following the completion of the two engineering modules the assembly of the 12 prepro-
duction modules was started, The baseline agsembly and process methods were the
same as those defined in paragraph3. 1.2, for the engineering modules. Two process
areas were altered during the twelve module fabrication in an attempt to gé;in additional
knowledge in the cell bonding area and the backside encapsulation approach. Other than
these two processes no changes were incorporated during the build-up of the Pre-
production Modules. These variances are-tabulated in Table 3, 2-1 Module Descriptions
where the grouping of the 41 cells in each module is identified.

The first six modules to be produced varied only by the primer for cell to glass-cover
bonding, As seen by Table 3.2-1 OCLI modules serialized as ~001 had no primer, -002
had a Q3-6060 primexr, and -003 a DC 1200 primer, The Spectrolab modules -001
and -002 were primed with DC 1200, serial number ~003 was not primed, The back-
side encapsulation of these six modules was Sylgard 184 adhesive applied as a level coat
by pouring it uniformly over the back surface.

The priming sequence for the next six modules was as follows: OCLI module -004 and
Spectrolab modules ~004 and -005 were not primed for cell bonding while OCLI modules
~-005 and -006 as well as Spectrolab module -006 received Q3-6060 primer prior to

cell bonding.

"Various approaches to the backside encapsulation requirement were attempted to obtain
a semi-hard yet flexible surface that was easily applied and consistent in appearance.
As seen in Table 3. 2-1 the coating combina%:ions are varied. OCILI-004 received two
roller coats of X1-2577 thinned two to one with xylene, OCLI modules -005 and -006
were first thin coated with Sylgard 184 and after curing roller coated with two coats

of thinned X1-2577 in like manner as OCLI-004.

The Specirolab modules -004, -005 and -006 also received combination of coatings

for backside encapsulation. Serial number -004 was spray coated with X1-2577
thinned three fo one with xylene followed after cure by a volled coat of X1-2577

thinned twe to one with xylene. Spectrolab -005 had a rolled coat of X1-2577 thinned
three to one with xylene followed by a rolled coat thinned two to one. The last unit,
Spectrolab 006 was thin coated with Sylgard 184, followed by a sprayed coat of X1-2577
thinned two-to~one and then final coated by roller with X1-2577 thinned two-to-one.

ORIGINAL PAGE IS
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TABLE 38.2-1

TSM 7701 MODULE DESCRIPTIONS

1\1’%3221%33 Cell «Cell Qty in Each Performance Group Primer Encapsulation Material
SerNo, | vendor [ g b s V3| a5 | 6| 7|89 |10|1]12]1s|OnClass and Sequence
(Minimum amps* in i
each group) 1.05|1.07§1,09(1,12{1,13} 1,15{1,17|1.19|1,21[ 1.23]|1.25(1,27] 1.29
601-001 | QCX1 None Leveled cosat of Sylgard 184
501-002 | OCL1 14 | 17 9 1 Q3-6060 | Leveled coat of Sylgard 184
‘501~003 | QCL1 10| 14 | 17 DC 1200 Leveled coat of Sylgard 184
501-004 | OCLL 9 | 1 | 4 | 8 -4 cells not graded by vendor)—p-| Nome if{’)ned coats of X1-2577/xylene
Thin coat of Sylgard 184 followed
501-005 | OCLL 3 15 10 [ 5 1 1 R3-6060| by 2 rolled coats of X1-2577/
Kylene (2:0)
) Thin coat of Sylgard 184 followed
501-006 { OCLL 6 23 |12 Q3-6060{ by 2 rolled coats of XL-2577/
xylena (241}
Leveled coat of Sylgard 184 fol-
- - lowed by several coats of
501-009 { OCLL — {cells not graded by vendox) | DC 1200 X1-2577 rolled, brushed,
sprayed, etc,
§03-001 | Spectrolab 16 15| & 3 1 | DC1200| Leveled coat of Sylgard 184
503-002 | Spectrolab 1 18} 9 |10 3 DC 1200| Leveled coat of Sylgard 184
503-003 | Spectrolab 40 1 None Loveled coaf of Sylgard 184
Sprayed coat of X1-2677/xylene
503-004 | Spectrelab 6 3 32 None (3:1) followed by rolled coat of
N X1-2577/xylene (2:1)
Rolled coat of X1-2577/xylene
§03-006 | Spectrolab a1 20 None {3:1) followed by rolled coat of
X1-2577/xylene (2:1)
Thin coat of Sylgard 184 fol}owed
» by sprayed coat of X1-2577
503-006 | Spectrolab 6 g 7 1] 8 7 1 Q3-6060 xylene {2:1) followed by rolled
coat of X1-2677/xylena (2:1)
Half coated with Sylgard 184~
503-009 | Spectrolabl 2 3 1 1 3 1 9 | 2L None other half with trowselled coat of
K1-2577

*Amps reported by vendor at 0, 456V, AMI, 100 mW/em?2, 28°C,
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After encapsulation the modules were tested for electrical output as shown in Section 4
in Table 4.2-2,

The outcome of all of these variations was defined by cross comparison after the test
cycles. Any process that requires multiple coatings with different material combina-
tions is not desirable from a production aspect. The backside encapsulation require-
ment and techniques needs additional investigation but it is an area that should be fairly
eagily resolved with more testing and evaluation,

3.3 FABRICATION AINS AND TOOTING

Tooling and assembly aids were built to enable repeatable processing where tolerance
and process requirements necessitated, Due to the small quantity of units fabricated
tooling was kept to a minimum and many of the operations were performed by hand to
keep tooling design, make and check oui to a low cost factor, The following fixtures
and aids were prepared for this oontract:
1. Phof;;) templates for etching the OCLI and Spectrolab patterns (quantity one
each),

2. TheCell/Interconnect Registration Tool (CIRT) which is a solder fixture for
maintaining cell-to-cell registration and interconnect location during soldering
operations (quantity of three each),

3. Cover for CIRT which allows flipping the solder fixture during soldering of
the positive contact (quantity of one each),

4, Two Stage Transparent Vacuum Fixture (2STVF) for bonding cells to
coverglass (quantity of one each).

AT, PAGE 15
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, Bection 4
TESTS

Extensive tests were performed early in the program. to make —component aﬁd_ design
selections and pérformance predictions. In addition to the cell selection tests described
in Section 2, a second set of 3-céll modules-using Spectrolab and OCLI cells, redesigned
inferconnects, and agsembled in the same mamner as the full scaie modules was tested
extensively, Those tests and the full module tests are deseribed in this section. The
tests on the.engineering modules are described, in particular the tests which deter-

mined module temperature performance.

ORIGINAL PAGE.IS
P POOR QUALITY;
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4,1 INITIAL EVALUATION TESTING

In-addition to-the cell screening-tests described in Section 2, several tests were runto

predict and verify module performance under environmental extremes.

Seven S-Céll modules were made and fested extensively to evaluate component and
module performance under environmental test exposure. They were also used to
verify the advanced concepts for tooling and assembly.processes which were later .
adapted for-use on full size ‘engineering. and preproduction modules,

4 .

Tooling and ‘Assembly -Process Verification,

The ‘three cells for each modulé were interconnected on the cell/interconnect regigtra-
tion tool (CIRT) which holds the cells and interconnects in registration during soldering
and flux cleaning., For module assembly the tool incorporated additional features of
glass support during evacuation prior to cell bonding and provision for pressing the
cells into the adhesive against the glass in vacuum. All seven 3~cell modules were

successfully bonded in the same tool which was later used for full size modules.

Bare to Coveréd Module Output

Prior to bonding, with the 3-cell module remaining in the CIRT, thé

output was measured using the X25 set to 100 mw/ sz per LeRC Standard SL No. 2.
After bonding the same test was repeated. The results are reported in Table 4.1-1
after adjustment to reflect performance of full size modules, Note that in every case
there was a net increase in output affer cover bonding, These results are compared

with full gize module tests later in this report.

Three-Cell Module Thermal Cycling Tests

To provide confirmation of the interconnect and encapsulant performance under ex-
treme thermal cycling, 3-cell modules were exposed to 50 quick cycles from -50 deg C
to +90 deg C with average cycle time of 30 minutes, This cycle time is very rapid com-
pared vs;ith expected operating conditions. Tt was used to give the modules very severe
thermal expansion/contraction. Modules weré tested before and after the cycling and
showed no delamination or electrical degradation. Results shown in Table 4,1-2 indicates
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PREDICTED EFFECTS OF ENCAPSULATION ON MODULE
POWER BASED ON 3 CELL MODULE TESTS

LMSC-D573729

Max Power at 28°C Powe:(.;oaot é’ 5.8V
A%
Bare Encaps Bare Encaps
OLCl
Co ' 20.5 W
0C010203 Bare at 17.83
. 18.86 V | -
22.97
0C010203 Encaps/184 at 18,31 +3.8
- - ' 18.86 V '
- 20.64 W ) i
OCE1E2E3 Bare at 17,49
19.13 V
) } 21.32 W
OCE1E2E3 Encaps/184 at 18.04 +3.1
19,41V
_ 20.09 W
OCE4E5E6 Bare at 17.08
- -18.17 V
L 21,18 W
OCE4E5E6 Encaps/184 at 17.77 +4, 0
e 18.45V ‘
OCL1 Average/184 17.35 18,04 +3. 63
SPECTROIAB
20.77T W
S1.384041 Bare at 17.36
17,90V
21.46 W
SL384041 Encaps/184 at 18.31 +5.8
18.17V
19,95 W
81515253 Bare at 16,54
17.36 V
20,64 W g
S1.515253 Encaps/184 at 17.08 +3.2
17.63
20.23 W
S1484950 Bare at 17,22
17.63 V
21,50 W
S1484950 Encaps/184 at 18.45 +7,1
18,17V
Spectrolab Average/184 17.04 17.94 +5.4
18
PAGE
‘ OIS Ty
43 O poow. QUA
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Table 4.1-2

LMBC-D5737289

PREDICTED EFFECTS OF THERMAL CYCLING ON MODULE POWER

(BASED ON 3 CELL MODULE TESTS)

Max Power Power at 15.8 V
at 280C 60°C ' A% .
‘ . at 60°C
- Before After Before After . .
OCL1 ‘
0C010203 22,27 22.55 18,58 18.86 C 1.6
OCELE2E3 21.86 22, 54 18.45- | 19.27 +4,4
OCE4E5ES 21,59 21.73 | 18.45 18.72 +1.5
SPECTROLAB ° |
S1.384041 21, 59 22. 00 18,31 18.31 +0
SL515253 1 20.64 20.22 17.22 16,8 2.4
S1484950 21, 32 21,32 17.63 18,45 +4.6
SL345 17. 63 18.45 14,35 14,76 +2,9
4-4
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some increase in power following thermal cyeling. It has been LMSC's experience
that this apparent increase is transitory and that after a period of 2 or more weeks the
modules will "anneal at room temperature” and show no net increase due to temper-
ature cycling. The data indicate, however, that thermal cycling has not caused 2
significant change (particularly decrease) in performance. “ )

Comparison of Steady State and Pulsed Simulators

Following thermal cycling the 3~cell modules were tested under both X-25 Steady
state xenon and LAPSS (pulsed xénon) simulators to compare performance un-

der the two lamps. The LAPSS was set per Standard SL No. 2 which was calibrated
by both LeRC and JPL. X~-25 was set per Standard SL No. 1 which was calibrated by
LeRC. Data from curves produced for 3-cell module OCE4ESES are compared in
Table 4.1-8. " '

Note that there is good correlation between V , onthe tests which indicates that cell

temperature is the same., Inl however, the 8 percent difference between 1,29%a

sc?
and 1.33a in the two. setups results from the combined effects of different standards,
and different spectral content of the lights; and some room femp annealing during

the 3 days between tests.
The pulsed simulator will be used exclusively for full size module tests,

Humidity Test

A humidity cyele test using idenfical cycle rates and times shown in Figure 2 of JPL .
5-342-1 was run in the same chamber which was used later for full sized modules.
Automatic programming cams developed for this program were used to verify their
performance.

In addition to 3-cell modules 0C010203 and S1.345, samples included standard-mounted
Spectrolab cells No. 4 and 66 which are bonded and encapsulated under Fourco Low
Tron glass, 3 inch diameter bare Spectrolab cells Nos, 12 and 22, 2 inch diameter
Spectrolab nonglassified cells NG No, 2 and NG No, 1, and glassified cells G No. 1
and G No. 2.
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Table 40 1""3

COMPARISON OF X~25 AND LAPSS DATA ON 3 CELL MODULE

. 3 Cell Module Output 28°C
) Performance Data
LAPSS X~25
I "1.29 1,33
ac .
V ].n 73 lq 72 .
oe
Maximum Power
I:m p 1,19 1.18
Vmp 1.30 1.35
W mp ' 1.525 1.593
Power Point* 1.37V
1 1,11 1.16
W 1.521 1.588

*Corresponds to 18,7 volis at 28°C which relates to 15,8V speci-
fied at 60°C by the estimated cell temperatire coefﬁcmnt

The encapsulated cells Nos. 4 and ‘66 showed no change in performance after humidity
exposure. Bare 3 inch diameter cells Nos. 12 and 22 showed no change 1nI o O V

but softenmg of the knee caused reduction of maximum power by 4 to 6 percent at

28 deg C and 4 percent at 60 deg C. Comparison of glassified and nonglassified cell
performance following humidity cycles shows average pee.k power reduction for glassi-
fied cells of 3.6 percent at 28 deg C and 1.5 percent .at 60 deg C while nonglassified
cells show reductions of 3.4 percent and 2.6 percent, respectivély, As relates to short
term bumidity testing, no dominant advantages in power output occur with glassification.
Sunlight Temperature Stability Tests

Several of the 3-cell modules which were already exposed to thermal cycling were sub-
sequently used in sunhght temperature stability tests which showed ‘that the transparent
module delwers approximately 50 percent more power dite to Iower operating texnpera-
ture than opaque modules. '
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4,1.1 Sunadex Transmission Measurement

The measurement of glass transmission in the normal way includes measuring the
difference in irradiance from a light source with the glass in the light path., LMSC
used sunlight as the light source fo measure the speétf_al transmission of Sunadex.
Curve (1)' in Figure 4.1-1 shows the direct irradiance of sunlight as measured with
EG&Q Speciroradiometer Model 580/585. Curve (4) s];iows the transmitted irradiance
through Sunadex, This is the normal method for measuring transmission. The inte-
grated area under curve (4) is-90 percent of curve (2), and this agrees with the adver-

tised transmission value of Sunadex.

But the normal transmission value does not represent the energy throughput that the
solar cells will see on LMSC modules because the back side reflection is reduced by
the cell adhesive. Therefore, to more closely simulate the energy. throughput for
‘spectral irradiance measurement, Sunadex was bonded directly to the EG&G optics with
uncured Sylgard 184 adhesive. Curve (4) shows the measured spectral distribution.
The integrated area under curve (4) is 96,5 percent of curve (2); and this agrees with
the 97 percent of bare cell oufput which was measured using the X-25 simulator after
cells were covered with Sunadex.

Curves (1) and (5) in Figure 4.1-1 show the AMO spectral irradiance per SP8005 and
the measured irradiance of the LMSC X~25 set to 100 mW/cmz respectively.
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4,1.2 Solar Cell Measurement

. As discussed in paragraph 2, 2 the bare solar cell screening consisted of: (1) measur~
j ing I-V curves of several cells from each vendor, (2) selecting a typical cell of temper-
' ature performance measurements, and (3) comparing cell performance and cost

(as shown in Table 2,2-3) and selecting cells for the contract., Figure 4.1-2 shows

a typical set of 28 deg C curves which was run at AMI, 100 mWw/ cm2 per bare standard

No. 3003 (LMSC later changed to encapsulated Standard SL No. 2). Note that all

but one cell from this vendor exceeded the minimum specified output and that Cell

No. 15 was selected for temperature performance measurements as shown in

Figure 4,1-3.

Standard Cells, The LMSC encapsulated Spectrolab standard for terresirial testing
is designated as SL No. 2. Another Standard, SL No. 1, is identical and it is used
as a backup standard.

Standard No. 2 has been calibrated by 1.eRC on steady state xenon (Figure 4.1~4)
and by JPL on pulsed xenon (Figure 4,1-5)., Temperature performance of Standards

No. 1 and No. 2 as measured using the X-25 simulator is shown in Figure 4.1-6,

]E;abrication of 81, No. 1 and SI. No. 2

3 inch SL Cell —  selected from average cells of 70 produced in
early 1976

Sylgard 184 —~ encapsulant and adhesive (~ 0. 010 between cell
and glass})

ASG Sunadex —  38/16 inch thick high transmission glass "Lightly
diffusing rolled water-white crystai®

Thermocouple —  Copper Constantan (5 mil dia) - soldered to back of
cell with leads to terminal board

Terminal Board — 6 terminals

2 for thermocouple
2 for current
-2 for voltage

4-9
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Figure 4.1-2 Typical 28°C Bare Solar Cell Screening Test Results
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Figure 4.1-4 LERC. Calibration Standard SL #2 at AMI,
280C Steady State Xenon Simulator
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Figure 4.1-5 JPL Calibration of Standard SL #2 at AMI,
280C Xenon Pulsed Simulator
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- Figure 4.1-6 Temperature Coefficient Encapsulated Standards
SL #1 & 2 (X-25 Simulator)
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Interconnectis —  Flat lead soldered to contact ~ round wire to
terminal — encapsulated in RTV ’

Edge Channels —. 3/8 x3/8 x1/16 aluminum channel ontwo sides

Grommet —  Silicone rubber grommet between glass and edge
channels

Standard materials and assembly methods were similar to proposed module design
so that its performance would also be similar o a proposed module performance.

4.2 MODULE TESTING

A comprehensive series of tests was performed on the engineering and preproduction
modules, as listed in Table 4, 2-1,

The electrical output of the modules from bare cell to preshipment is shown in Table
4,2-2, There was a 1.5 percent reduction in the overall average 60 deg C output of the
six delivered modules after all of the environmental tests were completed at LMSC.

4,2,1 Engineering Module Tests

The principal tesi_:ing effort on the engineering modules was directed to determining

the femperature performance of the modules and relating that to bare cell performance. .
During the early bare cell performance tests the temperature dependence of cell
voltage was mea:sured on individual ceils, Using that data and the specified module
periormance volta}ge of 15, 8 volts at 60 deg C power points were established at 18,7,
17.6, 15.8, and 14.2 volts for 28 deg C, 40 deg C, 60 deg C, and 80 deg C respectively.
Specifications to cell vendors required minimum current to be measured at 0,456V at
28 deg C (i.e., 18.7 volts + 41 cells in series). This assumed a constant slope of the
temperature voltage curve through 0.385V (i.e., 15.8V + 41 cells) of -2, 2 milli-

volis per deg C). (Predicted module Voc temperature coefficient using this method
would be -90 mV/deg C.) The actual measurements for bare cells and engineering
modules are shown in Table 4,2,1-1, Note that the sicpe is less than predicted at

-80 and -84 millivolts/deg C for SL and OC modules respectively.

ORIGINAL PAGE IS
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Table 4

.2-1

ENGINEERING AND PRE-PRODUCTION MODULE TESTING

Applicable Modules

Engr. Prod Prod LMSC | Major Test New
Test | Untested Tested Equipment Equipment
(2) {6) {6) Required
A. | Temp-Elec Determine STC 1-V which X LAPSS Fixture/
Performance ensures req'd 1-V at 60°C Module Heater
B. { STC-Elec 1~V at STC (12 Watts/ X X X LAPSS Fixture/
Performance  Module at 15,8V, 60°C) : Module Heater
C. | Thermal, Stable temp in sunlight X
Stability to verify anal
D. Temperaf:ure -40°C to 900C at rate X CONRAD Module
Cycling £100°C/Hr, cycle times temp humidity | mounting
6 Hr, 50 Cycles chambexr frame
E. | Humidity Per Figure 2 of Spec X CONRAD temp | Module
- 8TC elect performance humidity mounting
within 1 hr chamber frame
F. | Mechanical 100 cycles equiv to X Test frame & | Test frame
Integrity +50 psfx 5/8 at bellows & bellows
midspan assy agsy
G. | Warp, Bow, Withstand 1/4 in. per ft X Fixture
Twist " of warp, bow, twist
H. | Voltage With- Withstand 1500 VDC for X Isulation None
standing test 1 minute, 15 amp tester :
curvent limit, 500 VDC/ -
sec, in 3 steps of
500 VDC at 15 sec inter-
«wvals. Hold at 1500 VDC
for 1 minute
I. | Insulation Minimum resistance X Megqm:tileter None
Resistance isolation to grd. 100

-megohm at +1000 VDC

6¢L8L80-DSIN'T



25
g v Jop)
&
S8
=
2o
|
A
Y
N
-]

TABLE 4.2-2

MODULE ELECTRICAL PERFORMANCE

MODULE QUTPUT AT AMI 100 mW/CMZ, 28°C, 18.7 VOLTS

MODULE QUTPUT AT AM1 100 mW/CMz, &0°C, 15.8 VOLTS

501-005 |1.07 (20.00

ot NOT RUN —————————=

AFTER . AFTER
MODULE BARE PRE-TEST AFTER AFTER MECHAN|~ PRE-TEST AFTER AFTER MECHANI-
NO. MODULE | (ENCAPS)} | TEMP CYC | HUMIDITY CAL (ENCAPS) | TEMP CYC | HUMIDITY CAL
LOADING LOADING
| W 1 A 1 W 1 w I W 1 W i W 1 W ! W
|
501-001 | NOT RUN 11.05119,49 1.12(17.77
501002 |1.10 [20.57 [1.74 | .27 1.17 (18.47
501-003 (1.08 120,12 11.13|21.13 1.17 | 18.47
501-004 [1.02 {19.07 | 1.05 | 19,69 |1.04 |19.39 [ 1.03 | 19,26 | 1,05 | 19.64 1.11]17.54 | 1.08 |17.06 | 1.03 [ 16.27 | 1.09{ 17,22

oot NOT RUN —rr———oe ]

501-006 |1.04 19,351 1.07 ] 19,99 }1.00 118,70 1,05 19.82 |1.04 | 19.45 1,09 |17.22 [ 1.01 {15.96] 1,06 | 16.75| 1,08} 18,75

501-009 {1.08 (20,19 }1.0820.10 {1.12 |20.94| 1.11{ 20.76 |1.12 | 20.94 ' 1.06]16,75 |1.14 [18.01 | 1.13| 17,85 1.15{ 18.17

SOIAVG| - [19.89( ~ (2037 - (19.68( — (19.95]{ — [20.07 - 7o) - 7o) - |iess] - | 7.3

503-001 (1.14]21.39 | 1.18{20.07 1.22{19.28

503002 11,10 {20.55| 1,14 | 21,32 1.17 | 18,43

503-003 |1.12 20,94 1.15{21.43 . 1,19 18,88

503-004 |1,13)21,19) 1.14] 21,40 1,14 121.28] 1.16| 21.69 | 1.16 | 21.69 1.19] 18,76 | 1.16 18,33| 1.17] 18,49 | 1.77| 18.45
4--_553_-03 1,14 ] 21.:22) 1.16] 21,68 | 1.16 |21.69] 1.16 | 21.69 | 1.16 | 21.69 1016 18.64 [ 1,17 | 16,41 1,17 | 18,40 1.77] 16,45

503-005 |1.10120.62) 1,17 20,80 1.12 [21.07] 1.11] 2076 | 1,12 20.52 114 17.98| 112 |17.70] 1,13 17.85) 1.14] 18,33

503-009 s NOT RIN —————————| T.15| 21.51 et NOT RUN ——— ! 1.16] 18,3

s03AvG| — [2098] - [2101] - {21,386 - {21.38[ - [21.45 - (18,88 - hisas] - 11828 - | 18.49

QL | - Jaoaaf - | 2071 - |20.52] - |20.67| - |20.73 - |was] - |17sel - |72 - |17.90.

NOTE: W VALUES ARE

—TYPICAL MODULE

ACCURATE; SOME | VALUES ARE ROUNDED OFF.

62L48L80-DSINT
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Table 4,2,1-1

SPECTROLAB AND OCLI BARE CELL AND ENGINEERING
MODULE TEMPERATURE COEFFICIENT DATA

S1: bare cell temperature coefficient Voltage/Temperature
Coefficient
Temperature ("C) 28 40 60 80
v ‘ 0.574  0.547  0.502  0.458 -2.2 mV/°C

oc
SL Engineering Module temperature coefficient

Temperature 28 40 60 80 o

v, 238 22,8 212 19.6 ~80 mv/"C
OC Bare Cell temperature coefficient

Temperature 28 40 60 80

v, 0.581  0.561 ~ 0.515  0.472 210 mV/c_) ¢
OC Engineering Module temperature coefficient

Temperature 28 40 60 o

v, 23,8  22.7 2Ll -84 mV/"C.

4-18
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Tables 4,2.1-2 and 4, 2, 1-3 show OCLI and Spectrolab temperature performance
data respectively and Figures 4.2,1-1 and 4.2.1~2 show fe’spectijre IV curves.

Spectrolab data includes a sunlight test during which the module temperature stabilized
at 40 'deg C. No measurement of total flux was made during the sunlight test, although
the Standard cell.SL No. 1 had Isc of 1,35 amps and v()'c of 0.542 volts.

Table 4.2,1~2

OCLI ENGINEERING MODULE TEMPERATURE
PERFORMANCE DATA.

28°¢C 40°c 60°C
Voo 23,8 22.7 21.1

ISC 1.20 1.20 1.20
w112 1,10 1.14
VMP  18.2 17.3 15,0
WMP  20.88 19,03  17.1
vep®  1s.6 17.6 15.8
IPP 1.08 1.07 1.08
WPP 20,0 18.83 16,75

(1)Maximum power

(2)Specifie_d power point at voltage noted

GE IS
JGINAL PA
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Table 4,2.1-3

LMSC-D573729

SPECTROLAB ENGINEERING MODULE TEMPERATURE -
PERFORMANCE DATA

. 60°%C

28%  40°%¢  (40° in Sunlight)
Voo 23.82 22,81 (22. 6)
I 1.80 1,31 (1. 84)
sC
v. O 187 an7 (17. 6)
PP
I 1.15  1.15 (1.16)
PP
W 21.51  20.26 20,42
op (20.42)

(I)Specified power point at voltage noted

4-20
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4.2,2 Preproduction Module Tests

At the module level, electrical output was measured on the 41-cell assemblies hefore
and after bonding to the glass cover. Table 4.2, 2-1 lists the current and power at

18.7 V for the six preproduction modules at 28 deg C. On average, there was a 2.5 per-
cent increase in current and a 3.1 percent increase in power at 18,7 volts following
bonding of the cell assembly to its cover, This is in general agreement with the single
cell anil 3-cell module data.

Due to the low output of OC-005 during the pretemperature cycle electrical test, it

was removed and OC-009 (engineering module) was put in ifs place.

Table 4.2.2~1
' COMPARISON OF MODULE OUTPUT BEFORE AND AFTER
g COVERING
2 i$
ORIGINAL PAGE IS~ &
QF POOR QUALITY Bare Covered
. - 1at18.7V Wati18.7V 1at18.7V Watl18.7V

" SL-001 1.14 21,32 1.18 22,25

SL.-002 1.10 20.57 ‘ 1.14 20,94

S1.-003 1.12 20.94 1.15 21,43

SL-004 1,15 . 21.51 1.14 21,39

SL~005 1.18 20,07 1.16 21,69

S1.-006 1.10 20.57 1.11 20 76
0C-001 Not Run 1. 05% 19,60*

0C-002 1.10 20.57 1.14 21,30

0C-003 1.08 20.20 1.13 . 21,10

0C-004 1.02 19.10 1,05 19,60

ﬁ,x% 0C-005 1. 07* 20.01% Low Low

0C-006 1.04 19.35 i 1.07 20,01

AVERAGES (10 Modules) 1.10 20,42 1,127 21,05

*Not included in average"

The test sequence for the six environmental test modules is shown in Figure 4.2.2-1.

4-23 _
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ELECTRICAL PERFORMANCE

THERMAL

ELECTRICAL PERFORMANCE

TEST & VISUAL INSPECTION f———> CYCLING TEST - ————= TEST AND VISUAL
ELECT. ISOLATION TESTS (50 CYCLES) INSPECTION"
WITHIN
HUMIDITY TEST PER 1 HOUR | ELECTRICAL MECHANICAL INTEGRITY
FIG, 2 OF MODULE — w1 PERFORMANCE TEST AND TEST (100 CYCLES), AND

REQMTS DOCUMENT

VISUAL INSPECTION:

WARP BOW AND TWIST

ELECTRICAL |

PERFORMANCE TEST AND
. VISUAL INSPECTION®*

ISOLATION TESTS

*ALLOWABLE DEGRADATION SHALL NOT
EXCEED 5% OF THE INITIAL VOLTAGE

AND POWER

Figure 4.2.2-1 Test Sequence for Environmental Tést Modules
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Electrical Output Tests. The module electrical output measurements were made using

LMSC's Large Area Pulsed Solar Simulator (LAPSS), used for testing all of LMSC's
production solar arrays. The LAPSS provides a uniform, spectrally balanced pulse
of light to the test object and, during the pulse, electronically loads the module and
collects, conditions and records the data. Voltage/current (I-V) data can be printed
on a teletypewriter and/or plotted on an x-y plotter,

A fixture, shown in Figure 4. 2. 2-2 was used in conjunction with the test console,
Figure 4.2, 2-3, to heat modules to desired test temperatures and for locating the
modules under the LAPSS.

Electrical Isolation Tests. The two isolation tests, the insulation resistance and

voltage withstanding tests, were made on the engineering and preproduction modules
after final assembly. The measured values greatly exceeded requirements on all the
modules. The measured resistances varied from 3000 to over 100, 000 megohms
(>100 M Q required), and the leakage current at the 500, 1000, and 1500 VDC test
voltages was always below 1 microamp (<15 pA required). These tests were run
again on the environmental test modules after the last environmental test. The
instruments used were a Freed Model 1620C Megohmmeter and a Telemet Model
35T01 Insulation Tester.

Temperature Cycling Test. This test was completed with no visible or significant

measured degradation to any of the six modules.

The test as specified in Test Requirements, Rev B, consisted of 50 cycles from am-
bient to 90 deg C, then down to -40 deg C, and back to ambient. A 3-hour cycle was
selected (Figure 4. 2, 2-4), without any dwell at the extreme temperatures. This
resulted in nominal chamber temperature change rates of 86-2/3 deg C per hour.

A Conrad Temperature/Humidity Class A chamber (Model F0-64C-708) was used.
The six modules were mounted on an aluminum frame to simulate being installed

in the field. The test setup is pictured in Figure 4.2,2-5. A continuity test circuit
was connected as shown schematically in Figure 4.2.2-6. A dark forward current

of approximately 0.6 amps was passed through each module, and the voltage drops

ORIGINAA-L PAGL 4-25
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Figure 4.2.2-2 Electrical Output Temperature Control Test Fixture
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Fig. 4.2.2-3 Electrical Output Test Setup — Spectrosun Console
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TEMP. CHANGE
RATE = 86-32-°C/MIN

TEMPERATURE (°C)

Figure 4.2.2-4 Temperature Cycle Profile
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Figure 4.2.2-5 Temperature Test Setup
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TO RECORDER CHANNELS

25 27 27 27 27 27

36V DO ||®]|® ||©® | MobuLes

3.6a

Fig. 4.2.2-6 Continuity Test Circuitry

across the resistors in series with each module were recorded. If an open circuit had
occurred in any module, even a momentary one, the voltage drop across the resistor
in series with that panel would have dropped to zero and the strip chart recorder
(Varian Status 3 electrostatic recorder, 8 channel), would have indicated the open
circuit, In addition, twice daily the resistance across each panel with the dc current
flowing was measured with a Keithly Model 503 milliohmeter, This measurement was

made to determine if there was any degradation in the module circuit conductivity.

The results of the temperature cycling test are given in Tables 4. 2. 2-:2 and 4. 2. 2-3.
The OCLI engineering module (OC-009) had been substituted for preproduction module
OC-005 due to the latter's low output after cover bonding. Table 4.2.2-2 shows the
percent change in power output after cycling. Table 4.2.2-3 is a tabulation of the
results of the visual inspection after the cyling test. There were no circuit discontin-

uities or degradation of circuit conductivity during the temperature cycling test.
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VISUAL EXAMINATION DATA

SL~004 SL-005 SL~006 0C-004 OC~006 QC-009
Initial 2k See Text »
. After Temperature | Cracks around Cracks in Dendritic | A few cloudy| Dendritic |Cracks in
Cycling Test edges. Delami-| encapsulant | spots on areas on gpots.on |thick encap~-
o nation around along edges. | 4 cells, A | edges, away | 8 cells. A | sulant, mostly
’ | edges and on Apparent few cracks | from cells | few cracks|around
25 cells spot .in encap- -} and de- |intercomnect
delamination | sulant lamination
on 30 cells | along ‘1 along
" edgas 1 edges
After HumidityTeSt "— Not mspected -
. ! . '
After Mechanical - N ] Delamination
: Integrity and Warp, |- Same Comments ‘Apply = gl ig vigible
Bow & Twist Test As Lisped Aboveé . " {'id.areas
: . . . v |.around eracks
1 B
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Humidity, Figure 4. 2.2-7 shows the required humidity test cycle.

The Conrad chamber was used again with the six modules mounted on the frame, The
continuity test circuit was used to show any open that might occur, and daily measure-
ments of panel resistance were taken.

The modules completed the test with no changes to the circuit continuity or resistance.

The post-test electrical output data are given in Table 4, 2-2.

Mechanical Infegrity. To simulate wind loading on the modules, a load equivalent to

+50 psf was applied to the module for 100 cycles. A line load of + 90 Ib at center—
.span was substituted for a uniform loading. This is equal to 5/8 of the produet of
modiile area and 50 psf.

Two modules, tested together, were positioned face-to-face about 30 inches apart
and connected by a hydraulic actuator, load cell, universal joints and vacuum hold-
down plates. A Data Trak programmer was set up to apply the .+ .90 1b maximum
load over a 10-second cycle, shown in Figure 4. 2, 2-8, for 100 cycles.
Each module flexed approximately 7/16ths inch in both directions under the loading.

‘There were no visible changes to the modules as a result of the cyclic loading.

Warp, Bow and Twist. For the warp, bow, and twist test, a pair of fixtures shown in
Figure 4,2,2-9 were made, These were bolted onto the two ends of a module and

deformed as depicted in the figure to produce warp, bow;, and twist moments, The
amount of warp is measured on the scale on each fixture, To determine bow, the
angles at which the fixtures are rotated can be measured and applied in the equation.
Twist is determined by laying the assembly on a flat surface and, after twisting,
meaguring the distance that one end of a fixture is above the surface.

All eight {(fwo engineering development and six environmental test) modules were
tested in warp and twist. The bow test was not done because the flexure during the

mechanical integrity test was much greater-than would have been experienced in the

4-33
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TEMPERATURE {DEGREES C)

‘ CONDITION
PRE-DRY,  fet— 50% RH —>|4 90 TO 95% RH m—
= —> [—4
54 2 ot —
16—
2 —
1 U U \_/ \
B il
1 F— 24 HRS ~wl#— 24 HRS —wj@— 24 HRS —w-leb— 24 HRS —wl@— 24 HRS —mwlw— 24 HRS —wwle— 24 HRS —
i I ] ] i I L1 I ] I i I I I [ 1 f |

TIME (HRS)

Figure 4.2. 2-7 - Humidity Cycle Test
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, CYCLE LOAD
490 PROFILE
@
3
g 0
o)
—
: ~90 ' S N
"LOAD CELL - 2 4 6 8 10
- TIME (SEC)
HYDRAULIC .
ACTUATOR MODULE, SUN-SIDE
| FACING INWARD
TO VACUUM

PUMP \
. & " a———

. TO HYDRAULIC
SUPPLY (1000 PSI)

FIXED SUPPORT, , LEADS TO LOAD
3 LOCS. PROGRAMMER,
PER MODULE : RECORDER
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Figure 4.2.2-8 Mechanical Integrity Test Assembly
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Figure 4.2.2-9 Warp, Bow and Twist Fixture
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bow test. The rubber grommets provided approximately half of the flexibility during
the warp and twist loadings, the remainder being provided by the module glass and
frame. The test procedure included warp in both directions, twist in both diréctions,
and all combinations of warp and twist, The twist applied was a total of 1/2-inch per
" foot (one end, of one 12—iné:h long fixture raised 1/2-inch from a flat surface (table)
while the other end of the module was held down on the surface), thus equalling a
1/4-inch per foot twist at both ends. ‘

The modules easily passed this test. ' There were no visible changes to the modules
as a result of the test, and no cracking, creaking or other souﬁds durling the test
indicating relative movement of the parts (which could lead to wear or fatigue failure).

The electrical outpul of the modules afier the mechanical integrity and warp and twist
tests and also the percent degradation in output after all the environmental tests are
shown in Table 4, 2-2,

Thermal Analysis/Design

Thermal analysis was conducted to determine the theoretical still-air panel tempera-
ture with this panel horizontal, at 45 deg, and vertical,

The analysis shows a temperature of the cell of 56 deg C, 54 deg C and 53 deg C for
the three conditions.

The base line for this calculation was:

1. Solar Isolation 100 mW/cm2
2. Convective cooling fo 23 deg C Air
3. Radiation to 23 deg C Sink

The still air analytical temperatures are the most conservative (highest) temperature
condition. Further thermal analysis and testing should be done to determine more
realistic temperature levels for the cells,

QRIGINAL PAGE 10
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The following test was conducted to corrélate test data to actual solar eicposure,

but was not instrumented for thermal data.

A panel was tested in the'airl exposed to solar flux at Sunnyvale. This test was
con&lucte;l on April 18, 1977 and résulted in an average panel temperature of 40-deg C.
This test was conducted at 1345 p.m.), after the panel was ekposed to solar flux for
more than 2 hours. The weather data was clear sky, 5;15 mph wind, ‘-and an air
temperature of 19 deg C. The 40 deg C temperature level is significant by lower
than would be prédictéd w;.th still air ailaiys{s‘ and shows the effect of slight winds.
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Diagnostic Testing and Repair of Module 501-005

During the module fabrication span module 501-005 was testéd at the string level
(bare) and.produced an acceptable output characteristics of 1. 07 amps at 18. 7 volts,
28°C, AM 1. However, when it was tested after encapsulation it delivered only . 57
amps at 18.7 volts, Figure 4.2.2-10,

The module was checked cell by cell and the center cell in the string was found to
have a low current output. An IV curve was rerun with the low cell bypassed, 40
cells in series, and except for an expecied reduction in Voe» general current
characteristics were recovered. The low performing cell was electrically isclated
and tested on the module. The I-V curve showed that the cell had degraded over 50%
in power output. It exhibited, however, a normal curve shape with no indications of
characteristic internal shunting or high resistance. This would imply a cracked cell
or a discontinuity in the main surface electrode collector bar; however, these con—
ditions were not discernable using magnified visual examinations oé the front and
the back of the cell.

Cell Removal

The encapsulant and adhesive were carefully excised from the back and perimeter of
the degraded cell in preparation for removal of the cell. 'Three cell modules from
early evaluation tests were used as practice samples to evaluate a variety of potential
techniques for non destructive cell removal. The methods used and the general results
are summarized in Table 4.2.2.4.

Two mil thick stainless steel shim stock,.30in. wide, inserted under the edge of the cell,
was found to be the most effective device for separating the adhesive bond line on the
samples. This method was initiated on module 501-005. It was found that on the end

of the cell opposite of the interconnect tabs that the bond line was less than 2 mils

thick and it was impossible to ingert the shim stock, On the tab end the bond line was

4, 5 mils thick and excavation of the bond line was started. Then a 3 mil stainless steel
wire was worked under the tab end and "walked" back and forth through the adhesive

in "cheese cutter' fashion. The intention was to carefully work the wire through the
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TABLE 4.2.2-4
CELL REMOVAL METHODS

METHOD _ " COMMENTS

1. * Heéated Nichrome Wire, '3 mil thick ‘- Heated by passing electric:current

. . R through. Difficult to handle with
2. Heated Nichrome Ribbon, 3 mil thick " electrode holders. Temp did not

enhance cutting feature.

3. Braided No. 40 Polyethelene Suture Too thick

4, Sili;:one Stripper Inseited around perimeter of cell with
25 ga. needle, Would soften adhesive
. to limited depth only.

5. Flat-Tapered Spatuia - Too thick .
6. 3 Mil Stainless Steel Wire Limited tensile strength but possible
"draw through" if bond 11ne thick enough

7. 2 Mil Stainless Steel Shiin Stock Most promlsmg method

major area between the cell and the glass. The Sylgard 184 adhesive had completely
cured and excellent adhesion between the cell and the glass was evident. Because of

ﬂns high strength adhesmn, the mlmmal thickness of the bond line and the bendmg siress
induced by the removal procedure, a segment of the cell broke away and it was concluded
that the réma’ining portion of the cell could not be removed in one piece with this method.
The balance of the cell was moved destructively. ’

Module Repair and Conclusions

The module was repaired by bonding in and encapsulating a replacement cell in the
center position. Electrical performance was restored as is im;iipa;fced iq-Fié'u;e
4,2.2-10. From the standpbint of minimal use of the relatively expensi‘}e Sylgard 184
adhesive, enhancing traﬁsmission through adhesive, and minin;izing bond line thickness
to reduce thermal coefficient stresses,the selected assembly method Works exeellenﬂy
but it doesn't lend itself to non destructive cell removal.  In thlS pa.rtlcular case, cell
removal would have been desireable to allow further cell dl_agqostlc testing. .
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AFTER REPAIR

ENCAPS (40)

(3RD ELECTRICAL CIHECK
WITH BAD CELL

BYPASSED)

BARE

(1ST ELECTRICAL
CHECK)

ENCAPS (41)

(2ND ELECTRICAL
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V (VOLTS) 93,9 o0

Tizure 4,%,54-1C I-V Curves of Module 501-005 Before and
L%er Repair (28°C)
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Sunlight Testing of Module 503-009

Module 503-009 was installed in the LMSC Palo Alto sunlight test facility for 30 days
beginning 4 August. It was positioned so that it was normal fo the sun at solar noon.

¥

Module 503-009 is the same as the other modules except that it is encapsulated with
two types of encapsulant. One end is encapsulated with Sylgard 184; the other with
Dow Corning X1-2577. o ‘

B
LI

This test was run to compare the temperature of the two'ehéaprsulé.‘nt‘s,. )

and to measure module performance after 30 day exposure in suhlight.

The L.MSC Palo Alto sunlight test facility is fully instrumented as an approved weather
station and it meets National Bureau of Standards requirements for evaluation testing
of solar collectors. Weather conditions monitored for this test included:

1) Total Radiation - Eppley 180° pyranometer (I, w/m?)

2) Diffuse Radiation - Spectrolab 180° pyranometer with direct shield
3) ‘;I‘emperature (Tambs °C) |

4) Wind Velocity (mph)

Module conditions monitored during test:

1) Temperature of Sylgard 184 - copper-constantan thermocouple located
under encapsulant in clear area between cells in center of upper end of

module (Typpers °C)
2) 7 Temperature of X1-2577- same as 1) except lower end of inodule

(Tlower, °C}

3) Temperature of cell - same as 1) and 2) except thermocouple bonded to

back of middle cell (Tmiddie °C)

4) Module Voltage - open circuit voltage at module output terminals .
{(Vmodule, Volts) ‘
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Standard cell #67 conditions monitored during the test included:

1) Voltage across a 0.5 ohm shunting resistor (Egpp, MV) from which was
calculated the standard cell output current (gtg, amp).

2) Cell temperature from thermocouple which is soldered to back of cell
(TsTDs °C)

Although the module was mounted from 4 August, full data was recorded after
installation of instrumentation for 11 August through 2 September.

In-situ I-V curves werc not made during this test. The instrumentation required
could not be installed in time.

Table 4.2.2-5 shows the data for 31 August, a typical day. It shows negligible
temperature difference between the two encapsulants (Tupper 20d Tiower). It shows
that the cell temperature is 2 to 5°C h_igher than the encapsulant/glass and 10 to 28°C
higher than ambient air. Wind speed from 0900 to 1550 was 2 miles per hour average
with gusts to 5 mph; after 1550 wind speed was 6 mph avg with gusts to 15 mph. Diffuse
radiation was approximately 7.5% of total on 31 August.

Electrical performance after the test was:
At 28°C?2
Isc 1.29 amp, Voe 23.8 volts, W 21. 37 watts at V= 18.7

And at 6Q°C:

Isc 1.30 amp, V,, 21.3 volts, W 18.17 watts at V=15.8

‘The power performance after the test shows little reduction in output from pre-test
values which were 21. 51 and 18. 33 waitts.

- The 60°C power at 15. 8 volts is a change of -0, 9% from earlier test as shown in Table.
4. 2-2. '

ORIGINAL PAGE I° 4-43
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TABLE 4.2.2-5
DATA FOR 31 AUGUST DURING 503-009 MODULE OUTDOOR TEST

S . . , "
pate Timo  Farn’  Lroe”  Toth  Viedmle  Tocwee TU(p(;Lr Tw/m?) i on Taiddie
8-31-77 0900 164, 0 .33 23.6  22.38 24.6 24.2  337.2  17.8  25.3
Day 243 1000  382.0 .76 33.4  22.34 36.3 36.2 608.7 20,1  38.4

1100 432.6 .86 40.6  21.84 44.3 447  799.4  23.3  47.6
1200 448.6 .89 43.4  21.62 48.7  48.3 933.9  24.0 -52.0
1300  455.3 .91 2.6 2172 48.1  47.1 984.7  25.1  51.6
1400  449.8 .89 44.8  21.53 50.0  49.2  964.2 26,7  53.1
1500  435.3 .87 45.2  21.40 49.7 50.3 851.1  28.7  52.8
1600  410.9 .82 37.3  22.03 40.7  40.9  702.4  26.3  43.6
1700 310.1 .62 32.9  22.19 35.2  35.2  491.3  26.0- 36.9

* calculated
*#* ingolation (calculated from pyronometer data)

6ELELS~DEN'T
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Section 5 .
COST PROJECTIONS: 5 TO 50 kW AND 1 mW

5,1 COST REDUCTION RECOMMENDATIONS

Readily apparent methods of cost reduction relate to reduction of piece parts and reduc-
tion of process steps associated with a specific design. An area that is not subject to
piece parts reduction, however, is a mandatory minimum amount of solar cells and
interconnects necessary to achieve specified module voltage., In sizing a subarray or
total terrestrial array system, module count reductions can occur by having cells in
parallel and/or larger cells than the 3-inch diameter cells which were baseline for this
program. But even in this case size and weight limitations pertaining to the module
design requirements set limits on how few ''big paralleled" cells could be used, For
instance JPL specifications 5101-16 indicates a practical handling limit of 48 inches on
width and 50 pounds on weight, Increasing cell size to minimize piece paris count,
handling, ete. also has upper limits due to (1) cost attrition factors associated with
breakage, i.e., betier to use more lower cost, less damage-susceptible, smaller‘

cells than fewer, larger, expensive, damage prone, big cells,(2) a crossover is reached
where the necessary give-away for current collection grids on a large cell seriously
impacts cell active area, and (3) while it is not part of this study, it is noteq that smaller
cells can be made thinner which means more cell area is produced per kilogram of
silicon —the most expensive item in array production. In light of these considerations,
cost reduction recommendations will not be made at this time related to reducing solar
cell quantity, I is recommended, however, that studies be initiated to develop para~-
metric data on maximum practical cell sizes and shapes from an integrated maximum
module width, length, weight, and voltage standpoint, The value of developing ingots

5 or more inches in diametér or X ft2 sheet silicon is questionable if their-use factors
are impractical.

There are many ancilliary components in the baseline module design which, either by
quantity, method of production used or subsequent processes fo which they are subjected,
are labor intensive. There are also materials and components whose cost/watt is
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significantly high relative to completed module cost, Some of these factors as they
relate to the baseline preproduction modules built on this program are summarized in
Tables 5, 1-1 and -2, ‘

Table 5,1-1, actuals for mechanical piece parts fabrication, summarizes the time
required for fabrication of the side rails, end rails, corner angles and center web, It
was not within the cost or schedule scope of this program to use large batch, semi-
automated or automated methods of building piece 'parts, ‘therefore, most of the work
wag done by hand, In the case of the parts listed in the table, 15 kits or module sets
of parts were built, actual time required for each item-function was recorded, and this
raw data were factored to items required for one module, The value of this table or
similar summaries is o nail down the labor intensive functions, Note that deburring
took 19..6 percent of the time and that marking and drilling holes took 51 percent of the
time, Obviously then for production runs tumble deburring would be used which would
decrease this factor from ,196 to léss than . 05. To reduce mark-drill intensiveness,
production runs of identical parts could be produced using machine punch/shear methods
resulting in similar reductions in time to produce., This is borne out by noting -that the
lowest percentage of total time for any single function was 0, 6 pexrcent for shearing the
aluminum raw stock to net 'dimensions for the cenier webs.

Another primary area where cost reduction can be effected is by using a fabrication
method that reduces process functions on any single part. An example of this is the
interconnect. Eiching an interconnect network for an entire module may be cost
effective; however, for automated assembly for solar cell interconnection roll-to-roll
punched intercomnects are very promising. Process functions can be reduced from 10
to 3, and time to produce 41 interconnects for a module is reduced 98. 2 percent from
57 minutes per module to 1, 05 minuftes. This is illustrated in Table 5. 1-2.

To determine whether this reduction is valid requires a comparison of the time required
to place and solder 41 individual interconnects with the time required to place, solder,

and punch out a single interconnect network,
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TABLE 5,1-1
ACTUAL TIME FOR MECHANICAL PIECE PARTS FABRICATION

- Cut to Holes — Final Bend } Tem
Function —w| Setup Length Deburr Mark | Drill | Deburr | Flanges Total
Too} —
e Tand ) File Punch Reamer | Brake
o Power Saw Drill
Press
Side Rails — (2 ea) ;
Time (Min.,) 0.53 1,80 2.47 1,87 3.00 2.00 . 11. 27 Min.
% Ttem Time | 4,7 14.2 21.9 14.8 26.6 17.7
% Total Time | 1.0 3.2 4.9 | 3.3 6.0 4.0
End Rails — (2 ea)
Time (Min.) 0,40 1.00 3.00 3.20 2,67 0.53 10.8
% Item Time 3.7 9.6 27,8 ° 29.6 24,7 4,9 .
9% Total Time | 0.8 2.0 6.0 6.4 5.3 1.0
Corner Angles—
Time (@in.) Q.67 4,00 2,67 6.00 4,00 0.67 ’ 18.01
% Hem Time 3.7 22.2 14.8 33.3 22,2 3.7
% Total Time | 1.3 8.0 5.3 12,0 8.0 1.3
Center Web — {(1ea) | Shear
% Item Time 3.3 3.3 18.7 10.00 | 40.00 6.7 20.0
% Tofal Time 0.6 0.6 3.3 C 2.0 8.0 1.3 4,0
Tunction Total
Minutes 1,93 6,93 9,81 11,87 | 13.67 3.87
% of Total 3.9 13.8 19.6 23.7 27.3 7.7
Total for ’ .
One Module 50. 08 Min,
ORIGINATL, PAG
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ACTUAL TIME FOR ELECTRICAL PIECE PARTS FABRICATION—INTERCONNECT

TABLE 5.1-2

.
ON__ AND ASSOCIATH

| FUNC D TIME (MIN)___.
Cut Apply . Strip | Final {Solder Method |Total
Qty Sheet Clean Resist Expose | Develop| Etch Resist| Trim | Dip Package A - |Time
Time (Min) 10/Sheet| 0.1 (0.3 0.5 2.0 0.5 0.5 | 2.0 2.5 | 4,0 1.3 13.9
Time Module 0.41 | 1.23 | 2,05 8.2 2,05 | 2,05 8.2 [10.3 [16.4 6.2 57 Min,
4. 1IX) . ' ) per
Module
% Total Time| 0.7 2.2 3.6 4.4 3.6 3.6 |14.4 [(17.9 (28,8 | 10.8
—— i e e f—— e
1 2 3
Function ——m | Load
Roll Punch Package B
Time Min, 0.6 10,25 ' 0,2 1,05 Min.
. per .
; Module

GELELST-DCIN'T



5.2 PRODUCTION BASELINE DESIGN

LMSC-D573729.

A production module that requires only 10 parts (as compared with the current 25 paris)

in addition to cells and interconnects could be produced by applying cost reduction

recommendations and design improvements based on improved understanding of the

design, assembly, and test of modules learned during this contract.

Table 5.2-1 shows the material requirements. of such 4 baseline production module.

TABIE 5,2-1
MODULE MATERIAL REQUIREMENTS
COMPONENT | MATERIAL FORM QTY/MODULE SPECIFICATION
Cover Glass Tempered Sheet | 2,7 £2 >96% transmission
1/8 in, thick in golar cell
response wave-
lengths when
bonded to cell
Frame Aluminum Extruded Shape 2.3
Adhesive and | Silicon 2 Part Liquid 90 gm >91%
Encapsulant transmigsion
Connectors Purchased 2 each JPL
Fasteners Purchased ""pop" Rivets 2 each
Wire Stranded 18 ga 5 ft | Exterior UL 1018
Copper
Nameplate Purchased 1
Interconnect Copper/ 2 oz. Sheet 0,06 1b
Solder
Expendibles - - Production
Volume
Dependent
55 ORIGINAL: PAGE IS

OF PCOR QUALITY]
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5,3 COST PROJECTIONS

“In:addition to reduction in parts count, the labor learning curve is a factor which
reduces module costs, Figure 5, 3-1 shows the total labor required fo produce-solar
modules, Note that the reduction in times labeled manual and manual-with automatic

tool assist is due to 'e'xperience gained during this contract;

Projections 'for-50 kW and 1mW are estimates based on different levels of automation,
Batch automation includes partially automated equipment with manual monitoring and

parts transfer,

Cost projections for.5 to 50 kW and 1 mW module production are shown in: Table 5. 3-1.
".Cell and material costs are based on guotes-obtained dl._l_ring“th“is coni;rb.ct. Cgell costs

. are based on purchase price if ordered.in 1977; these prices should be reéﬁced {Nhén
e_ffeci{'s of improved cell production resulting from JPL programs are applicable.

For 5 to 50 kW quantities the cost per watt is reduced only by application of tooling
improvements and batch automation equipment which reduce labor, For 1 mW, reduc~

tions occur mostly due to cell cost but improved automation alsc reduces labor.

No ov_erhead profit or burden has been included in the cost projection in Table 5.3-1.
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TABLE 5, 3~1
QTY VS COST PROJECTIONS

kw [T 10 15 20 25 30 35 40 45 50 1 mW
Module Qty 250 500 750 1000 1250 1500 17580 2000 2250 2500 §0, 000
Materialg
MTL {except colls) $/Modute .| 12.65 | 12,60 | 12,66 | 12,505 12,49 | 12.48 | i2.44 | 12.40 | 12.36 12,32 9,18
$/Wa.tt .633 630 . 628 . 626 . 624 . 623 . 622 « 620 . 618 . 516 , 459
Cells $/Modu1é 307,50 |3807.50 |307.50 [307.50 [307.50 |307.50 [307,50 |307.50 {807.50 [307.50 {118, 40
$/Watt 15.'38 15,38 { 15,38 | 15.38 | 15,38 | 15,38 | 15,38 | 15.38 | 15,38 | 15,38 1 % 70
Labor Hours/Module | 8.6 | 86 | 86 | 50 | 50 | 5.0 | 5.6 | 50 | 5.0 ‘.
Manual $/Watt 3.8Y 3.87 3. 87 2,25 2.25 2.25 2,25 2.25 2,25
’ (at $9/Hr) - Tooling Angmented ——————i=
Batch Automated Hours/Module .14
$/Wait .08
{Auto machines manuai
transfer) {at $9/Hr)
Fully Automated Hours/Module . 017
$/Wait . 008
(at $9/Hr)
Consumables & Machine .
Maintenance 3/ Watt .15 .15 218 .08 .08 . 08 .08 .08 .08 . 06 X
Non-Recurring .
Capital
{Mach, engr, inst,
floor space and start up) $ Total 14K 141X 141K 170K 170K 170K 170K 170K 170K 357K 544K
Total $/Watt $/Watt 20,08 | 20,08 | 20,03 | 18,34 | 18,34 | 18.34 1'8. 34 | 18,34 | 18,84 { 16,12 8.18

6848L80~DSINT



