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FLAT-PLATE SOLAR ARRAY PROJECT

JPL  pHOTOVOLTAIC MODULE AND ARRAY DESIGN
(R. ROSS, JET PROPULSION LAB)

AGENDA

® [NTRODUCTION
| ® TYPICAL MODULE CONSTRUCTION
® OPERATIONAL AND SAFETY CONSIDERATIONS

[ { ® [EIFCTRICAL CIRCUIT DESIGN
® MODULE THERMAL DESIGN

i { ® MODULE STRUCTURAL DESIGN
® ARRAY STRUCTURAL DESIGN

® MODULE QUALIFICATION TESTING
® ARRAY SYSTEM-INTERFACE CONSIDERATIONS

ASU Photovoltaic Short Course Notes, Arizona State University, April 1986, pp. 36-138. -
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LOW-COST SOLAR ARRAY PROJECT

OVERALL MODULE REQUIREMENTS

e GENERATE POWER
o EFFICIENTLY
o SAFELY

o |NTEGRATE INTO ARRAY
e ELECTRICALLY
o MECHANICALLY
e THERMALLY

PROVIDE LONG LIFE AND LOW MAINTENANCE
e ELECTRICAL CIRCUIT RELIABILITY
e STRUCTURAL ENDURANCE
e ENVIRONMENTAL ENDURANCE

BE INEXPENSIVE TO MANUFACTURE -

MAINTAIN HIGH QUALITY CONTROL
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PI LOW-COST SOLAR ARRAY PROJECT

ELEMENTS OF A PHOTOVOLTAIC MODULE

FLAT PLATE MODULE CONCENTRATOR MODULE

INTERCONNECT
SUPERSTRATE

SOLAR CELL
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e\ se———— - s—— \\\\\
iz zzzrrzz s e A

SUBSTRATE

CONCENTRATING
OPTICS

\_~ HEAT SINK
J~— RECEIVER
e

SOLAR CELL
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P LOW-COST SOLAR ARRAY PROJECT

ENCAPSULANT SYSTEM OBJECTIVES

® PROTECT CELL FROM ENVIRONMENTAL STRESSES

e WIND AND SNOW

HAIL

DIFFERENTIAL EXPANSION
HUMIDITY

o MAXIMIZE SUNLIGHT TO CELL

® OPTICAL TRANSMISSION
e LOW SOILING

PROTECT USER FROM SAFETY HAZARDS

e ELECTRICAL
e FIRE

e MAINTAIN 20-YEAR LIFETIME

MAINTAIN LOW AREAL COST
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ELEMENT

LOW-COST SOLAR ARRAY PROJECT

LAYER DESIGNATION

TOP COVER
(SUPERSTRATE)

POTTANT-SPACER

BACK COVER
(SUBSTRATE)

MODULE ENCAPSULATION CONSIDERATIONS

FUNCTION

¢ LOW-SOILING

® EASILY CLEANABLE

® ABRASION RESISTANT
® ANTIREFLECTIVE

® UV-SCREENING

® STRUCTURAL SUPPORT

SOLAR CELL ENCAPSULATION
ELECTRICAL ISOLATION
o MECHANICAL SEPARATION

e BACKSIDE MECHANICAL
PROTECTION AND/OR
STRUCTURAL SUPPORT

® BACKSIDE WEATHERING
BARRIER
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Flat-Plate Solar Array Project

ARRAY LOSS DUE TO SOILING

JPL
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LOW-COST SOLAR ARRAY PROJECT

CANDIDATE ENCAPSULATION MATERIALS

(PROJECTED COSTS 1980 $)

=
TOP COVERS (2-5 mil) $ I me
e SILICONE/ACRYLIC COPOLYMER 1.10
e TEDLAR (UV SCREENED) 1.50
SUPERSTRATES

ey

LOW-IRON TEMPERED GLASS (1/8") 17.50

e ACRYLICS (1/4") 19.00

POTTANTS (30 mil THICKNESS)

POLY-n-BUTYL ACRYLATE 1.40
ETHYLENE VINYL ACETATE (EVA) 1.50
ETHYLENE PROPYLENE RUBBER 1.50
POLYVINYL CHLORIDE PLASTISOL 1.60
POLYURETHANE 2.60
POLYVINYL BUTYRAL 4.00
SILICONE ELASTOMER 534-044 6.00
SILICONE/ACRYLIC COPOLYMER 6.80

SILICONE RUBBER 17.50

SPACER
e NON-WOVEN GLASS MATS

SUBSTRATE PANELS

HARDBOARDS (1/8" + EVA)
STRANDBOARDS (3/8" + EVA)
MILD STEEL (0. 028" GALV. )
TEMPERED GLASS. (1/8")
ALUMINUM (0.040")

GLASS REINFORCED CONCRETE

BACK COVERS

e MYLAR (3 mil)
e METAL FOIL LAMINATE
e TEDLAR
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Flat-Plate Solar Array Project

JPL  \1ODULE ENCAPSULATION EVOLUTION

1975 TO 1984

Year

75176 | 7778 [ 79 [ 80 81] 82| 83 [ 84 |

Technology
- Silicone Rubber
PVB
EVA

Fihefglass Substrate
Metal Substrate

Glass Over Metal

Glass Superstrate
Mylar Rear

Tedlar Rear
Tedlar-Foil Rear

Tedlar-Mylar Rear

q

*

Procurement Block

v v




OPERATIONAL AND SAFETY
CONSIDERATIONS



Sy

I

4

LOW-COST SOLAR ARRAY PROIJECT

OPERATIONAL/SAFETY CONSIDERATIONS

® HOT-SPOT CELL HEATING

® SERIES/PARALLEL OPEN CIRCUITS
o CRACKED CELLS
e SHADOWED CELLS

® FIRE HAZARDS

e ARCS TO GROUND
® |N-CIRCUIT ARCS
® EXTERNAL SOURCES

® SHOCK HAZARD (INSULATION ADEQUACY)

& TO EXTERNAL SURFACES (EXPOSED INTERCONNECTS)
® TO STRUCTURE {(GROUND FAULTS)
® LONG TERM DURABILITY (DELAMINATION)

® [NSTALLATION/ MAINTENANCE PRACTICES

® SHORTING
® BLACK COVERS/NIGHT WORK
® FLOATING GROUND
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CRACKED OR SHADOWED CELL
OPEN CIRCUIT SUBSTRING
/ s
%; |

Flat-Plate Solar Array Project

VISUALIZATION OF ““HOT SPOT’'* CELL
HEATING

J

B
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Flat-Plate Solar Array Project

JPL TYPICAL CELL SHUNT RESISTANCES

(4 Manufacturers)

P T rrrrni 1 llllllfgg | | I v T rrnt
MANUFACTURER A 30
22
NUMBERS OF CELLS PER - 18
RESISTANCE CATEGORY 0
IN ONE MODULE
1
||
MANUFACTURER B
12 14
. 3
i n L
MANUFACTURER C .
g 10
2 (0 VOLTS) 4 3 I 2
. - | l [ |

MANUFACTURER D

1.0

1.5

Wiy -
T lqlﬂ T T T T 7T T T T T TTTTT

22 3347 648 15 22 33 47 68 100
CEI.I. SHUNT RESISTANCE, OHMS

150 220 330 470 680 1000
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Flat-Plate Solar Array Project

P
JPL  OBSERVED MODULE RESPONSE
MODULE CELL HOT-SPOT TEMPERATURE °C
ENCAPSULANT 100 120 160 180
] | | 1

SILICONE —
RUBBER CELL BREAKDOWN EREAKDOWN
WITH HEAT
RESISTANT CRACKED CELL
SUBSTRATE

GLASS ONSET OF CARBONATION OVER

SUPERSTRATE | CARBONATION HALF OF CELL

ENCAPSULANT DISCOLORED

WITH PYB AND SMOKING

ENCAPSULANT MULTIPLE CELL CRACKS AND

WITH ENCAPSULANT DELAMINATION

OUTGASSING ONE CELL SURVIVED

PROBLEM T0 180°C BEFORE /’

CRACKING AND SHORTING
CONCLUSION:

Hot-spot temperatures should be kept below approximately 120°C
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Flat-Plate Solar Array Project

MEASURED HOT-\S/EOT TEMPERATURE
NUMBER OF SERIES CELLS PER DIODE

V'VOLTS
5 10 15 20 25 0 35 40
200 T T T T ) - 3| | Y
180 |- |
160 |- -
. GLASS/PVB
© 140 N
o 'SILICONE RUBBER
£ 120 " FIBERGLASS SUBSTRATE _
<
& 100 -
= 80
- —
~ B
S 60 _
40 _
SILICONE RUBBER
20} ALUMINUM SUBSTRATE —
0 1 | i | | ! L I l

l |
0 9 18 27 36 45 54 63 12 81 90 a9
SERIES CELLS/DIODE, N

*IN BLOCK V HOT-SPOT TEST
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PI - LOW-COST SOLAR ARRAY PROJECT

ARRAY ARCING CONSIDERATIONS

PROBLEM: STEADY STATE ARCS CAN FORM WHEN OPEN CIRCUITS
DEVELOP IN HIGH VOLTAGE BRANCH CIRCUITS.

| 300 V
P
MAX
100 V
ARC 100 V'
VOLTAGE 200 vV
300 400 V 0V

SOLUTION: MINIMIZE CHANCE OF OPEN CIRCUITS THROUGH USE
OF CIRCUIT REDUNDANCY .

PC
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Flat-Plate Solar Array Project

JPL SYSTEM SAFETY CONCERNS

e Protection of personnel: prevent electrical shock hazards
o Parts that are electrically active

« External parts that could become active in the event of insulation
failure

¢ Protection of equipment

 Minimize stress on equipment in the event of ground faults

* Protection against fire hazards |
* Internally generated — overheated parts or arcing
» Externally generated — burning-brand, spread-of-flame

* Typical module safety design questions

« What is the required level of reliability for the module electrical
insulation system?

« What is the conductor-to-edge-of-module spacing requirement?

« Which metallic, non-current-carrying parts should be grounded?
 Etc. -
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Flat-Plate Solar Array Project

UNIQUE PHOTOVOLTAIC ELECTRICAL

P CHARACTERISTICS

IRRADIANCE
J | T | 1 |
100 mWIcm2

- e Array is always “‘on’’

] ¢ Voltage present at very low
10 CELL TEMP = ,
25000 ilumination — shock hazard exists
- at early morning & late
evening

60 mWIcm2

e Current proportional
] to illumination

RELATIVE CURRENT

0.5 40 mWIcm2

e Short-circuit current is limited —
may affect operation of
N overcurrent devices

0 0.5 1.0 1.5
RELATIVE VOLTAGE
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P' FLAT-PLATE SOLAR ARRAY PROJECT

ARRAY SUBSYSTEM SAFETY SCHEMES

e PRIMARY PROTECTION
e MODULE / WIRING INSULATION

e SECONDARY PROTECTION FOR BACKUP

e FRAME GROUNDING
e CIRCUIT GROUNDING
e GROUND FAULT DETECTION

* BLOCKING DIODES AND OVERCURRENT DEVICES

SECONDARY PROTECTION SCHEME SELECTED MUST BE
COMPATIBLE WITH OVERALL PHOTOVOLTAIC SYSTEM
CIRCUIT DESIGN
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LOW-COST SOLAR ARRAY PROJECT

FRAME GROUNDING

PROTECTS AGAINST

e SHOCK HAZARD ASSOCIATED WITH FRAME MEMBERS
WHICH HAVE BECOME ENERGIZED BY FAILURE OF
PRIMARY INSULATION SYSTEM

e DOES NOT PROTECT AGAINST DIRECT CONTACT WITH
ELECTRICAL CONDUCTORS
APPROACH

® | OW RESISTANCE GROUND CARRIES FAULT CURRENT AND
MAINTAINS FRAME VOLTAGE CLOSE TO GROUND POTENTIAL
(BELOW SHOCK HAZARD LEVEL)
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LOW-COST SOLAR ARRAY PROJECT

CIRCUIT GROUNDING

PROTECTS AGAINST
® EXCESSIVE VOLTAGE STRESS ON PRIMARY INSULATION SYSTEM
® SHOCK HAZARD IF COMBINED WITH GROUND FAULT
INTERRUPTER
APPROACH

® TYING ARRAY CIRCUIT TO GROUND PREVENTS CELL STRING
VOLTAGE FROM FLOATING TO A HIGH VOLTAGE ABOVE GROUND
{HIGH STRESS ON CIRCUIT TO GROUND INSULATION)

e CENTER TAP GROUND LIMITS MAXIMUM VOLTAGE STRESS TO
ONE-HALF OF ARRAY OUTPUT VOLTAGE
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Pl - FLAT-PLATE SOLAR ARRAY PROJECT
e

GROUND FAULT DETECTION

PROTECTS AGAINST

® SHOCK HAZARDS ASSOCIATED WITH PERSONAL CONTACT
WITH SYSTEM CONDUCTORS

e EQUIPMENT DAMAGE ASSOCIATED WITH ARCING BETWEEN
SYSTEM CONDUCTORS AND GROUND
APPROACH

o SENSOR DETECTS EITHER IMBALANCE IN CURRENTS IN CIRCUIT
LEGS, OR CURRENT IN GROUNDING CONDUCTOR

e CIRCUIT GROUNDING RESISTOR LIMITS MAXIMUM GROUND -FAULT
CURRENT TO SAFE LEVEL

o SENSITIVITY OF DETECTOR IS ADJUSTED FOR EITHER PERSONAL
OR EQUIPMENT PROTECTION LEVEL
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FLAT-PLATE SOLAR ARRAY PROJECT

GROUND FAULT DETECTION CIRCUITS

50 uA MAX
__~ PER MODULE ”
ArT=E
{ o e — COMPARATOR }E""
P o /_ CIRCUIT -
/ AN yd
ARRAY
=1L
RESPONSE — . FAULT CURRENT
OUTPUT
1’ _PC
ARC TO
O 7777; GROUND }g
t e
S
raur ) 2-\ SENSING
~ CURRENT ;—» CIRCUIT

77
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PROTECTS AGAINST

e REVERSE CURRENT THROUGH MODULES DURING FAULT CONDITIONS

APPROACH

o BLOCKING DIODES PREVENT CURRENT FLOW INTO GROUND FAULT
FROM PARALLEL SOURCE CIRCUITS

© OVERCURRENT DEVICE PROVIDES PROTECTION IN THE EVENT OF

A SHORTED DIODE

FLAT-PLATE SOLAR ARRAY PROJECT

BLOCKING DIODES AND OVERCURRENT DEVICES

A
T SHORTT0
i N\ 7goum) +

l :

PC
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Flat-Plate Solar Array Project

JPL ISOLATION/GROUNDING SAFETY CONCEPTS

I 7T,
% % a %
1 TR
7 % 2
1 MODULE 2 MODULE %
% 7 % %
% ] 4 4
7777777
T, )
2 % 2 Dc
oow g lg wop SFCl
| MODULE [] | 1 MODULE [ G,
% % 7 7 A 7 4 A IIIIIIIIY
77— T —O 7 7 " 2
% % Z
1 [ 1 Loap [
7 — o e ¥
> ® 7 ]
/ ]| °

FRAME’///(: CIRCUIT GROUND
STRUCTURE

GROUND
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Flut-Plate Solar Array Project

JPL  MODULE ELECTRICAL INSULATION SYSTEM
INTEGRITY AND GROUNDING REQUIREMENTS

® Dielectric voltage withstand (cell string to frame)

e Maximum allowable leakage current (cell string to frame})

¢ Maximum allowable bonding resistance in the ground path
e Tolerance to inverse current overload

* No accessible live parts

¢ Minimum spacing between conductors

¢ Maximum allowable temperatures for polymeric materials
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Flat-Plate Solar Array Project

MODULE ELECTRICAL INSULATION AND
GROUNDING TESTS

Test

Test Level

Conditions

Acceptance Criteria

Dielectric voltage
withstand {cell
string to frame)

+ 2 x system voltage

+ 1000 Vdc

500 Vdc for
systems <30 Vdc

Dry, after water
spray, temperature
cycled, humidity
tested, and exposed
to corrosive
atmosphere

Leakage current: <b0 A

Leakage current
levels (cell string to
frame or insulating
surfaces)

Rated maximum
system voltage

Dry and after
water spray

Leakage current: <10 LA
cell string to frame;

<1 mA cell string to
insulating surfaces

Bonding resistance Current: twice Dry Resistance: <0.1 ohm
in the ground path the rating of

the series fuse
Inverse current Reverse current: Dry No flaming of cheese

overload

1.35 x rating of
the series fuse

cloth or tissue paper
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FLAT-PLATE SOLAR ARRAY PROJECT

CANDIDATE SAFETY SYSTEM CONCEPTS

HAZARDS AND SOLUTIONS

DIRECT INDIRECT GROUND- STATIC CHARGE
PERSONNEL PERSONNEL | INSTALLATION FAULT IN-CIRCUIT BUILDUP AND
CONCEPT SHOCK SHOCK SHOCK ARCS ARCS VOLTAGE SURGE
| Low Low Low GFCI Low Solid circuit
voltage voltage voltage voltage ground
il High resistance Frame Plug High resistance Bypass High resistance
to ground grounding connectors to ground diodes to ground and
‘ surge arrestors
]] Switched-in high Frame Plug Switched-in Bypass Solid circuit
resistance and grounding connectors high resistance diodes ground and
DC disconnect and DC surge arrestors

disconnect
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Flat-Plate Solar Array Project

ELECTRICAL SAFETY DESIGN SUMMARY

MODULE
e Open circuit voltage < 30 volts to minimize shock hazard

Reliable cell string isolation from frame
¢ 100% hi-pot testing (2 x V§YS + 1000 volts)
e Very low DC leakage current

External conductive surfaces minimized and tied to ground terminal

ARRAY

Exposed conductive surfaces tied to ground
Circuit ground to minimize voltage stress on module insulation

Bypass diodes to prevent hot-spot heating and provide circuit
redundancy

Blocking diodes and fuses in source circuits to prevent reverse
current to ground faults

Ground fault detector to sense and extinguish arcs to ground

Shock hazard protection during circuit installation and maintenance
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MODULE FLAMMABILITY TESTING —
MANUFACTURER’S OPTION

Fiat-Plate Solar Array Project

* Tests for Fire Resistance of Roof Covering Materials, UL-790

o Spread-of-flame test — distance that flame has spread; no flaming

or glowing brands of roof material

e Burning-brand test — until flame, glow and smoke disappear; no

sustained flaming on underside, production of flaming or glowing
brands of roof material

Fi
Raltrizg Spread-of-Flame Test Burning-Brand Test
Allowable Approximate
Flame Flame Brand Peak
Flame Application Spread Brand Ignition Module

Temperature, °F | ~ Time, min Distance, ft. Size, in. Temperature, °F | Temperature, °F
Class A 1400 10 <6 12 x12 x 2% 1630 1900
Class B 1400 10 <8 6 x 6 x 2% 1630 1400
Class C 1300 4 <13 1%2 x 1% x 25/32 - —

¢ Most EVA modules will barely qualify for a Class C fire rating

¢ Special materials and constructions are required for Class B and Class A
fire ratings



ELECTRICAL CIRCUIT DESIGN
CONSIDERATIONS
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Flat-Plate Solar Array Project

SOURCE-CIRCUIT DESIGN REQUIREMENTS

e Series cells to achieve system operating voltage
¢ Minimize losses due to cell performance variation
e Open-circuit cells
e Short-circuit cells
e Mismatched cells
¢ Protect modules from hot-spot heating damage
* Minimize power loss due to shadowing
¢ Minimize intermodule and field wiring costs
¢ Minimize maintenance costs
¢ Fault identification and location

e Repair and replacement

NJIS30
1INJYI- 1Y AELIIT



LOW-COST SOLAR ARRAY PROJECT

CRACKED AND FAILED CELLS
DUE TO FIELD EXPOSURE

99

TOTAL
SITE CRACKED FAILED
OF CELLS
IN FIELD | PER YEAR PER YEAR
MEAD
90, 168 0,010 0. 00021
NEBRASKA
MT. LAGUNA
96, 236 0. 025 0. 0010
CALIF,

730 TO 50% DUE TO HAIL IMPACT
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LOW-COST SOLAR ARRAY PROJECT

EFFECT OF CELL FAILURES ON ARRAY

DEGRADATION

(NO CIRCUIT REDUNDANCY)

(CELL FAILURE RATE (R) = 0.0001 PER YEAR)

PC

ARRAY SERIES POWER LOSS
VOLTAGE CELLS AT 5 YEARS
(S)
15 36 1. 8%
150 360 16.5%
1500 3600 83.5%

POWER LOSS = 1- [1- (YEARS x R)]S
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LOW-COST SOLAR ARRAY PROJECT

i CIRCUIT REDUNDANCY OPTIONS

® MULTIPLE CELL CONTACTS
® MULTIPLE INTERCONNECTS
® SERIES/PARALLELING

® BYPASS DIODES
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LOW-COST SOLAR ARRAY PROIJECT

MULTIPLE CELL CONTACTS

e PROBLEM STATEMENT
o REDUCE CELL AREA LOSS DUE TO CRACKING

e APPROACH
¢ INTRODUCE REDUNDANT CONTACTS TO REDUCE CELL AREA LOSS

TO LESS THAN 10%

o ANALYTICAL PROCEDURE
o DETERMINE AREA LOSS FOR LARGE NUMBER OF
RANDOMLY SELECTED CRACKS (SITE AND
DIRECTIONS) USING MONTE CARLO TECHNIQUE,

o CALCULATE FRACTION OF CRACKS CAUSING
UNACCEPTABLE AREA LOSS (e.q. GREATER
THAN 10%)
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FRACTION OF CRACKED CELLS LEADING TO FAILED
CELLS FOR VARIOUS MULTIPLE CELL CONTACTS

PERCENT LOSS 1800- @
OF CFLL AREA +
0-5 36 | .4 50 .64 36 91
5-10 0| .15 18 18 14 .09
10-20 06 | .12 12 12 12 0
20-40 03 | .06 .06 06 11 0

| 40-70 0 0 0 0 .04 0

| 100 5| 14 0 .23 0

| SUM OF 210 54 | a2 32 18 .50 0
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SERIES/PARALLELING/DIODES

® PROBLEM STATEMENT

® REDUCE SYSTEM POWER DEGRADATION DUE TO CELL AND
MODULE FAILURES

® APPROACH

® [NCREASE SYSTEM FAULT TOLERANCE BY PROVIDING
REDUNDANT CURRENT PATHS

® ANALYTICAL PROCEDURE

® CONDUCT PARAMETRIC ANALYSES TO DETERMINE FIELD POWER
DEGRADATION FOR GIVEN LEVELS OF SERIES/PARALLELING/DIODES,
PARAMETERS INCLUDE:

® CELL FILL FACTOR AND SHUNT RES{STANCE

® NUMBER OF PARALLEL STRINGS AND SERIES BLOCKS
® NUMBER OF CELLS PER MODULE

® NUMBER OF BYPASS DIODES

e CELL FAILURE RATE

® DETERMINE EXISTENCE OF HOT-SPOT PROBLEMS

¥4



LOW-COST SOLAR ARRAY PROJECT

BRANCH CIRCUIT FAILURE DISTRIBUTION

74

T
POWER
COND ITIONER

i

FAILED CELLS

S M HEH HH HH

CATEGORIZE BRANCH CIRCUITS BY NUMBER OF
FAILED SUBSTRINGS IN WORST CASE SERIES BLOCK
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FLAT-PLATE SOLAR ARRAY PROJECT

SERIES/PARALLEL NOMENCLATURE

PC

1 ol

MODULE: \—<SOURCE CIRCUIT:

3 PARALLEL STRINGS 3 PARALLEL STRINGS
2 SERIES BLOCKS 6 SERIES BLOCKS
2 CELLS PER SUBSTRING 2 CELLS PER SUBSTRING

2 DIODES PER MODULE 1 DIODE PER SERIES BLOCK
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FLAT-PLATE SOLAR ARRAY PROJECT

ARRAY POWER LOSS vs SUBSTRING FAILURE DENSITY

T T TT7TT] T |1||m[ T T UTTT007 | B P
E 8 PARALLEL STRINGS -
. FF=0.70 i
|1 SERIES BLOCK PER DIODE _
= 0.1 & -
= 5 E
5 :
-2 :
w B -
wn
9 | -
x S -
= B ]
& ! 1000,500 7
> SERIES -
o2 BLOCKS
< PER E
SOURCE .
CIRCUIT —
)
0. 0001 Lo el Lo trprul 1o el 11 tijtt

0. 0001 0. 001 0.01 0.1 L0
SUBSTRING FAILURE DENSITY
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FRACTION INITIAL POWER

1.0

00

FLAT-PLATE SOLAR ARRAY PROJECT

ARRAY POWER DEGRADATION vs TIME

2400 CELLS
8 PARALLEL STRINGS CFR =0, 0001
FF =0.70 1 SERIES BLOCK PER DIODE
| I T _ | I T | T | | 1 T [ I I ] | IIZOOI j
120 SERIES BLOCKS PER BRANCH CIRCUIT //
480
240 B
15 )
1
1 | | | ] | 1 | | 1 | ] i | ] 1 1 $ +
5 10 15 20

TIME (YEARS)
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SPL

EFEECT OF CIRCUIT DESIGN FEATURES
ON SYSTEM ENERGY LOSSES

Problems

Cell
Paralleling

Contact
Redundancy

Multiple
Interconnects

Bypass

Diodes
Cell Circuit

Layout

Frequent
Cross-Strapping

Ground-Fault

Interrupt

Resistance
Ground

Shadowed cells

Interconnect fatigue

Open-circuit cells

Shorted cells

Mismatched cells

Ground-fault arc

In-circuit arcs

Hot-spot heating
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FRACTION SYSTEM POWER LOSS VERSUS
JPL SERIES-PARALLEL CONFIGURATION

450-Volt source circuit (1000 series cells)
0.05% Open-circuit cells
0.05% Short-circuit cells

One bypass diode per series block

Cells Cells in Parallel
Per Series
Substring Blocks 1 4 8 16
0.001 0.001 0.001 0.001
20 50 0.011 0.050 0.025 0.015
0.012 0.051 0.026 0.016
0.001 0.001 0.002 0.002 g"“."'“"‘
10 100 0.005 0.022 0.013 0.008 H"sfg“
0.006 0.023 0.015 0.010 egion
0.001 0.002 0.002 0.002
5 200 0.003 0.010 0.007 0.004
0.004 0.012 0.009 0.006
0.001 0.002 0.004 0.006 Sensitive
2 500 0.001 0.004 0.003 0.002 to Shorted
0.002 0.006 0.007 0.008 Cells

Top Line: Short-Circuit Losses

Mid Line: Open-Circuit Losses

Bottom Line: Total Losses
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LOW-COSTSOLAR ARRAY PROJECT

OPTIMIZATION ALGORITHM

] LIFE-CYCLE COST
OPTIMUM M|N|MUM(LIFE-CYCLE ENERGY)

ok e
C°+n};1 C (1+K \
= MINIMUM -
L ES l{.: e, {1 +K f
| n*1 }
THEREFORE: BALANCE INITIAL  ARRAY PLANT
OF PLANT | + [ ARRAY , + LC O & M EFFICIENCY
COST, $/kW COST/m“  COST/m 100nlwE NOCT
cm
opTimum - MINIMUM
L ANNUAL |
INSOLATION | y (L-CENERGY
> FRACTION®
kW-h/m~lyr

L
- _ 3> (POWER IN YEAR
L-C ENERGY FRACTION nEl( INITIAL POWER

")(1 +K " Kk =DISCOUNT RATE
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LIFE-CYCLE ENERGY COST, $/kWh

0.14

0.12

0.10

0.08

0.06
1

Flat-Plate Solar Array Project

LIFE-CYCLE ENERGY COST
vs SERIES/PARALLELING
(OPTIMUM MAINTENANCE)

————————— ONE MODULE REPLACEMENT

| | IR REE 1 R R ]

CELL FATLURE RATE = 1 PER 10000 PER YEAR

SOURCE CIRCUIT = 2400 SERIES BY N PARALLEL,
ONE DIODE PER SERIES BLOCK

MODULE = 4 x 4 FOOT (144 CELLS) —

PER CELL FAILURE —
[ 4 PARALLEL

8 PARALLEL
\ 1 PARALLEL

WITH NO MODULE
REPLACEMENT

L1 1 b L4 1 k] Lot ol |

10 ' 100 1000
SERIES BLOCKS PER SOURCE CIRCUIT
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LOW-COST SOLAR ARRAY PROJECT

PI ” CIRCUIT CONFIGURATION CONSIDERATIONS
SUMMARY

ARRAY
e 5 T0 200 PARALLEL BRANCH CIRCUITS TO ACHIEVE MODULARITY

BRANCH CIRCUIT

o SINGLE SERIES STRING OF MODULES TO MINIMIZE FIELD WIRING AND
PROMOTE FAULT DETECTION

e 100 OR MORE SERIES BLOCKS FOR FAULT TOLERANCE

MODULES
® 12 TO 40 SERIES CELLS (<<30-VOLT SHOCK LIMIT)

o PARALLEL SUBSTRINGS AS REQUIRED TO ACHIEVE MODULE VOLTAGE
AND BRANCH CIRCUIT CURRENT

e BYPASS DIODE AROUND EVERY 10 TO 15 SERIES CELLS TO LIMIT
HOT-SPOT HEATING

e MULTIPLE CONNECTIONS TO EACH CELL (FAULT TOLERANCE)
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Flat-Plate Solar Array Project

-JPL MODULE ELECTRICAL CIRCUIT EVOLUTION

1975 TO 1984

Technology

Year

15176 77| 78

79 | 80

82

83

84

Expanded Mesh
Single Ribbon

Dual Ribbon
Multiple Attachment
Single Cell String
Parallel Cell Strings
Bypass Diodes
Pigtails

Terminals
Connectors

J-Box Terminals

a——

Procurement Block

v




MODULE
THERMAL
DESIGN
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FLAT-PLATE SOLAR ARRAY PROJECT

— MODULE THERMAL CONSIDERATIONS

® DECREASING ELECTRICAL EFFICIENCY WITH INCREASING TEMPERATURE
(0.5% PER °C)

® DECREASING LIFE WITH INCREASING TEMPERATURE (50% PER 10°C)

® ENCAPSULANT AND WIRING MATERIALS AVAILABILITY

N3IS30 TYWHIHL
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JPL

RELATIVE CURRENT

1.0

0.5

Flat-Plate Solar Array Project

TYPICAL IRRADIANCE-TEMPERATURE
PERFORMANCE DEPENDENCE

80 mWjcmZ2

60 mW/cm2

40 mW/cm2

20 mW/cmZ2

IRRADIANCE
100 mW/ecm?2 i

CELL TEMP "
- 50°C -

“ 1 1

05 10 15
RELATIVE VOLTAGE

RELATIVE CURRENT

1.0

0.5

TEMPERATURE

+80°C

1 T

T

CELL TEMP, ! +4
o +'8 U —40
C \ \ \ {1y
+60 | - 20
CIRRADIANCE | | +20
~100 mW/cm2
0 05 10 15

RELATIVE VOLTAGE
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Flat-Plate Solar Array Project

JPL THERMAL PERFORMANCE OF
FLAT-PLATE PHOTOVOLTAIC MODULES

50 I [ 1 I I | I I
OPEN BACK SIDE

|
WIND = 1 m/s
e PLEXIGLAS WITH AIR GAP o _

o ALUMINUM FINNED SUBSTRATE 2
m m TYPICAL AVERAGE MODULE . Pt o"

) R EN
(=] o o
I
[ ]

—
o

TEMPERATURE DIFFERENCE (Tggy, - TaR) °C

SOLAR IRRADIANCE (S), mWicm2



Flat-Plate Solar Array Project

JPL NOMINAL OPERATING
CELL TEMPERATURE (NOCT)

Objective

e To provide a reference condition, representative of typical field
operating conditions, at which the electrical performance and operating
temperatures of modules and arrays of different thermal designs can be
quantified and compared

©  Approach

e Define NOCT as the cell operating temperature under the following
reference thermal conditions, which accurately represent the mean
conditions for a wide variety of climates during periods of significant
solar irradiance:

Irradiance = 80 mW/cm2
Air temperature = 20°C
Wind velocity = 1 m/s

Mounting = Open back side
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LOW-COST SOLAR ARRAY PROIJECT

NOCT MEASUREMENT PROCEDURE

e MEASURE TCELL - TAlR VERSUS INSOLATION LEVEL
30 I I | T I
O M. -T,) Spt¥e
° p|—— & ARF _
(a
< p
'—
'__1 . %
o 0,2
O 10 | é E -
13
£ 2
0 | 1 | | |
0 20 40 60 80 100

INSOLATION, mW/em?

o INTERPOLATE (-TC - TA) REF

o CALCULATE NOCT = (TC - TA) rRep T REFERENCE AIR TEMP,

VALUE FOR REFERENCE INSOLATION LEVEL
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TAIR?

TCELL

JP LOW-CO5S1 SOLAR ARRAY PROIJECT

35

30

25

20

15

10

LONG-TERM CELL TEMPERATURE HISTORY

(Pasadenaq, California)
GLASS SUPERSTRATE MODULE

10 20 30 40 50 60 70 80 90

) 1 8 T 1 1 ¥ L 1 T i T ] T 1] T T T | B 1

NOCT - 411°C

A 1 L 1 " e i

10 20 30 40 50 60 70 80 90
IRRADIANCE, mW/cm?

100

[14]

35

30

25

20

15

4 10
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Flat-Plate Solar Array Project

TYPICAL VALUES FOR

JPL
NOMINAL OPERATING CELL TEMPERATURE
MODULE CONSTRUCTION NOCT (°C)
GLASS SUPERSTRATE (50% CELL PACKING) 41
GLASS SUPERSTRATE (100% CELL PACKING) 48
DOUBLE PANE WITH AIR GAP 60

(NOCT-20) « &
Tece = TaR * — gg - o °C

S = INSOLATION, mwjcm2
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. I FLAT-PLATE SOLAR ARRAY PROJECT

] THERMAL DESIGN SUMMARY

® HIGH SURFACE EMISSIVITIES IMPORTANT TO ACHIEVING COOL OPERATING
TEMPERATURES (FRONT AND BACK)

® GOOD IN-PLANE LATERAL CONDUCTION LOWERS HOT-SPOT TEMPERATURES AND
IMPROVES HEAT REJECTION FROM NON-CELLED AREAS

® CONDUCTIVITY THROUGH MODULE THICKNESS NOT A PROBLEM EXCEPT FOR
AIR GAPS

® AIR GAPS (PARTICULARLY GREENHOUSE EFFECTS) CAN INCREASE TEMPERATURES
20°C

® WIND COOLING MUCH LESS THAN CALCULATED, DUE TO STAGNATION NEAR
ARRAY



MODULE
STRUCTURAL
DESIGN
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| FLAT-PLATE SOLAR ARRAY PROJECT

MODULE STRUCTURAL CONSIDERATIONS

® DIFFERENTIAL EXPANSION STRESS DUE TO TEMPERATURE AND HUMIDITY CHANGES
o ENVIRONMENT: -40°TO +90°C, 5% TO 95% RH
e SENSITIVE ELEMENTS: CELLS, INTERCONNECTS, AND ENCAPSULANT

® WIND LOADING
o ENVIRONMENT: 50 ib/ft2 |
e SENSITIVE ELEMENTS: FRAME, GLASS

® HAIL IMPACT
e ENVIRONMENT: 1-in.-DIA ICE BALL AT 52 mi/h
e SENSITIVE ELEMENTS: GLASS, CELLS

® WARPED MOUNTING SURFACE

e ENVIRONMENT: 0.25 in./ft WARP
o SENSITIVE ELEMENTS: FRAME

NOIS3Q TvHNLINYLS
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LOW-COST SOLAR ARRAY PROJECT

RELATIVE CELL MOTION
DUE TO DIFFERENTIAL THERMAL EXPANSION

D = CELL DIAMETER>
. - CELL CENTER DISTANCE=
__.__.L_._.._._.., L N S T P E——

r } 3 / f

A S N /¢ ] VS __;] ENCAPSULANT
{ ‘o3 N { SUBSTRATE

S P
-g I ¢g <! SUBSTRATE EXPANSION
~——— Cll+a_AT) - D(l+a AT)

——— AT TEMPERATURE T
———— ATTEMPERATURE T +A T

6= (aSC-aCD)

AT

S

C



6

=
I

INTERCONNECT STRAIN-CYCLE TEST DATA

LOW-COST SOLAR ARRAY PROJECT

| 1 LI ]

B T
L0 A-0.0¢ Al 0023 ,
Ae= 0.0172
0,80
Q.
o
= 0.60
<
o
o
o
" 0.40 -“:
= £
<
“ 0,20 g
/
¢
0 L T
1¢? 10° f

CYCLES, N



€6

FLAT-PLATE SOLAR ARRAY PROJECT

| . STATISTICAL FATIGUE CURVES FOR
OFHC 1/4-HARD COPPER

100L‘l T 1] ﬁ‘r’"’“ T T T T 17 ll T T | S r] T ] T v 1 ‘l T T T v 1T 7
log Ae = -0.3228 log N - 1.0148 + 0.9998p 1
r
| - 1.4839p2 + 0.9019p3 ]
10- 1§ P- -
" S 099
;‘ ; 0.80 |
= i 0.50
§§_ i 030 |
7 0.10
102 % 0.03 _
]0"3~.1 RS S S PR U AT SN S U A W AU ST U SR T N N U SR S SR R ]
107 102 103 104 109 106

CYCLES N
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Flat-Plate Solar Array Project

JPL PERCENTAGE LIFE-CYCLE ENERGY
COST INCREMENT DUE TO DOUBLY
REDUNDANT INTERCONNECTS

STRAIN, Ae
0 0.004 0.008 0.0012 0.0016
0 T 1

1007 :
: ALUMINUM | :
16 Cu/68 SS/16 Cu 1

COPPER )
33 Cuf33 INV|33 Cu

10 /
i ——

/12,5 Cul75 INVI12.5 Cu-

LIFE-CYCLE ENERGY COST INCREMENT, %

| | 1 |

(S ko
[@p]
~J

0 1 2 3 4
THICKNESS (), mils
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l \ LOW-COST SOLAR ARRAY PROIJECT
! EFFECT OF CELL PROCESSES ON THE TWIST
STRENGTH OF SILICON WAFERS AND CELLS
TWIST STRENGTH, T, MNm™
100 200 300 400 500
1.0 f 1# S B L T |
0.8}© ,b
2 P
2 0.6} }
4
= AS -CUT WAFERS
S 04r EDGE ROUNDED WAFERS
< CHEM. POLISHED WAFERS
- ! TEXTURE ETCHED WAFERS, LOT E |
COMPLETE CELLS LOT E
: COMPLETED CELLS, LOT A

TG
TWIST STRENGTH, T, ksi
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LOW-COST SOLAR ARRAY PROJECT
GLASS BREAKAGE STRESS

FUNCTION OF
® LOAD DURATION TIME

® GLASS TYPE
SHEET, FLOAT, PLATE

® GLASS TEMPER
ANNEALED, TEMPERED, SEMI-TEMPERED

® PLATE SURFACE AREA
PROPOSED FORMULATION

1\ 1/6
UB- fT (T) 011

WHERE 0, = GLASS PLATE BREAKAGE STRESS NORMALIZED TO
1 MIN, 1 M2

FUNCTION TIME (SEE CURVE)
PLATE AREA IN M2

fr
A

n
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011 ~ GLASS BREAKAGE STRENGTH - KS|

1-SQUARE-M PLATES
1 MIN LOAD DURATION

LOW-COST SOLAR ARRAY PROJECT

DESIGN VALUES

14

12

10— >
=

8 NEW SHEET AND FLOAT GLASS _—_ _ =~

NEW PLATE GLASS\_<” -

or T WEATHERED GLASS

4 B

2/

0 N I I I N N T ) O A O

a0l &1 1 5 10 20 40 6 8 9% % % 9.9

Pf - PROBABILITY OF FAILURE - PERCENT
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FLAT-PLATE SOLAR ARRAY PROJECT

MAXIMUM PRINCIPAL STRESS vs LOAD

10000

2
U‘lbt
D

g

g

SIF = STRESS INTENSITY FACTOR =

10

T|
a&E

1
—J

%_‘_'
12(1-v '}

CENTER STRESS BELOW BREAK IN CURVES
CORNER STRESS ABOVE BREAK IN CURVES

0

100 1000 10000

4

LIF = LOAD INTENSITY FACTOR = p[t))t

100000
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LOW-COST SOLAR ARRAY PROJECT
HAIL RESISTANT DESIGN

FAILURE MECHANISM
e L OCAL BEND ING AT POINT OF IMPACT
® TENSION FAILURES ON REVERSE SIDE

GLASS SUPERSTRATE
® FAILURES AT EDGES
® EDGES WELL SUPPORTED
® SMOOTH EDGES

POLYMER IC ENCAPSULANT
® CELL FAILURE
® UNIFORM, FIRM SUPPORT
MINIMUM SOLDER BUILDUP ON CELLS
SMOOTH SUBSTRATE
MINIMUM CELL/SUBSTRATE GAP
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l - LOW-COST SOLAR ARRAY PROJECT
i HAIL IMPACT RESISTANCE

REF: PHOTOVOLTAIC SOLAR PANEL RES ISTANCE TO HAIL
LSA TASK REPORT 5101-62, DOE/JPL-1012-78/6

TOP SURFACE MATERIAL

CLEAR SILICONE POTTING

0.10 in. ACRYLIC SHEET

0.09 in. ANNEALED GLASS
(ALUM SUBSTRATE)

0.12 in. ANNEALED GLASS

0.12 in. TEMPERED GLASS

0.19 in. TEMPERED GLASS

[0

_ FAILURE RANGE

NO DAMAGE %
Y
i
1 L 'W'
0.5 1.0 L5 20

HA ILSTONE DIAMETER - in.
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STRUCTURAL DESIGN
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FLAT-PLATE SOLAR ARRAY PROJECT

SUPPORT STRUCTURE OBJECTIVES

® SUPPORT MODULES
® ORIENTATION
e LOADS
e MAINTAIN 30-YEAR LIFETIME
* WIND AND SNOW
o EARTHQUAKES
o CORROSION
® PROVIDE FOR OPERATION AND MAINTENANCE
® MODULE ATTACHMENT AND REMOVAL
® CLEANING

® MAINTAIN LOW INSTALLED COST
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FLAT-PLATE SOLAR ARRAY.PROJECT

ARRAY STRUCTURE TYPES

h—.
=)
Y

GROUND MOUNTED
@ FIXED TILT
@ SINGLE - AXIS TRACKING
@ TWO - AX1S TRACKING

ROOF MOUNTED
@ RACK
@ STANDOFF
@ DIRECT

@ INTEGRAL
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LOW-COST SOLAR ARRAY PROIJECT

JPI g MODULE MOUNTING TYPES

MODULE

ROOF BEAM ROOF BEAM

DIRECT MOUNT INTEGRAL MOUNT

ROOFING
PLYWOQD

MODULE

ROOF BEAM
RACK MOUNT

STAND-OFF MOUNT

>—ROOF



got

Pl § FLAT-PLATE SOLAR ARRAY PROJECT

GROUND-MOUNTED STRUCTURES: CONCLUSIONS

@ SELECT TILT ANGLE AND/OR TRACKING FOR DESIRED ENERGY -TIME
DISTRIBUTION

@ ASSUME REALISTIC WIND LOADS (20 Ib/it)

@ ELIMINATE REDUNDANT STRUCTURAL ELEMENTS (FRAMELESS MODULES
S AVE $10/m?)

@ USE LOW-COST FOUNDATION DESIGNS (CAISSONS AND BURIED FOUNDATIONS
USING OVERBURDEN SOIL LOOK PROMISING)

@ WATCH MATERIALS COMPATIBILITY FOR CORROSION
® GROUND METAL ELEMENTS FOR SAFETY

® WITH MINIMIZED FIELD LABOR, COSTS BELOW 30 $/m? IN 1980 $ APPEAR
ACHIEVABLE FOR TOTAL INSTALLED STRUCTURES AND FOUNDATIONS
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FLAT-PLATE SOLAR ARRAY PROJECT

ROOF-MOUNTED STRUCTURES: CONCLUSIONS

CONFIGURE ARRAY TO MINIMIZE SHADOWING

MINIMIZE OPERATING TEMPERATURE FOR LONG LIFE

USE MATERIALS COMPATIBLE WITH OPERATING TEMPERAT URES ( 100°C)
USE RELIABLE ROOF WEATHER - SEALING CONCEPTS

DESIGN FOR APPROPRIATE FIRE SAFETY LEVEL

USE CORROSION RESISTANT MATERIAL COMBINATIONS

GROUND METALLIC ELEMENTS FOR SAFETY

SELECT WIRING FOR TEMPERATURE, MOISTURE AND UV



MODULE RELIABILITY
AND
QUALIFICATION TESTING
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Flat-Plate Solar Array Project

JPL MODULE RELIABILITY OBJECTIVE

To achieve the technology base for 30-year array life
e Acceptable power degradation rates
e Acceptable component failure rates

e Acceptable maintenance costs

BASELINE

1.0 /

TARGET

s

NORMALIZED |-
POWER o
OUTPUT -
oC ! | |
0 10 20 30 40

YEARS
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LOW-COST SOLAR ARRAY PROJECT

PRINCIPAL DAMAGING ENVIRONMENTS

e THERMAL CYLCING
* INTERCONNECT FATIGUE
o ENCAPSULANT DELAMINATION
e SOLAR CELL CRACKING

o HUMIDITY
o CELL METALLIZATION DELAMINATION
o ENCAPSULANT DELAMINATION

o ULTRAVIOLET
e OPTICAL MATERIAL DEGRADATION
e ENCAPSULANT DELAMINATION

e STRUCTURAL LOADING
o CELL INTERCONNECT FATIGUE
o STRUCTURAL FATIGUE

e HAIL IMPACT
» OPTICAL COVER BREAKAGE
o CELL CRACKING

e VOLTAGE STRESS
e INSULATION BREAKDOWN
* CELL CORROSION (ION MIGRATION)

o OPTICAL SURFACE SOILING
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Flat-Plate Solar Array Project

1975 TO 1984

MAJOR RELIABILITY PROBLEMS

Problem Area

Year

75176 | 77781791 80{681|82|83}|84
Bond Delamination |
Interconnect Fatigue N
Metallization Corrosion A
Electrochemical Corresion A
Photothermal Degradation At

Structural Failure
Hail-lmpact Damage
Glass Breakage

Cell Cracking

Voltage Breakdown
Hot-Spot Heating
Excessive Soiling

Module Arcs and Fires
High Operating Temperatu

res *
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Flat-Plate Solar Array Project

JpL MODULE RELIABILITY LESSONS
Most module reliability problems are related to the encapsulant system
* Soiling e Accelerated corrosion
e Cracking e Voltage breakdown
e Yellowing e Laminating (processing) stresses
e Delaminating * Differential expansion stresses

Primary function of encapsulant is structural support and electrical
isolation for safety reasons. The secret is to perform these functions
while not degrading the intrinsic reliability of the cells themselves

Second most frequent module reliability problems are related to
circuit integrity

o Fatigue due to differential expansion stresses

* Poor solder joints
Crystalline-Si cell reliability problems are most often related to cell

cracking, metallization adherance/series resistance and durability of
anti-reflective coatings
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Flat-Plate Solar Array Project

RELIABILITY RESEARCH ELEMENTS

Establishment of mechanism-specific reliability goals
* |dentification of key degradation mechanisms
e Determination of system energy-cost impacts
¢ Allocation of system-level reliability

Quantification of mechanism parameter dependencies
* Governing materials parameters
e Governing environmental-stress parameters
e Qualitative understanding of mechanism physics

Development of degradation prediction methods
e Quantitative accelerated tests
e Life-prediction models

Identification of cost-effective solutions
e Component design features
¢ Circuit redundancy and reliability features

Testing and failure analysis of trial solutions



Ll

LIFE-CYCLE COST IMPACTS

7PL AND ALLOWABLE DEGRADATION LEVELS
f Units l:vel fnrcl l]:A: A"";:Jart"’“ i .
Type o . . nergy Los conomic
Deg‘:adation Failure Mechanlsm Deg:a d. Increase* 3[{';:*" Penalty
k=0|k=10 Module
Open-circuit cracked cells Y% lyr 0.08 | 0.13 0.005 Energy
c"f';;ﬁj‘:gzm Short-circuit cells %/yr | 0.24 | 040 | 0.050 | Energy
Interconnect open circuits %/yr’ 0.05 | 0.25 0.001 Energy
Power Cell gradual power loss Y%lyr 0.67 | 1.15 0.20 Energy
degradation Module optical degradation Yolyr 0.67 1.15 0.20 Energy
Front surface soiling % 10 10 3 Energy
Module glass breakage %lyr 0.33 1.18 0.1 0&Mm
Module open circuits %/yr 0.33 1.18 0.1 0&M
Module Module hot-spot failures %/yr 033 | 1.18 0.1 0&M
failures Bypass diode failures %/yr 0.70 | 2.40 0.05 0&M
Module shorts to ground %/yr’ |0.022 | 0.122 0.01 0&M
Module delamination %/yr? 0.022 | 0.122 0.01 0&M
Life-limiting | Encapsulant failure due Years 97 20 35 End of
wearout to loss of stabilizers of life life

*k = Discount rate
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Flat-Plate Solar Array Project

JPL MODULE QUALIFICATION EXPERIENCE

¢ (Qualification testing is a cost-effective way to identify obvious reliability
problems; should be used during development as well as for
design verification

¢ New designs almost never pass the Qual tests on the first try

Corollary: Great political pressure to field unqualified hardware generally
results in disaster

¢ Slipped schedules, cost overruns .
e Early application retirement

* Minimal learning

* Decreased credibility

* Qual tests must be periodically updated to reflect field experience with
previously tested modules

¢ Long-term life testing at parametric stress levels is required for
quantitative correlation to extended field performance
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LOW-COST SOLAR ARRAY PROJECT

ENVIRONMENTAL QUALIFICATION TESTING

@ OBJECTIVE:

® DISCOVER POTENTIAL FIELD-FAILURE MODES AND MECHANISMS T0 ALLOW
FOR THEIR ASSESSMENT AND CORRECTION

® ASSESS RELATIVE PERFORMANCE OF ALTERNATE DESIGN APPR OACHES

@ APPROACH:
@ SUBJECT MODULES TO CAREFULLY CHOSEN QUALIFICATION TEST ENVIRONMENTS
WITH KNOWN IMPORTANCE
® PHILOSOPHY:
® MINIMUM TEST COMPLEXITY AND DURATION TO REDUCE COST
@ MAXIMUM TEST STABILITY TO ALLOW CORRELATION AND COMPAR{SON
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FLAT-PLATE SOLAR ARRAY PROJECT

TEST EVOLUTION

Modules
Tests Block IV* Block V* Test Levels
Block 1 Block 1l Block Il Res/ILC Res/ILC
Thermal Cycle 100 50 50 50 200 ~40°C to +90°C, Cycles as
Indicated
Humidity Cycle X 5 5 5 10 8 cycles at 95% RH, 23°C to
40°C or 10 Cycles at 85%
RH, -48°C to +85°C (BLK |,
70°C at 30% RN, 68 H)
Mechanical 100 100 10,000 10,000 2400 Nim2 (50 Ibjft2) Cycles
Loading Cycle as Indicated
Wind Resistance X X Underwriters Lab Test
No. 997 {(Residential Only)
Twist X X X X One Corner lifted 2 cm/m
of Length
Hail Impact 20 25 10 Hits With Ice Balls,
Dia as Indicated (mm)
Electrical 1500 1500 1500/ 1500} 50 ;A Max Current at
Isolation 2000 3000 Voltage Indicated
Hot-Spot X 100 h Short-Circuited at
Endurance 100 mW/cm2, NOCT

*RES: Residential; ILC: Intermediate Load Center
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LOW-COST SOLAR ARRAY PROJECT

TEMPERATURE CYCLING REQUIREMENT

® OBJECTIVE:

® TO VERIFY ABILITY OF MODULE TO WITHSTAND THERMAL STRESS
CAUSED BY DIURNAL AND CLIMATIC VARIATIONS

@ APPROACH:
® MODULE INSTRUMENTED TO DETECT OPEN OR SHORT CIRCUITS
® MODULE MOUNTED IN TEST FRAME SIMULATING FIELD SUPPORT
@ 200 TEMPERATURE CYCLES (-40 °C To +90 °C)
® POST-TEST INSPECTION/ PERFORMANCE

® SUSCEPTIBLE PARTS:
® ENCAPSULANT SYSTEM
@ BOUNDING MATERIALS
® CELLS
@ |INTERCONNECTS
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CELL TEMPERATURE (DEGREES C)

LOW-COST SOLAR ARRAY PROJECT

BLOCK V THERMAL CYCLE

-

MAXIMUM CYCLE TIME

-

\

l\

\ CONTINUE FOR
\ 200 CYCLES
\

100°C/he MAXM/

| N T | i | S . | l | 1 1

|
|
| | ")
|
1

/

/

l 1 1 } l 1 i I} l 1 1 i l 1 i l 1 1 i l L i i

/

/

1 2 3 4 5 6
TIME (hr)
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STRAIN, Ae

Flat-Plate Solar Array Project

INTERCONNECT FATIGUE LIFE

PREDICTION FROM —-40°C to +90°C
THERMAL CYCLE TEST
(OFHC % -HARD COPPER)

100

—
==
|
—

—
o
I
N

10-3

11IYII-I'!Illll1|illllll!llIIIIT‘T!IITTI

130°C
ATEST = A€FIELD * eop’ = 2.83 AeflELD

- Aetpgt (130°C) ~

~ AefipLp 146°C)

—

3

il

430

cycles 30 years

1 1 Illlll!l Il*l]llllllllll'

PROBABILITY —

-
SR

S

Illlilllllllill

FAILURE

0.99
0.80
0.50 :
0.30

0.10 ]
0.03 —

101 102 103 104

CYCLES, N

109

106
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P‘ LOW-COST SOLAR ARRAY PROJECT

HUMIDITY — FREEZE REQUIREMENT

@ OBJECTIVE.

@ TO VERIFY ABILITY OF MODULE TO TOLERATE EXPOSURE TO MOI1STURE
DURING SERVICE

@ APPROACH:
@ MODULE INSTRUMENTED TO DETECT OPEN OR SHORT CIRCUITS
@ 10 DAYS AT 85 °C/85% RH (-40 °C ONCE A DAY)
@ POST-TEST INSPECTION / PERFORMANCE

@ SUSCEPTIBLE PARTS:
@ ENCAPSULANT SYSTEM
® BONDING MATERIALS
@ CELL METALLIZATION
@ INTERCONNECTS
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MODULE TEMPERATURE (°C)

LOW-COST SOLAR ARRAY PROJECT
BLOCK V

HUMIDITY-FREEZING CYCLE

CONDITION
» 85% + 2.5% RH »FreezinG|e—85% + 2.5% RH-—
85 |- {$ Ir—-———-L
RSN g
!l conTINUE
100°C/h MAXIMUM e / FOR 10 CYCLES
25 START OF CYCLE «— END OF CYCLE —

200°C/h  MAXIMUM ——————

L
> f- 0.5h MINIMUM

20 MINIMUM

e MAXIMUM —]

TIME(h)
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FLAT-PLATE SOLAR ARRAY PROJECT

HOT-SPOT ENDURANCE TEST

OBJECTIVE
TO VERIFY MODULE TOLERANCE TO HOT-SPOT HEATING

APPROACH
e HEAT OVERALL MODULE TO NOCT

e POWER SINGLE CELLS WITH REVERSE VOLTAGE EQUAL TO MODULE
VOLTAGE, AND CURRENT EQUAL TO CELL SHORT-CIRCUIT CURRENT

e CYCLE CELL POWER: 1 h ON AND 1/2 h OFF, FOR TOTAL OF 100 h ON TIME

SUSCEPTIBLE PARTS
o ENCAPSULANT

o CELLS
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LOW-COST SOLAR ARRAY PROJECT

CYCLIC PRESSURE LOADING REQUIREMENT

® OBJECTIVE:
o TO VERIFY ABILITY OF MODULE TO WITHSTAND PRESSURE LOADS
() CAUSED BY WIND GUSTING
® APPROACH:
e MODULE INSTRUMENTED TO DETECT OPEN OR SHORT CIRCUITS
e 10,000 PRESSURE CYCLES (-50 psf TO +50 psf)
e POST-TEST INSPECTION/ PERFORMANCE

@ SUSCEPTIBLE PARTS
e CELL INTERCONNECTS
e CELLS
® ' ENCAPSULANT SYSTEM
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LOW-COST SOLAR ARRAY PROJECT

WIND RESISTANCE REQUIREMENT
SHINGLE MODULES

®  OBJECTIVE:

TO VERIFY ABILITY OF SHINGLE MODULES TO WITHSTAND
AERODYNAMIC LIFT CAUSED BY WINDS

®  APPROACH:
o  MODULE INSTRUMENTED TO DETECT OPEN OR SHORT CIRCUITS
e LIFT FORCE 1.7 kPa (35 Ib/ftd)

®  POST-TEST INSPECTION/PERFORMANCE

® SUSCEPTIBLE PARTS
®  CELL INTERCONNECTS
e  CELLS
® ENCAPSULANT SYSTEM



LOW-COST SOLAR ARRAY PROJECT
SHINGLE WIND RESISTANCE/UL997

-5 amy
-4

FLOW STABILIZER

- SAMPLE
— -i————-, /omncs /

v.)
i
r —ou2F ~—-

144}

ULUWER /
" i
SIDE ELEVATION
—————— — —— e ——
.,
AT
| 7z AN
I _ Lo
[ 77T T T1. \ - FLOW STABILIZER
‘f— v+ IS AxA SQUARES
ORIFICE — c M I
CxG | .- l ,
— ER o . _Dimensions
. o i Code Inch  Millimeters
NN LT
e 7 A 3 %
Lo 8 4 102
Cc 172 3086
D 18 467
[ 3 20 508
¥ 30 742
[¢] k] 94
H 50 12710
4 64 1un

FRONT ELEVATION
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LOW-COST SOLAR ARRAY PROJECT

TWISTED MOUNTING SURFACE REQUIREMENT

® OBJECTIVE:
TO ASSURE THAT MODULE CAN FUNCTION UNDER SUSTAINED
DISTORTION CAUSED BY MOUNTING ON NON-PLANAR STRUCTURE
® APPROACH:
e  MODULE INSTRUMENTED TO DETECT OPEN OR SHORT CIRCUITS
e  MODULE MOUNTED TO FLAT SURFACE
e  SURFACE TWISTED 20 mm/m

®  SUSCEPTIBLE PARTS:
e  CELLS
e  [NTERCONNECTS
®  ENCAPSULANT SYSTEM
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LOW-COST SOLAR ARRAY PROJECT
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LOW-COST SOLAR ARRAY PROJECT

HAIL IMPACT REQUIREMENT

OBJECTIVE:
TO VERIFY ABILITY OF MODULE TO WITHSTAND HAIL IMPACT
FOR EXPECTED ARRAY APPLICATIONS

APPROACH:

e  EXPLORATORY TESTING OF SAMPLE MODULE(s) TO
DETERMINE IMPACT-SENSITIVE LOCATIONS

e 10 IMPACTS
- 25.4mm {1 in) ICE BALL
- 23.2misec (52 mph)

®  POST-IMPACT INSPECTION/PERFORMANCE

SUSCEPTIBLE PARTS:
®  CELLS (ESPECIALLY EDGES NEAR ELECTRICAL CONTACTS)

e  ENCAPSULANT SYSTEM (CORNERS AND EDGES, POINTS OF
SUPERSTRATE SUPPORT, POINTS OF MAXIMUM DISTANCE
FROM SUPERSTRATE SUPPORT)
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LOW-COST SOLAR ARRAY PROJECT

HUD MINIMUM HAIL LOAD REQUIREMENTS FOR
SOLAR THERMAL COLLECTORS (HAILSTONE DIAMETER)
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Flat-Plate Solar Array Project

JPL QUALIFICATION TEST EXPERIENCE

e Temperature cycling and humidity tests are workhorse tests with good
correlation to field failures; they are generally the most difficult to pass

e Hot-spot testing is complex, but correlates well to field experience. It is
straightforward to meet with proper use of bypass diodes

¢ Mechanical loading, twist, and hail tests are effective design
requirements and generally straightforward to meet

e Voltage standoff (hipot) requirements require great care in design and
are troublesome to meet

¢ Photothermal testing (UV) is extremely complex with poor correlation
with field results (no Qual test exists)

e Soiling evaluation is best done in field tests, but is highly site- dependent
(no Qual test exists)
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Flat-Plate Solar Array Project

JPL FIELD TEST EXPERIENCE

¢ Most problems are not accepted as problems until encountered in large
operating systems

e Large statistical sample size aids quantification
¢ Operational user-interface stresses are present

Corollary: Good module not proven good until tested in large
operating system

Corollary: Operational interaction of module with user system is
important source of module stress

o Test-stand aging only useful for very generic problems; sample sizes too
limited for statistical failures; many user interface stresses not present
in test-stand tests

¢ Reliance on field-failure data places requirements on system
experiments:
e To obtain quantitative data on failures
e To have failure containment features

¢ To have failure contingency plans



ARRAY SYSTEM-INTERFACE
CONSIDERATIONS



LOW-COSTSOLAR ARRAY PROJECT
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FLAT-PLATE SOLAR ARRAY PROJECT

mme0< OUTPUT vs CELL TEMPERATURE
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LOW - COST SILICON SOLAR ARRAY PROJECT

ANNUAL ENERGY OUTPUT vs

ANGLE OF INCIDENCE
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100

90

80

70

60

20° TILT
50 |

60° TILT
40~
LATITUDE

(o]
SolATCTILT

PERCENT OF ANNUAL ENERGY OUTPUT AT ANGLES =6

20 -

10

1 ] L 1 | | 1
0 10 20 30 40 50 60 70 80 90

©, ANGLE OF INCIDENCE, deg

134



Flat-Plate Solar Array Project

JPL ARRAY PERFORMANCE RATING CONDITIONS

e Fixed irradiance-temperature conditions
e 100 mW/cm2, 25°C
e 100 mW/cmZ, NOCT

¢ Fixed environment rating conditions
¢ |rradiance level
e Air temperature

e Wind velocity

e Energy performance
e Daily (e.g., AM-PM method)
e Monthly

e Annual



Flat-Plate Solar Array Project

JPL EFFECT OF SERIES RESISTANCE ON
POWER OUTPUT VERSUS IRRADIANCE
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FRACTION OF ARRAY ENERGY
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ENERGY LOSS, %

Flat-Plate Solar Array Project

ANNUAL ARRAY ENERGY LOSS

VS

POWER DEGRADATION AS A FUNCTION OF
PCS VOLTAGE OPERATION MODE
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