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ABSTRACT 

During the past four years, acting 
ander the auspices of the U. S. Depa~tment 
of Energy, Massachusetts Institute of 
Technology Lincoln Laboratory has bullt 
and operated in the United States photo- 
voltaic power-generating systems ran ing f in size from less than 1 kWp to 100 Wp. 
Slightly more than 11,000 modules from 
several manufacturers have been utilized 
at these sites with a cumulative number of 
electrical failures of approximatsly 2%. 
lliscussion is presented of module perfor- 
mance at two of these sites: a 25-kWp 
array field at Mead, Nebraska, and a 100-kWp 
array field at Maturil Bridges NaSimal 
Monument, Utah. Data and ,@otographs of 
nodule failures, failure modes, physical 
and elsctriral degradation, and array d i e -  
n ostics ar,e presented for each of the fi= 
difgerent types of modules utilized at these 
sites, 

INTROBUCTI ON 

MIT Lincoln Laboratory serves as a 
Field Tests and Applications Center for the 
U. S. nepartment of Energy (DOE) in order 
to evaluate the energy potential of phato- 
voltaic (PV) components in various test 
applications. As,part of the DOE/Jet Pro- 
pulsion 'Laboratory's (JPL) Large-Scale Pto- 
curement Program, Lincoln Labo~atory Te- 
ceives from various manufacturers, PV mad- 
ules cantaining silicon so la^ cells 5xt~ ase 
at its experimental test sites. (Tb.pm&s 
of the module mnufacturers are ADZ. re;laraat 
to this report, and the nodule types dis- 
cussed are referred to as Models A, C, I), 
E and F.) Data are presented for the ad- 
ules utilized in two experimentai PV ws- 
terns: a 25-kWp W power-$ener;atim sY$tem 
at Mead, Nebraska, and a 100-kWp sys-Fem at 
Natural Bridges National kmament, Utah. 

DOE has set a ~u-year li4cf im? goal 
For. terrestrial PV nodtales. Tri the absence 
sf mean~ngful accelerited tests to predict 
perfom-tence for variaus intervals of time, 
real-time test data have provided the only 
indication o-E mtrtttlle performance and reli- 
ability in tear;estrial environments. At 
all Lincoln Laboratory's PY test sites, a 
total of 11,117 modvies have been placed 
in service and only 250 (2.25%) have failed 
electrically. At the Mead, Nebraska, and 
Natural Bridges National Monument sites, 
6,764 modules have been used and 128 have 
failed electrically (1.89%)- Specific de- 
tails are given in the following sections 
on module failures and failure rates, the 
electrical and physical degradation of 
m~du1.e~ due to weathering, and the diag- 
nostics used to locate slectrically de- 
graded modules. 

NATURAL BRIDGESNATIQNAL NCMUF4EUT TEST SITE 

During 1980, a 100-kVCp PY power-gener- 
ating system was installed at Natural 
Bridges Nati~nal Monument (NBNM], While the 
system was officially dsdicated in June, 
the array figla was installad in January. 
A cmplete descr$ptitm of the system is 
contained in Pxference 1 and only details 
pertaining to the array field are pre- 
smte.d here. 

An aerial view o f  the array field is 
shown in Fig, 1, There are 1,740 Model 
E sadxllt+s the front of the array field, 
2 ,@64 %&el P a  mmjlules tke center, and 
7213 &tbl.' A ar@b'les a*' Pha reat. The Models 
E and F 1~adu2tr were purckased as part of 
Block III an4 the M@$.el A modules are 
f r m  ,B9& If'. All t h ~ m  aypas are glass 
covered. ~~noau$e~,xe~e wrchased by SPL 
5 ~ r  DOE in three '91T~ck'' buys: I (1975-76); 
11 (1977-78); rtnd I11 [I-979-80).] 

" 
Of the three types of modules present 

+This sponsored by the U. S. in the array field, the most significant 

Department of Energy. electrical problems have been hcurred by 
* * the Mdel F mohles. Wring the first 
The U. S. Government assumes ru, respansi- year of operatisn, 31 of these modules 
bility for the work presented. (1.5%) surffe~ed short circuits between the 

'presented at the 15th IEEE PV Specialists' electrically sctive cells and the metal 

Conference. Orlando. FL. 11-15 May 1981. 
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sbbFstrates. of the  modules. A b r i e f  de- 
s d p t i o n  o f  t h e  module and t h e  f a i l u r e  
mode i s  given below, CP267-5524' . 

?Fa ' 'I . 
'- d 

The Mudel ,It ~ o c i u l e  c o n s i s t s  of 48. 
~hrae-inch-ci'idmctat cells (12 i n  s e r i e s  
by 4 i n  p a r a l l e l )  po t t ed  i n  a  s i l i c o n e  ge l ,  
wi th  a  g_lass,'c'over, kapton- insula ted copper 
c o i l  t q  rov3d,d c e l l  in tercohnect ion i m e -  E d i a t e l y  eheath the  c e l l s ,  and a  s t a i n 5 e . s ~  
s t e e l  s u b s t r a t e  and frame t o  complete t h e  
packaging. Each a r ray  frame conta ins  ;.48 
pb these meduPes wired i-ntb 'a s e r i e s  branch 
c i r c u i t .  under normal cXrc3mstanees t h e  

' a r f a y  frames a r e  grounded a s  p a r t  of t h e  
l i g h t n i n g  p ro tec t ion  system; t h e  negat ive  
s i d e  of t h e  branch c i r c u i t  i s  grounded; 
t h e  c e l l s  a r $ ' c l e c t r i c a l l y  i s o l a t e d  from 
t h e  s t a i n l e s s  s t e e l  module s u b s t r a t e s  but  
t h e  subZtra tes  themselves a r e  grounded t o  
t h e  a r r a y  fiames. When a  c e l l  shor t s  t 6  a  
module sub'stzate, a  secohd ground i s  in t ro - '  
duced i n t o  thb branch c i r c u i t ,  causing a 
reduct ion i n  c i r c u i t  voltagq. and power. $2 
Sizeable  cur ren t s  can a l s o  occur i n  t h e  g ~ d  

a r r a y  frame grounding network. 

Photographs of t h e  damage caused by 
shor t ing ,  t n  a  module i n  the  a rea  of i t s  
terminal's, ar$ shown i n  Figs.  2 and 3. I n  
Fig. ,  2,  a  l a r g e  scorch mark i s  shown u n d e ~  
the. g lass .  In  Fig. 3, s.imilar scorching ' 

i s  shorn about t h e  module terminals  on !its 
rear s ide .  . C l o s e r  examination dear  t h e  
terminals  i n d i c a t e s  a  b l a s t  ho le  through 
t h e  s t a i n l e s s  s t e e l .  A b e t t e r  exgmple of 
t h e  l a t t e r  condi t ion is shown i n  Figs.  4 
and 5, where two la rge  holes ' through t h e  
s u b s t r a t e  can be seen. I n  .two of t h e  31 
f a i l u r e s ,  akcink and subsequent hea t  ware 
s u & f i c i ~ n t  to ~lhpt ter  t h e  Irrot~L g l a s s  on 
t h e  modules ., 

De's'tructive ana lys i s  @,f s e v e r i l  
shor'ted modules of t h i s  type reyealea  t h a t  
i n  each module exa'mined t h e  in terconnect  
f o i l  ynder t h e  c e l l s  cnnta*ed sharp edges' 
01 b a r d  copper 'which shor ted t o  t h e  sub- - .  
s t r a t e  during d i u r n a l  temperature cycl ing.  

P i g  : $. $hbSceil'l %&&l F" rn~+@ls~ ' 
... = ., .( -. S r ~ m W s $ 1 ~ ~  . a , _  

YvP, , , i ~ i g .  3 .  S h w t e d  ~ o d c l  I: uledule, $&&a:- + - . -  back s ide .  
4 '.+ .dLv&? - -I+ W:JW -1 %:m @qdff@.. . 

,! 'X I ,  pa^:+$!&&, &!j&~tffaj ttp~,~~l".a cpz67ii305 

rng. 4. Rekults of shost ing Model F 
- madule. 



ElaeSTieaS, s%a:rZs t o  g56.d,  .ef %be 
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Shortly a f t e r  i n s t a l l a t i on  (January 
1980), i t  was noted tha t  the g lass  covers 
on 25 modules were cracked. During a l a t e r  
v i s i t  i n  March, 27  more modules were hound 
w1Th cracked cover sheets.  The cracks 
always emanated from 8 long edge of a 
mo4ole. T h e  center  madge i n  Fig. 6 i l h l r s -  
assees t w o  cracks szar t ing frm. oe~ .x iW? 
1- edges,, r w i n g  taward the beryta7 ant3 
'then changing a i rec t ian  a d  ~ u ~ m i n g  par- 
allel t o  t h e  long edges. The. racks caused 
nb himediare e l e c t r i c a l  d e p r a R t i o l  i n  the 
nodule * s crxrtguz,. . : .  * .a, .4lPw@-*+ 

i 

- 
Pig. 6, C~ocks i n  gXass cover sheat ,  

Model A. 

Close examination s f  thrrhe modules 
removed from the  s i t e  indicated t h a t  each 
crack emanated from a f l a w  an one of  th.s 
long s fgss  0s the . un tmpe~sd  'glass. I t  
is bb-eli.eved t h a t  thie cracks occn~red  during 
dimma1 temperature cycliag which cmse4 
excessive t ens i l e  s t resses  a t  the flaw 
s i t e s .  Subsequent obsgrvetians i n  November, 
1980, indicated no new cracking, however 
the PVB along the cracks was s t a r t i ng  t o  
yellew due t o  moisture penetration. The 
l~ng- t e rm e f f ec t  of these cracks an module 
e l e c t r i c a l  per4ormance i s  not knam. 

In the next sect ion,  &e ta i l s  of module 
physical eta3 e l ec t r i ca l  degreda-rim a't the  
Mead Test S i t e  a re  presented. 

MEAD, NEBRASKA, TEST SITE 

A 25-kQ phutovoltaic pwar-generating 
system was in s t a l l ed  a t  the Mead Field 
Stat ion of the University of Nebraska i n  
the l a t e  spring and ear ly summer of 1977, 
beginning operations i n  July. A deta i led  
descr ipt ion of the system i s  caatained i n  
Reference 2 and an a e r i a l  photograph i s  
displayed in  Pig. 7. 
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.; ; p31p-~mate cause' of eJactricalI;y 
madtalrde at Head has baren the  racked 

..., e12.. Bacb ao&ul@ is a series #,ss'b@lagb.. 
of seLl~ and .it only takes w e  cell, 
cracked in the right way, t~ interrupt the 
series flow of current. A module is con- 
sidered to be an electrical failure when 
ic prnduoes Less than 75% of its nominal 
short -circuit- 4cuerent under the prevailing 
conditions. Twelve. se.arehes for electric- 
ally failed modules have been conducted 
since system turn-on. The results of thes,e 
searchas are sumraarized in Tabla I. 

~ZQDULE FAILWRES AT tarn TEST SITE 
Fron+ Row - 7 2 8  Wodules [Model C) , 

!Ow 
= 1512 Modules code1 D) 

Start fig Bate. JuZy 1377 
I 

I Date of Search No. of Failures 
Front Row Back Row I 

Uct. 1977 
Nov. 1977 
Feb. 1978 
.Mar, 197% , 

J L I ~ .  1978 
Se 1978 
!et: 197"9 
Mar. 1979 
Sul. 1979 
Oct. 1979 
Jul- 1980 
Oct. 1980 

TOTALS 

OltRST1NG TIME , YONTHO 

. Fig. 8. In-service performance 
record for Mead PW nodules. 

During the 1980 visits to Mead, t-V 
curves wcro ge~~erated for each branch cir- 
~ u i t  in the array field. The electrical 
failures caused the occurrence of steps 
in the I-V curves, similar to those di4- 
played in Ttefelence 3. Various shadowing 
techniques were utilized to determine the 
specific locations of the dcfecLive modules. 
It is interesting to note that half of the 
failures occurred during 1980, a full two 
years after the 1978 hailstorm. 

Four of the Model D failures found in 
1980 contained a different type of failure 
mode--a pair of brokcn interconnects on one 
cell, as shown in Fig. 9, This type sf 
failure nude has bee11 observed at Bryan, 
Ohio, and Concord, Massachusetts, in the 
Block 111 version of this module. It is 
caused by differential thermal expansion 
of the polyester substrate, metal intercon- 
nects, and silicon cells which occurs dur- 
ing diurnal temperature cycling. The likefi- 
hood of failure is increased when inadcquate 
strain-re1ie.f loops are placed on the inter- 
connect. 
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Fig. 9. Model D failure with pair 
of broken interconnects. 

SUMMARY 

During the past four years, Lincoln 
Laboratory has deployed over 11,000 modules 
at various test sites in the United States. 
To date, slightly more than 2% have failed 
electrically. Of the 6,764 modules placed 
at Mead and NBNM, 128, or 1.9%, have failed 
electrically. 

At NBNM the predominate failure mode 
has been cell/interconnect shorts to 
ground in Model F modules. In addition 
several Model A modules have incurred 
cracks in their glass covers due to diurnal 
temperature cycling. At Mead the predomin- 
ant failure mode has been cracked cells 
caused by either natural weathering or a 
1978 hailstorm. Recent failures have been 
found with pairs of broken interconnects. 

Thus far, the PV modules used at 
almost a11 Lincoh Laboratory t e s i  sites 
have proved to be exceptionally reliable 
sources af electric power. This is quite 
remarkable since these modules represent 
the infant stage of terrestrial PV module 
development. 
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ABSTRACT DOE has set a 20-year lifetime goal
for terrestrial PV modules. In the absence

During the past four years, acting of meaningful accelerated tests to predict

under the auspices of the U. S. Department performance for various intervals of time,
of Energy, Massachusetts Institute of real-time test data have provided the only

Technology Lincoln Laboratory has built indication of module performance and reli-

and operated in the United States photo- ability in terrestrial environments. At

voltaic power-generating systems ranging all Lincoln Laboratory's PV test sites, a

in size from less than 1 kWp to 100 kWp. total of 11,117 modules have been placed

Slightly more than 11,000 modules from in service and only 250 (2.25%) have failed

several manufacturers have been utilized electrically. At the Mead, Nebraska, and

at these sites with a cumulative number of Natural Bridges National Monument sites,

electrical failures of approximately 2%. 6,764 modules have been used and 128 have

Discussion is presented of module perfor- failed electrically (1.89%). Specific de-

mance at two of these sites: a 25-kWp tails are given in the following sections

array field at Mead, Nebraska, and a 100-kWp on module failures and failure rates, the

array field at Natural Bridges National electrical and physical degradation of

Monument, Utah. Data and photographs of modules due to weathering, and the diag-

module failures, failure modes, physical nostics used to locate electrically de-

and electrical degradation, and array diag- graded modules.
n ostics are presented for each of the five
different types of modules utilized at these NATURAL BRIDGES NATIONAL MONUMENT TEST SITE

sites.
During 1980, a 100-kWp PV power-gener-

INTRODUCTION ating system was installed at Natural
Bridges National Monument (NBNM), While the

MIT Lincoln Laboratory serves as a system was officially dedicated in June,

 Field Tests and Applications Center for the the array field was installed in January.

U. S. Department of Energy (DOE) in order A complete description of the system is
to evaluate the energy potential of photo- contained in Reference 1 and only details

voltaic (PV) components in various test pertaining to the array field are pre-

applications.  As part of the DOE/Jet Pro- sented here.
pulsion Laboratory's (JPL) Large-Scale Pro-

curement Program, Lincoln Laboratory re- An aerial view of the array field is

Gives from various manufacturers, PV mod- shown in Fig. 1. There are 1,740 Model

ules containing silicon solar cells for use E modules in the front of the array field,

at its experimental test sites. (The names 2,064 Model F modules in the center, and
of the module manufacturers are not relevant 720 Model A modules at the rear. The Models

to this report, and the module types dis- E and F modules were purchased as part of

cussed are referred to as Models A, C, D, Block III and the Model A modules are
E and F.) Data are presented for the mod- from Block II.  All three types are glass

ules utilized in two experimental PV sys- covered. [Modules were purchased by JPL

tems:  a 25-kWp PV power-generation system for  DOE in three "Block" buys: I (1975-76);

at Mead, Nebraska, and a 100-kWp system at II (1977-78); and III (1979-80).]

Natural Bridges National Monument, Utah. Of the three types of modules present
* in the array field, the most significant
This work was sponsored by the U. S. electrical problems have been incurred by
Department of Energy. the Model F modules. During the first**
The U. S. Government assumes no responsi- year of operation, 31 of these modules

bility for the work presented. (1.5%) suffered short circuits between the
electrically active cells and the metal

 Presented at the 15th IEEE PV Specialists'                                  4

Conference, Orlando, FL, 11-15 May 1981.
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substrates of the modules. A brief de-
saiption of the module and the failure
mode is given below. -3,/     -../illill.-     - 5.1/ml
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Fig. 1. Aerial view of NBNM. Fig. 2. Shorted Model F module,

front side.

The Model F module consists of 48 CP267-5881
three-inch-diameter cells (12 in series
by 4 in parallel) potted in a silicone gel,
with a glass cover, kapton-insulated copper                                                           i
foil to provide cell interconnection imme-
diately beneath the cells, and a stainless
steel substrate and frame to complete the
packaging. Each array frame contains 48
of these modules wired into a series branch
circuit. Under normal circumstances the
array frames are grounded as part of the
lightning protection system; the negative                                               
side of the branch circuit is grounded;                                                 i
the cells are electrically isolated from
the stainless steel module substrates but
the substrates themselves are grounded to
the array frames. When a cell shorts to a

1 W.*"t » 1,·"  t'."   - »3   '          .- *4' .     E'    -=    - .      ;-*-tr--% ./   ...

module substrate, a second ground is intro-    ·   _  -
duced into the branch circuit, causing a

--    1'·

reduction in circuit voltage and power.
Sizeable currents can also occur in the Fig. 3. Shorted Model F module,
array frame grounding network. back side.

Photographs of the damage caused by CP267-6305
shorting, to a module in the area of its                             --
terminals, are shown in Figs. 2 and 3. In -1. /
Fig. 2, a large scorch mark is shown under                        ,/    ,<
the glass. In Fig. 3, similar scorching

I i  :is shown about the module terminals on its 41<..0.000.;rear side. Closer examination near the

iFE EE3 R F 
:            ..,a                   0.      '5'

and 5, where two large holes through the .i . i*
substrate can be seen. In two of the 31 ..

failures, arcing and subsequent heat were        '               4
sufficient to shatter the front glass On        .,                          11the modules.                                             ,- 444'

Destructive analysis of several                                     i9shorted modules of this type revealed that       C
'.

in each module examined the interconnect                                            '
foil under the cells contained sharp edges Zi.

of bare copper which shorted to the sub-
Fig. 4. Results of shorting Model Fstrate during diurnal temperature cycling.

module.
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