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ABSTRACT 

As p a r t  o f  t he  U.S. Department o f  Energy's 
Nat iona l  Photovol t a i c s  Program, nunerous 
design requirements, design ana lys is  and 
t e s t  methods, and advanced design concepts 
have been developed f o r  f l a t - p l a t e  photo- 
v o l t a i c  arrays and modules. Th is  paper 
provides an overview o f  t h e  key research 
r e s u l t s  t o  date and provides a convenient 
reference t o  more d e t a i l e d  documentation i n  
t h e  l i t e r a t u r e .  Emphasis i s  focused on the  
engineering aspects o f  array and module 
design i nc lud ing  system i n t e r f a c e  concerns, 
s t r u c t u r a l  support, thermal design. safety, 
e l e c t r i c a l  c i r c u i t  design, r e l i a b i  1 i t y  and 
environmental endurance. 

1. INTRODUCTION 

Since 1975 the  Je t  Propuls ion Labora tory 's  
F la t -P la te  Solar  Array P r o j e c t  has managed a 
comprehensive research and developnent a c t i -  
v i t y  addressed to lower ing,  the  cos t  and 
improving the  u t i l i t y  and r e l i a b i l i t y  o f  
f l a t - p l a t e  photovo l ta ic  modules and arrays 
f o r  t he  broad spectrum o f  f u t u r e  la rge-sca le  
t e r r e s t r i a l  app l ica t ions .  An important  p a r t  
o f  t h i s  a c t i v i t y  has focused on the  engineer- 
i n g  sciences associated w i t h  the  d i s c i p l i n e s  
o f  s t ruc tu ra l  design, se r i es /pa ra l l e l  c i r c u i t  
design, thermal design, e l e c t r i c a l  i s o l a t i o n  
and safety, and environmental p ro tec t ion .  
Th is  paper addresses the  need t o  sumnarize 
the  r e s u l t s  f rom these var ious studies by  
f i r s t  descr ib ing  the  key design requirements 
t h a t  have been found t o  govern ar ray  per-  
formance a t  t he  subsystem leve l .  The data 
presented sumnarize the  f i n d i n g s  i n  t he  areas 
o f  system in tegra t ion ,  safety,  r e l i a b i l i t y ,  
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and environmental endurance. App l ica t ion-  
s p e c i f i c  and s i t e - s p e c i f i c  requirements are  
broken out  where a,ppropri ate, and techniques 
f o r  de r i v i ng  a p p l i c a t i o n  s p e c i f i c  
requirements are noted. 

Next, a r ray  support s t ruc tu re  and module 
design requirements and approaches are re -  
viewed. In tegra ted i n t o  t he  discussion are 
numerous references t o  avai 1 able a n a l y t i c a l  
t o o l s  and t e s t  methods t h a t  have been found 
usefu l  i n  designing a r ray  elements. 
Emphasis i s  placed on i d e n t i f y i n g  techniques 
t h a t  work and where a l ack  o f  techniques 
ex is ts .  An important  ob jec t i ve  o f  t he  paper 
i s  t o  serve as a road map t o  t h e  numerous 
techniques i d e n t i f i e d  and/or developed by 
the  Nat iona l  Photovo l ta ics  Program. 

2. ARRAY SUBSYSTEH DESIGN 

The term "a r ray  subsystem" i s  used t o  re fe r  
t o  the  e n t i r e  pho tovo l t a i c  a r ray  t h a t  
provides dc power t o  t h e  power cond i t ioner  
o r  load, and i s  made up o f  s o l a r - c e l l  
modules, support s t ruc tures ,  i n - f  i e l d  
wir ing,  sa fe t y  features,  and aesthet ic  
features.  Before module and component 
requirements are examined, i t i s  usefu l  t o  
address the requirements a t  t h e  subsystem 
leve l ,  where system, a p p l i c a t i o n  and user 
needs are most e a s i l y  def ined and judged. 
The job  o f  meeting the  subsystem 
requirements i s  then d iv ided o p t i m a l l y  among 
the  subassemblies and components. 

A t  the  subsystem l e v e l  t h e  o v e r a l l  r equ i re -  
ments can be organized i n t o  s i x  categories: 

,1) Energy performance requirements 
2 )  Array-load i n t e r f a c e  requirements 
3)  R e l i a b i l i t y  requirements 
4)  Safety requirements 
5 )  Aesthet ics requirements 
6 )  Costs 

2.1 Energy Performancfiequirement s 

The pr imary f u n c t i o n a l  requirement o f  an 
ar ray  i s  t o  generate a s p e c i f i c  l e v e l  o f  
e l e c t r i c a l  energy oper time. Th is  p laces 
requirements on t h e  t o t a l  r a ted  power o f  t h e  
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array and on the pre fer red t rack ing  o r  f i x e d  
tilt angle. A1 though t h e  tilt angle of a 
f i x e d - t i l t  a r ray  has o n l y  a small e f fec t  on 
t o t a l  annual energy output, i t can be e f f i -  
c i e n t  l y  used t o  se lec t  the  t ime-of-year and 
time-of-day d i s t r i b u t i o n  o f  energy. I n  
general, a steep tilt angle o f  about 600 
gives the most uni form d i s t r i b u t i o n  dur ing 
the year, w i t h  lower tilt angles prov id ing 
an increasing f r a c t i o n  o f  t he  energy i n  the  
sumner. East-west t i l t i n g  provides a t ime- 
of-day bias. References prov ide excel l e n t  
d e t a i l  on the d i s t r i b u t i o n  o f  energy f o r  a 
v a r i e t y  of f i x e d - t i l t  and t rack ing arrays 
fo r  a number o f  locat ions i n  the United 
States (1,2). 

2.2 Array-1 oad l n t e r f  ace Requirements 

To cont ro l  I ~ R  power losses i n  t h e  power 
conversion equi pnent, or t o  otherwise 
s a t i s f y  the  load, the  ar ray  i s  genera l ly  
required t o  provide maximum p o w r  a t  a 
spec i f ied  vol tage leve l .  Small sys tem (up 
t o  a few hundred watts)  genera l ly  requ i re  12 
to 24 vo l ts ;  res iden t i a l  and load-center 
systems from 5 t o  100 kW genera l ly  requ i re  
100 t o  300 vo l t s ;  and la rge megawatt-level 
i n s t a l l a t i o n s  requ i re  a maximum o f  1000 t o  
1500 vo l t s .  Because each so lar  c e l l  gener- 
ates roughly 0.4 vo l ts ,  t h e  ar ray  vol tage 
requirement determines the number o f  c e l l s  
t o  be connected i n  series, and the cur rent  
requirement determines the number i n  
p a r a l l e l .  

An important considerat ion i n  the design o f  
t he  array-1 oad in te r face  i s  the  f a c t  t h a t  
t he  ar ray  cur rent  i s  propor t iona l  t o  t h e  
instantaneous i r rad iance level ,  and the  
array vol tage decreases about 0.5% per 1% 
o f  increasing sol ar-cel  1 temperature. The 
array 1 oad mu s t  there f  ore accomnodate sub- 
s t a n t i a l  current  and vol tage va r ia t i ons  
caused by changing ambient condi t ions whi le 
cont inuously maximi z ing t h e  p o w r  received 
f rom t h e  array. Gonzalez e t  a1 prov ide a 
de ta i  1 ed treatment o f  array-1 oad i n t e r f a c e  
design considerat ions inc lud ing the  pros and 
cons o f  various load-control  s t ra teg ies  and 
estimates o f  maximum expected a r ray  vol tage 
and current  l eve l s  (3, 4) .  The r e s u l t s  are 
presented parametr ica l ly  i n  a manner usefu l  
f o r  any ar ray  size, vol tage l e v e l  o r  geo- 
graphic 1 ocation. 

2.3 Subsystem R e l i a b i l i t y  Requirements 

A t h i r d  important  subsystem requirement i s  
t h a t  o f  achieving a cos t -e f fec t i ve  l e v e l  o f  
r e l i  abi 1 i t y  and durabi 1 i t y  over the design- 
l i f e  o f  the  system. Because o f  t h e i r  
modular nature, photovol t a i c  arrays have a 
h i  gher-than-normal s e n s i t i v i t y  t o  comnon- 
mode f a i l u r e s ,  but  a t  t he  same t ime o f f e r  a 
wealth o f  redundancy options t o  increase 
r e l i a b i  1 i t y .  An important considerat ion i n  
t h i s  respect i s  the high s e n s i t i v i t y  t o  
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Fig.  1. Array Degradation versus Number 
o f  Ser ies Ce l l s  f o r  a Ce l l  F a i l u r e  
Rate (R) o f  0.01% per Year 

i nd i v idua l  open-c i rcu i t  c e l l  f a i l u r e s  t h a t  
r e s u l t s  when la rge numbers o f  c e l l s  are 
interconnected i n  series. Fig.  1 
i l l u s t r a t e s  the s e n s i t i v i t y  o f  systems not  
incorpora t ing  c i r c u i t  redundancy t o  a c e l l  
f a i l u r e  r a t e  o f  o n l y  0.01% per year. 
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To ensure meeting system o r  app l i ca t i on  re -  
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quirements, i t  i s  necessary f i r s t  t o  address 
r e l i a b i l i t y  a t  the  subsystem leve l .  requ i re-  
ments a t  t h i s  l eve l  are most u s e f u l l y  stated 
i n  terms o f  desired l i f e - c y c l e  energy cost, 
so t h a t  appropr iate t radeo f f s  can be made 
among i n i t i a l  costs, long-term maintenance 
and rep1 acernent costs, and long-term energy 
loss  due t o  accepted performance degradation 
over time. Means o f  performing these t rade- 
o f f s  have been developed and demonstrated 
(5,6,7). The r e s u l t s  o f  such an analysis 
def ine  t h e  pre fer red maintenance and replace- 
ment strategy,  t h e  o v e r a l l  c i r c u i t  and 
mechanical redundancy, and r e l i a b i l i t y  a l l o -  
cat ions ( f a i l u r e  r a t e  and cost )  f o r  t h e  
major array assemblies and components. 
Example a1 locat ions f o r  modules are provided 
i n  (8).  

CELLS , AT 5 YEARS 

2.4 Subsystem Safe ty  Requireme_n_Q 

An add i t iona l  considerat ion f o r  arrays w i th  
voltages higher than 30 v o l t s  i s  the re -  
quirement f o r  p ro tec t i on  f rom e l e c t r i c a l  
shock hazards. Photovo l ta ic  arrays are 
unique i n  t h a t  they cannot be switched o f f  
e a s i l y  dur ing hours o f  sun l i gh t  f o r  
i n s t a l l a t i o n  or maintenance. I n  addi t ion,  
the  natura l  current-1 i m i t  ing character o f  
so lar  c e l l s  makes the  use of conventional 
c i r c u i t  f a u l t  i n te r rup te rs  such as c i r c u i t  
breakers and fuses unworkable. 

The burden o f  prov id ing e l e c t r i c a l  sa fe ty  
f a l l s  on a l l  l eve l s  o f  t h e  array, from the 
i n s u l a t i o n  w i t h i n  the module t o  the  sub- 
system i t s e l f .  The general philosophy o f  
prov id ing sa fe ty  i s  based on minimiz ing the  
chance o f  a ground f a u l t  ( sho r t  t o  ground) 
or exposed conductor a t  t h e  component or  
assembly leve l ,  and then p rov id ing  an 
independent backup system t o  ensure sa fe ty  
i n  t h e  event o f  a breakdow of t h e  pr imary 
system. 

Key subsystem backup safe ty  features include: 



(1)  Frame grounding--to prevent the ar ray  
frame from reaching an unsafe h igh 
vol tage i n  the event o f  a ground f a u l t .  

(2)  C i r c u i t  Grounding--to prevent t he  so lar  
c e l l  c i r c u i t  f rom f l o a t i n g  t o  a high 
vol tage above ground and thus 
overstressi  ng the  pr imary i n s u l a t i o n  
system. T y p i c a l l y  the negative bus or 
center vo l tage p o i n t  o f  t he  ar ray  i s  
e i t h e r  grounded o r  t i e d  t o  ground 
through a high resistance. 

( 3 )  Ground f a u l t  breaker--to sense a ground 
f a u l t  and stop the f a u l t  by  e i t h e r  
sho r t i ng  the  array o r  opening the 
array-c i rcui t - to-ground connection. 
Th is  i s  p a r t i c u l a r l y  important because a 
low-impedance sho r t  t o  ground i s  l i k e l y  
t o  generate a dc arc t h a t  can create a 
substant i  a1 f i r e  hazard. 

An add i t i ona l  safety concern i s  t he  
generation o f  i n - c i r c u i t  arcs when a break 
occurs i n  an ar ray  c i r c u i t .  Several such 
arcs have been discovered i n  present-day 
200-to-300-vol t app l ica t ions and have 
resu l ted i n  severe burning and charr ing o f  
t he  photovo l ta ic  module. The cond i t ions  f o r  
such an arc are an open-c i rcu i t  break i n  a 
high-vol  tage ar ray  c i r c u i t  where the  d i f f e r -  
ence between the  open-c i rcu i t  vol tage and 
t h e  operat ing vol tage leads t o  a vol tage 
across the  break t h a t  i s  s u f f i c i e n t  (greater  
than about 70 v o l t s )  t o  main ta in  t h e  arc 
(Fig. 2). Once started, such arcs have been 
known to  bum f o r  per iods o f  hours. The 
on ly  known so lu t i on  t o  t h e  problem o f  
i n - c i r c u i t  arcs i n  h igh-vol  tage arrays i s  
the incorpora t ion  o f  redundant c i r c u i t r y  t o  
prevent a canplete open-c i rcu i t ing  of the  
source c i r c u i t .  

2.5 Aesthet ics Requirements 

Although aesthet ics are h i g h l y  subject ive,  
they can be an important cons idera t ion  when 
deal ing w i t h  arrays i n  r e s i d e n t i a l  o r  h i g h l y  
v i s i b l e  comnerci a1 set t ings .  Support struc- 
tures, f i e l d  w i r ing ,  and modules a l l  p lay  
i n t e r a c t i v e  r o l e s  t h a t  should be addressed 
a t  the  subsystem l e v e l  f i r s t ,  and then 
a l located t o  the  assembly leve l .  Important 
ingred ients  inc lude m d u l e  s i ze  and aspect 
ra t i o ,  frame co lo r  and de ta i l i ng ,  module 
surface gloss o r  texture,  a r ray  t i lt angle, 
and i n t e g r a t i o n  w i t h  an e x i s t i n g  r o o f  or  
other s t ruc ture  i f  one ex is ts .  

2.6 Subsystem Lest-Requirements 

I n  add i t i on  t o  prov id ing power, being safe 
and look ing acceptable, t he  complete ar ray  
must a lso  be compet i t i ve ly  p r i ced  and 
inexpensive t o  maintain. I t  i s  important t o  
consider p r i c e  a t  the  a r ray  l e v e l  when 
consider ing cost-reduct ion a1 ternat ives  
because cost  reduct ion i n  some assembly or 
component areas o f ten  leads to  increases i n  
other areas. Th is  author has found 
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Fig.  2. Voltage Condi t ions t h a t  Provide the  
Potent ia l  f o r  I n - C i r c u i t  Arc ing 

l i f e - c y c l e  cost ing  a t  t h e  a r ray  l e v e l  t o  be 
an ind ispens ib le  t o o l  f o r  gu id ing ar ray  de- 
s ign opt imizat ion,  p a r t i c u l a r l y  when per- 
formance degradation over t ime o r  d i s t r i b u -  
ted maintenance costs are involved (5,6). 

Key cost  t radeo f f s  t h a t  have been found t o  
be important a t  t he  subsystem l e v e l  include: 

(1 )  Designing the i n i t i a l  hardware t o  reduce 
s i t e  or  app l i ca t i on -spec i f i c  engineering 
o r  rework, and t o  reduce f i e l d  assembly 
and i n s t a l l  a t  ion costs. 

(2)  Maintain ing h igh so la r - ce l l  and module 
e l e c t r i c a l  e f f i c i e n c y  t o  con t ro l  costs 
o f  area-related items such as support 
s t ruc tures  and module mater ia ls.  Fig.  3 
i l l u s t r a t e s  the important subsystem cost  
t radeo f f  between module p r i c e  and module 
e f f i c i e n c y  t o  achieve t h e  same' a r ray  
cost. 

) Bu i l d ing  i n  adequate r e l i a b i l i t y  and 
l i f e  t o  con t ro l  maintenance and re -  
placement costs. 

) Marketing complete modular o r  adaptable 
systems t o  reduce app l i ca t i on  
engineering, procurement, system 
in teg ra t i on  and i n s t a l l a t i o n  costs. 

ARRAY SUPPORT STRUCTURE DESIGN 

The pr imary purpose o f  t h e  ar ray  support 
s t ruc ture  i s  t o  support t he  photovo l ta ic  
modules a t  t he  chosen t i lt angle and 
poss ib l y  t o  serve as a means o f  t y i n g  the  
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Fig. 3. Module Cos t lE f f i c i ency  Tradeoff 
f o r  Equal Array Cost and Area 
Related Costs o f  37$/m2 



so lar  c e l l s  so t h a t  they can be used by a 
v a r i e t y  o f  users. The requirements on the 
module from t h i s  p o i n t  o f  view inc lude 
prov id ing an e a s i l y  manufactured modular 
package o f  c e l l s  w i th  broad appeal, adap- 
t a b l e  t o  a v a r i e t y  o f  appl icat ions,  s i tes ,  
environments and array designs. I n  r e a l i t y ,  
both sets o f  requirements must be met. 
I n  the fo l l ow ing  paragraphs an attempt i s  
made t o  sumnarize the  t o t a l  in tegra ted set  
o f  requirements on the  module and t o  note 
key design analysis and t e s t  methods and 
design concepts t h a t  have been found useful. 

SHADED PORTION OF STRUCTURE 
I S  BELOW CROWD UML 4.1 Module S t ruc tu ra l  Design 

F ig .  4. Low-Cost Support S t ruc ture  Using 
Bur i  ed Wooden End-Trusses 

module frames ( i f  used) t o  ground poten- 
ti a1 . The cost  o f  mass-produced s t ruc tures  
such as the concept show i n  F i  
estima ed t o  l i e  between 25 $/n!.a:dis 4 50 $/ depending on the s i ze  o f  t he  
app l i ca t i on  (9) .  This represents up to  40% 
o f  t h e  t o t a l  i n s t a l l e d  cost  o f  a fu ture  
array based on 70Q/watt photovo l ta ic  modules 
and approximately equals the cost  c o n t r i  bu- 
t i o n  o f  the  solar  c e l l s  themselves. Both 
mater i  a1 ( s t ruc tu ra l  member and foundat ion) 
and f i e l d  i n s t a l l a t i o n  costs are major cos t  
con t r i bu to rs  t h a t  must be addressed care- 
f u l l y .  The ar ray  show i n  Fig.  4 achieves 
major cos t  savings b y  u t i l i z i n g  l igh tweight  
galvanized sheet-steel beams and treated- 
wood end trusses, which are bur ied t o  e l i -  
minate the need f o r  concrete foundations. 
References descr ibe a d d i t i  onal low-cost 
ground-mounted support s t ruc ture  concepts 
(10,11,12). 

. . 
Because w i  nd-1 oadi ng l e v e l  - i s  a cos t  d r i v e r  
f o r  many support-structure designs, a major 
e f f o r t  has a l so  been addressed to  re f i n ing  
estimates o f  maximum aerodynamic wind-1 oad- 
i n g  l eve l s  t o  be expected i n  var ious f i e l d  
condi t ions.  Resul ts o f  an extensive wind 
tunnel  t e s t  program i n d i c a t e  t h a t  wind loads 
i n  the i n t e r i o r  o f  an ar ray  f i e l d ,  o r  behind 
a fence, are reduced t o  as l i t t l e  as 20% o f  
t he  loads on a s i n g l e  ar ray  (13). However, 
dynamic i n t e r a c t i o n  w i t h  the  ar ray 's  natura l  
v i b r a t i o n  frequencies has been shown t o  
increase 1 oads when frequencies f a l l  below 
about 7 Hz (13). 

4. MOWLE DESIGN 

Addressed from the  subsystem p o i n t  o f  view, 
a module i s  a p o r t i o n  o f  the  ar ray  
e l e c t r i c a l  c i r c u i t  t h a t  has been packaged i n  
an e a s i l y  handled un i t .  As such, i t  must 
embody the  requirements on t h e  ove ra l l  
array, and minimize the costs o f  shipping, 
i n s t a l l a t i o n  and rep1 acement. On t h e  o ther  
hand, from the  so la r - ce l l  p o i n t  o f  view, a 
module i s  a convenient means o f  packaging 

The pr imary s t r u c t u r a l  requirement o f  t he  
module i s  t o  support the  so lar  c e l l s  i n  t he  
f i e l d  and t o  l i m i t  breakage o f  c e l l s  and 
o ther  module components t o  an acceptable 
leve l .  An important cons idera t ion  i s  the 
f a c t  t h a t  both the expected loads (wind, 
snow, h a i l ,  earthquakes) and the strength o f  
the  key module components ( ce l l s ,  glass, 
interconnects, encapsul ants)  are probabal- 
i s t i c  i n  nature. I n  other words, an abso- 
l u t e  value i s  not  definable; on l y  the pro- 
b a b i l i t y  o f  achieving a p a r t i c u l a r  *value i s  
definable. Because o f  t h i s ,  a v a r i e t y  o f  
special ized p r o b a b i l i s t i c  design methods 
have been generated. ANSI i n  i t s  American 
Nat ional  Standard A58.1-1972 provides 
standard p r o b a b i l i t y  data on wind, snow and 
earthquake loads (14)  and Gonzalez provides 
data on h a i l  (15). 

Because glass f r a c t u r e  i s  dependent on the  
coincidence o f  a f l a w  and a h igh stress, 
glass s t rength  var ies  w ide ly  f rom sheet t o  
sheet and f rom l o c a t i o n  t o  l oca t i on  w i t h i n  a 
sheet. Based on a combination o f  non- l inear 
stress analysis and empi r ica l  f r a c t u r e  data, 
Moore provides a convenient t o o l  f o r  s i z i n g  
glass for  a given p r o b a b i l i t y  o f  f a i l u r e  due 
t o  uniform pressure loads such as wind and 
snow (16). I n  a second document he a l so  des- 
c r i bes  a useful  c y c l i c  loading t e s t  techn i -  
que (17). For desi  n purposes, a uni form 4 loading of 50 l b / f t  i s  comnonly used 
because i t  provides a low p r o b a b i l i t y  o f  
being exceeded and has a minimal impact on 
module pr ice .  

Design and t e s t  techniques f o r  ha i l - impact  
loading have a l so  been developed i n  response 
t o  high l eve l s  o f  f i e l d  f a i l u r e s  due t o  h a i l  
impact (18, 19). F i e l d  experience ind ica tes  
t h a t  resistance t o  1-in.-dia h a i l  i s  re- 
quired, even i n  low-hai l - incidence regions 
o f  t he  country. This l a rge  s i ze  r e f l e c t s  
the design margin requ i red t o  p r o t e c t  t he  
one-out-of -a- thousand weakest c e l l ,  o r  
1 argest g l  ass f 1 aw. 

Minimiz ing l i f e - c y c l e  cost  has been found t o  
be the  most e f f e c t i v e  means o f  se lec t i ng  the  
f a i  1 ure-probabi 1 i ty leve l s  and the associa- 
ted module design parameters (5,6). 



we l l  characterized by  the simple expression: 4.2 Module Therml-Desi  gn 

Solar c e l l  power output decreases a t  a r a t e  
of approximately 0.5% per 10C increase i n  
temperature and makes incorpora t ion  o f  
passive temperature con t ro l  techniques 
economically important. For example, a 
lOoC increase i n  c e l l  temperature has the 
same economic impact as a 5% increase i n  
cost  o f  the  t o t a l  i n s t a l l e d  array sub- 
system. I n  general, simple passive tem- 
perature con t ro l  techniques have been found 
t o  be economically preferable t o  techniques 
such as ac t i ve  coo l ing  or f i n s  (20, 21). 
Because r a d i a t i o n  and convection coo l ing  are 
about equal i n  importance, maintain ing 
high-emittance ex terna l  su r f  aces and pro- 
v id ing  f o r  heat r e j e c t i o n  from both the 
f r o n t  and rear  o f  the module are important. 
A i r  gaps or low-conduct iv i ty  paths between 
the  solar  c e l l  and e i t h e r  f r o n t  or rear 
surfaces should be avoided. Fig.  5 i l l u s -  
t ra tes  the  t y p i c a l  l i n e a r  e f f e c t  o f  i nc iden t  
i r rad iance l e v e l  on the c e l l  temperature 
r i s e  above ambient. 

The concept o f  a Nominal Operating C e l l  
Temperature (NOCT) has been developed t o  
provide a convenient means o f  quan t i f y i ng  a 
module's thermal design and p rov id ing  a 
meaningful reference temperature f o r  r a t i n g  
power output (19, 20, 21, 22). A module's 
NOCT i s  the  temperature the c e l l s  a t a i n  i n  
an ex terna l  environment o f  80 mW/cm 3 
i r radiance, 20% a i r  temperature, and 1 
m/s wind ve loc i ty .  This environment has 
been chosen so t h a t  the  annual energy pro- 
duced by  a module i s  wel l  approximated by 
i t s  e f f i c i e n c y  a t  NOCT times the number o f  
kWh/year o f  i r rad iance i nc iden t  on tine 
module a t  the s i t e  o f  i n te res t .  Typical  
values of NOCT range from around 45% f o r  
ground-mounted arrays t o  -60% f o r  r o o f -  
mounted arrays w i t h  insu la ted rea r  sur- 
f aces. Based on the func t i ona l  dependence 
suggested i n  Fig.  5, c e l l  temperature i s  
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To meet the requirements of safety a t  the  
subsystem level ,  t he  module i t s e l f  must 
encorporate a v a r i e t y  o f  sa fe ty  const ruc t ion  
features. These include: 

Grounding a1 1 external  conductive 
su r f  aces. 
Maintain ing low leakage cur rents  to  
ground so as not  t o  i n t e r f e r e  w i t h  
ground f a u l t  sensors. 
I nsu la t i ng  a l l  l i v e  e l e c t r i c a l  c i r c u i t  
elements s u f f i c i e n t l y  f o r  t he  highest 
expected array vol tage above ground. 
Providing h igh r e l i a b i l i t y  and long l i f e  
i n  a l l  sa fe ty  elements. 
Providing c i r c u i t  redundancy (bypass 
diodes and/or m u l t i p l e  interconnects)  t o  
prevent i n - c i r c u i t  arcs due t o  open 
c i r c u i t s .  

In addi t ion  t o  the above general requ i re-  
ments, Underwriters Laborator ies  has 
developed a de ta i l ed  compi lat ion o f  standard 
safety const ruc t ion  p rac t i ces  expected t o  be 
appl icable t o  obta in ing UL l i s t i n g  o f  photo- 
v o l t a i c  modules i n  the  fu tu re  (23). The 
document also covers other sa fe ty  hazards 
such as f l amnab i l i t y ,  sharp edges and 
high-temperature su r f  aces. 

An important design problem i n  achieving 
safe modules i s  r e l i a b l y  i s o l a t i n g  t h e  c e l l  
s t r i n g  f rom the m d u l e  frame and external  
surfaces. Because o f  t he  la rge areas 
involved, t h i s  too i s  a f law-sens i t ive  
design problem and requ i res  s t a t i s t i c a l  
character iza t ion  o f  t he  i nsu la t i on  mater ia ls  
and processes. Mon provides usefu l  design 
techniques and empi r ica l  data f o r  the  design 
o f  module e l e c t r i c a l  i n s u l a t i o n  systems (24). 

4.4 Module C i r c u i t  Re_!i_ability 

As ind ica ted e a r l i e r ,  t he  l a rge  number o f  
ser ies  c e l l s  i n  a high-voltage (above 
100-vol t )  a r ray  makes the a r ray  very 
sens i t i ve  t o  c e l l  f a i l u res .  Achieving high 
r e l i a b i l i t y  requ i res  both t h a t  p iece-part  
f a i l u r e s  be he ld  t o  low l e v e l s  and t h a t  
f a u l t - t o l e r a n t  c i r c u i t  redundancy be 
u t i l i z e d .  Incorpora t ion  of these so lu t ions 
l o g i c a l l y  f a l l s  a t  the  module l eve l .  

O f  the c e l l - f a i l u r e  mechanisms c u r r e n t l y  
seen i n  the  f i e l d ,  c e l l  cracking i s  by f a r  
the  most prevalent, and i s  occur r ing  a t  a 
r a t e  o f  about one c e l l  per hundred per 
year. However, o n l y  2% t o  10 % o f  these 
cracked c e l l s  have been c l a s s i f i e d  as f a i l e d  
c e l l s  due t o  open-c i rcu i t  i ng  or substant ia l  



power degradation. 

The three pr imary causes o f  c e l l  cracking 
appear t o  be d i f f  e ren t i  a1 expansion between 
the c e l l  and i t s  support, impact loading by 
hai ls tones,  and reduced strength due t o  c e l l  
damage occurr ing dur ing c e l l  processing and 
module assembly. A1 though qua1 i t a t i v e  
design techniques e x i s t  t h a t  address d i f f e r -  
e n t i a l  expansion and h a i l  stresses (25, 18), 
quan t i t a t i ve  design f o r  low f a i l u r e  r a t e s  i s  
made d i f f i c u l t  by t h e  broad s t a t i s t i c a l  
d i s t r i b u t i o n  o f  c e l l  s t rength  due t o  process- 
ing-induced flaws (26). Th is  lack o f  quant i -  
t a t i v e  techniques f o r  designing f o r  t he  
one-out-of -a-thousand worst-case c e l l  p l  aces 
a high re l i ance  on i t e r a t i v e  design and t e s t  
techniques using thermal-cycl i  ng, humidity- 
freezing, mechanical loading and hai l - impact 
tests,  such as those def ined i n  (19). 

One important means o f  reducing the l oss  
associated w i t h  a c e l l  t h a t  has cracked o r  
otherwise degraded i n  a l o c a l  area i s  t he  
use o f  mu1 t i p l e  e l e c t r i c a l  interconnects 
tha t  at tach to the c e l l  a t  two o r  more 
locat ions.  S t a t i s t i c a l  design techniques 
f o r  assessing the l e v e l  o f  improvement are 
described i n  (7). The use o f  m u l t i p l e  
interconnects i s  a lso  useful i n  prevent ing 
open c i r c u i t s  due t o  f a i l u r e  o f  t h e  
interconnects themselves, o r  t h e i r  
attachments t o  the ce l l s .  

Interconnect f a i l u r e  due t o  mechanical 
f a t i g u e  i s  a c lass i c  photovo l ta ic  array 
f a i l u r e  mode and, l i k e  c e l l  cracking, must 
be t reated s t a t i s t i c a l l y .  Excel l e n t  
p r e d i c t i o n  o f  interconnect f a i l u r e  
p r o b a b i l i t y  has been recen t l y  achieved by  
Mon e t  a1 (27) us ing f in i te -e lement  stress 
analysis o f  the  interconnect together w i t h  
empi r ica l  f a t i g u e  curves t h a t  t r e a t  proba- 
b i l i t y  o f  f a i l u r e  as a p a h e t e r  (Fig. 6). 
H i s  data i nd i ca te  that ,  even w i t h  c a r e f u l l y  
con t ro l1  ed manufacture and i n s t a l l a t i o n ,  t he  
endurance o f  interconnects f rom the  same l o t  
can be expected t o  vary by as much as a 
fac tor  o f  100. 

Because o f  t he  d i f f i c u l t y  and expense o f  
attempting t o  e l im ina te  t h e  extreme-low- 
endurance c e l l s  and interconnects, the  
pre fer red approach to achieving h igh re-  
1 i abi 1 i t y  invo lves main ta in ing piece-part  
f a i l u r e s  a t  low but f i n i t e  levels,  and then 
in t roduc ing redundancy features t o  con t ro l  
a r ray  degradation. Analyses conducted by  
t h i s  author i nd i ca te  t h a t  i f  c e l l  
open-c i rcu i t  f a i l u r e s  are maintained a t  
about 0.0001 per year o r  lower, then the 
e f f e c t  o f  these f a i l u r e s  on system power 
degradation can be reduced t o  n e g l i g i b l e  
l e v e l s  through the  use o f  f a u l t - t o l e r a n t  
ser i e s / p a r a l l e l i n g  and bypass diodes (5). 
Use o f  these c i r c u i t  'redundancy techniques 
i s  a lso e f f e c t i v e  i n  improving module y i e l d  
(4,7) and c o n t r o l l i n g  hot-spot c e l l  heat ing 
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Fig. 6. Fatigue Curve f o r  Copper C e l l  
Interconnects w i th  P r o b a b i l i t y  
o f  F a i l u r e  as a Parameter 

(28). Design techniques f o r  se lec t i ng  
appropr iate s e r i e d p a r a l  l e l i n g  and bypass 
diode conf igura t ions are described i n  d e t a i l  
(5,7,28). An overview of these techniques 
i s  provided i n  (29). 

4.5 Module ~nvironmental_~ndurance 

I n  add i t i on  t o  f a i l u r e s  which are best 
t reated i n  terms o f  r e l i a b i l i t y  s t a t i s t i c s ,  
there are a number o f  f a i l u r e s  t h a t  are more 
appropr ia te ly  considered i n  terms o f  
environmental endurance. General deter io -  
r a t i o n  or f a i l u r e  o f  t h e  module encapsulant 
system i s  a pr imary example. The same 
temperature and humidi ty c y c l i n g  stresses 
which cause many c e l l  and interconnect 
f a i l u r e s  a lso  severely s t ress  the encap- 
su lant  system. U l t r a v i o l e t  i r r a d i a t i o n ,  
corrosion, and opt ica l -sur face s o i l i n g  a l so  
lead t o  degradation o f  module mater ia ls  and 
o p t i c a l  performance. 
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Fig.  7. Loss i n  Array Shor t - c i r cu i t  
Current ( I sc )  Due t o  S o i l i n g  
Versus Days o f  F i e l d  Exposure 



A substant ia l  e f f o r t  w i t h i n  JPL a c t i v i t i e s  
has been d i rec ted a t  developing encapsulant 
mater ia ls  and processes and understanding 
p o t e n t i a l  l i f e - l i m i t i n g  f a i l u r e  mechanisms. 
A deta i led  overview o f  present encapsulant 
system mater ia ls  and design techniques i s  
found i n  (30) and useful environmental 
q u a l i f i c a t i o n  t e s t s  f o r  assessing the  
re1 a t i v e  pe r f  onnance o f  candidate systems 
are included i n  (19). Useful data on t h e  
re1 a t  i ve  so i  1 i ng o f  various module-surf ace 
ma te r ia l s  i s  presented i n  (31) and i n  Fig.  7. 

Many design requirements, design analysis 
and t e s t  methods, and design approaches have 
been i d e n t i f i e d  and developed f o r  f l a t - p l a t e  
photovo l ta ic  arrays and modules over t h e  
past  few years as p a r t  o f  the  Nat ional  
Photovol ta ics Program. These technology 
developnents have def ined means o f  reducing 
the cost  and improving the  u t i l i t y  and 
r e l i a b i l i t y  o f  photovo l ta ic  arrays and mo- 
dules fo r  a broad spectrum o f  t e r r e s t r i a l  
appl icat ions.  This paper has provided an 
overview o f  a la rge number o f  these engi- 
neering deve lopents  and provides a 
convenient reference t o  mow de ta i  1 ed 
documentation i n  the  l i t e r a t u r e .  
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