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ABSTRACT 

R e s u l t s  o f  a  s t u d y  t o  de te rm ine  t h e  h o t - s p o t  
s u s c e p t i b i l i t y  o f  c o n c e n t r a t o r  c e l l s ,  t o  p r o v i d e  a  
h o t - s p o t  q u a l i f i c a t i o n  t e s t  f o r  c o n c e n t r a t o r  mod- 
u l e s ,  and t o  p r o v i d e  g u i d e l i n e s  f o r  r e d u c i n g  h o t -  
spot  s u s c e p t i b i l i t y  a r e  p resen ted .  H o t - s p o t  h e a t -  
i n g  occurs  i n  a  p h o t o v o l t a i c  module when t h e  s h o r t -  
c i r c u i t  c u r r e n t  o f  a  c e l l  i s  l o w e r  t h a n  t h e  s t r i n g  
o p e r a t i n g  c u r r e n t  f o r c i n g  t h e  c e l l  i n t o  r e v e r s e  
b i a s  w i t h  a c o n c u r r e n t  power d i s s i p a t i o n .  

A l t hough  t h e  b a s i s  f o r  t h e  concen t ra to r -modu le  
h o t - s p o t  qua1 if i c a t i o n  t e s t  i s  t h e  t e s t  deve loped 
f o r  f l a t - p l a t e  modules,  i s sues ,  such as p r o v i d i n g  
c e l l  i l l u m i n a t i o n ,  i n t r o d u c e  a d d i t i o n a l  complex i  - 
t i e s  i n t o  t h e  t e s t i n g  p rocedu re .  

The same g e n e r a l  g u i d e l i n e s  a p p l y  f o r  p r o t e c t -  
i n g  c o n c e n t r a t o r  modules f r o m  h o t - s p o t  s t r e s s i n g  as 
a p p l y  t o  f l a t - p l a t e  modules.  T h e r e f o r e ,  recommen- 
d a t i o n s  a r e  made on t h e  number o f  bypass d iodes  
r e q u i r e d  p e r  g i v e n  number o f  s e r i e s  c e l l s  p e r  mod- 
u l e  o r  source c i r c u i t .  I n  a d d i t i o n ,  a  new method 
f o r  d e t e r m i n i n g  t h e  c e l l  t empera tu re  i n  t h e  l a b o r a -  
t o r y  o r  i n  t h e  f i e l d  i s  d i scussed .  

INTRODUCTION 

I n  suppo r t  o f  Sand ia  N a t i o n a l  L a b o r a t o r i e s  
p h o t o v o l t a i c  c o n c e n t r a t o r  development a c t i v i t i e s ,  
and under  c o n t r a c t  t o  them, a  s t u d y  was c a r r i e d  o u t  
w i t h  t h e  o b j e c t i v e  t o  deve lop  an unde rs tand ing  o f  
t h e  h o t - s p o t  s u s c e p t i b i l i t y  l e v e l s  o f  c o n c e n t r a t o r  
i o d u l e s ,  t o  d e f i n e  a  q u a l i f i c a t i o n  t e s t  f o r  q u a n t i -  
f y i n g  t h e  h o t - s p o t  endurance o f  c o n c e n t r a t o r  mod- 
u l e s ,  and t o  p r o v i d e  g u i d e l i n e s  f o r  imp rov ing  t h e i r  
endurance. 

The s t u d y  c e n t e r e d  on t h e  e x p l o r a t o r y  t e s t i n g  
o f  an I n t e r s o l  second -gene ra t i on ,  p o i n t - f o c u s  mod 

u l e  ( S e r i a l  Number 1069) .  T h i s  module has 1 4  one- 
i nch -squa re  c e l l s  i n  s e r i e s ,  each a t t ached  t o  an 
aluminum h e a t  s i n k ,  and has a  aeomet r i c  concen t ra -  

F resne l  l enses .  A t i o n  o f  80, ach ieved w i t h  
s i n g l e  bypass d i o d e  i s  e x t e r n a l l y  
t h e  module 's t e r m i n a l s .  

Mee t i ng  t h e  above o b j e c t i v e s  
i n g  a  v a r i e t y  o f  r e s e a r c h  a c t i v i t  
i n  t h i s  paper .  These i n c l u d e d :  

C h a r a c t e r i z i n g  t h e  r e v e  
cu rves  o f  t h e  I n t e r s o l  

mounted across  

i n v o l v e d  conduct -  
es as desc r i bed  

se-quadrant  I - V  
e l  1  s .  

Q u a n t i f y i n g  t h e  h o t - s p o t  h e a t i n g  c h a r a c t -  
e r i s t i c s  o f  t h e  I n t e r s o l  c e l l s  and mod- 
u l e .  

Gene ra t i ng  a  d r a f t  h o t - s p o t  t e s t  p roce -  
d u r e  f o r  c o n c e n t r a t o r  modules. 

Deve lop ing  i l l u m i n a t i o n  sources t o  a l l o w  
o p e r a t i n g  t h e  modules i n  t h e  l a b o r a t o r y  
env i ronment  under s i m u l a t e d  s t e a d y - s t a t e  
f i e l d  c o n d i t i o n s .  

Deve lop ing  techn iques  f o r  a c c u r a t e l y  rnea- 
s u r i n g  c e l l  t empera tu res  i n c l u d i n g  l o c a l -  
i z e d  h o t  spo ts .  

HOT-SPOT HEATING FUFIDA1,lENTALS 

H o t - s p o t  h e a t i n g  i s  caused when t h e  module op- 
e r a t i n g  c u r r e n t  l e v e l  exceeds t h e  reduced s h o r t -  
c i r c u i t  c u r r e n t  l e v e l  o f  an i n d i v i d u a l  c e l l  o r  
g roup o f  c e l l s  i n  an a r r a y  c i r c u i t .  The reduced 
s h o r t - c i r c u i t  c u r r e n t  f a u l t  c o n d i t i o n  can be t h e  
r e s u l t  o f  a  v a r i e t y  o f  causes i n c l u d i n g  n o n - u n i f o r m  
i l l u m i n a t i o n  ( l o c a l  shadowing o r  m i s t r a c k i n g ) ,  o r  
i n d i v i d u a l  c e l l  d e g r a d a t i o n  due t o  c r a c k i n g .  Under 
t h i s  c o n d i t i o n  t h e  c e l l  c a r r y i n g  t h e  excess c u r r e n t  
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d i s s i p a t e s  power equal t o  t h e  product  o f  t h e  
c u r r e n t  and t h e  reversed vo l tage  t h a t  develops 
across t h e  c e l l .  It i s  d e s i r a b l e  t o  ensure t h a t  
t h e  r e s u l t i n g  h o t - s p o t  hea t ing  due t o  the  reverse 
b i a s i n g  does n o t  cause propagat ion o f  t h e  f a u l t  o r  
e l e c t r i c a l  s a f e t y  hazards. 

The degree o f  h o t - s p o t  hea t ing  w i t h i n  an 
a f f e c t e d  c e l l  i s  dependent on a  v a r i e t y  o f  condi -  
t i o n s  i n c l u d i n g  t h e  number o f  s e r i e s  c e l l s  per  
bypass diode, t he  amount o f  i l l u m i n a t i o n ,  t h e  
amount o f  o v e r - c u r r e n t  i n  t h e  a f f e c t e d  c e l l ,  and 
the  reverse-vo l tage  I - V  c h a r a c t e r i s t i c s  o f  t h e  
a f f e c t e d  c e l l .  Because t h e  reverse-vo l tage  I - V  
c h a r a c t e r i s t i c s  v a r y  cons iderab ly  from c e l l  t o  c e l l  
w i t h i n  a  g iven  module, i t  i s  necessary t o  determine 
the  dark reverse-vo l tage  I - V  curve f o r  a  represen- 
t a t i v e  sample o f  c e l l s .  

Based on t h e  shape o f  t h e i r  reverse-quadrant 
I - V  curves, c e l l s  are d i v i d e d  i n t o  two c l a s s i f i c a -  
t i o n s .  One c lass ,  Type A, i s  composed o f  those 
c e l l s  whose reverse-breakdown vo l tage  i s  h igher  
than t h e  maximum a v a i l a b l e  reverse vo l tage  (VL) 
under f i e l d  ho t -spo t  cond i t i ons .  The maximum f i e l d  
vo l tage  ( V  ) i s  determined by e i t h e r  the  maximum 
system volkage ( i f  no bypass d iodes are used) o r  by 
t h e  number o f  s e r i e s  c e l l s  per  bypass d iode ( i f  
bypass diodes a r e  used). Type A  c e l l s  s u f f e r  t h e  
g rea tes t  amount o f  back-b ias power d i s s i p a t i o n  
under c o n d i t i o n s  o f  p a r t i a l  i l l u m i n a t i o n ;  t h i s  i s  
because t h e  back-b ias c u r r e n t  increases w i t h  i l l u -  
m ina t ion  up t o  a  maximum a t  a  p a r t i c u l a r  p a r t i a l  
i l l u m i n a t i o n  l e v e l  (see F ig .  1) .  

The second c l a s s  o f  c e l l s ,  Type B, i s  those 
whose breakdown vo l tage  i s  l e s s  than t h e  reverse 
vo l tage  t h a t  may be app l ied  by t h e  f i e l d  ar ray.  
These c e l l s  operate a t  t h e  f u l l  s t r i n g  c u r r e n t  and 
a t  a  reverse v o l t a g e  determined by t h e  vo l tage  drop 
across t h e  c e l l .  These c e l l s  s u f f e r  the  g rea tes t  
amount o f  power d i s s i p a t i o n  under f u l l  shadow; un- 
der  those c o n d i t i o n s  they have t h e  g r e a t e s t  back- 
b i a s  vo l tage  across them (see F ig .  2).  

CHARACTERIZATION OF INTERSOL CELLS 

l n i t i  a1 c h a r a c t e r i z a t i o n  o f  t h e  I n t e r s o l  c e l l  s  
was performed on c e l l  assemblies c o n s i s t i n g  o f  o n l y  
t h e  heat s inks  and t h e  at tached c e l l s  (see F ig .  3 ) .  

r CRICKED OR SHADOBI0 C t l l  

Figure 1. V isua l  i z a t i o n  o f  Hot-Spot C e l l  Heat ing 
f o r  High-Shunt-Resistance C e l l  

F igure 2. V i s u a l i z a t i o n  o f  Hot-Spot Cell Heat ing 
f o r  Low-Shunt-Resistance C e l l  

F igure 3. I n t e r s 0 1  Module Receiver Assembly 

A  number o f  u n i t s  was i s o l a t e d  e l e c t r i c a l l y  w i t h  
separate e l e c t r i c a l  leads t o  a l l o w  t h e  i n d i v i d u a l  
reverse quadrant I - V  curves t o  be measured. F i g .  4 
d isp lays  t h e  t y p i c a l  reverse-quadrant I - V  response 
o f  these c e l l s ,  bo th  i n  t h e  dark and a t  working i r -  
radiance l e v e l s .  

The measured c e l l s  e x h i b i t  a  h i g h  shunt 
res is tance  w i t h  reverse vo l tage  breakdown a t  10-12 
v o l t s .  Because t h i s  breakdown vo l tage  exceeds t h e  
module vo l tage,  t h e  c e l l  i s  vo l tage  1  i m i t e d  by t h e  
module bypass d iode under back-b ias cond i t i ons ,  
i .e . ,  t h e  c e l l s  are c l a s s i f i e d  as type A c e l l s .  
When thermal runaway was al lowed t o  occur, t h e  
c e l l s  g e n e r a l l y  break down and e x h i b i t  s i g n i f i c a n t  
reduct ions i n  shunt r e s i s t a n c e  ( p a r t i a l  shunt ing) ;  
t h i s  behavior  i s  a l s o  noted i n  F ig .  4. 

HOT-SPOT TESTING 

This  phase o f  t h e  a c t i v i t y  was addressed t o  
q u a n t i f y i n g  t h e  ho t -spo t  hea t ing  l e v e l s  o f  the  
I n t e r s o l  modules. The 1  aboratory  t e s t s  developed 
a t  JPL t o  determine t h e  ho t -spo t  s u s c e p t i b i l i t y  o f  
f l a t - p l a t e  modules (Refs. 1 and 2 ) ,  served as a  
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F i g u r e  4 .  T y p i c a l  C o n c e n t r a t o r  C e l l  Reverse- 
Quadran t  I - V  Curves f o r  Va r i ous  I l l u m i n a -  
t i o n  L e v e l s  

s t a r t i n g  p o i n t  f o r  t h e  development o f  t h e  t e s t  
p rocedures  used h e r e  f o r  c o n c e n t r a t o r  modules. 

Module h o t  - s p o t  h e a t i n g  1  eve1 s  and endurance 
a r e  n o r m a l l y  quo ted  f o r  r e p r e s e n t a t i v e  worse-case 
f i e l d  t he rma l  c o n d i t i o n s  and peak i r r a d i a n c e  
l e v e l s .  B u i l d i n g  on t h e  t e s t  p rocedures  f o r  f l a t -  
p l a t e  modules, t h e  c o n d i t i o n s  f o r  o n c e n t r a t o r  5 modules were chosen t o  be 80  mW/cm d i r e c t - n o r m a l  
i r r a d i  ance, 40% ambient  a i r  temperature ,  and s t i l l  
a i r  c o n d i t i o n s  (no w ind ) .  

I n i t i a l  a t t e m p t s  a t  t e s t i n g  modules i n  t h e  
ou tdoo r  env i ronment  l e d  t o  ex t reme d a t a  s c a t t e r  
because o f  t r a n s i e n t  w i n d  c o o l i n g  and v a r i a b l e  ir- 
r a d i a n c e  l e v e l s .  It q u i c k l y  became c l e a r  t h a t  
accu ra te  c h a r a c t e r i z a t i o n  wou ld  r e q u i r e  a  s t a b l e  
l a b o r a t o r y  t e s t  se tup .  A c c u r a t e l y  measur ing  c e l l  
t empera tu re  was a l s o  a  s i g n i f i c a n t  problem. 

The i d e a l  l a b o r a t o r y  t e s t  s e t - u p  i n v o l v e s  
f i r s t  u s i n g  an e x t e r n a l  r a d i a n t  h e a t e r  t o  r a i s e  t h e  
module h e a t  s i n k  and c e l l  assembly t o  a  background 
( u n i l  l um ina ted )  t empera tu re  s i m u l a t i n g  t h e  40°C 
ambient c o n d i t i o n  p l u s  t h e  i n f l u e n c e  o f  ad jacen t  
i l l u m i n a t e d  c e l l s .  Next ,  t h e  c e l l  i s  e l e c t r i c a l l y  
r e v e r s e - b i a s e d  t o  ach ieve  t h e  wors t - case  h o t - s p o t  
e l e c t r i c a l  o p e r a t i n g  p o i n t .  F o r  h i g h - s h u n t - r e s i s -  
t ance  ( t y p e  A )  c e l l s  such as these, t h e  c e l l s  must 
a l s o  be p a r t i a l l y  i l l u m i n a t e d  t o  ach ieve  wors t - case  
c u r r e n t  l e v e l s .  L a s t l y ,  t h e  maximum h o t - s p o t  tem- 
p e r a t u r e  must be measured. 

A c h i e v i n g  i l l u m i n a t i o n  o f  t h e  c e l l s  and 
measur ing  c e l l  t empera tu res  b o t h  r e q u i r e d  deve lop -  
ment o f  new t e c h n i q u e s  and expe r imen ta l  appara tus .  

S o l a r  S i m u l a t o r  Development 

H o t - s p o t  t e s t i n g  o f  h i g h - s h u n t - r e s i s t a n c e  
c e l l s  t y p i c a l l y  r e q u i r e s  i l l u m i n a t i n g  c e l l s  t o  
l e v e l s  app roach ing  80% o f  t h e  o u t d o o r  peak i l l u m i -  

n a t i o n  l e v e l ,  i . e . ,  t o  l e v e l s  n e a r  60 mw/cm2. T h i s  
must be done under  s t e a d y - s t a t e  c o n d i t i o n s  and must 
a l s o  s i m u l a t e  t h e  n a t u r a l  h e a t i n g  o f  t h e  c e l l / h e a t  
s i n k  assembly t h a t  wou ld  n o r m a l l y  occu r  f r om t h e  
concen t ra ted  sun1 i g h t .  P a r t i c u l a r  concerns  
i n c l u d e  : 

1) Excess i ve  i n f r a r e d  ( I R )  c o n t e n t  i n  t h e  
i n d o o r  i l l u m i n a t i o n  source l e a d i n g  t o  
e x c e s s i v e  h e a t i n g .  

2 )  O p t i c a l  i n c o m p a t i b i l i t y  w i t h  t h e  concen- 
t r a t o r  l e a d i n g  t o  i n s u f f i c i e n t  i l l u m i n a -  
t i o n  o f  t h e  c e l l  and/or excess i ve  i l l u m i -  
n a t i o n  and h e a t i n g  o f  t h e  r e g i o n  s u r -  
r o u n d i n g  t h e  c e l l .  

To meet t h e  above concerns  a  S p e c t r o l a b  Model 
XT- I0  s t e a d y - s t a t e  Xenon s o l a r  s i m u l a t o r  was modi-  
f i e d  e x t e n s i v e l y  t o  p r o v i d e  an o p t i c a l  beam simu- 
l a t i n g  t h e  sun 's  d i s k  a t  i n f i n i t y  (see F i g .  5 ) .  
The s i z e  o f  t h e  sun's d i s k  was e s t a b l i s h e d  v i a  a  
c a r e f u l l y  s e l e c t e d  a p e r t u r e  l o c a t e d  i n t e r n a l  t o  t h e  
s i m u l a t o r  a t  t h e  f o c a l  p o i n t  o f  t h e  lamp's condens- 
i n g  o p t i c s .  The a p e r t u r e  i s  imaged t o  i n f i n i t y  by 
an o b j e c t i v e  l e n s  on t h e  e x i t  o f  t h e  s i m u l a t o r .  
When shown on t h e  I n t e r s o l  module ( i n c l u d i n g  i t s  
F resne l  l e n s )  t h e  s i m u l a t o r  ach ieves t h e  d e s i r e d  
i r r a d i a n c e  l e v e l s  and causes min imal  ill umina t i on  
o u t s i d e  o f  t h e  c e l l  i t s e l f .  

C e l l  Temoerature I n s t r u m e n t a t i o n  

De te rm in ing  maximum c e l l  t empera tu re  d u r i n g  
h o t - s p o t  h e a t i n g  i s  d i f f i c u l t  w i t h  f l a t - p l a t e  c e l l s  
and e s p e c i a l l y  c h a l l e n g i n g  w i t h  c o n c e n t r a t o r  c e l l s .  
W i th  f l a t - p l a t e  c e l l s  t h e  usua l  t echn ique  i n v o l v e s  
u s i n g  an I R  v i d e o  camera t o  image t h e  h o t - s p o t  and 
q u a n t i f y  t h e  d i f f e r e n t i a l  t empera tu re  between t h e  
maximum h e a t i n g  p o i n t  and a  r e f e r e n c e  thermocouple 
a t t ached  d i r e c t l y  t o  t h e  r e a r  s u r f a c e  o f  t h e  c e l l .  

W i th  a  c o n c e n t r a t o r ,  i t  i s  d i f f i c u l t  t o  v iew 
t h e  c e l l  because o f  i t s  p o s i t i o n  beh ind  t h e  concen- 
t r a t i n g  o p t i c s ,  and i t s  I R  s i g n a t u r e  i s  p a r t i a l l y  
masked by r e f l e c t e d  I R  f r o m  t h e  s o l a r  s i m u l a t o r ;  i t  
i s  a l s o  v e r y  d i f f i c u l t  t o  a c c u r a t e l y  i ns t rumen t  t h e  
c e l l  w i t h  thermocoup les .  

Fresnel Lens 7 Aperture 7 

Concentrator 
Module 

Spectroiab 
Model XT-10 
Solar Simulator 

F i g u r e  5 .  M o d i f i e d  S p e c t r o l a b  XT-10 S teady -S ta te  
S o l a r  S i m u l a t o r  



T o  achieve a best-effort temperature determin- 
ation, the Intersol module was cut away to allow 
video IR imaging o f  the cell at an angle (see Fig. 
6). In addition, a thermocouple was attached 
directly to the cell periphery, outside of the i l -  
luminated region and shielded from stray light; a 
second thermocouple was attached to the heat sink 
assembly. For a closeup o f  the thermocouples see 
Fig. 3. 

In addition t o  the thermocouples and IR 
imaging, a new technique o f  sensing cell tempera- 
ture was developed based on the known relationship 
between the voltage drop across a diode p-n junc- 
tion (at a particular current level) and the junc- 
tion temperature. With this technique, the cell's 
temperature is determined by measuring the voltage 
drop across the cell's p-n junction in the dark 
using a fixed, reverse-current level. The measur- 
ing current is supplied rapidly after disconnecting 
the hot-spot-inducing back-bias current and remov- 
ing any illumination from the cell, The method 
builds on the technique previously developed for 
measuring the junction temperature o f  bypass diodes 
in situ (Ref. 3). 

Several o f  the concentrator cells were cali- 
brated t o  provide cell temperature versus the volt- 
age drop across the cell for given measuring 
currents. The cells were placed in a constant- 
temperature oven where the junction temperature 
equilibrated at the measured oven temperature. 
Fig. 7 shows a sample o f  the voltage-versus- 
temperature plots. 

The new junction-temperature measurement 
technique was used t o  obtain the cell temperature 
in a variety of trial operating situations; in one, 
the cell was illuminated while mounted in one o f  
the partial-module assemblies, and radiant heating 
was provided t o  the heat-sink. The cell tempera- 
ture and heat-sink temperature were measured with 
thermocouples and the highest and lowest cell 
temperatures were measured with the IR camera. The 
measured values of temperature generally fell in 
the range of temperatures between the thermocouple 
cell and the heat-sink measurements. 

Figure 6. Fresnel Lens and Receiver Assembly 
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Figure 7. Cell Temperature Versus Junction Voltage 
and Current 

The preliminary tests indicate that the new 
procedure is a promising technique for measuring 
cell temperature, but that the readings are sensi - 
tive t o  the choice of measuring current when the 
cell has substantial temperature gradients. An 
analysis of the technique predicts that the read- 
ings at the lowest measuring currents should be 
indicative of the hottest localized regions of the 
cell, whereas readings at higher measuring currents 
should be indicative of larger cooler areas of the 
cell. A definitive assessment o f  the feasibility 
of using the junction temperature measurement 
technique will have t o  await further study. 

Overall Test Set-up 

Based on the issues described above two test 
setups were developed: one for initial hot-spot 
characterization in the dark (see Fig. a) ,  and one 
for complete module hot-spot testing with partial 
illumination (see Fig. 9). 

The equipment comprising the test set-ups 
included: (1) a power supply for providing the 
back-bias voltage and current to the test cell, 

Figure 8. Test Setup for Hot-Spot Testing of 
Receiver Assembly 



Figure 9. Test Setup for Hot-Spot Testing of 
Concentrator Modules 

(2) meters and an x-y plotter for measuring the 
test parameters, (3) temperature recording devices 
including thermocouples and the IR camera, (4) 
radiant heating source to bring the cell to the 
desired temperature prior to back-biasing (heat 
source maintained during entire test), and (5) the 
light source described above. 

Additional equipment for measuring the 
junction temperature included: (1) a constant- 
current power supply for providing the measuring 
current, (2) an ammeter for measuring the current 
and a sample-and-hold voltmeter for measuring the 
resultant voltage drop across the cell, (3) a 
switching circuit for switching between the back- 
bias power supply and the one providing the measur- 
ing current, and (4) a solenoid-activated shutter 
for quenching the illumination on the cell during 
the cell junction temperature measurement. 

Test Results 

The results of cell back-bias testing can be 
presented in several ways. The key parameters that 
are measured are cell temperature and power dissi- 
pated. The cell temperatures were measured both 
with thermocouples and with the IR camera. The 
thermocouple readings are average cell values 
unless the thermocouple is fortuitously placed on 
or near a hot-spot. Fig. 10 shows the video image 
of a hot spot on the cell as produced by the IR 
camera. The hot spot i s  the bright spot visible in 
the lower corner of the cell. 

One method of data presentation, shown in Fig. 
11, is to plot the cell hot-spot temperature as a 
function of power dissipated. Although this method 
gives an unambiguous indication of the cell's sus- 
ceptibility to hot-spot heating in terms of power 
dissipated, it does not provide the module and 
array designer with a useful tool for optimizing 
the circuitry to minimize hot-spot problems. For 
the tested concentrator cells the controllable 
parameter is voltage, which can be limited by the 
use of bypass diodes. Therefore, Fig. 12 gives the 
cell temperature as a function of the number of 
cells per bypass diode; the latter parameter 

Figure 10. IR Camera Video Image of Cell Hot Spot 
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Figure 11. Cell Temperature Versus Power Dissipated 
for Various Test Configurations 

NO. OF CELLSBYPASS DIODE 

Figure 12. Cell Hot-Spot Temperature Increase Above 
Operating Temperature Versus Number of 
Cells per Bypass Diode 



d i r e c t l y  de te rm ines  t h e  b a c k - b i a s  v o l t a g e .  The 
module d e s i g n e r  must, o f  course,  choose a  maximum 
a l l o w a b l e  t empera tu re  based on t h e  c o n s t r u c t i o n  
m a t e r i a l s  and endurance o f  h i s  c e l l  assembly. Some 
o f  t h e  concerns  a r e  s o l d e r  m e l t i n g ,  i n c r e a s e  o f  
t he rma l  r e s i s t a n c e  between t h e  c e l l  and h e a t  s i n k  
due t o  c e l l  d e l a m i n a t i o n ,  d e g r a d a t i o n  o f  t h e  c e l l  
f r o n t  s u r f a c e  c o a t i n g ,  and c e l l  s h o r t i n g .  G e n e r a l l y  
a  maximum tempera tu re  between 100°C and 120°C i s  
a p p r o p r i a t e .  

HOT-SPOT QUALIFICATION TEST DEVELOPMENT 

As t h e  h o t - s p o t  t e s t  p rocedu re  was r e f i n e d  
d u r i n g  t h e  above d e s c r i b e d  i n v e s t i g a t i o n ,  i t  was 
used as a  model t o  s p e c i f y  a  h o t - s p o t  endurance 
q u a l i f i c a t i o n  t e s t  f o r  c o n c e n t r a t o r  modules. T h i s  
d r a f t  qua1 i f i c a t i o n  t e s t  p rocedu re  i s  i n c l u d e d  as 
Appendix A. The p rocedu re  draws h e a v i l y  upon t h e  
comparable p rocedu re  f o r  f l a t - p l a t e  a r r a y s  and uses 
t h e  same 40°C, s t i l l - w i n d  ambient  c o n d i t i o n s  as 
t h a t  p rocedure  (Ref ,  1,2). S p e c i f ' c  d i f f e r e n c e s  h i n c l u d e :  1) r e f e r e n c e  t o  80  mW/cm d i r e c t  normal 
i r r a d i a n c e  (as  opposed t o  100 mw/cm2 g l o b a l ) ,  2) 
t h e  requ i remen t  f o r  a  s p e c i a l i z e d  i l l u m i n a t i o n  
source, and 3) r e f e r e n c e  t o  a  f i x e d  50°C background 
module t empera tu re  (as  opposed t o  NOCT f o r  f l a t -  
p l a t e  modules).  T h i s  l a s t  50°C f i g u r e  was s e l e c t e d  
based on t h e  absence o f  a d e s i g n - s p e c i f i c  r e fe rence  
tempera tu re  s i m i l a r  t o  NOCT, and t h e  g r e a t  v a r i -  
a b i l i t y  i n  h e a t  t r a n s f e r  between a d j a c e n t  c e l l s  i n  
d i f f e r e n t  t ypes  o f  c o n c e n t r a t o r s .  

I n  concept ,  t h e  50°C f i g u r e  i s  i n tended  t o  
r e p r e s e n t  t h e  o p e r a t i n g  t empera tu re  of  a  s i n g l e  
f u l l y - shadowed  c o n c e n t r a t o r  c e l l  when t h e  remain  e r  
o f  t h e  module i s  f u l l y  i l l u m i n a t e d  w i t h  80 mW/cm 9 
d i r e c t  i r r a d i a n c e ,  and t h e  ambient  a i r  i s  40°C and 
s t i l l .  Under t hese  c o n d i t i o n s  i t  i s  l i k e l y  t h a t  
t h e r m a l l y  i s o l a t e d  c e l l s  i n  p o i n t - f o c u s  concen t ra -  
t o r s  (such as t h e  I n t e r s o l )  w i l l  r u n  a t  tempera- 
t u r e s  somewhat c l o s e r  t o  t h e  40°C ambient t h a n  
those  i n  t h e r m a l l y  i n t e g r a t e d  r e c e i v e r s  (such as 
t h e  Entech) .  The 50°C f i g u r e  was be1 i e v e d  t o  be a  
good compromise. 

CONCLUSIONS AND RECOMMENDATIONS 

S ince  t h e  c e l l s  i n  c o n c e n t r a t o r  modules a re  
a l ready  des igned f o r  maximum c o o l i n g  u s i n g  l a r g e  
h e a t - s i n k s ,  t h e  o n l y  p r a c t i c a l  means f o r  improv ing  
h o t - s p o t  h e a t i n g  endurance o f  marg ina l  modules i s  
l i m i t i n g  t h e  maximum r e v e r s e  v o l t a g e  v i a  bypass 
d iodes.  The I n t e r s o l  modules t e s t e d  i n  t h i s  a c t i v -  
i t y  demonst ra ted e x c e l l e n t  endurance a g a i n s t  f u l l -  
shadow f a u l t  c o n d i t i o n s ,  b u t  e x h i b i t e d  ve ry  h i g h  
h e a t i n g  l e v e l s  under  t h e  p a r t i a l  i l l u m i n a t i o n  con- 
d i t i o n s  t h a t  a r e  more p r o b a b l e  i n  f i e l d  a p p l i c a -  
t i o n s ;  f o r e s e e a b l e  causes o f  t h e  h i g h l y  s t r e s s f u l ,  
p a r t i a l  ill uminat  i o n  c o n d i t i o n s  i n c l u d e  s p o t t y  
s o i l i n g ,  l o c a l i z e d  shadowing f rom nar row o b j e c t s ,  
and p a r t i a l  c e l l  a rea  l o s s  f r om c e l l  c r a c k i n g .  

F i g .  12 p r o v i d e s  t h e  d a t a  on t h e  frequency o f  
bypass d iodes  r e q u i r e d  t o  l i m i t  h o t - s p o t  h e a t i n g  o f  
t h e  I n t e r s o l  module t o  s a f e  t empera tu re  l e v e l s .  
S i m i l a r  d a t a  can be deve loped f o r  o t h e r  module 
des igns u s i n g  t h e  procedures  d e f i n e d  h e r e i n .  It i s  
recommended t h a t  a d d i t i o n a l  h o t - s p o t  t e s t i n g  be 
c a r r i e d  o u t  t o  f u r t h e r  r e f i n e  t hese  t r i a l  p r o c e -  
dures  and p r o v i d e  a d d i t i o n a l  manu fac tu re rs  w i t h  
s p e c i f i c  recommendations f o r  t h e i r  des igns .  
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APPENDIX A 

TEST PROCEDURE FOR CONCENTRATOR-MODULE HOT-SPOT TEST 

T h i s  t e s t  p rocedu re  i s  t o  e v a l u a t e  t h e  a b i l i t y  
o f  a module t o  endure  t h e  l o n g - t e r m  e f f e c t s  o f  
p e r i o d i c  h o t - s p o t  h e a t i n g  a s s o c i a t e d  w i t h  common 
f a u l t  c o n d i t i o n s  such as s e v e r e l y  c racked  o r  m i s -  
matched c e l l s ,  s i n g l e - p o i n t  o p e n - c i r c u i t  f a i l u r e s ,  
o r  n o n - u n i f o r m  i l l u m i n a t i o n  ( p a r t i a l  shadowing). 

Commentary 

F i e l d  expe r i ence  i n d i c a t e s  t h a t  p e r i o d i c  c i r -  
c u i t  f a u l t s  such as p a r t i a l  shadowing and c r a c k i n g  

o f  c e l l s  must be expected t o  occu r  even i n  h i g h l y  
r e l i a b l e  a r r a y s .  Under t hese  f a u l t  c o n d i t i o n s  i t  
i s  d e s i r a b l e  t o  ensure  t h a t  p o s s i b l e  h o t - s p o t  h e a t -  
i n g  due t o  r e v e r s e  b i a s i n g  does n o t  cause propaga- 
t i o n  o f  t h e  f a u l t  o r  e l e c t r i c a l  s a f e t y  hazards.  

H o t - s p o t  h e a t i n g  i s  caused when module opera-  
t i n g  c u r r e n t  l e v e l s  exceed t h e  reduced s h o r t -  
c i r c u i t  c u r r e n t  l e v e l  o f  an i n d i v i d u a l  c e l l  o r  
g roup o f  c e l l s  i n  an a r r a y  c i r c u i t .  The reduced 
s h o r t - c i r c u i t  c u r r e n t  f a u l t  c o n d i t i o n  can be t h e  
r e s u l t  o f  a  v a r i e t y  o f  causes i n c l u d i n g  non -un i f o rm  
i l l u m i n a t i o n  ( l o c a l  shadowing o r  m i s t r a c k i n g ) ,  o r  



individual cell degradation due to cracking. Under 
this condition the cell(s) carrying the excess 
current dissipate power equal to the product of the 
current and the reversed voltage that develops 
across the cell(s), which can heat the cell(s) to 
elevated temperatures. 

Test Procedure 

The preferred procedure for conducting this 
test includes a series of s t e ~ s ,  first to select 

The individual curves may be either all voltage 
limited, Type A, current limited, Type B, or a com- 
bination of both (as shown). Whether a cell is a 
Type A or Type B cell is a function of the number 
of series cells, N, as defined above. A cell that 
is a Type A cell in one circuit configuration may 
switch to a Type B cell as N is increased. In 
general, the cells associated with the highest 
hot-spot heating levels are those with the highest 
shunt resistance, a1 though low shunt resistance may 
be associated with highly localized heating. 

and instrument appropriate ceils for testing, then For testing, select three individual cells to determine the hot-spot test levels, and last to 
if not thermally within the conduct the hot-spot endurance test. test module from the measured sample: one represen- 

Cell Selection and Instrumentation. The 
degree of hot-spot heating within an affected cell 
is dependent on a variety of conditions, including 
the number of series cells per bypass diode, the 
amount of illumination, the amount of over current 
in the affected cell, and the reverse-voltage I-V 
characteristics of the affected cell(s). Because 
the reverse-vol tage I-V characteristics vary con- 
siderably from cell to cell within a given module, 
it is necessary first to determine the dark re- 
verse-voltage I - V  curve for a representative sample 
of cells (at least 10). This may require a speci- 
ally built module. Each cell's dark characteris- 
tics should be determined for reverse voltages from 
0 to VL or currents from 0 to IL, whichever limit 
is reached first, where: 

IL = ISC of an average cell at 80 mw/cm2, at 
standard test conditions (STC) 

VL = N x Vmp of an average cell at 80 mw/crn2, 
STC 

N = Number of series cells per bypass diode 
or number of series cells per module, 
whichever is less. 

tative of the highest shunt resistance obtained; 
one representative of the average shunt resistance; 
and one representative of the lowest shunt resis- 
tance. Provide the test cells with positive and 
negative electrical leads to allow them to be con- 
nected individually to separate power supplies. 
Any parallel current paths around the selected test 
cells must be eliminated. The lead attachment 
should minimize disruption of the cell's heat- 
transfer characteristics or the hot-spot endurance 
of the encapsulation/interconnect system. 

Selection of Hot-Soot Test Level. The objec- 
tive of this portion of the test procedure is to 
select the level of heating corresponding to test 
conditions that will stress the module in a manner 
similar to a severe field hot-spot condition. The 
severity of the field condition will depend on the 
array circuit configuration, the array I-V opera- 
ting point, the ambient thermal conditions, the 
overall irradiance level, and the previously des- 
cribed shunt-resistance characteristics of the 
affected cells. In particular, whether cells are 
Type A or Type B is important. 

For T e A Cells. The maximum cell re- when the reverse-voltage '-' curves verse voltage (iD), the ambient thermal environ- is plotted for the representative sample of cell s, 
a graph similar to Fig. A - 1  should be obtained. ment, and the c e h  illumination level are the key 

parameters. When a module is incorporated into an 
array source circuit without bypass' diodes the 
maximum reverse voltage imposed on an individual 
cell can approach the maximum array operating volt- 
age. In this procedure it is assumed that the 
array designer has used bypass diodes or other 
means to limit the reverse voltage. The test volt- 
age (Vtest) is thus set to the maximum reverse 
voltage than can develop across an affected cell as 
determined by the number of series cells per bypass 
diode. For type A cells, Vt st shall be set equal 
to N times the average Vmp of an individual cell, 
where N is the number of series cells per bypass 
diode or the number of series cells per module, 
whichever is less. 

The second test condition is the cell back- 
LOW HUOUNCC 
Low K ) ~ ~ ~  D ls~ l~ l l~N  ground thermal environment, which is selected to 

simulate a high temperature (40°C) ambient air 
temperature with minimal wind, together with 
heating from adjacent illuminated cell assemblies 

Virsr and heat sinks. For the test, the background 
thermal environment shall be implemented bv 

I I uniformly irradiating the heat sink assembjy with a 

Figure Typical Reverse-Voltage 1-V Plot for a steady-siate infrared (IR) flux sufficient 

Sample of Cells achieve an equilibrium cell temperature of 50°C + 



Z°C prior t o  the application of hot-spot power and 
cell illumination. T h e  IR flux shall remain at 
this level during the test. 

The third key test condition for Type A cells 
is the illumination level; it directly controls the 
hot-spot current level, and therefore the power 
dissipation level. As shown in F i g .  A - 2 ,  there is 
a unique illumination level that corresponds t o  
worst-case power dissipation for any particular 
Type A solar cell. In the test, the irradiance 
level on the test cell shall be adjusted to achieve 
this worst-case condition with IteSt set equal to 
the a erage cell maximum power current at 8 0  I mW/cm , STC. The incremental cell heating resul- 
ting from the illumination source should cause an 
incremental cell temperature increase approximately 
equal t o  that associated with an equivalent expo- 
sure to natural direct normal sunlight. 

Tvoe B Cells. Type B cells have a cell 
shunt resistance so low that the maximum reverse 
voltage is set by the voltage drop across the cell 
associated with the available current level. In 
these cells, worst-case heating occurs when the 
cell is totally shadowed and the current level is 
at a maximum. Test conditions for Type B cells 
shall therefore main ain a cell illumination level 5 o f  less than 5 mW/cm (to allow for room lighting) 
and a current test level (Itest) equal t o  the 
short-circuit current o f  an average cell at 8 0  
mw/cmZ, STC. 

As with Type A cells, the background thermal 
environment shall be implemented using IR heaters 
to achieve an equilibrium cell temperature o f  50°C 
t Z°C prior t o  the application o f  the hot-spot test - 
current. The air surrounding the heat sink assem- 
bly shall be still. 

CURRENT 

Test Execution. Detailed steps for execution 
o f  the test involves subjecting the three selected 
test cells to cyclic hot-spot heating, at the 
le2vels determined above, for a period of 100-h 
total on-time, as follows: 

(1) Apply an IR radiant-heating source t o  the 
cell heat-sink assembly and adjust the 
heating level t o  achieve a uniform cell 
temperature equal t o  50°C + 2OC. The 
ambient air shall be still. 

( 2 )  Connect a separate dual -1 imi ting con- 
stant-current, constant-voltage power 
supply t o  each test cell with polarity 
arranged t o  drive the cells with reverse 
voltage. Adjust the voltage and current 
limits to Vtest and values deter- 
mined in the section, e ection of Hot- 
Spot Test Level above. 

( 3 )  For Type A cells only, arrange a solar 
simulator to illuminate each test cell t o  
the unique level determined in the sec- 
tion, Selection o f  Hot-Spot Test Level 
above (Fig. A - 2 ) .  This must be done 
after the power supply and IR source are 
turned on and adjusted. Adjust the illu- 
mination level t o  achieve, simultaneous- 
ly, both current and voltage limiting at 
Itesf and Vtest after equilibrium test 
c o n d ~ t i o n s  stabilize. The illumination 
source should not contain excessive 1R or 
ultraviolet (UV) irradiance that would 
lead t o  abnormal heating or accelerated 
UV aging. The source should also avoid 
illuminating portions o f  the concentrator 
interior o r  cell assembly that are not 
normal 1 y ill uminated (heated) during 
operation in natural sunlight. 

(4) Connect the power supplies, IR source, 
and light sources to an appropriate timer 
to obtain a cyclic on-off operation with 
an on-time equal to 1-h, and an off-time 
sufficient to allow the test cells t o  
cool to within 10°C o f  the ambient air 
temperature. 

(5) Conduct the test until a total o f  100-h 
o f  on-time has been accumulated. 

(6) Visually inspect the module and test cell 
at approximately 24-h intervals during 
the test, and upon completion o f  the 
100-h sequence. Identify any evidence o f  
degradation, including cell cracking, and 
delamination, outgassing o r  blistering o f  
encapsulants, solder me1 ting, o r  other 
defects resulting from the test. Measure 
the post-test electrical performance o f  
the module for comparison with baseline 
electrical performance. Perform a post- 
test electrical isolation test. 

Figure A2. Effect o f  Test-Cell Illumination Level . 
on Hot-Spot Power Dissipation 


