
DETERMINATION OF HOT-SPOT SUSCEPTIBILITY OF HULTISTRING 
PHOTOVOLTAIC MODULES IN A CENTRAL-STATION APPLICATION* 

C.C. Gonzalez* 
R.W. Weaver** 
R.G. Rorr, Jr.- 

Jet Propulsion Laboratory 
Pasadena, 
California 91109 

ABSTRACT 

Part of the effort of the Jet 
Laboratory (JPL) Flat-Plate Solar 

Propulsion 
Array Project 

Acurex Corp. 
Mountain View. 

J.C. Arnett- 
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Woodland Hillr. 

(PSA) includes a program to improve module and 
array reliability. A collaborative activity with 
indurtry dealing with the problem of hot-spot 
heating due to the rhadowing of photovoltaic cells 
in moduler and arrays containing reveral paralleled 
cell strings is described. The use of multi- 
parallel strings in large central-station arrays 
introduces the likelihood of unequal current 
sharing and increased heating levelr. Test 
rerults that relate paver dissipated, current 
imbalance, crosr-strapping frequency, and shadow 
configuration to hot-rpot heating levelr are 
prerented. Recommendations for circuit design 
configuration8 appropriate to central-rtation 
applicationr that reduce the risk of hot-spot 
problem8 are offered. Guidelines are provided for 
developing hot-rpot tertr for arrayr vhen current 
imbalance is a threat. 

INTRODUCTION 

An earlier report (1) discusrer the development 
of a laboratory test to determine module hot-spot 
susceptibility. In the procerr of applying thia 
test to large central-atation arraya vith 
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extensive cell paralleling, it became clear that 
modifications of the test were necessary. 

At the root of the problem is the fact that 
the standard Block V hot-spot test (2) was 
developed for single-string modules in which the 
maximum hot-spot current is limited to the maximum 
string current. With extensive cell paralleling 
and numerous cross ties, it is possible for a 
current imbalance to develop and for the entire 
source-circuit current to be channeled through the 
hot-spot cells. The level of severity of the 
problem is directly proportional to the number of 
parallel strings, and the probability of occurrence 
increases as the frequency of crors-straps 
increases. 

In view of thir, the hot-spot problem can be 
potentially more revere in a central-rtation 
application becaure of the use of multirtring 
moduler and the paralleling of modules in panels. 
On the other hand, it is potentially easier to 
control rhadow conditions in a central station 
through personnel control policies and by 
poritioning buildings, poles, tovers, etc., 
carefully to limit ahadwing. The relationship 
between the type of rhadowing and rubrequent 
hot-rpot intensity ir an important one to conrider 
for reducing the ri$k of damage. 

The rtudy reported here addrerrer the problem 
of the ryrtem designer in asrerring the potential 
for hot-spot problems in central rtations and in 
applying the appropriate circuit-derign strategier 
and policier to control shadowing. A principal 
objective was to gain an understanding of the 
major parmeterr influencing hot-spot heating in 
central stations and the renaitivitier of the 
rising temperature to there parmeterr. A recond 
objective war to acquire the information required 
to develop a hot-rpot tent that would allow module 
and ryrtem designers to evaluate module hot-spot 
rurceptibility in the central-station environment. 
There data are also necerrary in developing 
circuit-derign atrategier and shadow-prevention 
policies for limiting the incidence and the 
severity of hot-rpot heating. 

Before presenting the detail. of the prerent 
rtudy it vill be useful to reviev the general 
factors araociated with cell hot-rpot heating. 
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Rot-spot heating occurs when a solar cell is 
forced to pass a current greater than its short- 
circuit current. This circumstance typically 
arises when a cell's short-circuit current level 
ir reduced below that of its neighboring cells by 
partial or full shadowing, or by cell breakage. 

The resulting power dissipated in the affected 
cell ir proportional to the product of the current 
passing through it and the voltage developed 
acrorr it. Without the introduction of bypass 

' diodes, this reverse voltage is only limited by 
the system voltage itself. However, with the 
introduction of bypass diodes, the maximum reverse 
voltage is limited to that generated by the number 
of rerier cells per diode. 

Figure 1 illustrates the concept of hot-spot 
heating where the I-V curve of the affected cell 
ir given by curve B and that of the normal cells 
by curve A. With a bypass diode around three 
cellr, the maximum voltage drop across the 
bypassed cells is limited to the 1.0-volt diode 
drop, or, with an ideal diode, to zero volts. 
Thia operating point, defined by the intersection 
of the A + B curve and the zero-voltage axis, 
results in the full voltage of the A cells being 
developed across the affected B cell. The 
resulting power dirripation is denoted by the 
crosrhatched area. 

Figure 1. Visualization of Hot-Spot Cell Heating 
With a High-Shunt-Resirtance Cell 

In general, the current passing through the 
affected cell is influenced by its attenuated 
rhort-circuit current and its shunt resistance, 
and ir limited by the short-circuit current of the 
normal cells in series with it. With high-shunt- 
rerirtance cells, such ar cell B in Figure 1, 
wrrt-care power dissipation occur. when the 
current of B is only slightly reduced (partially 
shadwed) am rhown. On the other hand, with 
lorrhunt-resistance cells, such ar cell C in 
Figure 2, maximum power is developed under full 
rhadw conditions where the phot~urrent of the 
affected cell is reduced to near rero. note that 
the power disripation in the high-shunt-rerirtanct 
cell (1, Figure 1) tends to be controlled by its 

own photocurrent, wh reas that of the low-shunt- 
resistance cell (C, figure 2) is controlled by the 
maximum string currebt. 

Figure 2. Visualization of Hot-Spot Cell Heating 
With a Leu-Shunt-Resistance Cell 

Figures 1 and 2 $how that the string current 
is generally limited by the short-circuit current 
of the unaffected cells in series vith the affected 
cell. However, when there are cell strings within 
the bypass-diode circuit that are connected in 
parallel with the affected cell string, current 
from the parallel strings can pass through the 
reverse-biased cell in certain circumstances. 
This unequal current-sharing by parallel strings 
under reverre-bias cmditions, referred to as 
current imbalance, occurs when the shunt resis- 
tance of one of the cell strings is significantly 
lower than that in the others. This phenomenon 
does not occur in ce$ls like cell B in Figure 1, 
where the maximum current passed by the cell at a 
given voltage is limited by the photocurrent. 
Instead, it occurs i* cells like cell C in 
Figure 2, which can pass a large amount of current 
without reaching the limiting voltage. Inasmuch 
as the amount of power dissipated by such a cell 
can be quite large, due to the high overcurrent, 
the most revere overbll hot-spot heating occurs 
when such a cell ir fully shadowed and current 
imbalance exists. 

Another factor contributing to the eventual 
hot-spot-induced temperature rise is the degree of 
localized heating within the cell caused by 
nonuniform current density. The total current 
flowing through the cell is composed of the 
photocurrent, which is directly proportional to 
the illumination levql and is distributed uniformly 
over the illuminated area, and the current passing 
through the rhunt revirtance. The latter is highly 
concentrated becaume of the nonuniformity of the 
rhunt resistance, the actual conducting paths 
being highly localized regions caused by point 
defects. The degree of nonuniforcity of the 
heating over the cell area, and therefore the 
hot-rpot temperature rime, is generally greater 
for cells (such as C, Figure 2) where moat of the 
p w e r  ir dissipated in the localized shunt 
resistance. 

       2



A second factor that exacerbates the nonuniform 
heat dissipation is the nonlinear temperature 
dependence of doped silicon. With semiconducting 
silicon, electrical resistivity increases with 
temperature to a point, and then rapidly decreases 
vith further temperature increases. The result is 
m unstable channel of current to the lwer- 
resistance hot spot, once the critical temperature 
is reached. This leads to still more localized 
heating and higher temperatures. An example of 
nonunifom heating is shown in Figure 3, vhich 
shan the typical degradation obtained from cell 
hot rpots that almost always occur at one of the 
edges of the cell. 

Figure 3. Example of Nonunifom Hot-Spot Cell 
Heating in a FourInch Test Cell 

In rua~ry,  the hot-spot temperature of a 
reverse-biased cell is related to the power 
dissipated in the cell, but not in a Linear, easily 
definable way. Although a minimum mount of power 
dissipation is necessary to achieve a significant 
temperature increase, the same power dissipation 
u y  lead to different levels of temperature rise 
even in the same cell under different shadow 
conditions and different states of Localized 
heating. The actual temperature rise is strongly 
influenced by the degree of nonuniformity of 
heating within the cell. 

STUDY APPROACH 

The chosen approach to understanding hot-spot 
heating in a central-station environment involved 
ra txtenrive series of field experiments on actual 
central-station source circuits or portions 
thereof. The experiments vere done at the Acunx 
Corp. field-test site in Mountain Viev, California, 
at JPL's field-test site in Pasadena, California, 
and at the ARCO Solar, Inc., test mite in 
Chatworth, California. 

Detailed objectives of the tests involved four 
u j o r  isaues: 

Quantifyin$ the conditions under which 
current inlbalance is likely to occur and 
to cause aggravated hot-spot heating. 

Quantifyin$ circuit-design strategies 
such as series-paralleling and bypass 
diodes for controlling hot-spot heating 
damage. Two effect# work in opposite 
directions with respect to the need for 
diodes. The potential for current 
imbalance implies more bypass diodes or 
fever crosrties to ensure that hot-spot 
problems do not occur. On the other 
hand, if slpadow conditions can be con- 
trolled so that the risk of the occurrence 
of hot spots is minimized, use of fewer 
bypass diodes may be acceptable, thus 
lowering system costs. 

Understanding quantitatively which shadow 
conditions lead to worst-case heating. 
This is iwortant for developing proper 
controls over array shadowing for the 
alternative strategy that makes possible 
the use of fewer bypass diodes. 

Developing reconrmendations for a more 
general hot-spot heating test applicable 
to cases vhere current imbalance is 
likely. 

Acurex Tests 

To obtain data on these isaues, tests were 
performed on the verification array built for 
Phase I of the Sacramento Uunicipal Utility 
District (SMUD) one-gawatt photovoltaic central 
station. The array, situated at the Acurex Corp. 
facility in Mountain View, California, consisted 
of 32 ARCO Solar modules in series by eight 
modules in parallel. The modules were assembled 
in panels, with each panel containing four modules 
in series by eight in parallel. Each module 
consists of 12 four-inch-square cells in series by 
three cells in parallel, with cross tier after 
every three cells. The array, mounted on a single 
north-south horizontal-axis tracker, produced 
10.5 kW peak pavcr and approximately 56 A maximum- 
power eurrent at standard test conditions (STC), 
250C and 100 w/c&. 

Tests performed vith and vithout bypass diodes 
demonstrated that significant hot apots could occur 
in conditions such as those presented by persons 
standing in front of an array that lacks diode 
protection. The phenomenon of current imbalance 
was demonstrated in its extreme vhen a section of 
eight parallel modules was shadowed vith the array 
at short circuit and vith no bypass diodes. All 
of the current from a panel (=56 A) was channeled 
through one string of cells in a matter of seconds, 
causing substantial local damage. W i s  type of 
event vould not be expected in norul operation, 
with adequate use of diodes. 

Subsequent tests were performed vith the array 
operating near the maximum paver point and with 
bypass diodes around every t w  series modules 
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(every 24 c e l l s ) .  To i n v e s t i g a t e  t h e  e f f e c t  of  
i n t e r n a l  p a r a l l e l i n g  and c r o r r - t i e  frequency on 
the frequency of  diode placement, lead8 were 
a t t ached  d i r e c t l y  t o  t h e  c e l l  in te rconnec ts  of  a 
number o f  modules i n  one of  t h e  panels. The number 
of c r o r r  t i e r  was then var ied  and t h e  c u r r e n t 8  and 
vo l tager  of t h e  c e l l r  being t e r t e d  were mearund. 
The c e l l  hot-spot temperaturer were monitored wi th  
an fR camera. 

JPL T e r t r  

The types of t e r t s  performed on t h e  SMJD 
v e r i f i c a t i o n  a r r a y  were continued a t  t h e  JPL t e s t  
r i t e  with t h e  rame module# and wi th  rome new ARCO 
SMUD-type modules. Eight modules i n  a11 were 
connected i n  a panel ,  wi th  two i n  s e r i e s  by four  
i n  p a r a l l e l .  The JPL panel faced mouth with a 
f ixed tilt angle normal t o  t h e  run a t  noon. 
P i g u n  4 r h w r  i t r  back r ide.  

Figure 4. JPL Hot-Spot Tes t  Panel 

During t e r t i n g  t h e  panel  was operated a t  r h o r t  
c i r c u i t ,  r i m d a t i n g  opera t ion  with t h e  byparr  diode 
turned ar (one diode per  two roduler) .  W u l e s  
with l e a d r  a t t ached  were again ured t o  al low 
v m i o u r  degreea of  crora-tying t o  be  explored. 
Current ,  vo l tage  and thermocouple d a t a  were taken 
a u t m u t i c a l l y  and were recorded by a d a t a  logger. 
Therrocoupler were a t t ached  t o  t h e  backs of  t h e  
d u l e r ,  each one a t  t h e  l o c a t i o n r  of  r e v e r a l  t e r t  
c e l l r .  When these  c e l l s  were no t  shadowed t h e  
therrocouple provided va luer  of  normal c e l l  
opera t ing  temperaturer.  An I R  camera war again 
ured t o  ob ta in  temperaturea of  t h e  hot-spot a r e a s  
from t h e  back r i d e  o f  t h e  module. The d a t a  were 
recorded r iau l taneour ly  on videotape f o r  l a t e r  
c a r p r t e r  reduction. The n b i e n t  temperature and 
plane-of-the-array g l o b a l  i r r a d i a n c e  were a h 0  
recorded. 

For  w r t  of t h e  t e r t i n g  a r h a d w  mark covering 
one c e l l ' r  width war rurpmded above t h e  f o u r  

p a r a l l e l  modules and t h e  amount of  c e l l  a r e a  
covered war varied by changing t h e  r e l a t i v e  angle 
of t h e  s h a d w  mark. 

ARCO S o l a r  T e s t s  

Af te r  t h e  Acurex and JPL f i e l d  t e s t 8  t h a t  used 
bypasr diodes every 24 c e l l s ,  a s e r i e s  of hot-spot 
t e r t s  was conducted It ARCO S o l a r ' r  Chatsworth 
f i e l d  s i t e  using bypl r s  diodes around every 12 
c e l l r  (one f o r  each module). There t e r t r  urred 
a SMUD Phare 2 (PVZ) protype 9 x 16-ft panel 
c o n s i r t i n g  of  ind iv idua l  laminater ( frameless  
modules) with t h e  r a k  c e l l  and c i r c u i t  arrange- 
ment a s  those of  t h e  modules ured i n  t h e  Acurex 
and JPL t e r t r .  The panel war made up of four  
rubpanels i n  s e r i e s ,  each subpanel c o n s i s t i n g  of 
n ine  laminates i n  p a r a l l e l  with a bypass diode 
(Semikron SKKD 81102~). The t e s t  panel ,  rhown i n  
Figure 5 ,  war mounted on a two-axis t r a c k e r  with 
rhadow m r k r  attacheid d i r e c t l y  t o  it. The panel 
war provided a four-lcerminal c a b l e  f o r  I-V curve 
t r a c i n g  and war instrumented f o r  measurement of 
plane-of-the-array i r r a d i a n c e  and c e l l  temperature. 
An fR rensor  was used i n  add i t ion  t o  thermocouples 
t o  mcarure hot-spot temperaturer.  

Piyre 5. ARC0 S o l a r  Hot-Spot Tent Array 
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Two groups of teats were conducted. The first 
was a series of short-term (20 to 60 minutes) 
shadowing exposures at short circuit to ertsblish 
the worst-care heating conditions. The shadow 
conditions ured were: lurking of 50% of a subpanel, 
usking of one module, and masking of one row of 
cells across the panel width. The Iart is equiva- 
lent to the majority of the rhadow configurations 
ured in the JPL testing. Thir case was further 
broken down into hard shadws covering 100%. 75%, 
50% and 25% of each cell in a shadwed row. The 
25% shad- produced the highest hot-spot tempera- 
tun, 91%. The bypass diodes limited the 
back-bias voltage to 6.1 volts. 

The recond part of the ARCO tests used the same 
252, full-row rhadow and exposed the panel to more 
than 100 hours of rhort-circuit operation at irra- 
diancer greater than 80 aV/cm2. Maximum cell 
temperatures were consistent with the short-term 
tert and evidence of current imbalance was not 
detected in thir 12-cells-per-diode configuration. 
The shadow mask was tried on a11 12 r w s  of the 
subpanel; it produced conristcnt cell temperatures, 
back-bias voltages, and curnntr. No attempt vas 
u d e  to vary the number of crors tier; however, the 
panel im being modified to provide for variable 
module cross-tying and intermodule paralleling 
within the diode block, for future testing. 

RESULTS 

Bared on the three rets of experiments 
dercribed above, it can be concluded that field 
hot-spot testing is fraught with difficulties and 
the phenomenon itself is complex. In general, 
however, the results from the tests at Acurex, JPL 
and ARCO were conristent and complementary. The 
issues lirted above were illuminated, and rope 
were quantified. 

the hot-r ot test rimulates conditionr of 400C and S 100 mW/cm . To effect the correction, a stable 
cell with uniform temperature dirtribution was 
selected as a reference in one of the field-test 
modules. The cell was then electrically isolated 
from its circuit and rubjected during each of the 
test runs to back-biasing similar to that of the 
laboratory hot-spot tert. It was then subjected 
to the actual laboratory hot-spot test. Figure 6 
is a plot of the resulting laboratory hot-spot 
temperature as a function of pwer dissipated. 
Mearured field-test temperatures of other cells 
n r e  subsequently normalized to equivalent 
laboratory-test values by comparing them with the 
reference cell's temperature under the same field 
conditions. The amount of adjustment was eoual to 
the difference between the meisured hot-spa; 
temperature for the reference cell in the field 
and the temperature obtained in the laboratory 
(Figure 6) for the same power dissipation. 

140 

U 

130 - 
0 

3 120 - 
* 
C 110 - e 

f 100 - 
C 
0 x 

80 - 
I 
5 10 15 20 25 30 

POWER DISSIPATED. W 

A key difficulty was finding a quantitative 
mearure of hot-spot heating severity. Peak cell 
temperature is probably the best indicator in this 
regard, but unfortunately it ir strongly dependent 
on the statistical variability of the cell shunt 
resistance level and areal distribution within 
each cell. Varying environmental condition. such 
as air temperature and wind velocity further 
complicate ttmperature interpretation. 

Because revere heating often caured outgassing 
and blistering of the encapsulant, the accuracy of 
the IR craera determination of peak cell temper- 
ature was improved conriderably at higher temper- 
atures when the Tedlar back cover war removed, 
exposing the cell. The uncertainty in the tempera- 
t u n  ~asurements, after a11 possible steps were 
taken to minimize it, ranged from 20C at lower 
temperatures to IOOC at higher tcmperaturem. 

to correlate the temperatures warured in the 
field with those arrociated with the standard hot- 
#pot test, it was necesrary to correct for the 
different ambient temperaturer. Field test 
conditions at the JPL rite, for example, ranged 
from 190 to 26.8% and 75 to 105 mW/cm2, whereas 

Figure 6. Reference-Cell Hot-Spot Temperature 
as a Function of Power Dirsipatea 
in Laboratory Hot-Spot Test 

Results of the test program, with reference to 
the normalized field-test temperatures prerented 
in Table 1, follow. Since a good correlation 
between power dissipated and hot-rpot temperature 
could not be found, for reasonr discusred above, 
Table 1 has been constructed and gives the bounds 
of the hot-rpot temperatures for various ranges of 
each of a number of parameters to which hot-spot 
temperature is senritive. The median temperature 
and the upper and lower extremes are given. 

Levelm of Current Imbalance 

A key objective of the test program war to 
determine the conditionr under which detrimental 
levels of current imbalance exist. In the various 
mhadov configurationr, current imbalance occurred 
only with 100% rhadowr and produced current Ievelr 
in the affected cellr in the range of slightly 
less than the cell short-circuit current to three 
timer the cell short-circuit current ( 2  to 7 A). 
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Table 1. Ranges of Adjusted Hot-Spot Temperatures 
as ; Function of the ~al"es of the 
Parameters to Which the Temperature 
Is Sensitive 

k m n t  
<loo% s w o w  

k m n t  
100% skdow 

hrl rf Power 
Dissipation 
400% Sbadow 

bval of Power 
Diuipation 
100% Shrdow 

Limits on Parmmdrr 

1.55-2.5 A 

Occurrence 
of Current 
lmbalancr 

4.6.7.0 A 

Hot4pot Temp.. "C 
Low 86 
Median 105 
High 135 
91.96 (3 Vsluosl 

Low 85 
Median 150 
High 185 
Low 150 
Median 220 
Hiph 310 

Low 86 
Median 105 
High 135 

Low 9 1 
Mdirn 150 
High 185 
150-245 (3 V~UOSI 
220.310 (5 V%U@S) 
Low 86 
Mdirn 105 
High 135 
Low 90 
Median 155 
High 310 

Worst-case current imbalance occurred in tests 
in which a single row of parallel cells vas 
mhadowcd and crorm ties were introduced after each 
row of pmallel cells. In this case, current from 
a11 three strings in the module passed through one 
cell. The current imbalance produced hot-mpot 
temperature6 on the order of 2000C or more and 
caured the encapsulant to blister and discolor 
meverely, with gas bubbles on the front side. 
Little if any current imbalance was noted in 
wduler with croms ties after every three cellm. 

Uhm protective dioder vere ured with at least 
every 24 cells, current imbalance occurred only 
within modules, not between modules. The level of 
current imbalance was coupled with the total level 
of leakage current passed by the shadowed cellr 
within the module. At lower current levelm, 60Z 
to 70% of the total available module current passed 
through the hot-spot cell, whereas at high levela 
(above 6.5 A) more than 90% channeled through the 
hot spot. The hot-spot tcmperaturem achieved for 
the lever levels of current imbalance ranged from 
mild to revere. Although current imbalance doer 
not necessarily lead to severe hot-spot heating, 
a11 of the cares above 4.6 A (about twice the cell 
short-circuit current) produced mvere 
t m r a t u r e s .  

Only in the extreme-short-circuit test run at 
Acurex vithout bypasm diodes war current imbalance 
betwen d u l e m  noted. 

Power Dissipation 

Although a plot of hot-spot temperature versus 
power dissipation is not possible, for reasons 
given above, it is advantageous to know the bounds 
on the temperatures achieved for a given power 
level, mince power level can be related to diode 
frequency and eerier-parallel configuration. For 
a range of paver dissipation between 12 and 18 W, 
and less than 100% rhadow, there is no significant 
difference between the normalized temperatures 
obtained for the lower end of the power range and 
those for the higher end. For 100% shadows and 
power levels between 9 to 19 W, there is again no 
difference between the lover and upper power 
levels. However, the higher temperatures caused 
'revere physical degradation. For levels in the 
range of 19 to 26 W, significant degradation could 
be expected in all cases. Power levels in the 
range of 26 to 37 W result in high temperatures 
and mevere degradation. 

The higher power levels, not associated with 
current imbalance (<I9 W ) ,  led to substantial 
hot-spot heating, reinforcing the rule of thumb 
that the diode frequency should be greater than 
one for every 24 cells. The power levels above 
19 W were associated with current inbalance and 
the temperatures reached indicate clearly that 
measures must be taken to ensure against current 
imbalance. 

Influence of Different Shadows 

In each of the tests, studies were run to 
arserr the sensitivity of the array to various 
shadow configuratons. The extent of the rhadow is 
important, in terms of the amount of individual 
cell area covered and in terms of the number of 
parallel cells or modules across which it extends. 
The rhadow can be deep or it can be diffuse; 
identifying the rhadows causing the most serious 
hot-spot problems ir important in controlling 
hot-spot heating in central stations. 

It was first observed in the testa that large 
shadows that cover a number of series cells in 
each shadwed string do not cause noticeable 
heating when bypass diodes are ured, because the 
diode prevents large reverse voltages, and the 
voltage that is allwed is distributed among the 
several shadowed cells. 

Significant hot-spot heating occurs vhen 
shadows are large enough to caure the diode to 
conduct, and when there are cell strings with one 
or two shadwed cells. In reveral tests, for 
example, it was verified that rhadowing a portion 
of the array with a broad shadow and then shadowing 
the tert module with a narrow shadow produced the 
8.w rerults as shadowing the entire array with a 
long n a r r w  shadow. The latter rimlater the 
rhadov of a pole; the combination of broad and 
n a r r w  shadows simulates roacthing like a truck 
with an upright exhaust stack. 
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Most of the hot-spot temperatures described 
here were obtained with a long, narrow shadow. 
Tvo cases of shadow density were considered with 
thir shadow: full cell coverage (100%). and 
partial cell coverage (less than 100%). 

The hot-spot temperatures obtained with less 
than 100% shadowing were mostly below the marginal 
range of 120° to l5O0C, where some form of degra- 
dation can be expected. This is consistent with 
the temperatures measured in the Block V hot-spot 
test, and with the fact that no current imbalance 
was noted under partial illumination. 

With 100% shadows, temperatures ranged from 
below lOWC to above 300°C, depending on the 
level of cell leakage current. The temperatures 
above lOWC were only achieved when current 
imbalance existed. 

A final note: the difference between a shadow 
produced by a mask a foot above the surface and a 
deep shadow produced by placing the mask directly 
on the surface was found to be insignificant. 

It is possible to'make tentative recoumenda- 
tions for the circuit design and testing of 
central-station arrays, based on these results. 

Circuit-Design Options 

The best circuit-design option to ameliorate 
hot-rpot problems is the use of bypass diodes to 
limit the maximum reverse voltage. In addition, 
in source circuits involving parallel solar cells, 
it is important to minimize the chance of current 
imbalance by controlling the frequency of cell 
cross ties. As the number of cells per substring 
decreases, there is a greater risk of one string 
having a significantly lover shunt resistance; as 
the number of cells increases, the shunt resir- 
tancar of the various substrings average out, 
becoming equivalent. For two or three parallel 
strings per module, cross ties should be no rare 
frequent than every three cells; for four to six, 
no more frequent than every six cells. For more 
than six parallel strings, cross ties should be 
no lore frequent than every 10 to 12 cells. In 
addition, there should be at least one bypass 
diode for every 12 to 18 cells (more if the above 
guidelines are exceeded). The ratio of the power 
increase with current imbalance to that without it 
lust be equated with the number of parallel 
strings; therefore, the voltage must be reduced by 
tht rame factor. In the tests described, with one 
diode per 24 cells, stressful heating was obtained 
without current imbalancb and severe heating with 
imbalance. When one diode per 12 series cells was 
used, acceptable heating levels were achieved. 

Rot-Spot Test Options 

The results of the field hot-spot test 
indicate that the laboratory test for module 
hot-spot susceptibility gives an adeqrute 

indication of what to expect in the field if there 
is no current imbalance. However, when current 
imbalance is possible, certain changes in the test 
procedure are recomwnded. Based on the results 
of the test program, it is first concluded that 
the procedure is correct as it is for high-shunt- 
resistance (type A) cells because these cells do 
not participate in current imbalance. 

Low-shunt-resistance (type B) cells are subject 
to current imbalance and require modification of 
the test procedure: it is recollllaended that the 
test current ( 1 ~ 1  be increased to the short- 
circuit current level of the module under condi- 
tions of 100 m~/cm*, NOCT. This current limit 
was equal to the cell short-circuit current, which 
is still correct for cases with no current 
imbalance. 

Field Test Options 

Because the hot-spot heating test as modified 
above allows worst-case current imbalance, it is 
useful to conduct hot-spot heating tests in the 
field under actual current-imbalance conditions. 
Although the specificatione and procedures for 
this type of test are yet to be developed, the 
long-duration field test, defined in the SHUD PV2 
photovoltaic panel procurement specifications by 
Acurex and implemented by ARCO, provides an 
excellent starting point. 

The results of the field testing performed and 
described also suggest guidelines for the develop- 
ment of a field hot-spot test. It was observed, 
for example, that the shunt resistances of some of 
the cells changed as a result of the tests. This 
was more frequently observed in cells that had 
sustained excessive heating levels. As time went - 
on, the magnitude of their response to hot-spot 
heating increased. Another interesting effect 
noted in one of the test modules wae the switching 
of the current path between one parallel cell and 
another when changes such as altering the shadow- 
ing were made. Therefore, any field testing to 
determine the existence and effect of current 
imbalance should involve a test duration on the 
order of 100 hours, the same as the laboratory 
test. The test should also be performed when 
the irradiance in the plane of the array is 
80 m~lcm2 or more and the air temperature is 
higher than 2WC. This means that in many parts 
of the country the test may not be possible for 
six months of the year. When conditions are 
generally acceptable, a tracking array would allow 
the test to be performed in two weeks of good 
weather. A fixed array would probably require a 
month of good weather. 

The test array should contain as many parallel 
lodules as a source circuit in the central station 
and as many series modules as would be protected 
by a diode. Test cells from several of the test 
modules should be selected in the same way as in 
the laboratory test except that at least five 
lorrhunt-resistance cells (type B) involving at 
least three separate d u l e s  should be selected. 
The test should be performed with a shadow mask 
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covering the entire area of one rou of parallel 
cell.. Unlers the orientation of the shadow mask 
e m  be chmged continuourly to keep the area 
covered conrtant, the mark should be clamped 
directly to the array. Alternatively, if a 
sufficiently representative sample of cells cannot 
be located in a single geometric rov across the 
array, individual cells could be masked if each of 
the parallel rubstrings vithin the serier block in 
the d u l e  contains one ahadoved cell and all 
rubatrings across the full array width vithin the 
diode block are mhadwed. After the test is 
calplctcd, the test modules should be evaluated in 
the same way as those in the laboratory test. 

CONCLUDING REUARKS 

The results presented here provide guidelines 
for the selection of module aerier-parallel config- 
urations and the frequency of ure of diodes. The 
multiple testing dercribed here is believed to 

bracket the poerible protection options, from no 
bypass diodes, to a use frequency slightly lower 
than the guideliner, to one within the guidelines. 
The irrue of current imbalance has been addressed; 
rerults indicate that future hot-spot terting must 
take it into account. 
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