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The function of solar cel ls, modules and 
arrays I s  t o  produce useful e lec t r i ca l  
energy. Because photovoltaic conversion 
e f f  lciency I s  used t o  discrlmlnate between 
competitive photovoltaic technologies as 
well as between alternate means o f  producing 
e lec t r i ca l  energy, It I s  important that  the 
means used t o  measure the performance of 
these devices be understood. This paper 
traces the evolution of  photovoltaic per- 
formance measurement from i t s  early appli - 
cation I n  space arrays t o  I t s  present status 
I n  t e r res t r i a l  appllcatlons. Although the 
dlscusslon I s  generally addressed t o  the 
problem o f  measuring the pwer  of  f l a t  p late 
amdules and arrays, the technology of 
measuring the characteristics o f  ce l l s  
provldes the basls f o r  much of  the dis- 
cusslon. The problem o f  developing 
voluntary concensus performance measurement 
standards i s  also discussed and suggestions 
f o r  enhancing the i r  developnent are offered. 

1. IWTROWCTION 

The performance of photovoltaic solar c e l l  
modules I s  delineated by the i r  eurrent- 
voltage characterlst lc curve, Flg. 1. Aside 
from the l n t r l n s l c  properties of the nodule 
I t se l f ,  t h i s  characterlst ic I s  a function of 
three extr lns lc  varlables; (1) the t o t a l  
irradlance reachlng the module, (2) the 
spectral d ls t r lbu t lon  o f  the irradiance aid 
(3) the temperature o f  the nodule. I n  order 
t o  compare the performance o f  d i f fe rent  
nodules, these three ex t r ins ic  variables 
nust remain the same fran sample t o  s w l e .  
It I s  apparent fnwn Fig. 1 that  the 
short-circul t current Increases l inear ly  
wl th the lntensl ty  of the i r rd iance .  
L lkwlse,  from Fig. 2 It can k observed 
that  a temperature Increase causes a 
decrease i n  voltage amounting t o  &out 0.5% 
per 1oC. The effect o f  changlng the 
spectral d ls t r lbu t lon  o f  the i r r rd iance Is 
lore subtle and I s  I l lus t ra ted  i n  Flg. 3 
which d lspla re la t lve  power as a functlon 
of a l r  mass %om Ross & 6onzaler. (1)). 
A i r  mass I s  a normalized parameter denoting 

RELATIVE VOLTAGE 

Flg. 1. Typical current-voltage charac- 
t e r i s t i c s  of a solar c e l l  module 
as a function o f  intensity. 

the r a t i o  of the path length traversed by 
the incldent sun through the earth's 
atmosphere t o  the thickness of  the 
atmosphere. It serves as a convenient 
measure of different solar spectral 
dlstr lbut lons ranging from the bluish sun of 
outer space (a i r  mass zero or  M 0). t o  the 
white I l g h t  of an overhead sun (M 1) t o  
the redish sun of afternoon (AM 6). t o  
compare the performance of d l f fe rent  
modules, a comon set of conditions I s  re-  
quired; thus a level of l r rad imce must be 
specifled, the spectral d is t r ibu t ion  or a i r  
mass o f  the lrrrdiance def lned, and a 
temperature selected. 
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RELATIVE VOLTAGE 
Fig. 2. Typical current-vo1 tage 

characteristics o f  a solar 
c e l l  module showjng effects 
o f  temperature. 

2. BACKGROUND 

The f i r s t  widespread use of large solar 
panels or arrays to  power e lec t r i ca l  equip- 
ment occurred i n  the varlous spacecraft 
programs, where the determinatl on o f  the 
performance o f  solar ce l l s  and arrays I n  
space was crucla l  because of the l im i ta t ion  
Imposed upon the slze of the array by the 
l i f t i n g  capabi l l t y  of the rockets that  
boosted the spacecraft I n to  orblt .  It was 
In  t h i s  progrm that  the technlques and 
procedures f o r  making photovoltalc 
measurements were f i r s t  developed. The 
lntansl ty and spectral d ls t r lbu t lon  o f  the 
Irradlance I n  outer space was detemlned: 
then earthbound slmul ators and measuring 
technlques were developed t o  f r c l l l t a t e  
evaluation of  the evolving solar c e l l  
technology and t o  proof tes t  the spacecraft 

Everyday measurements o f  ce l l s  e r e  
t E X i a t e d  by the yse o f  cal lbrated 
nference cells, temperature control led 
plates and steady-state llghtsources 
simulating the AM 0 spectrm o f  space. The 
reference ce l ls  were calibrated on balloon 
f l t g h t s  tha t  cawled appropriate 
Instrumentation t o  the edge of the earth's 
rtraosphere. 

Testlng of the arrays was more d i f f l w l t  
than test lng cells. Cells could be put I n  

-- 
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Flg. 3. Normalized ptwer output as a 
function of a i r  mass. 

f lxtures, the temperature control led, the 
Intensi ty  of the irradiance adjusted, the 
spectrum evaluated and the performance 
measurements thus obtalned. For arrays 
there was only the sun, with the spectrum 
and intensi ty  of the par t icu lar  moment, and 
a t  a temperature depending not only on the 
ambient and the I r rad ia t ion  but on the wind 
as w e l l .  Thls led t o  hours of  data taking 
a t  the mercy of  the weather and laborlous 
calculation or data processing t o  evaluate 
the anticipated performance of  the solar 
panel i n  space. 

The arduous process of sunlight test ing 
coupled with electronic instrumentation 
advances led t o  the development of the 
large-area pulsed solar slmulator (LAPSS). 
This devlce uses a xenon l i g h t  source pulsed 
by a current discharged from a capacltor 
bank t o  I r radiate the solar panel. During a 
part o f  the time that  the l i g h t  pulse i s  on, 
an electronic load sweeps the panel from no 
load t o  short c l rcu l t ,  and the voltage and 
current characterist4cs of  the panel are 
sampled several hundred times. The pulse I s  
about three millfseconds and the sweep takes 
about one mllllsecond. The lntensl ty  of the 
f l ash  durlng t h  sweep I s  adjusted t o  be S near 100 mU an' . A cal ibrated reference 
c e l l  I s  used t o  measure the ef fect ive AM 0 
ln tensl ty  a t  the sampling tlmes, and the 
temperature of the panel i s  measured by a 
thermocouple. The sampled data i s  stored, 
then processed by a computer tha t  normalizes 
the prfntout of the I - V  curve to the 
selected lntensl ty  and temperature. The 
g n a t  v i r tue of t h i s  equipment i s  that the 
measurement I s  made I n  seconds, not hours. 
Further, the spectral d ls t r lbu t ion  of  the 
lrradlance I s  known, the lntensl ty  I s  
selected and the temperature o f  the module 
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or array i s  known and does not change during 
the course o f  data taking. 

3. TERRESTRIAL MEASUREMENTS 

Although the measuring equipment o f  the 
space program i s  d i rec t ly  applicable t o  
making measurements of  t e r res t r i  a1 modules, 
some accomnodation was required since the 
spectrum of  the irradiance at the surface o f  
the earth i s  modified by the atmosphere and 
depends upon such things as the length of 
the path the l i g h t  takes i n  traversing the 
atmosphere (the a i r  mass), the water vapor 
encountered and the turb id i ty .  

I n  response t o  the need f o r  de f in i t ion  o f  
both a standard reference spectrum and a 
measurement procedure, an ad hoc c m i t t e e  
o f  photovoltaic special ists met i n  1976, An 
inter im standard fo r  performance measurement 
was formulated and reported i n  NASA Docment 
73702 which set the standard i wadi  ance 
level  at 100 mW cm-*. deftned the standard 
spectrum as that  of d i rect  normal sunlight 
at AM 1.5 and certain water vapor and 
turb id i ty ,  and adopted 280 C as the 
standard temperature (2). The procedure 
also adopted the concept o f  the reference 
c e l l  as the standard means o f  measuring the 
effect ive AM 1.5 irradiance level  of 
i l lumination sources which do not have a 
standard AM 1.5 spectral d is t r ibut ion.  The 
reference eel 1, o f  known dimensions and 
fabricated of  the same photovoltaic materlal 
as was used i n  the module t o  be measured, 
had t o  be calibrated against a precision 
pyrhelianeter under sunlight conditions 
closely approximating those associated with 
the AM 1.5 reference spectrum. The 
tu rb id i t y  and the water vapor content were 
t o  be determined by a sun photometer. 

This process could only be carried out when 
the proper atmospheric conditlons and sun 
posit ion occurred. As a result ,  the ca l l -  
brat lon was often long and actual ly lm- 
possible i n  sane regions. The v i r tue  of 
such a refetence c e l l  was tha t  i t  could be 
used with any reasonable l l g h t  source t o  
establish the AH 1.5 Irradiance t o  which the 
nodule under tes t  was being exposed. Since 
both the reference c e l l  and the nodule were 
made of  the same photovoltalc materlal they 
respond t o  the l l g h t  I n  the same way. The 
drawback, o f  course, I s  that  each nodule 
tested nqu l res  a matching reference ce l l .  

For about ten years; t h i s  I n t e r l n  standard 
has provided a basls f o r  uniform ptr fwrance 
measurements end comparisons. 

Iecent P with the plannlng and I n s t a l l r t l o n  of bgtr 
photovoltalc power systems. attent ion has 
been directed t o  annual ener y production r s  
a more r e a l i s t i c  measure o f  ! he worth of a 
solar c e l l  nodule than peak pomr . tawred 
at arb i t ra ty  condlt fom such as those 
appearing i n  the I n t a l m  stmdard. The Peak 

power does not necessarily correlate we1 1 
with annual energy at a l l  locations at which 
photovoltaic arrays might be used. I n  fact 
the claim i s  made that  modules produced by 
one process may be unfa i r ly  discrlmina ed 
against by measuring at the 100 nU on-I, 
AM 1.5 conditions defined. 

4. ISSUES 

The issues that must be resolved i n  order t o  
standardize perf ormance measurements for 
t e r res t r i a l  applications continue t o  focus 
on the selection of  the irradiance level, 
the spectral d is t r ibu t ion  of the irradiance, 
and the temperature. 

I r rad i  ance-level Issues 

Although short -c i rcui t  current i s  a highly 
l inear function of irradiance over a wide 
range of  levels, maximum power i s  only 
modestly l inear wi th irradiance. A t  
irradiance levels below 40 mW a-2, module 
power becomes quite sensitive t o  the shape 
of the module I - V  curve. At low irradiance 
levels, high series residtance leads t o  
proportionately increased power ( lower 1% 
losses) whereas a low shunt resistance (high 
current leakage) leads t o  proportionately 
lower power under the same conditions. 
Because an important m u n t  of annual 
e lec t r i ca l  energy i s  g nierated a t  irradfance 
levels below 40 mld m-5. there i s  a va l id  
argument f o r  measuring modules a t  an 
irradiance level closer t o  the annual 
average than a t  100 mW cm-2 so as t o  
properly include these low-irradiance-level 
power trends. 

Another problem involves the detcrmination 
of  the ultimate arb i ter  of  the v a l i d i t y  of 
the measurements. Waturally one assumes 
that  the National Bureau of  Standards i s  
that  authority. I n  actuality, the NBS has 
absolved I t s e l f  o f  the responsjb i l i ty  f o r  
making preclse measurements of  the 
Irradiance o f  the sun, and t h i s  chore has 
devolved upon a group of dedicated 
Independent concerned organizations and 
people who meet annually t o  make 
intercompar ison measurements, and establish 
a standard i r radiated watt. Each year 
rcpresentatlves o f  concerned national 
laboratories, cer ta in Industry participants, 
npresentatlves from f o ~ e i g n  nat lonal labs 
and others gather a t  New River. Arizona, 
with t h e i r  cavi ty  radiometers to conduct a 
Serl@S o f  Intercompar ison measurements t o  
establ ish a basls f o r  the irradiance of the 
sun. Once i n  f i v e  years t h i s  takes place a t  
the Yorld Radiation Center In Davos, 
Switzerland. These Instruments are then the 
standards agafnst which the pyrheliometers 
and pyranometers are c a l l  brated. Reference 
ce l l s  may then be cal ibrated agafnst the 
pyrheliantters. 
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Solar Spectrum Issues 

The present p rac t i ce  o f  using a d i r e c t  
n m a l  AM 1.5 spectrum t o  measure f la t -p la te  

r otovol ta ic  modules as defined by NASA 
cunent 73702 i s  widely disputed by those 

who forsee the fu tu re  use of amorphous 
s i l i c o n  and other more blue-sensi t ive 
mater ials.  They i ns i s t ,  w i th  j u s t i f i ca t i on ,  
t ha t  a bluer spectrum, which more properly 
recogni zes the import ant cont r ibut ion from 
blue-sky d i f f u se  rad ia t ion  should be used. 
The ASTM has adopted standards which define 
bath o f  these spectra a t  AM 1.5. Standard E 
891-82, *Ter res t r ia l  D i rec t  Normal Solar 
Spectral I r r a d i  ance Tables fo r  Air-Mass 
l.Sn, i s  based upon work by B i r d  and 
Hulstrom (3) a t  SERI and has superceded the 
spectrum published i n  NASA 73702 as the 
standard. Likewise, E 892-82, "Ter res t r ia l  
Solar Spectral I r r a d i  ance Tables a t  Air-Mass 
1.5 f o r  a 37 degree T i l t e d  Surface", 
provides a standard f o r  a "globalU solar 
spectrum. 

It i s  i n s t r uc t i ve  t o  observe the di f ference 
i n  calculated short c i r c u i t  current 
developed i n  a va r ie ty  o f  c e l l s  when 
*exposedn t o  these two d i f f e r e n t  spectra. 
These var ia t ions - shown i n  Table 1 f o r  s l x  
d i f f e ren t  s ing le  c rys ta l  s i  1 icon reference 
ce l ls ,  selected t o  represent the gamut of 
response characteristics aval l ab l e  - reveal 
a small e f fec t ,  from -0.4% t o  +l.4%, when 
global I s  compared w i th  d i rec t .  The 
poly-crystal  l i n e  c e l l  included i n  the sample 
i s  seen t o  erform similarly t o  i t s  s ing le  
c rys ta l  (CZ ! canpanions. 

Table 1. CELL RESPONSE TO DIFFERENT SPECTRA. 

Ce l l  Ce l l  Short C i r c u i t  ur rent  Change 
Wunber Mat. Rd/mW/m 5 % 

Dl  r e c t  Global 
Spectrum Spectrum 

C2- Si 
Cz- S i  
Cz- Si  
Cr- S1 
Cz- s i  
Poly Sf 
Cr- Si  
8 - S1 

On the other hand, ca lcu l8 t ions r un  on an 
experimental sample o f  morphous-si l icon 
(8-31) c e l l s  show t ha t  the ASrn global 
spectrrn r esu l t s  i n  a 12% higher short  
c l r c u l t  current than t ha t  obtaincd us in  t he  P AS??! d i r ec t  nonnal spectrum. This ramp e 
was characterized by the manufacturer 8s 
r d l o c r e ,  a d  no t  as responsive I n  the  blue 
r e  i on  as could be expected frm bet te r  
ma?w i 81. 

Since a global spectrrn I s  what I s  s m  by 
a l l  f la t -p la te  arrays, It would appear to k 

appropriate t o  adopt tha t  spectrum f o r  
performance measurements. However, before 
t h i s  can be done, revised reference c e l l  
c a l  i brat lon procedures must be developed and 
demonstrated. 

Temperature Issues 

Recognizing tha t  the ambient temperature 
var ies from s t t e  t o  s i t e  as wel l  as 
d i u rna l l y  f o r  any one s i te ,  points up the 
d i f f i c u l t y  i n  se lect ing a temperature t o  use 
as a standard i n  measuring module 
perf ormance. However, temperature 
compensatlons are less contentious than 
spectral  and i rradiance leve l  considera- 
t i ons  and can be applied w i th  acceptable 
ease. Formulae have been developed t o  calcu- 
l a t e  Pmax at  a second temperature from 
measurements made at  a f i r s t  temperature. 
These r e l y  upon a knowledge o f  the short 
c i r c u i t  current, the open c i r c u i t  voltage 
and the ser ies reslstance dependencies on 
temperature. As pointed out ear l i e r ,  the 
NASA document speci f ied t ha t  280C was the 
temperature a t  which the measurements were 
t o  be made. Shor t ly  l a t e r  another tempera- 
t u re  was defined t o  more r e a l i s t i c a l l y  
represent operating conditions. This i s  
ca l led  the nominal operating c e l l  tempera- 
ture, or NOCT, and i s  defined as the actual 
c e l l  temperature when the solar module i s  
i r rad ia ted  a t  80 mW a - 2  i n  an ambient a i r  
temperature o f  200 , and a t  a wlnd E ve l oc i t y  o f  1 m s- . These conditions, 
designed t o  r e f l e c t  an annual average 
operating temperature, usual ly  r e s u l t  i n  a 
value o f  approximately 480C depending upon 
the thermal design o f  the module. Given the 
f a c t  t ha t  the maximum power produced by a 
module decreases by about 0.5% fo r  each 
degree Celsius tha t  the temperature 
increases, the usefu l  power a t  NOCT i s  
approximately 10% less than t h a t  measured a t  
28OC. 

STATUS - 
At the present time, the standards 
conmlttees of the knerican Society f o r  
Testing Materf a l s  (ASTM) and the  I n s t i t u t e  
o f  E l ec t r i ca l  and Electronic Engineers 
(IEEE) are workfng on a fami l y  of standards 
rpp l i cab le  t o  the measurement o f  the 
performance of so lar  c e l l s  and modules, the 
In ternat ional  Electrotechnlcal  Cannlssion 
(IEC) has formal ly  convened Technical 
Conmlttee 82 t o  address photovoltalc 
standardization, and a t  l eas t  two 
proposi t f  ons have surfaced which address the 
r a t i ona l i za t i on  o f  module power ra t ings  t o  
annual energy. 

ASTn Comnittee E-44 has been set up t o  
develop standards on Solar Energy Conversion 
md comprises fourteen subconmittees, one of 
which I s  S u b c m i t t e e  44.09 - Photovoltaic 
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Electr ic  Power System. At the present time 
44.09 has ten standards i n  preparation. Twa 
standards were issued i n  1983 and a t h i r d  
has been approved f o r  issue. Standard E 
946-83, "Standard Methods f o r  Testing the 
E lec t r l  cal Performance o f  Non-Concent rator  
Terrestr ia l  Photovoltaic Cells Using 
Reference Cells" i s  a step toward replacing 
the WSA docunent. However, the standard on 
module test ing and a number of other 
docments i n  preparation must be issued i n  
order t o  completely define the measurement 
procedure. 

The IEEE ac t iv i ty ,  i n  contrast t o  that  of  
ASTM, i s  generally focused on the larger 
elements of  the system such as arrays, power 
conditioning and storage as well as the 
t o t a l  system i t se l f .  No photovoltaic 
standards haw been issued by the IEEE t o  
date; however, the several subcornnittees are 
act lve ly s t r i v i ng  to  br ing standards i n to  
being. 

I n  an e f f o r t  t o  address the problem of 
establishing rattngs that  are related t o  
annual energy, a t  least t w o  propositions 
have been put for th.  Charles 6ay (4) of 
ARC0 has proposed what i s  tenned an AM/PM 
rat ing. It features the selection of a 
"standard dayn with Itradiance level, 
temperature and spectrum based on an 
analysis o f  worldwide conditions, followed 
by adjustment t o  slte-speclf i c  conditions, 
whfch may or  may not be less cumbersome than 
an adjustment from the present peak 
conditions. lonzalez and Ross (5) a t  JPL 
have suggested a somewhat simpler adjustment 
based on f i n e  tuning NOCT rat ings using 
temperature and f i l l  factor o f  modules. 
Such schemes as those proposed must be 
simple t o  be useful, given the variat ion i n  
annual solar energy Input t o  a device. 

A l l  I n  a l l ,  progress i n  developing standards 
appears t o  be painfu l ly  slow. This slowness 
I s  attr ibuted t o  a number o f  factors. The 
consensus process, which requires tha t  
producers, users and unbiased t h i r d  part ies 
a re, i s  by i t s e l f  an arduous negotiation. d ten technical Information i s  needed before 
a proper decision can be made, and there are 
s a ~ e  who contend tha t  the photovoltaic area 
i s  too young t o  have standards applied. 
Frequently t h e n  i s  a lack o f  corporate 
support f o r  par t ic ipat ion i n  the act iv i ty ,  
whlch requires t ravel  and tine tha t  I s  often 
regarded as nmproducti ve. 

One o f  the forces that  should be dr iv lnp the 
Unlted States t o  more aggressive standard- 
l t r t i o n  ac t i v i t i es  i s  the International 
in terest  i n  photovoltalc standards. The IEC 
1s act ive ly considering a nunbtr of European 
strndards as candidates f o r  ln ternat ionr l  
adoption. The U.S. has been woeful1 weak i I n  I t s  a b i l i t y  t o  topose standards or 
international cms!derati on As I signatory 
of the General Agreement on'ftade and 

Tariffs, the U.S. has a reed that  standards 
adopted by lnternationa? orgmlzatlons are 
the medium of international trade. 
Therefore, our standards must be i n  harmony 
wi th the International ly adopted standards. 
This becomes important i n  a nunber of areas, 
Including trade wi th developing countries 
that should be an important market for us. 

The t imely adopt ion of  consensus performance 
measurement standards was the subject of a 
recent study by a JPL task force which 
Interviewed numerous individuals 
representing manufacturers, users and 
national laboratories. No report has been 
issued t o  date, however preliminary resul ts  
Indicate that  there i s  agreement at the 
working level o f  the need f o r  standards, 
that  the problems impeding the development 
o f  standards are acknowledged and tha t  there 
is ,  a need fo r  continuing government 
presence i n  the development o f  PV 
measurement standards. 

Of pa t t i cu la t  concern i s  the fac t  that  
support by the U.S. government of  photo- 
vol ta ic  standards ac t i v i t i es  i s  eroding. 
Although I n  the past, the WE has supported 
substanti a1 standards-related ac t i v i t i es  
wi th in the National Laboratories and funded 
the posit ion of  the Secretariat of  Technical 
Conmittee 82 of the IEC, continued support 
i s  i n  jeopardy. This i s  i n  sharp contrast 
t o  the posit ion taken by the European govern- 
ments which support these e f fo r ts  actively. 
Since standards exist  f o r  the purpose of 
f w l l i t a t l n g  comnerce both national and 
International, i t  was f e l t  that they are a 
proper and important concern of the 
overnment. Recomnended ways i n  which the b E could enhance the development of 

standards included: a) encourage pa r t i c i -  
pation i n  standards work, b) continue t o  
provide f inancia l  assistance to  the 
societies and groups who organize the 
standards work, par t i cu la r ly  i n  the 
international arena, c) make available 
resources at the national laboratories t o  
answer technical questions that  pose a 
dilenma t o  the standards comnittees, and d) 
provide t rave l  funds so that  technical ly 
competent people from small businesses and 
consumer advocates can contribute t o  the 
standardization process. 

6. CONCLUDING REMARKS 

The photovoltaic performance measurement 
practice i s  subject t o  confusion because of 
the absence of relevant voluntary consensus 
standards. The technoloav f o r  making 
measurements i s  understoo& however,-the 
selectlon of  the conditions under which 
&asuteritents should be made i s  an 1 G d i -  
rrcnt. This selectlon must be made I n  order 
t o  provide a camon basis o f  comparison 
between modules. It must be made wl th the 
understanding tha t  the actual energy 
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produced In  any one p a r  w l l l  depend upon 
the geographical locat ion as wel l  as the 
variation o f  the energy Input  from I t s  
rverage. A consensus standard def l n i ng  the 
eondlt lons i s  needed so t ha t  the 
measurements can be made. 

This paper presents the resu l t s  of one phase 
o f  research conducted at  the Jet  Propulslon 
Laboratory, Ca l i f o rn i a  I n s t i t u t e  o f  
Technology, and sponsored by t he  U.S. 
Department of Energy, through an agreement 
w i t h  the Natlonal Aeronautics and Space 
Adninlstrat fon, 

L.D. Runkle I s  R e l l a b i l l t y  and Engineering 
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