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ABSTRACT 

The e l e c t r i c  output  of f l a t - p l a t e  a r r a y s  
changes c o n s t a n t l y ,  due p r imar i l y  t o  changes 
i n  c e l l  t empera tures  and i r r a d i a n c e  l e v e l s .  
A s  a  r e s u l t ,  a r r a y  l oads  such a s  dc-to-ac 
power c o n d i t i o n e r s  must be a b l e  t o  accommodate 
widely vary ing  i npu t  l e v e l s  whi le  main ta in ing  
ope ra t i on  a t  o r  nea r  t h e  a r r a y  maximum power 
p o i n t .  The r e s u l t s  of an  ex t ens ive  
computer s imu la t i on  s tudy  used t o  d e f i n e  t h e  
parameters  neces sa ry  f o r  t h e  sys temat ic  de s ign  
of a r ray- load  i n t e r f a c e s ,  i nc lud ing  optimum 
ope ra t i ng  v o l t a g e ,  vo l t age  t r ack ing  w id th ,  
maximum power and c u r r e n t  l i m i t s ,  and maximum 
open-c i rcu i t  vo l t age  a r e  presented  a s  nonnal- 
ized  r a t i o s  of power-conditioner parameters  
t o  a r r a y  parameters  t o  make t h e  r e s u l t s  
u n i v e r s a l l y  a p p l i c a b l e  t o  a  wide v a r i e t y  of 
system s i z e s ,  s i t e s  and ope ra t i ng  modes. 

1. INTRODUCTION 

The e l e c t r i c  output  of pho tovo l t a i c  (PV) 
a r r a y s  i s  unique,  i n  c o n t r a s t  wi th  conven- 
t i o n a l  e lec t r ic -power  gene ra to r s .  

It r equ i r e s  c a r e f u l  c o n s i d e r a t i o n  i f  e f f i -  
c i e n t  and r e l i a b l e  performance i s  t o  be 
achieved.  

l ~ h i s  paper p r e s e n t s  t h e  r e s u l t s  of one 
phase of r e sea rch  conducted a t  t h e  J e t  
Propuls ion  Labora tory ,  C a l i f o r n i a  I n s t i t u t e  
of Technology, f o r  t h e  U.S. Department of 
Energy, through agreement wi th  t h e  Nat iona l  
Aeronautics  and Space Adminis t ra t ion .  

2 ~ e m b e r ,  Technica l  S t a f f ,  Engineering 
Sc iences  Area, F l a t - P l a t e  So l a r  Array Pro- 
j e c t ,  Energy Technology Engineering Sec t ion .  

k e n i o r  Engineer ,  Engineering Sc iences  Area, 
F l a t - P l a t e  S o l a r  Array P r o j e c t ,  Energy Tech- 
nology Engineer ing  Sec t ion .  

4 ~ n g i n e e r i n ~  Sc iences  Manager, F l a t - P l a t e  
S o l a r  Array P r o j e c t ,  Energy Technology Engi- 
nee r ing  Sect  ion.  

F igure  1 i l l u s t r a t e s  t h e  t y p i c a l  cu r r en t -  
vo l t age  (I-V) c h a r a c t e r i s t i c  of an  a r r a y  and 
t h e  way it v a r i e s  wi th  changing c e l l  tempera- 
t u r e  and i r r a d i a n c e  l e v e l .  I n  gene ra l  t h e  
s h o r t - c i r c u i t  c u r r e n t  of t h e  a r r a y  i s  d i r e c t l y  
p ropo r t i ona l  t o  t h e  i r r a d i a n c e  l e v e l ,  and t h e  
vo l t age  a t  t h e  maximum power poin t  i s  l i n e a r l y  
dependent upon c e l l  temperature,  decreas ing  
about 0.5% of i t s  25OC value  f o r  each degree 
cen t ig r ade  of i nc r ea s ing  c e l l  temperature.  
Maximum power output  i s  genera ted  a t  a  po in t  
on t h e  knee of t h e  curve c a l l e d  t h e  maximum 
power po in t .  
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Fig.  1. I n f luence  of I r r a d i a n c e  Level  and 
C e l l  Temperature on Array I - V  Curve 

Because of s t rong  dependence on i r r a d i a n c e  
l e v e l  and c e l l  t empera ture ,  t h e  ou tpu t  of a  
PV a r r a y  i s  dependent on weather cond i t i ons  
and on a r r a y  c o n s t r u c t i o n  p r a c t i c e s  t h a t  i n f l u -  
ence t he se  parameters .  I f  maximum energy i s  
t o  be drawn from t h e  a r r a y ,  t h e  a r r a y  load 
must accommodate t h e s e  s i t e - s p e c i f i c  and 
time-dependent changes i n  a r r a y  output .  Also 
maximum c u r r e n t ,  vo l t age  and power r a t i n g s  
of t h e  load must be compatible w i th  t h e  
maximum l e v e l s  t h a t  t h e  a r r a y  can d e l i v e r .  
I n  many a p p l i c a t i o n s  t h e  load f o r  t h e  PV 
a r r a y  w i l l  be a  power cond i t i on ing  subsystem 
(PCS) designed t o  conver t  t h e  d i r e c t - c u r r e n t  
( dc )  a r r a y  output  i n t o  a l t e r n a t i n g  c u r r e n t  
( a c ) ,  which i s  t h e  form suppl ied  by 
u t i l i t i e s .  

Proceedings of the 1982 Annual Meeting of the American Section of the
International Solar Energy Society, Houston, Texas, June 1-5, 1982, pp. 909-914.



To a i d  t h e  des igner  i n  making proper  system 
t r a d e o f f s ,  t h i s  paper  summarizes an ex t ens ive  
s tudy conducted by the  J e t  Propuls ion  Labora- 
t o r y  (Ref. 1 )  t o  c h a r a c t e r i z e  t he  ou tput  o f  
f l a t - p l a t e  PV a r r a y s  under a  v a r i e t y  of oper- 
a t i n g  cond i t i ons  t y p i c a l  of s i t e s  throughout  
the  United S t a t e s .  The l i m i t a t i o n  t o  f l a t -  
p l a t e  a r r a y s  r e s u l t s  from the  use of weather 
d a t a  f o r  t o t a l  , i r r ad i ance  on f i x e d - t i l t  f l a t  
s u r f a c e s ,  a s  opposed t o  t h e  d i rec t -normal  
i r r a d i a n c e  t h a t  would be used f o r  t r a c k i n g  
concen t r a to r  a r r a y s .  

A f t e r  the  next  s e c t i o n ,  which provides an 
overview of t he  gene ra l  a n a l y s i s  approach, 
each of the  remaining s e c t i o n s  t r e a t s  one 
a spec t  of a r r a y  performance and i t s  i n f l uence  
on the  des ign  of a r r a y  loading  systems. 

2. GENERAL ANALYSIS APPROACH 

To d e f i n e  the  r e l a t i o n s h i p s  between t y p i c a l  
a r r a y  performance and va r i ous  load ing  means, 
i t  was necessary  t o  s imu la t e  t y p i c a l  a r r a y  
performance f o r  a  v a r i e t y  of  r e p r e s e n t a t i v e  
long-term ope ra t i ng  cpnd i t i ons .  This  was done 
us ing  a  computer t o  c a l c u l a t e  hour ly  e l e c t r i c  
output  f o r  a  per iod  of  a  year  a t  each of 26 
s i t e s  i n  t he  United S t a t e s .  Hourly weather 
d a t a  were obtained using SOLMET TMY weather 
d a t a  t a p e s  con t a in ing  h i s t o r i c a l  measurements 
f o r  a  t y p i c a l  meteoro logica l  yea r  a t  each 
s i t e .  

The hour ly  i r r a d i a n c e  l e v e l  on the  a r r a y  was 
der ived  from the  SOLMET i r r a d i a n c e  d a t a  u s ing  
an a lgor i thm developed by Klucher and based 
on t he  work of Liu-Jordan ( s e e  Ref. 2 ) .  The 
a r r a y  was assumed t o  be a  f l a t ,  south-facing 
s u r f a c e  t i l t e d  up from the  h o r i z o n t a l  a t  an 
angle  equa l  t o  the  l a t i t u d e  of t he  s i t e .  The 
hourly c e l l  temperature was then  computed 
based on t he  i r r a d i a n c e  l e v e l  i nc iden t  on t he  
a r r a y ,  and t he  hou r ly  ambient a i r  t empera ture  
from the  SOLMET d a t a  t ape .  For a  d e t a i l e d  
d e s c r i p t i o n  of  the  a lgo r i t hms ,  s e e  Ref. 2. 

Hourly e l e c t r i c a l  performance was der ived  
u s ing  a  b a s e l i n e  curve  s e l e c t e d  a s  represen-  
t a t i v e  of a  present-day s i l i c o n - c e l l  a r r ay .  
This  I - V  curve def ined  the  normalized output  
of t he  t y p i c a l  a r r a y  a t  s tandard  r epo r t i ng  
cond i t i ons  (100 mw/cm2, X°C),  and was 
used t o  d e r i v e  t he  app rop r i a t e  I-V curve  f o r  
each hour ly  i r r a d i a n c e  l e v e l  and c e l l  
temperature.  

Because t he  shape of s o l a r - c e l l  I - V  curves 
v a r i e s  somewhat i n  c e l l s  of d i f f e r e n t  manu- 
f a c t u r e ,  and wi th  d i f f e r e n t  degrees  of 
degrada t ion  with age,  o the r  I - V  curves  were 
a l s o  used t o  d e f i n e  t he  s e n s i t i v i t y  of t he  
s imu la t i on  r e s u l t s  t o  curve  shape. The 
shape, o r  squareness ,  of  I -V curves  i s  gener- 
a l l y  q u a n t i f i e d  by t he  parameter  f i l l  f a c t o r ,  
which is  def ined  a s  t he  r a t i o  of maximum 
power t o  t he  product  of open-c i rcu i t  vo l t age  
and s h o r t - c i r c u i t  c u r r e n t .  Typical  curves  

f o r  new a r r a y s  have f i l l  f a c t o r s  averaging 
around 0.70, and ranging from 0.60 t o  0.76. 
A s  an a r r a y  ages  i t s  f i l l  f a c t o r  o f t e n  
decreases ,  r e f l e c t i n g  degrada t ion  a s soc i a t ed  
with increased  s e r i e s  r e s i s t a n c e .  F i l l  
f a c t o r s  ranging from 0.45 t o  0.75 were used 
i n  the  s e n s i t i v i t y  s t u d i e s .  

To make the  r e s u l t s  a s  gene ra l l y  app l i c ab l e  
a s  p o s s i b l e ,  t he  d a t a  a r e  presen ted  a s  normal- 
i zed  r a t i o s  of load c h a r a c t e r i s t i c s  t o  a r r a y  
c h a r a c t e r i s t i c s  a t  Standard Operat ing Condi- 
t i o n s  (100 mw/cm2, NOCT). Standard Oper- 
a t i n g  Condit ions (SOC) a r e  a  s e t  of recognized 
r e f e r ence  cond i t i ons  f o r  r a t i n g  PV a r r a y s  and 
a r e  d i f f e r e n t  from peak r a t i n g  cond i t i ons  
(100 mw/cm2, 25°C) i n  t h a t  they use t he  
Nominal Operat ing C e l l  Temperature (NOCT) f o r  
t he  chosen PV modules i n  t h e  intended mounting 
con f igu ra t i on ,  i n s t ead  of t he  f i xed  25OC c e l l  
temperature t h a t  is s e l e c t e d  f o r  e a se  i n  
l abo ra to ry  measurements. Use of NOCT makes 
t he  r e s u l t s  of t h i s  s tudy  gene ra l l y  indepen- 
dent  of ope ra t i ng  temperature d i f f e r e n c e s  
a s soc i a t ed  with modules and a r r a y s  with d i f -  
f e r e n t  thermal  p r o p e r t i e s .  S i t e - t o - s i t e  
wea ther - re la ted  operat ing-temperature d i f f e r -  
ences  a r e  included s epa ra t e ly  through the  
p r e s e n t a t i o n  of s i t e - s p e c i f i c  r e s u l t s .  

The NOCT f o r  any p a r t i c u l a r  a r r a y  i s  def ined  
a s  t he  ope ra t i ng  temperature of the  c e l l s  i n  
t he  intended mounting con f igu ra t i on  with an 
i nc iden t  i r r a d i a n c e  l e v e l  of 80 mw/cm2, an 
a i r  temperature o f  20°C, a  wind v e l o c i t y  
of 1  m/s, and the  a r r a y  open-circui ted.  This  
s e t  of cond i t i ons  y i e l d s  a  temperature t h a t  
a ccu ra t e ly  r e p r e s e n t s  the average c e l l  tem- 
pe r a tu r e  i n  t he  f i e l d  dur ing  per iods  of s i g -  
n i f i c a n t  energy product ion  (Ref. 2 ) .  Roughly 
50% of the  energy w i l l  be produced above and 
50% below t h i s  temperature.  

Typica l  va lue s  of NOCT f o r  ground-mounted 
a r r a y s  range from 45OC t o  500C, and f o r  
roof-mounted a r r a y s  from 600C t o  70°C. 

The I-V curve a t  SOC f o r  an a r r a y  of i n t e r e s t  
can be c l o s e l y  approximated from the  I -V curve 
a t  peak r a t i n g  cond i t i ons  by s u b t r a c t i n g  a  
vo l t age  o f f s e t  ( s h i f t i n g  t he  curve t o  t he  
l e f t ,  p a r a l l e l  t o  t he  vo l t age  a x i s )  by an 

'amount equa l  t o  0.5% of t he  maximum power 
vo l t age  a t  25OC t imes t he  temperature 
d i f f e r e n c e  (NOCT 25OC). 

The ma jo r i t y  of t he  r e s u l t s  t h a t  fo l low a r e  
presen ted  i n  terms of t he  c u r r e n t ,  vo l tage  
o r  power produced by t he  a r r a y  a t  i t s  maximum 
power po in t  under SOC. 

3. MAXIMUM POWER TRACKING 

To achieve maximum energy output  from the  
a r r a y  under f i e l d  ope ra t i ng  cond i t i ons  
r e q u i r e s  t h a t  the  PCS ope ra t i on  a t ,  o r  t r a c k ,  
the  maximum power po in t .  Various s t r a t e g i e s  
a r e  a v a i l a b l e .  



( 1 )  Operat ion a t  cons t an t  vo l tage .  

(2) Seasonal ly ,  o r  f r e q u e n t l y ,  ad jus ted  con- 
s tan t -vo l tage  ope ra t i on  based on tempera- 
t u r e  sensing.  

( 3 )  Continuous closed-loop feedback sens ing  
of t he  PCS output  power t o  ach ieve  con- 
t inuous  ope ra t i on  a t  t he  maximum power 
po in t .  

A key cons ide r a t i on  i n  t he  t r adeo f f  between 
f ixed-vol tage  ope ra t i on  o r  some form of p e r i -  
od ic  o r  continuous vo l tage  t r a ck ing  i s  t he  
g a i n  i n  a r r a y  energy t h a t  can be achieved.  
A second cons ide r a t i on  i s  s e l e c t i o n  of t he  
optimum f ixed  vo l t age  o r  vo l t age  window l i m i t s  
with r e spec t  t o  t he  a r r ay  vo l t age  r a t i n g .  

To provide a  da t a  base f o r  t he se  d e c i s i o n s ,  
the  annual energy output  from the  ba se l i ne  
a r r a y  was determined f o r  each of t he  26 s i t e s  
f o r  a  l a r g e  number of f ixed-vol tage  systems 
wi th  d i f f e r e n t  f i xed  v o l t a g e s ,  and f o r  an 
i d e a l  continuous t r a ck ing  system. S e n s i t i v i t y  
s t u d i e s  were then  conducted us ing  o t h e r  a r r a y  
f i l l  f a c t o r s .  

3 .1 Fixed-Voltage Operat ion 

Fig.  2  p r e sen t s  an example p l o t  of normalized 
energy output  vs normalized PCS vol tage  f o r  
Albuquerque NM. The o r d i n a t e  s c a l e  i n  t h i s  
p l o t  i s  t he  f r a c t i o n  of a v a i l a b l e  energy 
drawn from the  a r r a y  dur ing  the  i nd i ca t ed  
period of the  year  ( s p r i n g  and f a l l ,  s u T e r ,  
w in t e r  and f u l l  y e a r )  by a  cons tan t -vo l tage  
system. The r a t i o  of the  PCS opera t ing  v o l t -  
age t o  the  a r r a y  maximum-power vo l tage  (Vmp) 
a t  SOC i s  i nd i ca t ed  on t h e  absc i s s a .  This  
p l o t  f o r  Albuquerque i n d i c a t e s ,  f o r  example, 
t h a t  the  optimum vo l t age  without  seasona l  
adjustment i s  approximately 96% of t he  a r r ay  
Vmp a t  SOC, and t h a t  t h i s  f ixed  vol tage  
system w i l l  l o s e  about 2% of the  a v a i l a b l e  
energy. 
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Fig.  2. F r ac t i on  of Annual Array Avai lab le  
Energy Obtained vs PCS Fixed Operat ing 
Voltage (Albuquerque NM) 

Table 1 summarizes t he  key f i nd ings  f o r  12 
r ep re sen t a t i ve  s i t e s  s e l e c t e d  out  of t he  26 
analyzed. It can be seen t h a t  t he  optimum 
f ixed-vol tage  ranges from about 92% of t he  
a r r a y  vo l tage  f o r  hot  c l ima t e s ,  such a s  t h a t  
of Phoenix A Z ,  t o  100% of the  a r r a y  vo l tage  

TABLE 1. SIMULATION RESULTS FOR FIXED- 
VOLTAGE POWER CONDITIONER 

OPTIMUM OPERATING ' IN ENERGY 
SITE VOLTAGE 

(FIXED VOLTAGE) 

(v,~Iv,~ at SOCI (NO SEASONAL 
ADJUSTMENT) 

ALBUQUERQUE Nh l  
BISMARCK ND 
BOSTON M A  
BROWNSVILLE TX 
CARIBOU ME 
CHARLESTON SC 
FORT WORTH TX 
FRESNO CA 
M I A M I  FL 
OMAHA NB 
PHOENIX A 2  
SEATTLE WA 

f o r  co lde r  c l ima t e s ,  such a s  t h a t  of Caribou 
ME. I n  a d d i t i o n ,  i t  can be seen t h a t  t h e  
f r a c t i o n  of annual a v a i l a b l e  energy t h a t  is 
l o s t  by a  f ixed-voltage system ranges from 
0 . 7  t o  2.5%, with few s i t e s  over  2%. 

Although t he se  r e s u l t s  a r e  u s e f u l  f o r  t h e  
s i t e s  analyzed,  r e l a t i v e l y  few s i t e s  have t he  
d a t a  base requi red  t o  perform the  ana lyses .  
Therefore a  r eg r e s s ion  a n a l y s i s  was performed 
t o  examine pos s ib l e  c o r r e l a t i o n s  between 
h i s t o r i c a l  s i t e  d a i l y  maximum temperatures 
and t he  observed optimum opera t ing  vo l t age  
and annual energy l o s s .  Figs.  3  and 4 show 
the  r e s u l t s  obtained when t h e  s imula t ion  
r e s u l t s  f o r  t he  26 SOLMET s i t e s  i nves t i ga t ed  
were c o r r e l a t e d  wi th  t h e  maximum-temperature 
d a t a  from a  s tandard  a t l a s  (Ref.  3 ) .  The 
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Fig.  3. Array Optimum Operat ing Voltage v s  
Average Daily Maximum Temperature 
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Fig.  4. Array Annual Energy Loss wi th  Fixed 
Voltage Operat ion v s  Standard Devia t ion  of 
Daily Maximum Temperature 



optimum opera t ing  vo l t age  i s  seen t o  co r r e -  
l a t e  w e l l  wi th  t he  annual  average maximum 
temperature and t he  percentage of energy l o s t  
wi th  t h e  s tandard  d e v i a t i o n  of t h e  monthly 
averages of d a i l y  maximum temperature.  The 
curves  provide a  ready means of e s t ima t i ng  
optimum vol tage  and annual energy l o s s  wi th  
t he  use  of monthly average d a i l y  maximum 
tempera tures  ob ta ined  from any weather a t l a s  
o r  from long-term recorded weather da t a .  

Table 2 de sc r i be s  t he  s e n s i t i v i t y  of t h e  
above r e s u l t s  t o  a r r a y  I -V curve  f i l l  f a c t o r  
f o r  two r e p r e s e n t a t i v e  s i t e s .  These r e s u l t s  
i n d i c a t e  a  modest t r end  toward i nc r ea s ing  
power-conditioner vo l t age s  with h ighe r  f i l l  
f a c t o r s ,  and smal l  changes i n  annual  energy 
l o s se s .  

TABLE 2. EFFECT OF FILL FACTOR ON FIXED- 
VOLTAGE PCS OPERATION RESULTS 

F I L L  OPTIMUM OPERATING 
FACTOR VOLTAGE 

% LOSS I N  ENERGY 

ALBUQUERQUE BOSTON ALBUQUERQUE BOSTON 

3.2 Continuous Voltage Tracking 

With i d e a l  maximum-power t r a c k i n g ,  closed-  
loop feedback i s  used t o  cap ture  t he  maximum 
a v a i l a b l e  energy from t h e  a r r a y  by continu-  
ous ly  t r a ck ing  t he  a r r a y  maximum-power v o l t -  
age. This  i s  one means of dea l i ng  wi th  t h e  
s i t e  and f i l l - f a c t o r  dependencies j u s t  
descr ibed .  The degree  of vo l t age  movement 
r equ i r ed  t o  ob t a in  most of the  a v a i l a b l e  
energy is  an important input  t o  t he  des ign  
of such a  system. This  vo l t age  window i s  
most e a s i l y  cha r ac t e r i z ed  by t h e  c e n t e r  
vo l t age  i n  t h e  window and t he  p lu s  and minus 
percentage  of movement, o r  t r a ck ing  range,  
from t h e  cen t e r  vo l t age .  

The hour ly  computer s imula t ions  were used t o  
develop da t a  on t he  optimum c e n t e r  vo l t age  
and t h e  f r a c t i o n  of t he  a v a i l a b l e  energy t h a t  
i s  obta ined  a s  a  f unc t i on  of t he  t r a ck ing  
range. The optimum c e n t e r  vo l t age  t u r n s  ou t  
t o  be nominal ly t he  same a s  t he  optimum f ixed  
vo l t age  presen ted  i n  Table 1. Fig.  5 i l l u s -  
t r a t e s  t h e  percentage l o s s  i n  annual a v a i l -  
a b l e  energy f o r  f i v e  r e p r e s e n t a t i v e  s i t e s  a s  
a  f unc t i on  of t he  t r a ck ing  range ha l f  width 
( s t a t e d  a s  a  percentage  of t h e  optimum c e n t e r  
vo l t age ) .  

As can be seen from the se  d a t a ,  a  25% 
t r a ck ing  range ach ieves  most of t he  a v a i l a b l e  
energy,  and a  212% t r ack ing  range i s  t h e  
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Fig.  5. Percentage Loss i n  Array Annual 
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Range Half Width, Expressed a s  a  Percentage 
of Optimum Center Voltage 

maximum needed a t  any s i t e .  F i l l  f a c t o r  i s  
found t o  have a  minor e f f e c t  on t he se  r e s u l t s .  

An a d d i t i o n a l  cons ide r a t i on  i n  t he  s e l e c t i o n  
of continuous t r a ck ing  a s  a  s t r a t e g y ,  and 
t r a ck ing  range a s  a  parameter ,  i s  t h e  oppor- 
t u n i t y  t o  accommodate no t  on ly  t h e  seasona l  
weather v a r i a t i o n s ,  but  a l s o  t he  s i t e  and 
f i l l - f a c t o r  dependencies.  The l a t t e r  r e q u i r e s  
a  t r a ck ing  range t h a t  r e f l e c t s  t he  changing 
c e n t e r  vo l tage  a s  we l l  a s  t h e  t r a ck ing  range 
shown. From an a n a l y s i s  of t he  d a t a  it 
appears  t h a t  a  218% t r ack ing  width t oge the r  
wi th  a  c e n t e r  vo l t age  around 0.92 w i l l  
accommodate a l l  of t he  26 s i t e s  s t ud i ed .  

Another cons ide r a t i on  i n  t he  des ign  of v o l t -  
age t r a ck ing  systems i s  t h e  degree t o  which 
t he  c o n t r o l  a lgor i thm l eads  t o  l o c a l  
search ing  o r  o s c i l l a t i o n  about t he  maximum 
power po in t .  Depending on t he  ampli tude of 
o s c i l l a t i o n ,  s u f f i c i e n t  energy can  be l o s t  
t o  nega te  t h e  advantages of continuous 
t rack ing .  

4. EXTREME VALUE ANALYSIS 

Another important PCS des ign  i s s u e  i s  t h e  
maximum power, c u r r e n t  and vo l t age  t h a t  t he  
PCS must wi ths tand .  Three key cons ide r a t i ons  
a r e  ev iden t :  

The amount of energy t h a t  i s  l o s t  dur ing  
t imes when t h e  a r r a y  ou tput  exceeds PCS 
opera t ing  l i m i t s  and energy is r e j ec t ed .  

The p r o t e c t i o n  s t r a t e g y  t o  be used when 
t he  maximum l i m i t s  a r e  exceeded. 

The abso lu t e  maximum l e v e l s  expected i f  
s u r v i v a l  l i m i t s  a r e  a  cons ide r a t i on .  

Current and Power Limi ts  

A key cons ide r a t i on  i n  t he  s e l e c t i o n  of cur -  
r e n t  and power l i m i t s  i s  t h e  c o s t  of accep- 
t i n g  h igher  l e v e l s  compared wi th  t he  energy 
l o s t ,  o r  down-time su f f e r ed  when over - l imi t  
cond i t i ons  a r e  encountered.  A t  l e a s t  t h r e e  



bas ic  p r o t e c t i o n  s t r a t e g i e s  e x i s t .  One in-  
vo lves  PCS shutdown, w i th  manual r e s e t ,  when 
r a t i n g s  a r e  exceeded. This  opera t ing  s t r a t e g y  
r e q u i r e s  t h a t  opera t ing  l i m i t s  be s e t  nea r  
t h e  maximum va lues  f o r e seeab l e  i n  order  t o  
e l im ina t e  nuisance t r i p p i n g .  A second 
s t r a t e g y  involves  t o t a l  r e j e c t i o n  of power 
dur ing  over - l imi t  cond i t i ons ,  wi th  automatic  
recovery when accep t ab l e  l e v e l s  r e t u rn .  The 
t h i r d  s t r a t e g y  involves r e j e c t i o n  of only 
enough power t o  b r i ng  t h e  cu r r en t  o r  power 
w i th in  l imi ts .  This  could be accomplished 
by shunting some of the  a r r a y  cu r r en t  around 
t he  PCS, o r  by moving away from the  maximum 
power po in t  t o  a  l o c a t i o n  on t h e  I-V curve  
wi th  acceptab le  power and cu r r en t  l e v e l s .  

To a s s e s s  the  above op t i ons ,  t he  energy l o s s  
was c a l c u l a t e d  f o r  t he  l a s t  two s t r a t e g i e s  
a s  a  f unc t i on  of the  PCS c u r r e n t  and power 
l e v e l s .  Table 3 summarizes the  cu r r en t  l i m i t s  
t h a t  would r e s u l t  i n  ob t a in ing  99% and 99.9% 
of t he  a v a i l a b l e  annual energy f o r  12 repre-  
s e n t a t i v e  s i t e s .  I n  each ca se  t he  l i m i t s  
a r e  normalized t o  t he  a r r a y  c u r r e n t  a t  maxi- 
mum power a t  SOC. . I t  can be seen t h a t  f o r  
t h e  same energy performance, a  PCS us ing  a  
t o t a l - r e j e c t i o n  s t r a t e g y  must accommodate 
l e v e l s  about 15% h ighe r  than  one us ing  a  
p a r t i a l - r e j e c t i o n  s t r a t e g y .  

TABLE 3. EFFECT OF PARTIAL AND TOTAL REJEC- 
TION STRATEGIES ON POWER AND 
CURRENT LIMITS VS FRACTION OF 
AVAILABLE ENERGY OBTAINED 

PC CURRENT L l M l T  
ARRAY I ., at SOC VOLTAGE 

TO GAIN INDICATED EXCURS ION 
SITE % OF ENERGY OBTAINED FOR 99% 

WITH NO L I M I T  L I M I T  

99% 99.9% (%I 

( P I  (TI  (P)  IT) 

ALBUQUERQUE 
B I S M A R C K  
BOSTON 
BROWNSVILLE 
CARIBOU 
CHARLESTON 
FORT WORTH 
FRESNO 
M I A M I  
OMAHA 
PHOENIX 
SEATTLE 

( P I  = PARTIAL 

1.06 1.19 1.17 1.20 11.5 
0.95 1.07 1.05 1.10 15.5 
0.89 1.04 1.01 1.09 13.4 
0.92 1.04 1.03 1.05 6.5 
0.94 1.09 1.08 1.10 15.0 
0.90 1.04 1.01 1.08 9.5 
0.94 1.05 1.04 1.10 15.1 
0.98 1.05 1.04 1.05 10.6 
0.86 1.02 0.97 1.05 9.7 
0.95 1.09 1.08 1.26 12.5 
1.00 1.06 1.05 1.16 9.8 
0.88 0.95 0.95 0.96 12.4 

IT) = TOTAL 

For t he  p a r t i a l - r e j e c t i o n  s t r a t e g y  it i s  a l s o  
u s e f u l  t o  know the  maximum vo l t age  excurs ion  
away from the  PCS cen t e r  vo l t age  t h a t  would 
be requi red  t o  b r i ng  t he  ope ra t i ng  l e v e l s  
w i th in  t he  l i m i t s .  This  was determined f o r  
a  PCS s i zed  t o  o b t a i n  99.9% of t h e  a v a i l a b l e  
energy,  and i s  included i n  t he  l a s t  column 

of Table 3. The complete r e s u l t s  f o r  t he  26 
s i t e s  show t h a t  t he  maximum excurs ion  ranges 
from 5% t o  17% of t h e  c e n t e r  vo l t age ,  and 
exceeds t he  t racking-range requirements  pre-  
sented i n  Fig. 5, which assume no cu r r en t  o r  
power l i m i t s .  F i l l  f a c t o r  was found t o  have 
only a  small  e f f e c t  on maximum cu r r en t  and 
power l i m i t s .  

4.2 Voltage Limi ts  

Voltage l i m i t s  must a l s o  be considered by t he  
PCS des ign ,  p a r t i c u l a r l y  during s t a r t u p  when 
the  a r r ay  may be a t  i t s  maximum open-circui t  
vo l tage  (vOc).  Worst-case Vocs gene ra l l y  
a r e  a s soc i a t ed  wi th  low temperatures and high 
i r r a d i a n c e  l e v e l s ,  such a s  might be encoun- 
t e r e d  dur ing  a  b r i g h t ,  co ld  w in t e r  day with 
snow on t he  ground. Three approaches were 
used t o  e s t ima t e  l i k e l y  maximum Vocs: 

The hourly combination of i nc iden t  i r r a -  
d iance  and c a l c u l a t e d  c e l l  temperature 
(based on i nc iden t  i r r a d i a n c e  and ambient 
a i r  temperature)  t h a t  l ed  t o  t he  maximum 
Vocs was noted. This  vo l tage  repre-  
s e n t s  the  worst-case thermal- 
equ i l i b r i um cond i t i on  e x i s t i n g  on t he  
SOLMET TMY tape.  Because t h i s  cond i t i on  
does not r e f l e c t  the  e a s i l y  foreseeable  
c a se  where t h e  sun suddenly appears  from 
behind an o b s t r u c t i o n  and sh ine s  on a  
cold a r r a y ,  i t  i s  considered a  lower- 
bound e s t  imate of t he  maximum Voc. 

The lowest ambient temperature a s  
recorded i n  t he  TMY d a t a  tape  was 
assumed a s  t he  s o l a r  c e l l  temperature.  
This  c e l l  temperature was then  combined 
with a  100 mw/cm2 i r r a d i a n c e  l e v e l  t o  
determine t h e  a r r a y  open-c i rcu i t  vo l tage  
i n  t he se  condi t ions .  S ince  t he  simul- 
taneous occurrence of such cond i t i ons  
i s  un l i ke ly ,  t h i s  de te rmina t ion  of open- 
c i r c u i t  vo l t age  can be viewed a s  an 
upper l i m i t  f o r  t h e  s e l ec t ed  TMY year. 

The lowest ambient temperature a s  
recorded i n  a  weather a t l a s  (Ref. 3) was 
assumed i n  p l ace  of t h e  TMY lowest tem- 
pe r a tu r e  i n  ( 2 )  above. This  cond i t i on  
i s  considered t o  y i e l d  a  t r u e  upperbound 
va lue  because of t he  i nc lu s ion  of long- 
term weather extremes. 

Table 4 summarizes t he  r e s u l t s  from the  
t h r e e  e s t ima t i on  techniques.  Because t h e  
upper-bound e s t ima t e s  a r e  only about 12% 
h ighe r  than  t he  lower-bound e s t ima t e s ,  they  
serve  a s  a  u se fu l  b a s i s  f o r  e s t ima t i ng  the  
worst-case vo l t age s  f o r  any s i t e  without  an 
excess ive  pena l ty  f o r  conservat ism. 

Although accommodating the  maximum open- 
c i r c u i t  vo l t age  w i l l  be a  requirement f o r  
most PCS des igns ,  t h e  maximum vol tage  with- 
s tand  could be l im i t ed  t o  t he  non-operating 
s t a t e .  I n  t h i s  case PCS s t a r t u p  would not  



TABLE 4. MAXIMUM OPEN-CIRCUIT VOLTAGE 
FOR 1 2  SITES (NOCT = 50°C) 

TABLE 5. FRACTION OF ANNUAL ARRAY ENERGY 
AVAILABLE I N  VARIOUS RELATIVE 
POWER INTERVALS 

MAXIMUM OPEN CIRCUIT VOLTAGE ~- . ~..-~ ~ - 

ARRAY RELATIVE POWER INTERVAL Vmp at SOC SITE ~ .. ~ - ~ ~ -  - .-- 0.0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0 1.0-1.2 
b l l t  

LOWER UPPER UPPER 
BOUND, BOUND, BOUND, 
TMY': TMY AT LA S 

ALBUQUERQUE N M  
BISMARCK ND 
BOSTON MA 
BROWNSVILLE TX 
CAR1 BOU ME 
CHARLESTON SC 
FORT WORTH TX 
FRESNO CA 
M I A M I  FL 
OMAHA NB 
PHOENIX A Z  
SEATTLE WA 

"START-UP VOLTAGE FOR 99.9% OF AVAILABLE 
ANNUAL ENERGY 

occur un l e s s  t he  a r r a y  Voc were below some 
al lowable s t a r t - up  l i m i t .  Examination of t h e  
d e t a i l e d  s imula t ion  r e s u l t s  i n d i c a t e s  t h a t  
t h e  lower-bound e s t ima t e s  i n  Table 4 a r e  a  
good s e l e c t i o n  f o r  a  s ta r tup-vol tage  l i m i t  
wi th  minimal energy l o s s .  With a  PCS s t a r t u p -  
vo l tage  l i m i t  a t  o r  above t he se  va lue s ,  l e s s  
than  0.1% energy l o s s  i s  s u f f e r e d ;  below the se  
va lues  t he  energy l o s s  i nc r ea se s  r ap id ly .  

5. ARRAY POWER DISTRIBUTION 

Because PCS e f f i c i e n c y  t y p i c a l l y  v a r i e s  with 
ou tput  power l e v e l ,  the  c a l c u l a t i o n  of average 
e f f i c i e n c y ,  o r  t o t a l  annual  energy l o s s e s ,  
r e q u i r e s  d a t a  on t he  f r a c t i o n  of annual  energy 
input  t o  t he  PCS a s  a  f unc t i on  of power l e v e l .  

The hourly s imula t ion  r e s u l t s  f o r  t he  26 s i t e s  
were a l s o  used t o  c o n s t r u c t  p l o t s  d e f i n i n g  
t he  opera t ing  t ime ,  and thus  the  annual energy 
genera ted ,  a t  var ious  r e l a t i v e  power l e v e l s .  

Table 5 t a b u l a t e s  the  f r a c t i o n  of annual  
energy generated w i th in  each of  s i x  power 
i n t e r v a l s  f o r  each of 12 s i t e s .  The f r a c -  
t i o n s  s e rve  a s  u se fu l  weighting f a c t o r s  f o r  
t he  de te rmina t ion  of an average power- 
cond i t i one r  e f f i c i e n c y ,  which i s  def ined  a s  
annual energy input  t o  t h e  PCS d iv ided  by 
annual energy output  t o  t he  load. Ref. 2  
con t a in s  more d e t a i l e d  d a t a  f o r  26 s i t e s  and 
a  complete design example. 
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CUMULATIVE 
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f o r  designing a r r a y  loading systems t h a t  
e f f e c t i v e l y  use t h e  output  from a  photo- 
v o l t a i c  a r r ay .  I n  add i t i on  t he  summary of 
s i t e - t o - s i t e  and f i l l - f a c t o r  i n f l uences  
should se rve  t o  i d e n t i f y  c a p a b i l i t i e s  needed 
i n  gene r i c  PCSs designed t o  f unc t i on  wi th  a  
v a r i e t y  of a r r ay  types ,  s i z e s  and s i t e  
l oca t i ons .  

I n  s e l e c t i n g  va r i ous  design parameters  such 
a s  vo l tage- t rack ing  s t r a t e g y  and cu r r en t  and 
vol tage  l i m i t s ,  i t  should be kept  i n  mind 
t h a t  a  1% l o s s  i n  a v a i l a b l e  energy is  compar- 
ab l e  t o  a  1% inc rea se  i n  t o t a l  system c o s t .  
For a  present-day (1982) system cos t i ng  
$25/watt t h i s  implies  t h a t  approximately 
$0.25 per  watt  can be j u s t i f i e d  t o  achieve a  
1% performance improvement. 
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6. CONCLUDING REMARKS Ed. Note: A l is t  of metr ic-English-metr ic  
conversion va lue s  appears  immediately pre- 
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