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ABSTRACT 

The e l e c t r i c a l  ou tput  (power, c u r r e n t ,  and vo l t age )  o f  f l a t - p l a t e  s o l a r  
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  temperature and 
i r r a d i a n c e  l e v e l .  A s  a  r e s u l t ,  a r r a y  loads such a s  dc-to-ac power 
cond i t i cae r s  must be capable  of accommodating widely vary ing  inpu t  l e v e l s  
while main ta in ing  ope ra t i on  a t  o r  near  t he  maximum power po in t  of  t h e  a r r ay .  
This r e p o r t  p r e sen t s  the  r e s u l t s  of  an ex t ens ive  computer s imula t ion  s tudy  
used t o  de f ine  t h e  a r r a y  ope ra t i ng  c h a r a c t e r i s t i c s  and extreme output  l i m i t s  
necessary  fo r  t he  sys temat ic  design of  array-load i n t e r f a c e s  under a  wide 
v a r i e t y  of c l i m a t i c  condi t ions  i n  t h e  U.S. 

A number o f  i n t e r f a c e  parameters a r e  examined, 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  width necessary  t o  cap tu re  va r ious  
f r a c t i o n s  of the  a v a i l a b l e  energy, 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 .  The e f f e c t  of a r r a y  degrada t ion  and I-V curve 
f i l l  f a c t o r  on the  ar ray-power condi t ioner  i n t e r f a c e  i s  a l s o  d i scussed .  
Resu l t s  a r e  presen ted  a s  normalized r a t i o s  of  power-conditioner parameters t o  
a r r a y  parameters,  making the  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. 
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GLOSSARY 

The tempera tu re  o f  a  c e l l  a t  t h e  l o c a t i o n  o f  i t s  
p h o t o v o l t a i c  j u n c t i o n  

C e l l  t empera tu re  

Center v o l t a g e  The c e n t r a l  o p e r a t i n g  v o l t a g e  about  which t h e  v o l t a g e  
i s  v a r i e d  i n  a  PCS w i t h  maximum power t r a c k i n g  

Concen t ra to r  a r r a y  A p h o t o v o l t a i c  a r r a y  made up o f  modules t h a t  u s e  
c o n c e n t r z t e d  s o l a r  r a d i a t i o n  and use  o n l y  t h e  d i r e c t  
normal component o f  i r r a d i a n c e  

The component o f  i n c i d e n t  s o l a r  i r r a d i a n c e  t h a t  
r e s u l t s  from t h e  a tmospher ic  s c a t t e r  o f  t h e  incoming 
s o l a r  r a d i a t i o n  

Di f fuse  s o l a r  
1 i r r a d i a n c e  

D i r e c t  normal s o l a r  
i r r a d i a n c e  

The component o f  i n c i d e n t  s o l a r  i r r a d i a n c e  which i s  
composed e n t i r e l y  o f  u n s c a t t e r e d  s o l a r  r a d i a t i o n  

Annual PCS i n p u t  energy i n  a r r a y  power i n t e r v a l  P  

T o t a l  annual  PCS i n p u t  energy 
E~ 

E f f i c i e n c y  The r a t i o  o f  energy ~ u t p u t  o f  a  d e v i c e ,  component, 
subsystem, o r  system, t o  t h e  energy e n t e r i n g  i t  

The s o l a r  r a d i a t i o n  i n c i d e n t  on t h e  e a r t h ' s  atmosphere,  
b e f o r e  i t  i s  s c a t t e r e d  by t h e  atmosphere 

E x t r a t e r r e s t r i a l  
r a d i a t i o n  

For  any I-V c u r v e ,  t h e  r a t i o  o f  maximum power t o  t h e  
p roduc t  o f  t h e  o p e n - c i r c u i t  v o l t a g e  and s h o r t - c i r c u i t  
c u r r e n t  

F i l l  f a c t o r  

F l a t - p l a t e  a r r a y  A p h o t o v o l t a i c  a r r a y  t h a t  u s e s  g l o b a l  s o l a r  i r r a d i a n c e  
w i t h o u t  c o n c e n t r a t i o n  

The o p e r a t i o n  o f  an a r r a y  a t  a  c o n s t a n t  o u t p u t  
v o l t a g e  

Fixed-vo 1 tage  
o p e r a t i o n  

Global s o l a r  
i r r a d i a n c e  

The combined p o r t i o n s ' o f  s o l a r  i r r a d i a n c e  r e s u l t i n g  
from t h e  s c a t t e r e d  and t h e  d i r e c t  normal component 

A p h o t o v o l t a i c  a r r a y  t h a t  i s  mounted i n  a  
f r e e - s t a n d i n g  c o n f i g u r a t i o n  and n o t  a t t a c h e d  t o  any 
b u i l d i n g  

Ground-mounted a r r a y  

The c u r r e n t  produced by a  p h o t o v o l t a i c  c e l l ,  module, 
o r  a r r a y  o p e r a t i n g  a t  i t s  maximum power p o i n t  

The 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 ,  module, o r  a r r a y ,  
which i s  t h e  c u r r e n t  produced w i t h  t h e  p o s i t i v e  and 
n e g a t i v e  t e r m i n a l s  s h o r t e d  
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Irradiance level The amount of power per unit area available from 
(solar) solar rad'ation 

I-V curve A plot of current versus voltage for a photovoltaic 
cell, module, or array operating under varying loads 
ranging from short-circuit to opel-ci~cuit 

Fraction ?f array available annual energy obtained at 
the PCS Snp:bt I K ~  = 1 £01- ideal max power tracking) 

Fraction of total daily extraterrestrial radiation 
(computed) reaching the earth's surface as diffuse 
radiation on a horizontal surface 

Total daily radiation on a horizontal surface 
(measured) at ground level, divided by the total daily 
extraterrestrial radiation (computed) on a horizontal 
surface 

Maximum open-circuit The largest expected open-circuit voltage for a given 
voltage array at a given site 

Maximum power point That point on a cell, module, or array I-V curve where 
the power is at its maximum value, also known as the 
maximum pvwer 

Maximum power tracking Continually adjusting the array operating voltage so 
X as to operate always at the array's maximum power point 

NOCT Nominal operating cell temperature; the module (or 
array) cell temperature when the ambient temperature is 

2 2O0c, the incident solar irradiance is 80 mW/cm , 
and wind speed is lm/sec, with the module (array) open 
circuited 

Normalized to maximum Array power, current or voltage divided by the array 
power conditions at maximum power, or current or voltage at maximum power, 
S OC respectively, under standard operating conditions 

Optimum operating The one fixed array operating voltage that provides the 
vo 1 tage maximum amount of energy from the array over a given 

period of time 

Output power The power provided at the output terminals of a 
photovoltaic device, component, subsystem or system 

Partial rejection A strategy for PCS operation, when the array is 
strategy operating at a power or current level exceeding the 

maximum allowable limits for the PCS; the operating 
conditions are changed so that the array operates 
within allowable limits, resulting in a partial loss 
(or rejection) of the available array energy at the 
original operating conditions 

PCS Power conditioner subsystem 



Pho t o v o l t a  i c  a r r a y  

P~~ 

Roo £-mounted 
photovo 1 t a  i c  a r r a y  

SOLMET TMY tapes  

Tota l  r e j e c t i o n  
s t r a t e g y  

Voltage t r ack ing  
wid th ,  window, o r  
range 

An a r r a y  of  photovol ta ic  modules 

Standby PCS power consumption /h 

Rat io  o f  PCS full-input-power r a t i n g  t o  a r r ay  maximum 
power a t  SOC = Rat io  of (PCS full-output-power r a t i n g  
d iv ided  by rll) t o  a r r ay  maximum power a t  SOC 

A photovol ta ic  a r r a y  t h a t  i s  mounted on the  roof  of a  
bu i ld ing  e i t h e r  i n  an i n t e g r a l l y  a t t ached  mode or  i n  a 
s tand-off  mode 

P ~ ~ / P C S  full-output-power r a t i n g .  

Standard ope ra t i ng  condi t ions :  a r r a y  ope ra t i on  a t  a  c e l l  
temperature of NOCT and i r r a d i a n c e  l e v e l  of 100 mw/cm2 

Data t apes  provided by t h e  Nat ional  Cl imat ic  Center 
conta in ing  i r r a d i a n c e  and weather d a t a  fo r  a  Typical 
Meteorological  Year 

A s t r a t e g y  fo r  PCS opera t ion :  when the  a r r a y  i s  
ope ra t i ng  a t  a  power or  c u r r e n t  l e v e l  exceeding t h e  
maximum al lowable l i m i t s  for  the PCS, the  a r r a y  power 
i s  t o t a l l y  r e j e c t e d  u n t i l  t he  l i m i t s  a r e  no longer  
exceeded 

Hours per year fo r  which PCS has  no output  power, bu t  
draws standby power 

The vo l t age  ac ros s  a  pho tovo l t a i c  c e l l ,  module, o r  
a r r a y  ope ra t i ng  a t  i t s  maximum power po in t  

The open-circui t  vo l t age  of  a  c e l l ,  module, o r  a r r a y ;  
t h e  v o l t a g e  across  t he  p o s i t i v e  and nega t ive  te rmina ls  
under open-circui t  cond i t i ons  

The range of vo l t ages  about a  c e n t r a l  ope ra t i ng  
vo l t age  i n  which a  PCS maximum-power t r acke r  ope ra t e s  
t o  o b t a i n  t he  maximum a r r a y  power i n  t he  e n t i r e  
vo l t age  i n t e r v a l  

PCS e f f i c i e n c y  a t  PCS full-power r a t i n g  

PCS e f f i c i e n c y  f o r  inpu t-power i n t e r v a l  P 
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INTRODUCTION 

The e l e c t r i c a l  ou tput  over time of photovol ta ic  (PV) a r r a y s  i s  unusual 
i n  comparison with t h a t  of  convent ional  e l e c t r i c a l  power gene ra to r s ,  and 
r equ i r e s  c a r e f u l  cons ide ra t ion  i f  e f f i c i e n t  and r e l i a b l e  system performance i s  
t o  be achieved. 

Many e l e c t r i c a l  genera tors  can be cha rac t e r i zed  a s  e i t h e r  constant-  
vo l tage  o r  constant-current  sources;  PV a r r ays  e x h i b i t  t h e  c h a r a c t e r i s t i c s  of 
both, depending on the ope ra t ing  poin t  ( load impedance). I n  add i t i on ,  t he  
output vo l t age  and cu r ren t  of the  a r r a y  a r e  d i r e c t l y  con t ro l l ed  by the  a r r a y  
temperature and i r r a d i a n c e  l e v e l ,  r e spec t ive ly .  

F igure  1 i l l u s t r a t e s  t h e  t y p i c a l  cur ren t -vol ta  e  (I-V) c h a r a c t e r i s t i c  of  5 an a r r a y  a t  a  p a r t i c u l a r  i r r ad i ance  l e v e l  (100 mW/cm ) and c e l l  temperature 
(25O~) .  These condi t ions ,  r e f e r r e d  t o  a s  peak r e p o r t i n g  cond i t i ons ,  have 
been adopted a s  a  s tandard  f o r  r epo r t ing  peak a r r a y  output  by the  in t e rna -  
t i o n a l  pho tovo l t a i c  community (Reference l ) .  As Figure 1 shows, the  a r r a y  
performs more o r  l e s s  a s  a  constant-current  source when feeding lower 

Figure 1. Typica l  Photovol ta ic  I-V Curve a t  100 mw/cm2, 2 5 O ~  Ce l l  Temperature 
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impedance l o a d s  and a s  a  c o n s t a n t - v o l t a g e  s o u r c e  when f e e d i n g  h i g h e r  impedance 
l o a d s .  The maximum power o u t p u t  i s  g e n e r a t e d  a t  a p o i n t  on t h e  knee o f  t h e  
curve  r e f e r r e d  t o  a s  t h e  maximum power p o i n t .  

F i g u r e  2 shows how t h e  I-V c h a r a c t e r i s t i c  v a r i e s  wi th  changing c e l l  
t empera tu re  and i r r a d i a n c e  l e v e l .  I n  g e n e r a l ,  t h e  s h o r t - c i r c u i t  c u r r e n t  o f  
t h e  a r r a y  i s  d i r e c t l y  p r o p o r t i o n a 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  v o l t a g e  a t  
the  maximum power p o i n t  i s  l i n e a r l y  dependent  upon c e l l  t empera tu re ,  
d e c r e a s i n g  a b o u t  0.5% o f  i t s  25OC v a l u e  f o r  each 1°C o f  i n c r e a s i n g  c e l l  
t empera tu re .  

+. 

Because o f  t h i s  s t r o n g  dependence on i r r a d i a n c e  l e v e l  and c e l l  
t e m p e r a t u r e ,  t h e  o u t p u t  o f  a  p h o t o v o l t a i c  a r r a y  i s  11j.ghly dependent on wea the r  
c o n d i t i o n s  and 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 e n c e  t h e s e  pa ramete r s .  
I f  maximum energy  i s  t o  be  drawn from t h e  a r r a y ,  t h e  load i n t t . r f a c i n g  w i t h  t h e  
a r r a y  must b e  des igned  t o  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  o u t p u t .  I n  a d d i t i o n ,  maximum c u r r e n t ,  v o l t a g e  and power 
r a t i n g s  o f  t h e  load must be compat ib le  w i t h  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  most r e s i d e n t i a l  a p p l i c a t i o n s ,  t h e  load  on t h e  p h o t o v o l t a i c  a r r a y  
w i l l  b e  a  power-condi t ioning subsystem (PcS) des igned  t o  c o n v e r t  t h e  d i r e c t  
c u r r e n t  ( d c )  a r r a y  o u t p u t  i n t o  a l t e r n a t i n g  c u r r e n t  ( a c ) ,  t h e  form (;upplied by 
u t i l i t i e s  t o  t y p i c a l  r e s i d e n t i a l  u s e r s .  I n  t h i s  c a s e  t h e  PCS i s  r e s p o n s i b l e  
f o r  accommodating t h e  wide ly  v a r y i n g  a r r a y  o u t p u t  and maximizing energy  
p r o d u c t i o n .  

TEMPERATURE 

RELATIVE VOLTAGE RELATIVE VOLTAGE 

F i g u r e  2. I n f l u e n c e  o f  C e l l  Temperature and I r r a d b a n c e  Leve l  on 
Ar ray  I - V  Curve 



I n  o t h e r  sys tems ,  w i t h  d i r e c t - c u r r e n t  l o a d s ,  t h e  dc-to-dc c o n v e r t e r  o r  
s t o r a g e  b a t t e r y  and charg ing  system must p r o v i d e  t h e s e  f u n c t i o n s .  R e g a r d l e s s  
of  the  t y p e  of  o p e r a t i n g  system, t h e  long-term a r r a y  o u t p u t  c h a r a c t e r i s t i c s  
f o r  t h e  a p p l i c a t i o n  s i t e  o f  i n t e r e s t  a r e  n e c e s s a r y  i n g r e d i e n t s  i n  e f f i c i e n t  
system d e s i g n .  

To a i d  t h e  d e s i g n e r  i n  u n d e r s t a n d i n g  t h e s e  e f f e c t s ,  and f o r  making 
proper  sys tem t r n d e o f f s ,  t h i s  document summarizes a n  e x t e n s i v e  s t u d y  conducted 
by t h e  J e t  P r o p u l s i o n  Labora to ry  (JPL) t o  c h a r a c t e r i z e  t h e  o u t p u t  o f  f l a t -  
p l a t e  a r r a y s  f o r  a  v a r i e t y  o f  o p e r a t i n g  c o n d i t i o n s  t y p i c a l  o f  s i t e s  th roughout  
the Uni ted  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  stems from tlle u s e  o f  
weather d a t a  £0,: t o t a l  i r r a d i a n c e  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  
the  d i rec t -normal  i r r a d i n n c e  t h a t  would be used f o r  t r a c k i n g  c o n c e n t r a t o r  
a r r a y s .  

A f t e r  t. , f o l l o w i n g  s e c t i o n ,  which p rov ides  an overview of: t h e  g e n e r a l  
a n a l y s i s  appro rch, each remaining s e c t i o n  t r e a t s  one a s p e c t  o f  a r r a y  
performacce and i t s  i n f l u e n c e  on t h e  d e ~ i g n  o f  a r r a y  l o a d i n g  sys tems.  These 
i n c l u d e  : 

(1) Maximum Power Track ing  

( a )  Fixed-vol t a g e  o p e r a t i o n  v e r s u s  v o l t a g e  t r a c k i n g .  

( b )  Vol tage- t racking-width  t r a d e o  f f s  .cvith cont inuous-vol  toge  
t r a c k i n g  . 

( 2 )  Array Extreme-Value Ana lys i s  

( a )  S h o r t - c i r c u i t  c u r r e n t .  

( b j  Maximum power. 

( c )  Open-c i rcu i t  v o l t a g e .  

( 3 )  PCS/Converter E f f i c i e n c y  C a l c u l a t i o n  

( a )  Ar ray  energy o u t p u t  v e r s u s  power l e v e l .  

( b )  Opera t ing  hours  a t  v a r i o u s  r e l a t i v e  power l e v e l s .  

Ta c l a r i f y  the  concept:$ p r e s e n t e d ,  e x t e n s i v e  u s e  i s  made o f  d e s i g n  examples.  



SECTION I1 

GENERAL ANALYSIS APPROACH 

Def in i t i on  of  t he  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 
var ious  k inds  of loading  requi red  the  s imulat ion of 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 opera t ing  condi t ions .  This 
s imula t ion  was accomplished us ing  a  computer t o  c a l c u l a t e  hourly e l e c t r i c a l  
ou tpu t  f o r  a period of  a  ysar  a t  each of 26 s i t e s  i n  the United S ta t e s .  
Hourly weather da t a  were obtained us ing  s o l a r  r a d i a t i o n  su r f ace  meteorological  
observa t ions  (SOLMET) t y p i c a l  meteorological  year (TMY) weather da t a  tapes  
conta in ing  h i s t o r i c a l  measurements f o r  a  t y p i c a l  meteorological  year  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 ay  was derived from the SOLMET 
i r r a d i a n c e  da t a  u s ing  an algori thm developed by Klucher and based on t h e  work 
o f  Liu-Jordan (see  Reference 1 fo r  a  d e t a i l e d  d e s c r i p t i o n  of the  a lgor i thms) .  
The a r r ay  was assumed t o  be a  f l a t ,  south-facing su r f ace  t i l t e d  up from the  
h o r i z o n t a l  a t  an angle  equal  t o  the l a t i t u d e  of the  s i t e .  The hourly 
photovol ta ic  c e l l  temperature was then computed based on t h e  i r r a d i a n c e  l e v e l  
i nc iden t  on the a r r a y ,  and the hourly ambient a i r  temperature from the  SOLMET 
d a t a  tape .  The c e l l  temperature i s  computed with an algori thm developed a t  
JPL based on experimental  da t a .  

The equat ion  used is give21 by: 

where : 

T c e l l  i s  the computed photovol ta ic  c e l l  temperature 

Tamb i s  the ambient temperature value (from SOLMET tape )  

K i s  an empi r i ca l ly  determined cons tan t  

S is  the s o l a r  i r r ad i ance .  

The constf2nt K includes the e f f e c t  of a  cons tan t  low-level wind 
environment. Liz has  been determined a t  JPL ( ~ e f e r e n c e  2) t h a t  t he  temperature 
o f  an a r r a y  i n  the  midst of an a r r a y  f i e l d  i s  r e l a t i v e l y  i .nsensi t ive t o  wind 
speed, which i: kept  low by the  presence of t he  fleld. The wind speed, 
t y p i c a l l y  recorded on SOLMET tapes ,  i s  much h igher  than the  wind speed found 
a t  ground l e v e l  and i s  not  d i r e c t l y  usable .  

Hourly e l e c t r i c a l  performance was derived us ing  a  base l ine  I -V  curve 
se l ec t ed  a s  r e p r e s e n t a t i v e  of  a  present-day s i l i c o n - c e l l  a r r a y  ( ~ i g u r e  1 ) .  
The a r r a y  I-V curve i s  defined i n i t i a l l y  a t  25OC and an i r r ad i ance  l e v e l  of 
100 mw/cm2 and is then t r a n s l a t e d  t o  the  hourly cel l - temperature , i r r ad i ance -  
l e v e l  condi t ions  t o  determine the  hourly values of t h e  power and ope ra t ing  
parameters . 
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Because the shape of I-V curves varies somewhat for different 
tranufacturers and for different degrees of degradation with age, other I-V 
curves were also uses to define the sensitivity of the simulation results to 
curve shape. The shape, or squareness, of I-V curves is generally quantified 
by the fill factor, which is defined as the ratio of maximum power to the 
product of open-circuit voltage and short-circuit current as given by the 
following: 

Fill factor (at 25'~) = 
Max Power (at 25'~) 
Is, x Voc (at 25O~) 

With this definition a perfectly rectangular I-V curve would have a fill 
factor of 1.0, and a straight I-V curve would have a fill factor of 0.25. 
Typical curves for new arrays have fill factors averaging around 0.70, 
and ranging from 0.60 to 0.76. As an array ages its fill factor often 
decreases, reflecting degradation associated with increased series 
resistance. Fill factors ranging from 0.45 to 0.75 (at 25OC, 100 mw/cm2) 
were used in the sensitivity results presented here. 

Once the array I-V curves were obtained for each hourly irradiance level 
and cell temperature, the annual energy production was calculated using a 
variety of array loading strategies. The extreme array output levels were 
obtained by scanning the hourly I-V curves. The results of these analyses are 
presented in the remainder of this report. 

To make the results as generally applicable as possible, the data are 
presented as ratios of normalized load characteristics to normalized array 
characteristics at standard operating conditions (100 mw/cm2, NOCT) . 

Standard operating conditions are a second set of recognized reference 
conditions for rating photovoltaic arrays and are different from peak rating 
conditions (100 rnw/cm2, 25O~) in that they use NOCT for the chosen PV 
modules in the intended mounting configuration, instead of the fixed 2 5 O ~  
cell temperature selected for convenience in laboratory measurements' Use of 
NOCT makes the results of this study generally indepent 7f operating 
temperature differences associated with modules and array, dith different 
thermal heat-transfer properties. 

Site-to-site weather-related operating temperature differences are 
included separately through the presentation of site-specific results. 

The NOCT for an array is defined as the operating temperature of the 
cells in the inceded mounting configuration with incident irradiance level of 
80 mw/cm2, air temperature of 20°c, w ~ n d  velocity of 1 m/s, and the array 
open-circuited. This set of conditions yields a temperature that accurately 
represents the average cell temperature in the field during periods of 
significant energy production (~eference 1). Roughly 50% of the energy will 
be produced above and 50% below this temperature. Typical values of NOCT for 
ground-mounted arrays range from 45' to 50°c, and for roof-mounted arrays 
from 60' to 70°c. 
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The I-V curve u t  SOC f o r  an a r r a y  of i n t e r e s t  can be approxitl~ntcd 
c l o s e l y  Eronl the  f.-V curve a t  peak r a t i n g  condi t ions  by s u b t r a c t i n g  u vol tago  
o f f s e t  ( s h i f t i n g  the curve to  t l ~ o  l e f t ,  p a r a l l e l  t o  tlto vo l t age  a x i s )  by an 
amount equa l  to  0.5X of tlla maxilnurn power vo l t age  o t  25OC mult ipl iect  by tlta 
tempers t u r e  d i f f e r ence  (NOCT -2S0C) ( ~ i g u r e  3 ) .  

Table 1 presents  some average valuos of  c a l l  paraineters nlansured a t  JPL 
f o r  t y p i c a l  s ing le -c rys t a l  s i l i c o n  s o l a r - c a l l  modules. The va luas  i n  the  
t a b l e  provide an i n d i c a t i o n  of what actual. NOCT values  t o  expect  f o r  cu r r en t  
~llodulcs. The r a t e  o f  1-V curve vo1,tage tranulati.011 wit11 tetnpernturc i n  the 
v i c i n i t y  of  t11e mt\ximum powcr poin t  i s  given Ear scver~11 tnodules; t h i s  led  t o  
t b e  a e l e c t i o o  of 0.52 f o r  t h i s  study e ,  5 r 10-3 x Vnloxp ( a t  2s°C, 
100 m13/cm2) per OC). T11a r a t c  of cu r r en t  trntzslntiot\  with ten1 e r n t u r c  i n  E the  v i c i n i t y  of the mnxilnum power po in t  i s  ,041: ( i . e . ,  4 x 10- Ill,,Xp ( a t  
2 5 O ~ ,  100 n \ \~ /c rn~)  per OC). Tile r a t e s  of  cllunge of cu r r en t  and vo l t age  
discussed h e r e  a r c  s t r i c t l y  v a l i d  only i n  t he  yogion of tlte maxi.n~utn power 
point: nnd s'ttould not be used to  de te r~ninc  open-circuit: vo l t age  o r  
s h o r t - c i r c u i t  currank chnnges. 

Most of the r e s u l t s  tllrrt EaJ.low a r e  presented i t1 tcnns o f  tlro c u r r ~ n t ,  
vclltngc o r  powcr produced by the  a r r ay  n t  i t s  n~nxiinum power poin t  under SOC 
condi.t lons.  For the sake o f  b r e v i t y ,  these  va lues  {Ire r e f e r r e d  t o  a s  Gl~e 
tnnxin~um power curreti t zit SOC, the  runxit~~um power vol  tagc o t  SOC und tlto mciximun~ 
pnwcr n t  SOC. 

RENT I VE VOLTAGE 

Figure 3 .  Typienl S h i f t  i u  I - V  Curve t o  Convert Froiu 2 5 0 ~  t o  NoCT at: 5 0 0 ~  
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Tnble 1.  Typical  Parameters for C r y s t a l l i n e  S i l i c o n  
Solar  C e l l 8  i n  T e r r c s t r i a l  'Elodules 

Solar Cell Solar: Cell 
bioctu 1 s  NOCT, Av/AT*, X o f  v ~ n x p  V ~ ~ ~ a x p  

TY PP Q C  VmnXp a t  2SQ 25%, V NOCT, V 
par OC 

Averngct o f  
A l l  Elodulcs 48 .O 

*~I /AT.  .04X o f  I,,,,,p n t  25OC (100 ml\\t/et$) per O C .  

*>kRcsidcntinl ~nndulc 



S E C T I Q N  I I X  

MAXIEIIZING ENERGY PRODUCTION 

TQ achieve mnximum energy output  from the nr ray  u ~ ~ d e r  f i e l d  ope ra t ing  
condi t ions  r equ i r e s  t l n n t  t he  power cond J t i o n e r  raciintain o p e r a t i o n  a t  ( o r  
t r ack )  the maxiinuin power point .  A v a r i e t y  of cnudidate  s  t r a t e g i e s  a r e  
ava i l ab l e :  

(1) Qpcra t ion  a t  cons tank vo l t age ,  asstm~ing that: the  primary chnnges 
i n  a r r ay  o t ~ t p u t  n re  cu r r en t  vnrin t i o u s  a s soc i a  ted w i  t11 clranging 
i l luminncion level. .  

(2) Sensonnlly or  i n f r equen t ly  nd justed cons tan t  vo l tage  ope ra t ion  t o  
sccouut f o r  seasonal  temperature t rends  and/or  o r r ay  degrada t ion ,  

($1 Constant vo l tage  o p e r ~ t i o n  with vo l t age  updat ing based on f requent  
temperature sensing.  

4 Continuous closed-loop fecdbaclc scns ing  of  tho. pCS output  powcr t o  
achieve conti,nnous opera t i o n  n t  t hc  mnximum power po in t  (some 
sys ten~s  oF t h i s  type a c t u a l l y  r e s u l t  i n  l o c a l  o s c i l l a t i o n  about 
the  mnsi,mrtar power point; a s  a  r e s u l t  of t he  c o n t r o l  alp,orithm). 

A key cons idera t ion  i n  the t1:ndeoFf between Fised-voltage ope ra t ion  o r  
some Eorm of  perioctic o r  continuous volcagc tracltinp; i s  t he  ga in  i n  a r r a y  
energy t h a t  can bc aclnievcd. A sccond cons idera t ion  i s  s e l e c t i o n  of t he  
optimum f ixed  voX tnga 01: vo l  t t ~ g e  window 1,irilits with r e spec t  t o  tlne o r r ay  
vol tage  r a t i n g .  

'ra provide n datn base f o r  thcsc, dcci.sions the r c l a t i v o  annunl enerRy 
performnnce was determined f o r  n  l a r g e  nrrnlbel: of f ixed-vol tage systenrs with 
cliff erent  fixed vo l t ages  and f o r  nil i d e a l  continuous- traclcing sys  tern. 
Sensitivity s t t ~ d i e s  were then conducted using o t h e r  n r r a y  fi1.l  f a c t o r s .  

Figurcr 4 presents  an exnntplc p lo t  o f  norrnnlized energy o u t p l ~ r  versus  
nor~nnlized power-conditioner vol tnge f o r  Alhilquerque, NGW Efexico. The 
~ r d i n a t c ?  s c o l c  i.n t h i s  p lo t  i s  the f r a c t i o n  of  n v a i l a b l e  energy d r a m  from the  
a r r a y  dur ing  the  ind ica t ed  period of the  year  ( sp r ing  and P a l l o  sunlmer, w in te r  
and f u l l  yea r )  by a  constant-vol tage system. The r a t i o  of  the  P C S  ope ra t ing  
vol tnge  t o  the nrrny mnrin~u~n-porer vo l tage  (vImaxp) nC SOC i s  i nd ica t ed  on 
t h e  absc i s sa .  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  
aptinlum vol tage  wit't~ou t s c n s o n n ~  adjustment 5,s npproximately 9CX of  the a r r a y  

V1nay a t  SQCI mad t h a t  t h i s  f ixed vol tage  systeni will l o s e   bout 2X of the  
nval.?nble energy. I f  sensorial adjustment i s  used,  the  vo l t age  should vary  
Eronl about 922 of V,,nxp i n  the sumn~er to  103X of Vmlvp . . i n  the  win te r  and 
t h e  energy l o s s  w i l l  be reduced t a  about 1 X .  
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1.841,~' SUMMER 

WINTER F 

POWER CONDITIONER OPERATING VOLTAGE, VIV (MAX POWER) AT SOC 

Figure 4. F rac t ion  o f  Annual Array Avai lable  Energy Obtained versus  
Power-Conditioner Fixed Operating Voltage (Albuquerque NM) 

Table 2 sumnarizes t he  key f i nd ings  f o r  the  26 s i t e s .  Tne following 
da t a  a r e  provided: 

(1)  The optimum f ixed  vo l t age  with and without seasona l  adjustment fo r  
each s i t e .  

( 2 )  The percentage loss  i n  a v a i l a b l e  annual energy with the optimum 
f ixed  vo l t age .  

( 3 )  The percentage *loss i n  a v a i l a b l e  annual energy with the  use of 
s ea sona l ly  ad jus ted  f ixed  vo l t age  opera t ion .  

The t a b u l a r  da ta  show t h a t  t he  optimum f ixed  vo l t age  ranges from about 
92% o f  t he  a r r a y  vo l t age  f o r  hot  c l ima te s  such a s  Phoenix t o  100% of t h e  a r r ay  
v o l t a g e  for  co lde r  c l ima te s  such a s  Caribou, Maine. In  a d d i t i o n ,  t h e  da t a  show 
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  i s  l o s t  by a f ixed-vol tage 
system ranges from 0.7% t o  2.5%, wi th  few s i t e s  over 2%. Seasonal adjustment 
of t h e  power-conditioner ope ra t i ng  vo l t age  reduces t h e  f ixed-vol tage l o s s e s  by 
15% t o  30%. 

To extend the  a p p l i a b i l i t y  of  the r e s u l t s  presented t o  s i t e s  o the r  than 
the  26 s i t e s  analyzed,  a r eg re s s ion  a n a l y s i s  was performed t o  examine poss 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 the  
observed optimum ope ra t i ng  vo l t age  and annual energy l o s s .  Figures  5 and 6 
show the  r e s u l t s  obtained when the  s imula t ion  r e s u l t s  f o r  the  26 SOLMET s i t e s  
i n v e s t i g a t e d  were c o r r e l a t e d  with t h e  maximum temperature da t a  from a s tandard 
a t l a s  (Reference 4 ) .  The optimum ope ra t i ng  vo l t age  c o r r e l a t e s  wel l  with t h e  
annual  average maximum temperature and the  percentage o f  energy l o s t  with t he  
s t anda rd  d e v i a t i o n  of  t h e  monthly averages o f  d a i l y  maximum temperature .  The 
curves provide a ready means of  e s t ima t ing  optimum v o l t a g e  and annual energy 
l o s s  wi th  the use o f  monthly average d a i l y  maximum temperatures  obtained from 
any weather a t l a s  o r  from long-term recorded weather d a t a .  



Table  2. S imula t ion  R e s u l t s  f o r  Fixed-Voltage Power Condi t ioner  

S i t e  

Fixed-Voltage Power-Conditioner % Loss i n  Energy % Loss i n  Energy 
Optimum Opera t ing  Vol tage  w i t h  Fixed Vol t sge  w i t h  F ixed  Vol tage  

(Vop/Vmaxp a t  SOC) Power Condi t ioner  Power Condi t ioner  
no s e a s o n a l  w i t h  s e a s o n a l  
ad jus tment  adjus tment  

Annua 1 Spr ing  & F a l l  Summer Winter 

Albuquerque NM 
Apalachicola  FL 
Bismarck ND 
Boston MA 
Brownsvi l le  TX 
Cape H a t t e r a s  NC 
Caribou ME 
Char les ton  SC 
Columbia MO 
Dodge C i t y  KS 
E l  Paso TX 
E l y  NV 
F o r t  Worth TX 
Fresno CA 
Grea t  F a l l s  MT 
Lake Char les  LA 
Hadison M I  
Medf ord OR 
Miami FL 
N a s h v i l l e  TN 
New York NY 
Omaha NB 
Phoenix AZ 
San ta  Maria CA 
S e a t t l e  WA 
S t e r l i n g  VA 
(washing ton DC) 
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Figure 5. Array Optimum Operating Voltage versus Average Daily 
Maximum Temperature 

I * = COMPUTER SIMULATION RESULT FOR 26 SOLMET SITES I 

STANDARD DEVIATION OF MONTHLY AVERAGE DAILY MAXIMUM TEMPERATURES, O C  

Figure 6 .  Array Annual Energy Loss With Fixed-Voltage Operation 
versus Standard Deviation of Daily Maximum Temperature 
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1. Effect of I-V Curve Fill Factor on Optimum Operating Voltage 

Another parameter that has a modest effect on selection of the 
optimum operating voltage is the array fill factor. Figure 7 illustrates the 
key differences between a high (0.76) and low (0.60) fill factor. As noted, 
high fill factors lead to sharper voltage peaks and little maximum-power- 

? voltage variation with irradiance level. In contrast, low fill factors lead 

to flatter optimums, but to larger variations in maximum power voltage with 
irradiance level. Therefore, the tendency is for high-fill-factor arrays to 
be more sensitive to large environmental temperature swings because of their 
sharp power-voltage peaks, and for low-fill-factor arrays to be more sensitive 
to low irradiance levels (cloudy sites) because of their voltage shifts with 
irradiance. The data in Table 2 are for a nominal fill factor of 0.7. 

Table 3 describes the sensitivity of the fixed-voltage-operation results 
to array I-V curve fill factor for five representative sites. The results 
indicate a modest trend toward increasing power-conditioner voltages with 
higher fill factors, and small changes in annual energy losses. 

Figures 8 and 9 display graphically the site dependence of the fill- 
factor influence on optimum operating voltage and annual energy loss for two 
of the sites, Boston and Albuquerque. 

I t MAX POWER AT SOC 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

VOLTAGE (VIV max p at SOC) 

Figure 7. Array Relative Power Output versus Relative Voltage for Two 
Fill Factors (0.76 and 0.60) and Two Irradiance Levels 
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Table 3. Effect of Fill Factor on Fixed-Voltage Operation Results 

% Loss in Energy 
Fill Optimum Operating With Fixed-Voltage 

Site Factor Voltage Power Conditioner 

Albuquerque 

Bismarck 

Boston 

Miami 

Phoenix 
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F i g u r e  8. Optimum Opera t ing  Vol tage  v e r s u s  F k l l  F a c t o r  

F i g u r e  9 .  
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Percen tage  o f  Energy Loss v e r s u s  F i l l  F a c t o r  



To allow extens ion  o f  the  l im i t ed  r e s u l t s  shown t o  a d d i t i o n a l  s i t e s ,  an 
a n a l y s i s  was performed at tempting t o  c o r r e l a t e  t he  observed s i t e  dependencies 
of  f i l l  f a c t o r  t o  commonly a v a i l s b l n  wcat11e.r parameters.  It was observed from 
Table 3 t h a t  i n  genera l  t he  magnitude of  t h e  r a t e  of  change i n  optimum 
ope ra t i ng  v o l t a g e  and energy l o s s  i nc reases  f o r  those s i t e s  cha rac t e r i zed  by a  
s i g n i f i c a n t  amount of  cloud:,ness; conversely,  low va lues  of  r a t e  of  change a r e  
a s s o c i a t e d  wi th  s i tes known for  having a  high percentage of  sunny days.  With 
t h i s  obse rva t ion ,  t he  f r a c t i o n a l  change i n  optimum v o l t a g e  with f i l l  f a c t o r  
was compared wi th  the  f r a c t i o n  of  t o t a l  d a i l y  e x t r a t e r r e s t r i a l  r a d i a t i o n  
reaching  t h e  E a r t h ' s  su r f ace  a s  d i f f u s e  ( s c a t t e r e d ]  r a d i a t i o n  on a  h o r i z o n t a l  
s u r f a c e .  This parameter i s  commonly a v a i l a b l e  i n  s o l a r  energy a t l a s e s  such a s  
Reference 4 and is  r e f e r r e d  t o  a s  the  KD index f o r  the  s i t e .  It i s  computed 
f o r  each day o f  t he  month and i s  condensed i n t o  an average t h a t  r ep re sen t s  a  
t y p i c a l  day f o r  t he  month. A. companion index i s  t he  KT index, def ined a s  
the  t o t a l .  d a i l y  r a d i a t i o n  on a  h o r i z o n t a l  s u r f a c e  a t  ground l e v e l  d iv ided  by 
the  t o t a l  d a i l y  e x t r a t e r r e s t r i a l  r a d i a t i o n  on a  h o r i z o n t a l  su r f ace  ( i . e . ,  t h e  
index is  a l s o  cqmputed f o r  each day i n  the  month and i s  condensed i n t o  an 
average t h a t  r e p r e s e n t s  a  t y p i c a l  day f o r  t he  month). The percentage of 
energy l o s t  i n  f ixed-vol tage opera t ion  a s  a  func t ion  of  f i l l  f a c t o r  was 
c o r r e l a t e d  wi th  t he  r a t i o  o f  the  annual average o f  t h e  KD (ED) and KT 
(KT) i nd i ce s  obtained by averaging monthly va lues  given i n  Reference 4. 

The two c o r r e l a t i o n s  discussed above a r e  shown i n  Figures  10 and 11 f o r  
11 si tes.  Tl~e s i t e s  analyzed can be divided i n t o  cloudy s i t c s  (h igher  va lues  
of  KD) and c l e a r  s i t e s  ( l ove r  values  c f  K~). The two r e l a t i o n s h i p s  shown 
i n  F igures  10 and 11 can be used t o  e s t ima te  t h e  expected spread i n  optimum 
v o l t a g e  and percentage o f  energy l o s t  f o r  s i t e s  i n  t he  United S t a t e s .  

Reference 4 has  an ex tens ive  t a b l e  of  monthly KD and KT values .  The 
v a r i a t i o n  i n  t he se  va lues  from s i t e  t o  s i t e  i s  l i m i t e d ;  thus e s t ima te s  f o r  a  
given s i t e  could be made f ron  the va lues  a t  ad j acen t  s i t e s .  

In summary, t he  recommended procedure f o r  systems des igners  i s  t o  use 
t he  c o r r e l a t i o n s  given by Figures 5 and 6 and the  a t l a s  va lues  fo r  maximum 
temperature t o  o b t a i n  optimum ope ra t i ng  voltagel: and percentage of  energy l o s s  
fo r  an I - V  curve with a  f i l l  f ac to r  of  0.7. This should be followed by use of 
a  r e f e r ence  such a s  Reference 4 t o  o b t a i n  annual  average va lues  of  t he  KD 
and KT i nd i ce s  and use of  the  c o r r e l a t i o n  given i n  Figures  10 and 11 t o  
o b t a i n  an e s t i m a t e  of t he  v a r i a t i o n s  of  optimum vo l t age  and percentage o f  
energy l o s s  wi th  f i l l  f a c t o r .  In add i t i on  t o  the c o r r e l a t i o n s  developed, 
Tables 2 and 3 ,  which provide da ta  f o r  a  l im i t ed  number of s i t e s ,  can be used 
t o  provide e s t ima te s  of  de s i r ed  parameters a t  o the r  s i t e s  having s i m i l a r  
c l i m a t i c  c h a r a c t e r i s t i c s .  

2. E f f e c t  of  Array Degradation on Qptimum Operating Voltage 

Another f a c t o r  a f f e c t i n g  the  s e l e c t i o n  of a  fixed-voltage 
ope ra t i ng  system i s  the  expected change i n  t h e  optimum ope ra t i ng  vol tage  a s  an 
a r r a y  degrades.  This change has two components: one i s  a s soc i a t ed  with the  
dropping of  t h e  maximum power vo l tage  a t  SOC a s  tbe  a r r a y  degrades;  t h e  second 
i s  a s soc i a t ed  wi th  t h e  change i n  the  r a t i o  of  t he  optimum vo l t age  t o  t he  

vmaxp a t  SOC because a r r a y  degradat ion gene ra l l y  i s  manifested a s  a  change 
i n  a r r a y  f i l l  f a c t o r .  The e f f e c t  of f i l l - f a c t o r  change a lone  i s  descr ibed i n  
the previous sec  t ion.  



ORIGINAL PAGE 1% 
OF POOR QUALm 

Figure 10. Rate of  Change of  Optimum Voltage wi th  F i l l  Fac tor  ve r sus  ED 

- 

- 

- 

- 

- COMPUTER SIMULATION RESULT FOR EACH OF 11 SDLMET SITES 

Figure 11. Rate of  Change of Energy Loss wi th  F i l l .  Fac to r  ve r sus  ZD/ZT 
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Table 4. Drop i n  Array F i l l  Factor With Array Power Degradation 

- 
Maximum Power 

I n i t i a l  Maximum Power 
F i l l  Fac tor  

I n i t i a l  F i l l  Factor :  (0.75) (0.70) (0.65) 

Table 5. S h i f t  i n  Optimum Operating Voltage With Array Power Degradation 

Maximum Power 
I n i t i a l .  Maximum Power 

Optimum Operating Voltage 
I n i t i a l  Optimum Operating Voltage 

I n i t i a l .  F i l l  Factor :  (0.75) (0.70) (0.65) 

B. CONTINUO'iJS VOLTAGE TRACKING 

With idea 1 maximum-power t r ack ing ,  c losed-loop feedback i s  used to  
capture  t h e  maximum a v a i l a b l e  energy from the  a r r a y  by cont inuously t r ack ing  
the a r r a y  maximum-power vo l t age .  This i s  one means o f  dea l ing  with the  s i t e  
and f i l l - f a c t o r  dependencies descr ibed above. The degree of  vo l t age  movement 
requi red  t o  o b t a i n  most of  the  a v a i l a b l e  energy i s  important t o  the  design o f  
such a system. This  vo l t age  window i s  most e a s i l y  cha rac t e r i zed  by t h e  cen t e r  
vo l tage  i z  the window and the  p o s i t i v e  and nega t ive  percentage of  movement, o r  
t rack ing  range from the  cen t e r  vo l tage .  

The hourly computer s imula t ions  were used to  develop d a t a  on the  optimum 
center  vo l t age  and the  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  obtained a s  a 
func t ion  o f  the t r ack ing  range. A s  might be expected,  t he  optimum c e n t e r  vo l -  
tage i s  nominally t h e  same a s  the  optimum fixed vo l t age  presented i n  Table 2. 
Using t h e  da ta  i n  Table 2 f o r  the c e n t e r  vo l t age ,  Figure 13 i l l u s t r a t e s  t he  
percentage of l o s s  i n  annual a v a i l a b l e  energy f o r  Albuquerque a s  a func t ion  o f  
the t racking-range h a l f  width ( s t a t e d  a s  a percentage of  the  optimum cen te r  
vo l t age ) .  
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F i g u r e  13. P e r c e n t a g e  Loss i n  Annual Array A v a i l a b l e  Energy v e r s u s  Power- 
C o n d i t i o n e r  Vol tage  Track ing  Range Half  Width, Expressed a s  
a  P e r c e n t a g e  o f  Optimum Cente r  Vol tage  

Tab le  6  summarizes t h e  key f i n d i n g s  f o r  t h e  26 s i t e s  ana lyzed  w i t h  t h e  
fo l lowing  d a t a :  

( 1 )  The optimum c e n t e r  v o l t a g e .  

( 2 )  The l o s s  i n  a v a i l a b l e  annua l  ene rgy  w i t h  - +5% v o l t a g e  t r a c k i n g .  

( 3 )  The v o l t a g e - t r a c k i n g  h a l f  wid th  ( p e r c e n t a g e  o f  t h e  c e n t e r  v o l t a g e )  
r e q u i r e d  t o  o b t a i n  99.9% o f  t h e  a v a i l a b l e  energy .  

A s  t h e s e  d a t a  show, a  25% t rac lc ing range  o f f e r s  most oE t h e  a v a i l a b l e  
energy ,  and a  212% t r a c k i n g  range  i s  t h e  maximum needed a t  any s i t e .  

Tab le  7 s ~ ~ m m a r i z e s  t h e  modest e f f e c t  o f  d i f f e r e n t  f i l l  f a c t o r s  on t h e s e  
r e s u l t s .  The g e n e r a l  t r e n d s  a r e  w e l l  i n  l i n e  wi th  t h e  amhient  t empera tu re  and 
cloudy-day s e n s i t i v i t i e s  noted p r e v i o u s l y .  

An i m p o r t a n t  c o n s i d e r a t i o n  i n  t h e  s e l e c t i o n  o f  con t inuous  t r a c k i n g  a s  a  
s t r a t e g y ,  and traclcing range  a s  a  pa ramete r ,  i s  t h e  o p p o r t u n i t y  t o  accoinmodate 
not o n l y  t h e  s e a s o n a l  wea the r  v a r i a t i o n s  b u t  a l s o  t h e  s i t e  and E i l l - f a c t o r  
dependencies  a s  w e l l .  The l a t t e r  r e q u i r e s  a  t r a c k i n g  r a n g e  t h a t  r e f l e c t s  t h e  
changing center:  v o l t a g e  a s  w e l l  a s  t h e  t rac lc ing r a n g e  shown. Fram a n  a n a l y s i s  
o f  t h e  d a t a  i n  Tab le  7 ,  i t  appears  t h a t  a  515% traclc ing wid th  t o g e t h e r  wi th  a  
c e n t e r  v o l t a g e  around 0.95 w i l l  accommodate a l l  of  t h e  26 s i t e s  s t u d i e d .  

Before  c o n c l u s i o n s  can be dramr abou t  optimum t r a c k i n g  r a n g e ,  a d d i t i o n a l  
c o n s i d e r a t i o n s  must be made. These i n c l u d e  t h e  need f o r  t rac lc ing t o  accom- 
modate wors t -case  v o l t a g e ,  c u r r e n t  and power l e v e l s ,  and t h e  i n f l u e n c e  o f  
long-term d e g r a d a t i o n  o f  t h e  a r r a y  I-V c u r v e  shape.  



Table 6. Simulation Results for Continuous-Tracking Power Conditioner 

-- - - 

Site 

% Loss In Energy Tracking Required 
Tracking Power-Conditioner With Power Condi- to Cut Energy Loss 
Optimum Center Voltage tioner With + 5% to 0.1% 

(Vop/Vmaxp at SOC) Voltage ~ r a c E i n ~  (+ Percentage) - 

Albuquerque 
Apalachicola 
Bismarck 
Boston 
Brownsville 
Cape Hat teras 
Caribou 
Charles ton 
Columbia 
Dodge City 
El Paso 
E ~ Y  
Fort Worth 
Fresno 
Great Falls 
Lake Charles 
Madison 
Medford 
Miami 
Nashville 
New York 
Omaha 
Phoenix 
Santa Maria 
Seattle 
Sterling 
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Table 7. Sensitivity of Continuous-Tracking Parameters to Array Fill Factor 

Tracking Required 
to Cut Energy Loss 

Fill Optimum Operating to 0.1% 
Site Factor Voltage (+  - Percentage) 

Albuquerque 

Bismarck 

Boston 

Miami 

Phoenix 
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Another c o n s i d e r a t i o n  i n  t h e  d e s i g n  o f  v o l t a g e  t r a c k i n g  sys tems i s  t h e  
d e g r e e  t o  which t h e  c o n t r o l  a l g o r i t h m  l e a d s  t o  l o c a l  s e a r c h i n g  o r  o s c i l l a t i o n  
a b o u t  t h e  maximum power p a i n t .  Th i s  problem i s  aggrava ted  by t h e  con t inuous  
and o f t e n  r a p i d  mot ion o f  t h e  a r r a y  m a x i ~ u m  power p o i n t  due t o  e v e r - p r e s e n t  
f l u c t u a t i o n s  i n  t h e  s o l a r  i r r a d i a n c e  l e v e l .  Temperature  changes ,  on t h e  o t h e r  
hand,  g e n e r a l l y  v a r y  s l o w l y ,  wi th  t ime c o n s t a n t s  r a n g i n g  from 2 t o  10 minu tes .  

Depending on the  ampl i tude  o f  o s c i l l a t i o n  abou t  t h e  maxi~num power p o i n t ,  
s u f f i c i e n t  ene rgy  can be l o s t  t o  n e g a t e  t h e  advan tages  o f  con t inuous  t rac lc ing.  
F i g u r e  14 i l l u s t r a t e s  t h e  f r a c t i o n  o f  a v a i l a b l e  energy t h a t  i s  l o s t  a s  a  
f u n c t i o n  o f  t h e  peak ampl i tude  of  a s i n u s o i d a l  v o l t a g e  o s c i l l a t i o n  abou t  t h e  
maxhnum power p o i n t .  F i g u r e  14 was c o n s t r u c t e d  by assuming n s i n u s o i d a l  
v a r i a t i o n  i n  t h e  v o l t a g e  and computing a r r a y  power l o s s .  

Th i s  r e l a t i o n s h i p  a p p l i e s  e q u a l l y  t o  t h e  p resence  o f  r i p p l e  f e d  baclc 
o n t o  t h e  a r r a y  from a  power-condi t ioner  i n v e r t e r .  The s w i t c h i n g  w i t l ~ i n  a 
60-Hz i n v e r t e r  can g e n e r a t e  a  r i p p l e  c u r r e n t  on t h e  a r r a y  t h a t  e f f e c t i v e l y  
changes t h e  a r r a y  o p e r a t i n g  v o l t a g e  120 t imes  p e r  second.  The e x t e n t  and 
d u r a t i o n  0.t: t h i s  v o l t a g e  change,  which f o r c e s  t h e  a r r a y  o f f  i t s  maximum power 
o p e r a t i n g  p o i n t ,  w i l l  r e s u l t  i n  a  n e t  energy l o s s . *  

0 5 10 15 
ARRAY R l  PPLE VOLTAGE, 0 TO PEAK % 

F i g u r e  14. E f f e c t  o f  S i n u s o i d a l  R i p p l e  on Array Energy Output 

" Inver te r - induced  r i p p l e  c u r r e n t  can be  reduced s i g n i f i c a n t l y  by add ing  n 
r e a c t i v e  component t o  t h e  dc bus.  A shutrr. c a p a c i t o r  i s  used f o r  a  v o l t a g e -  
sourced i n v e r t e r  and a  s e r i e s  i n d u c ~ o r  i s  used Far n cur ren t - sourced  
i n v e r t e r .  The s i z e  o f  t h i s  r e a c t i v e  component d e t e r m i n e s  r i p p l e  r e d u c t i o n .  
I n  any ac  p h o t o v o l t a i c  sys tem a  l a r g e  r e a c t i v e  component i s  r e q u i r e d  t o  
b a l a n c e  t h e  dc-to-ac energy Elow by matching t h e  c o n s t a n t  a r r a y  o u t p u t  power 
i n s  t n n t a n e o u s l y  w i t h  the  v a r y i n g  power c o n d i t i o n e r  o u t p u t  power. The 
r e a c t i v e  r e q u i r e m e n t  f o r  energy ba lance  i s  normal ly  s u f f i c i e n t  t o  n e g a t e  t h r  
r i p p l e  e f f e c t s  on maximurn-power-point o p e r a t i o n .  



SECTION I V  

ESTABLISHING MAXIMUM OPERATING LIMITS 

Another impor tan t  power-condit ioner d e s i g n  i s s u e  i s  t h e  maximum power, 
c u r r e n t  and v o l t a g e  t h a t  t h e  power c o n d i t i o n e r  must be c a p a b l e  o f  w i t h s t a n d i n g .  
A t  l e a s t  t h r e e  key c o n s i d e r a t i o n s  a r e  e v i d e n t :  

( 1 )  The amount o f  energy  t h a t  i s  l o s t  d u r i n g  t imes  when t h e  a r r a y  
o u t p u t  exceeds  PCS o p e r a t i n g  l i m i t s  and energy i s  r e j e c t e d .  

( 2 )  The p r o t e c t i o n  s t r a t e g y  t o  be implemented when t h e  maximum l i m i t s  
a r e  exceeded. 

( 3 )  The a b s o l u 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  
c o n s i d e r a t i o n .  

A. CURRENT AND POWER LIMITS 

A key c o n s i d e r a t i o n  i n  t h e  s e l e c t i o n  o f  c u r r e n t  and power l i m i t s  i s  t h e  
c o s t  of a c c e p t i n g  h i g h e r  l e v e l s  compared wi th  t h e  energy  l o s t  o r  down-time 
s u f f e r e d  when o v e r - l i m i t  c o n d i t i o n s  a r e  encountered.  A t  l e a s t  t h r e e  b a s i c  
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 i n v o l v e s  PCS shutdown, w i t h  manual r e s e t ,  
when r a t i n g s  a r e  exceeded. Th is  o p e r a t i n g  s t r a t e g y  r e q u i r e s  t h a t  o p e r a t i n g  
l i m i t s  be  s e t  n e a r  t h e  maximum f o r e s e e a b l e  v a l u e s  i n  o r d e r  t o  e l i m i n a t e  
nu i sance  t r i p p i n g .  A second s t r a t e g y  i n v o l v e s  t o t a l  r e j e c t i o n  o f  power d u r i n g  
o v e r l i m i t  c o n d i t i o n s ,  wi th  au tomat ic  recovery  when a c c e p t a b l e  l e v e l s  r e t u r n .  
The t h i r d  s t r a t e g y  i n v o l v e s  r e j e c t i o n  o f  o n l y  enough power t o  b r i n g  t h e  
c u r r e n t  o r  power w i t h i n  l i m i t s .  Th i s  s t r a t e g y  could be accomplished by 
s h u n t i n g  some o f  t h e  a r r a y  c u r r e n t  around t h e  PCS o r  by moving away from t h e  
maximum power p o i n t  t o  a  l o c a t i o n  on t h e  I-V curve  w i t h  a c c e p t a b l e  power and 
c u r r e n t  l e v e l s .  

To a s s e s s  t h e  above o p t i o n s  t h e  energy l o s s  was c a l c u l a t e d  f o r  t h e  l a s t  
two s t r a t e g i e s  a s  a  f u n c t i o n  o f  t h e  PCS c u r r e n t  and power l e v e l s .  I n  a d d i t i o n  
the  maximum f o r e s e e a b l e  c u r r e n t  and power l e v e l s  were e s t i m a t e d  t o  guide  t h e  
manual- reset  o p t i o n .  

F i g u r e s  15 and 16 show t h e  f r a c t i o n  of a v a i l a b l e  annua l  energy o b t a i n e d  
a t  Albuquerque a s  a  f u n c t i o n  o f  t h e  c u r r e n t  and power l i m i t s ,  assuming t h e  two 
s t r a t e g i e s :  t o t a l  r e j e c t i o n  o f  power when l i m i t s  a r e  exceeded, followed by 
au tomat ic  r e s e t ,  and r e j e c t i o n  o f  o n l y  t h a t  power n e c e s s a r y  t o  a c h i e v e  
o p e r a t i o n  w i t h i n  t h e  l i m i t s .  Table  8 summarizes t h e  power and c u r r e n t  l i m i t s  
t h a t  would r e s u l t  i n  o b t a i n i n g  99% and 99.9% o f  t h e  a v a i l a b l e  annua l  energy  
f o r  t h e  26 s i t e s  examined. I n  each c a s e ,  t h e  l i m i t s  a r e  normal ized t o  t h e  
a r r a y  maximum power and c u r r e n t  a t  maximum power a t  SOC. 

For  t h e  o p e r a t i o n a l  mode t h a t  t o t a l l y  r e j e c t s  power d u r i n g  o v e r - l i m i t  
c o n d i t i o n s ,  t h e  c u r r e n t  and power l i m i t s  r e q u i r e d  t o  o b t a i n  99% o f  t h e  
a v a i l a b l e  energy average  abou t  7% g r e a t e r  than  t h e  a r r a y  SOC v a l u e s .  I n  
c o n t r a s t ,  f o r  t h e  o p e r a t i o n a l  mode i n  which o n l y  e x c e s s  power i s  r e j e c t e d ,  t h e  
power and c u r r e n t  l i m i t s  r e q u i r e d  t o  o b t a i n  99% o f  t h e  
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CURRENT L l M l T l A R R A Y  I (MAX) AT SOC 

Figure  15. F r a c t i o n  of  Annual Array Energy Obtained versus  PCS Input- 
Current  Limit  f o r  Two Over-Limit Current-Management S t r a t e g i e s  

average about 8% below the  a r r a y  SOC va lues .  This  impl ies  t h a t ,  on t h e  
average,  f o r  t h e  same energy performance, a  power cond i t i one r  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 a  power 
cond i t i one r  u s 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 .  

For the 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 t h e  
maximum vol tage  excurs ion  away from t h e  power-conditioner cen t e r  vo l t age  t h a t  
would be  required. t o  b r ing  the  ope ra t i ng  l e v e l s  w i t h i n  t h e  l i m i t s .  This was 
determined f o r  a  power condi t ioner  s i z e d  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 8. It shows t h a t  t h e  
maximum excurs ion  ranges from 5% t o  17% of  t h e  cen t e r  v o l t a g e ,  and exceeds t h e  
t racking-range requirements presented i n  Table 3 ,  which assumed no c u r r e n t  o r  
power l i m i t s .  

I n  order  t o  l i m i t  the  complexity and c o s t  of  t h e  computer ana lyses  
performed, t he  maximum l i m i t s  f o r  each parameter were determined indp?endently 
o f  each o ther .  For example, t he  maximum vo l t age  t r a c k i n g  width required t o  
reduce t h e  over-current  ( t o  t h a t  va lue  of c u r r e n t  r equ i r ed  t o  o b t a i n  99.9% of  
t h e  a r r a y  energy) w i l l  be d i f f e r e n t  from the  vo l t age  t r ack ing  width r equ i r ed  
t o  o b t a i n  99.9% of  t he  energy without  regard t o  c u r r e n t ,  and i s  determined 
s e p a r a t e l y .  The j u s t i f i c a t i o n  f o r  cons ider ing  these  two vo l t age  l i m i t s  
s e p a r a t e l y  i s  t h a t  a  PCS may ope ra t e  with vo l t age  power t r ack ing  and use  a  
s t r a t e g y  fo r  l i m i t i n g  c u r r e n t  o the r  than a  v o l t a g e  excurs ion  on t h e  a r r a y  I-V 
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POWER LIMIT /ARRAY P(NIAX) AT SOC 

Figure 16. Fraction of Annual Energy Obtained versus PCS Input-Power 
Limit for Two Over-Limit Power-Management Strategies 

curve. In a PCS using both voltage power tracking and voltage excursion to 
limit current, the latter may be used to define the voltage tracking width 
independently of any other consideration. 

The small effect of fill factor on the maximum current and power limits 
is illustrated in Table 9. 

For some design tradeoffs, data on the absolute maximum power and 
current levels may also be of interest. These maxima will generally be 
reached under circumstances of clear, cold days together with enhanced 
radiation from white clouds, snow, sand, water, white buildings or other 
reflecting surfaces near the array. Because the degree of enhancement is 
highly site-dependent, only the broadest guidance can be provided. In 
general, irradiance levels, and thus current levels, 1.3 times the SOC values 
are the maximum seen without abnormal enhancement from ground-based reflecting 
surfaces. The effect of ground-based reflectors such as snow or white 
buildings is very geometry-sensitive with increases perhaps as much as 30% 
possible under unusual circumstances. 



Table  8. E f f e c t  of P a r t i a l  and T o t a l  R e j e c t i o n  S t r a t e g i e s  on Power and Current  L i m i t s  v e r s u s  
F r a c t i o n  o f  A v a i l a b l e  Energy Obtained 

( PC Power L imi t  ) ( PC Power L imi t  ) ( PC Cur ren t  L i m i t  ) ( PC Current  L i m i t  
Array Power a t  SOC Array Power a t  SOC Array Imaxp a t  SOC Array Imaxp a t  SOC 

t o  Gain 99% o f  t o  Gain 99.9% of  t o  Gain 99% of  t o  Gain 99.9% of from Cente r  
S i t e  Energy Obtained Energy Obtained Energy Obtained Energy  Obtained f o r  99.9% 

With No L i m i t  With No L i m i t  With No L i m i t  With No L i m i t  L imi t ,  % 

P a r t i a l  T o t a l  P a r t i a l  T o t a l  P a r t i a l  T o t a l  P a r t i a l  T o t a l  

- 

Albuquerque 
Apa lach ico la  
Bismarck 
Boston 
Brownsvi l le  
Cape H a t t e r a s  
Caribou 
Char les  t o n  
Columbia 
Dodge C i t y  
E l  Paso 

E ~ Y  
F o r t  Worth 
Fresno 
Great  F a l l s  
Lake Char les  
Madison 
Medf o rd  
:4iami 
N a s h v i l l e  
New York 
Omaha 
Phoenix 
San ta  Maria  
S e a t t l e  
S t e r l i n g  
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S i t e  



B. VOLTAGE LIMITS 

Voltage limits must also be considered by the PCS design, particularly 
during startup when the array may be at its maximum open-circuit voltage. 
Worst-case open-circuit voltages generally are associated with low 
temperatures and high irradiance levels, such as might be encountered during a 
bright, cold winter day with snow on the ground. Three approaches were used 
to estimate lilccly maximum open-circuit voltages: 

(1) The hourly combination of incident irradiance and calculated cell 
temperature (based on incident irradiance and ambient air 
temperature) that led to the maximum open-circuit voltage was 
noted. This voltage represents the worst-case thermal equilibrium 
condition existing on the SOLMET TMY tape. Because this condition 
does not reflect the easily foreseeable case where the sun 
suddenly appears from behind an obstruction and shines on a cold 
array, it is considered to be a lower-bound estimate of the 
maximum open-circuit voltage. 

(2 )  The coldest ambient temperature as recorded in the SOLMET TWJ data 
tape was assumed a s  the solar-cell temperature. This cell 

2 temperature was then combined with a 100 mW/cm solar irradiance 
level to determine the array open-circuit voltage at these 
conditions. Since the simultaneous occurrence of such conditions 
is unlikely, this determination of open-circuit voltage can be 
viewed as an upper limit for the selected TMY. 

(3) The coldest ambient temperature as recorded in a weather atlas 
(~eference 3)  was assumed as the solar-cell temperature for each 
site. This cell temperature was then combined with a 100 mw/cm2 
solar irradiance level to determine the array open-circuit voltage 
at these conditions. This condition is considered to yield a true 
upper-bound value because of the inclusion of long-term weather 
extremes. 

Table 10 summarizes the results from the three estimating techniques. 
Because the upper-bound estimates are only about 12% higher than the 
lower-bound estimates, they serve as a useful basis for estimating the 
worst-case voltages for any site without suffering an excessive penalty for 
conservatism. Figure 17 gives a plot of the results in Column 2 against 
Column 3. This provides an indication of how well the upper bound obtained 
from the TMY tape correlates with that obtained from an atlas. 

To further generalize these worst-case-voltage estimates, it is useful 
to consider explicitly the effect of two key design parameters: the effect of 
changing NOCT and the effect of changing fill factor. Although NOCT has no 
effect on the maximum array voltage, which is based solely on coldest ambient 
temperature, it directly affects the maximum-power voltage at SOC to which the 
maximum voltages are normalized. As a result the normalized maximum 
open-circuit voltage increases at a rate of about 0.5% per OC rise in NOCT 
above the baseline value of 50°c used in Table 10. 
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Table 10. Estimated Maxinum Open-Circuit Voltage f o r  26 S i t e s  
(NOCT = 50°c) 

Maximum Open-Circuit Voltage 

Vmaxp a t  soc 

S i t e  
Lower Bound 

from TMY* 
Upper Bound Upper Bound 

from TMY from At las  

Albuquerque 
Apalachicola  
Bismarck 
Boston 
Brownville 
Cape Hat ter'as 
Caribou 
Charleston 
Co lumb i a 
Dodge C i ty  
E l  Paso 
E ~ Y  
For t  Worth 
Fresno 
Great  F a l l s  
Lake Charles 
Madison 
Med f ord 
Miami 
Nashvi l le  
New York 
Omah a 
Phoenix 
Santa Maria 
S e a t t l e  
S t e r l i n g  

*Star tup  vo l t age  f o r  99.92 of a v a i l a b l e  annual sxnargy. 



ORIGINAL PAGE IS 
OF POOR Q U A L ~  

The following empirical equation includes the observed influences of 
NOCT and fill factor and allows rapid calculation of the normalized maximum 
open-circuit voltage for any site in terms of its coldest temperature (T~): 
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TEMPERATURE, "C 

Figure 17. Maximum Open-Circuit Voltage (from SOLMET TMY) versus Atlas 
Lowest Recorded Temperature 

FF = fill factor of array 

TL = coldest ambient temperature, OC 

NOCT = nominal operating cell temperature, OC 

a = fractional change in the open-circuit voltage at 25OC for each 
degree of change in temperature, OC 

It should be noted that open-circuit voltage movcs more slowly with 
temperature than does the knee of the I -V curve and leads to values of CY 
ranging from 0.003 to 0.004. The baseline analysis displayed in Table 10 used 
the maximum, but often-encountered, value of 0.004. 



Although accommodation of the maximum open-circuit vol tnge will be a 
requirement for most power-conditioner designs, the maximum withstandable 
voltage could be limited to the non-operating otate. In this case, power- 
conditioner startup would not occur unless the array open-circuit voltage were 
below some allowable start-up voltage limit. Examination oE the detailed 
sinlulntion results indicates that the lower-bound estimates in Table 10 are a 
gobd selection for a startup-voltage limit with minimal energy loss. With n 
PCS startup-voltage limit at or above these values, less than 0.1 % energy 
loss is suffered; below these values the energy loss increases rapidly. 
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SECTION V 
OF POOR QUALITY 

COMPUTING SYSTEM EFFICIENCY 

An a d d i t i o n a l  a s p e c t  o f  long-term a r r a y  performance t h a t  i s  impor tan t  t o  
t h e  d e s i g n  o f  a r r a y - l o a d i n g  systems i s  t h e  f r a c t i o n  o f  annua l  energy g e n e r a t e d  
a t  v a r i o u s  power l e v e l s .  Th i s  i n f o r m a t i o n  i s  p a r t i c u l a r l y  u s e f u l  i n  
q u a n t i f y i n g  t h e  annua l  energy l o s s e s  a s s o c i a t e d  w i t h  power c o n d i t i o n e r  
i n t e r n a l  e f f i c i e n c y .  Because power-condit ioner 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  
wi th  o u t p u t  power l e v e l ,  t h e  c a l c u l a t i o n  o f  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 h e  f r a c t i o n  o f  annua l  energy i n p u t  t o  
t h e  PCS a s  a  f u n c t i o n  o f  power l e v e l .  

The h o u r l y  s i m u l a t i o n  r e s u l t s  f o r  t h e  26 s i t e s  were 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 h e  o p e r a t i n g  t ime,  and t h u s  t h e  annua l  energy  g e n e r a t e d ,  a t  
v a r i o u s  r e l a t i v e  power l e v e l s .  To h e l p  unders tand  t h e  d a t a  p r e s e n t a t i o n  format  
i t  i s  u s e f u l  f i r s t  t o  c o n s i d e r  a  t y p i c a l  p l o t  o f  power o u t p u t  v e r s u s  t ime f o r  
a  pe r iod  o f  one day. Such a  p l o t ,  i l l u s t r a t e d  on t h e  l e f t  i n  F i g u r e  18 ,  can 
be modi f i ed  i n  a u s e f u l  way by r e a r r a n g i n g  t h e  h o u r l y  i a t e r v a l s  i n  o r d e r  o f  
d e c r e a s i n g  power o u t p u t  l e v e l  a s  shown a t  t h e  ~ i g h t  i n  F i g u r e  18. F i g u r e  19 
i s  t h e  r e s u l t  o f  performing t h e  same operatiork on t h e  h o u r l y  computer 
s i m u l a t i o n  r e s u l t s  f o r  an e n t i r e  year  f o r  Albuquerque. Such a  p l o t  i s  u s e f u l  
i n  t h a t  t h e  a r e a  under t h e  curve  i s  t h e  annua l  energy o u t p u t  ( i n t e g r a l  o f  
power over  t ime)  and the  a r e a  under any two power l e v e l s  i s  t h e  energy 
genera ted  d u r i n g  o p e r a t i o n  between t h e s e  l e v e l s .  The shaded a r e a  o f  F i g u r e  19 
thus  e q u a l s  t h e  t o t a l  energy genera ted  a t  power l e v e l s  between z e r o  and 50% o f  
t h e  a r r a y  maximum power a t  SQC. 

T a b l e  11 t a b u l a t e s  t h e  f r a c t i o n  o f  annua l  energy genera ted  w i t h i n  each 
of 12 power i n t e r v a l s  f o r  each o f  t h e  26 s i t e s .  The f r a c t i o n s  s e r v e  a s  u s e f u l  

1 .o 1 .o 
a 

%' 
0 
a 
5 < 
az 

% 0.5 
0 

0.5 
W 

N 
4: 

5 
0 
Z 

0 0 
6 7 8 9 1 0 1 1 1 2 1  2 3 4 5 6 0 .5 10 1 5  

TIME, h OPERATING TIME AT POWER > P 

F i g u r e  18. I l l u s t r a t i o n  o f  t h e  C o n s t r u c t i o n  P r i n c i p l e  Behind a  P l o t  o f  
Normalized Power v e r s u s  Opera t ing  Time With t h e  Time I n t e r v a l s  
Ordered According t o  Decreas ing  Power Leve l  

$RECFG\HG f?nGE FI-Si8s h!M' F:UYZD 



ORIGINAL PAGE is 
OF POOR Q U A W ,  

1.4 
P NORMALIZED TO MAX POWER AT SOC 

ALBUQUERQUE 
FILL FACTOR = 0.70 

a 
a e 6 -  ENERGY GENERATED AT 

POWER LEVELS BELOW 0.5 

0 = . 2 -  

0 . 4  . 8  1.2 1,6 2.0 2.4 2.8 3.2 3,6 4.0 4.4 

OPERATING TIME AT POWERSP, ld h 

F i g u r e  19 .  Hours o f  Ar ray  O p e r a t i o n  v e r s u s  Array Power Leve l  ~ u r i n g  One Year 

w e i g h t i n g  f a c t o r s  f o r  t h e  d e t e r m i n a t i o n  o f  a n  a v e r a g e  power-condi t ioner  
e f f i c i e n c y ,  which i s  d e f i n e d  a s  annua l  energy o u t p u t  t o  t h e  load  d i v i d e d  by 
t h e  a n n u a l  energy i n p u t  t o  t h e  PCS. 

Mathemat ica l ly  t h i s  d e f i n i t i o n  can b e  expressed  a s :  

where 

i n  = i n p u t  power t o  PCS 

Pout = o u t p u t  power from PCS 

'(pin) = PCS e f f i c i e n c y  expressed  a s  a f u n c t i o n  o f  Pin 

If we approximate  t h e  i n t e g r a l s  w i t h  summations o v e r  N d i s t i n c t  power 
i n t e r v a l s  ( P I  through PN) w e  o b t a i n :  

I 

77 a v e  = [kl P=P i I TpE~-ps~TsBp P=P I .P 



Table 11. Fraction of Annual Array Energy Available in Various Relative Power Intervals for 26 Sites 

S i t e  

Albuquerque 
Apalachicola  
Bismarck 
Boston 
Brownsvi l le  
Cape H a t t e r a s  
Caribou 
Char les ton  
Columbia 
Dodge C i t y  
E l  Paso 
E ~ Y  
F o r t  Worth 

W 
-4 

Fresno 
Great  F a l l s  
Lake Char les  
Madison 
Medford 
Miami 
Nashv i l l e  
New York 
Omaha 
Phoenix 
San ta  Maria  
S e a t t l e  
S t e r l i n g  

Array R e l a t i v e  Power I n t e r v a l  

Average 0.0178 0.0453 0.0521 0.0757 0.0611 0.1034 0.1329 0.1645 0.2016 0.0898 0.0439 0.0118 

Cumul a t i v e  
Value of 
Averages 0.0178 O.ObSi 0.1152 0.1909 0.2520 0.3554 0.4883 0.6528 0.8544 0.9442 0.9881 1.0000 



where 

K 1  = f r a c t i o n  o f  a r r a y  a v a i l a b l e  annua l  energy  o b t a i n e d  a t  t h e  PCS 
i n p u t  ( K ~  = 1 f o r  i d e a l  max power t r a c k i n g ;  K 1  i s  ob ta ined  
from Table  2 f o r  f ixed-vo l tage  o p e r a t i o n ,  and o t h e r  v a l u e s  may 
b e  o b t a i n e d  f o r  l i m i t e d  t r a c k i n g  from T a b l e  3 )  

Ep = a n n u a l  PCS i n p u t  energy i n  a r r a y  power i n t e r v a l  P  

E  = t o t a l  annual  i n p u t  energy  = 
Y 

P=P1 

E  q = f r a c t i o n  o f  annual  a r r a y  energy a v a i l a b l e  i n  
E a r r a y  power i n t e r v a l  P; o b t a i n e d  from Table  11 

Y 

PSB = s tandby  PCS power consumption p e r  hour  

TsB = h o u r s  pe r  year  f o r  which PCS h a s  no o u t p u t  power, b u t  draws s tandby  
power 

RSB = PSB/PCS full-output-power r a t i n g  

T p  = PCS e f f i c i e n c y  f o r  input-power i n t e r v a l  P  

= PCS e f f i c i e n c y  a t  PCS full-power r a t i n g  

R = r a t i o  o f  PCS ful l - input-power  r a t i n g  t o  a r r a y  maximum power 
a t  SOC 

= r a t i o  o f  (PCS full-output-power r a t i n g  d i v i d e d  by T ~ )  t o  
a r r a y  maximum power a t  SOC 

Pmax = a r r a y  maximum power a t  SOC 

Ey/Pmax = t o t a l  annual  e l e c t r i c a l  energy per  u n i t  o f  a r r a y  power a t  
SOC; t h i s  i s  v e r y  a c c u r a t e l y  approximated by t h e  number 
o f  kwh/m21year o f  i n c i d e n t  i r r a d i a n c e  cap tured  by t h e  
a r r a y  a t  t h e  s i t e  o f  i n t e r e s t ;  a  v a l u e  t y p i c a l l y  between 
1500 and 2500 

Because power-condit ioner e f f i c i e n c i e s  a r e  sometimes quoted i n  terms o f  
PCS o u t p u t  power l e v e l ,  it i s  impor tan t  t o  n o t e  t h a t  Equa t ion  ( 4 )  r e q u i r e s  
e f f i c i e n c y  i n  terms o f  a r r a y  power l e v e l ,  t o  be  compat ib le  wi th  t h e  a r r a y  
power i n t e r v a l s  used t o  e v a l u a t e  t h e  (Ep/E ) terms t h a t  a r e  t a b u l a t e d  i n  
Table  11. F igure  20 i l l u s t r a t e s  a  t y p i c a l  power-condi t ioner  e f f i c i e n c y  curve  
p resen ted  a s  a  f u n c t i o n  o f  a  f r a c t i o n  o f  PCS full-output-power r a t i n g .  To 
o b t a i n  t h e  r e q u i r e d  curve  i n  terms o f  a r r a y  r e l a t i v e  power r e q u i r e s  t h a t  each 
o f  the  e f f i c i e n c y  p o i n t s  be t r a n s l a t e d  h o r i z o n t a l l y  t o  a  new r e l a t i v e  power 
l o c a t i o n  def ined  by: 

Array power a t  Tp 

) = ( 
PCS r e l a t i v e )  k;.~) 
Output power - 

Maximum power a t  SOC 
a t  

TP 
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OF POOR QUALITY FOR OVER -L \  M I T  

TOTAL REJECT ION 
FOR OVER -LI  M I T  

EFFICIENCY I N  TERMS O F  ; 
PCS OU; PUT POWER 

! I 
,EFFICIENCY I N  TERMS OF I 
ARRAYOUTPUT POWER I 

RELAT l VE POWER 

F i g u r e  20. T y p i c a l  Power-Conditioner E f f i c i e n c y  v s  F r a c t i o n  o f  Power- 
C o n d i t i o n e r  Ful l -Output  Power R a t i n g  and Ar ray  Maxintum Power 
a t  SOG 

I n  t h e  above e q u a t i o n  t h e  term rll/rlp c o n v e r t s  t h e  PCS r e l a t i v e  
o u t p u t  power t o  PCS r e l a t i v e  i n p u t  power; t h e  R term  the^? c o n v e r t s  t h e  PCS 
r e l a t i v e  i n p u t  power t o  a r r a y  r e l a t i v e  o u t p u t  power, which i s  normal ized i n  
terms of  a r r a y  maximum power a t  SOC i n s t e a d  o f  PC$ ful l -power  r a t i n g .  

The dashed l i n e  i n  F i g u r e  20 i l l u s t r a t e s  t h e  a p p r o p r i a t e l y  t r a n s l a t e d  
c u r v e  f o r  t h e  example power c o n d i t i o n e r ,  assuming t h a t  i t  was s i z e d  t o  have a  
fu l l - input-power  r a t i n g  o f  1.1 times t h e  a r r a y  maximum power a t  SOC. A t  a r r a y  
r e l a t i v e - p o w e r  l e v e l s  above 1.1 t h e  power c o n d i t i o n e r  e f f i c i e n c y  i s  z e r o  f o r  
t h e  c a s e  where t o t a l  shutdown occurs  when t h e  PCS l i m i t s  a r e  exceeded,  and 
d e c r e a s e s  a s  shown f o r  t h e  p a r t i a l - r e j e c t i o n  c a s e ,  where o n l y  t h e  power above 
t h e  l i m i t  i s  r e j e c t e d .  

I n  t h e  p a r t i a l  r e j e c t i o n  c a s e  t h e  a v e r a g e  PCS e f f i c i e n c y  (Yp) i n  t h e  
o v e r - l i m i t  power i n t e r v a l s  can be a c c u r a t e l y  approximated a s :  

"7, R 

- - 
'P i s  t h e  a v e r a g e  r e l a t i v e  power i n  power i n t e r v a l  P.  



T t ~ i s  express ion  toge the r  with the  dashed curve i n  Figure 20 gives  an 
average e f f i c i e n c y  va lue  y p  f o r  each o f  the 12 a r r a y  power i n t e r v a l s  def ined 
i n  Table  11. Tllese a r e  tabula ted  i n  Table 12 f o r  Albuquerque f o r  both t he  
t o t a l - r e  jec  t i on  and par t i a l - r e  jcc  t i o n  over - l imi t  c o n t r o l  s t r a t e g i e s ,  and a l s o  
fo r  two a d d i t i o n a l  PCS-to-array power r a t i o s  (R = 1.0 and R 1 .2) .  Enter ing 
these va lues  and t h e  f m c  tion-energy va l ue s  ( E p / ~ )  i n t o  Equation (4)  
gives  the average annual e f f i c i e ~ l c y  ve lues  sllown 111 Table 12 f o r  each of  t he  
s i x  asample ca se s .  

I n  order  t o  ob t a in  t he  r e s u l t s  i n  Table 12  the  fol lowing va lues  were 
used : 

K1 " 0.983 (from Table 2 f o r  f ixed-vol tage ope ra t i on )  

RSB 0.01 (assumed va lue)  

TSB a 5400 h (from Figure 21) 

E y / ~ n l a x  2360 lc\qh/Ic\~ ( t he  annual  i r r a d i a n c e ,  l c W l ~ / ~ n ~ / ~ e a r ,  Lor a 
south-f ac ing ,  l a t i t u d e - t i l t  s u r f a c e  i n  Albuquerque) 

q1 0.95 (from Figure 20) 

The above assumptions give va lues  f o r  t he  second term i n  Equation 4 o f  
0.022, 0.024, and 0.026 respectively f o r  the  t h r e e  p a i r s  o f  columns i n  Table 12. 

Two important po in t s  appear i n  Tabla 12: 

An o p t  in~um power-conditioner-to-array r a t i o  (R) is e s  t ab l i shed  by 
tllc t r adeo f f  betweczn increased over- l imit  lossczs and tiigher 
below-limit e f f i c i e n c y  a s  t h e  s i z e  of  the  PCS i s  reduced. For the  
case  o f  p a r t i a l  rejection of  over- l i ini t  power, t he  optimum r a t i o  
( R )  i s  1.1 i n  t h i s  examplc. Note, however, t h a t  t h e  optimum i s  
q u i t e  f l a t ,  i n d i c a t i n g  n s u b s t a n t i a l  t o l e r ance  t o  the  s i z e  s f  t he  
a r r ay  o r  t o  t he  s i t e  l o c a t i o n .  A second t r adeo f f  involves  t l ~ c  c o s t  
o f  a h i g t ~ c r  power l i m i t  ve rsus  t h e  l o s s  i n  annual energy. 

(2)  The pena l ty  f o r  t o t a l  r e j s c t i o n  o f  over- l imit  power i s  very l a r g e ,  
and e s s e n t i a l l y  r equ i r e s  a PCS r a t i n g  20X l a r g e r  than fo r  p a r t i a l  
r c j e c  t i o n .  

F igure  21 i l l u s  t r a t e s  the  power-conditioner l o s s e s  on a reproduct ion  of  
Yigure 19. 

Table  11 provides  average va lues  of  Hp/Ey f o r  the  26 s i t e s  analyzed. 
These v a l u e s  were used t o  d e r i v e  a curve of nornlalized power versus  ope ra t i ng  
tinre a t  a given power l e v e l  o r  g r e a t e r ,  a s  shown i n  Figure 22, xvhiclz i s  s i m i l a r  
t o  the  example f o r  Albuquerque given i n  Figure 19. Figure 22 i s  a coniposite 
curve r e p r e s e n t a t i v e  o f  a l l  26 s i t e s  and the t o t a l  time of  ope ra t i on ,  4040 
hours,  i s  an average of  a l l  s i t e s .  Therefore Figure 22 represents the  annual 
a r ray  power ou tput  p r o f i l c  f o r  a s i t e  t h a t  c h a r a c t e r i z e s  t he  average f o r  t he  
United S t a t e s .  

Table  11 and Figure 22 may be used to  c a l c u l a t e  nn average power- 
c o ~ r d i t i o n e r  e f f i c i e n c y  r e p r e s e n t a t i v e  o f  any s i t e  i n  t he  un i ted  S t a t e s ,  Tlie 
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Table 12. Example Average Annual E f f i c i ency  c a l c u l a t i o n  f o r  Albuquerque 

Re la t i ve  ~ n n u a l  
Power Energy Average Power-Conditioner E f f i c i e n c y  i n  Power I n t e r v a l  (P)  

I n t e r v a l  F rac t ion  R = 1.0 R = 1.1 R a 1.2 

(p 1 ( E ~ / E y )  T o t a l  P a r t i a l  T o t a l  P a r t i a l  T o t a l  P a r t i a l  

Standby Power Consump- 
t i on  (neg. va lue )  0.022 

Average Annual E f f i c i e n c y ,  % 

Full Etsx-Power 
Tracking 70.0 87.8 83.3 88 .O 87.3 87.3 

Fixed-Vol tnge 
Operntion 
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a 1.2 FILL FACTOR = 0.70 
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OPERATING TlME AT POWER > P, 103 h 

Figure 21. Effect of Typical Power-Conditioner Efficiency on Array Annual 
Power Production 

OPERATING TlME AT POWER > P, 103 h 

Figure 22. Composite of Annual Array Power Level versus Operating 
Hours for 26 Sites 



following is a list of other average values that may be used to calculate 
average efficiency: 

K1 = 0.985 (obtained from Table 2) 

TSB = (in conjunction with the 2nd term in Equation 4) = 5800 h 

E~/P,,, = (for sites similar to the following) (1) Boston, 1400 kWh/kW; ( 2 )  
Bismarck, 1700 kWh/kW; (3) Dodge City, 2000 kWh/kW; 
(4) Albuquerque/Phoenix, 2360 kWh/kW 

See the sample problem in the next section for more details. 



SECTION VI 

SAMPLE PROBLEM 

To clarify and summarize use of the data previously presented, it is 
useful to treat an example problem. Consider determining the power condi- 
tioner interface parameters for a general purpose residential photovoltaic 
array specified by the manufacturer at 100 mw/cm2, 25O~, as follows: 

Maximum power = 7.5 kW 
Maximum power voltage = 250 V 
Maximum power current = 30 A 
Short circuit current = 33 A 
Fill factor = 0.7 

In the manufacturer's recommended roof-mounting configuration, the array 
is estimated to operate with an NOCT = 65O~. 

To account for the influence of the actual operating temperature, the 
tabulated results in the report require that the array electrical performance 
be normalized to the estimated Standard Operating Conditions (100 ;rnW/cm2, 
65%). If design-specific array temperature coefficients are not provided 
by the manufacturer, we can assume the mean values presented in Table 1. 
Using these, we obtain the normalized SOC values as follows: 

Pmax at SOC = 7.5 [l - 0.005 (65)l = 6.0 kW 

Vpmax at SOC = 250 [l - 0.005 (65 -25)] = 200 V 

Ipmax at SOC = 30.0 [l + 0.0004 (65 - 25)] = 30.5A 

Is, at SOC = 33.0 [l + 0.0004 (65 - 25)] = 33.5A 

Assume next that it is desired to obtain typical power conditioner 
interface parameters based on average site conditions in the United States. 
Using the various average values tabulated throughout the report for the 26 
SOLMET sites yields the results summarized in Table 13. 

To estimate the average annual power conditioner efficiency, we use the 
average annual array energy fractions per power interval given in the bottom 
of Table 11. Table 14 presents the results based on these values and the 
following data required for the other terms in Equation 4: 

K1 = 0.985 (average from Table 2) 

T1 = 0.95 (assumed for power conditioner) 

RSB = 0.01 (assumed for power conditioner) 

TSB = 5800 h (from Figure 22) 

Ey/PmaX = 1800 kWl/kW (a seasonal average value for the United States) 

~ ~ ~ ~ ~ Q ~ A L ~ Y  &[~j 
4 5 
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Table 13. Operating and Maximum Parameters 

Parameter Value Source 

PCS optimum f ixed  o r  optimum 
center  vo l tage  

Voltage t rack ing  range t o  o b t a i n  
99.9% o f  annual a r r a y  energy 

Highest s t a r t u p  Voc 

Maximum expected Voc 

Current l i m i t  r equi red  t o  o b t a i n  
99.9% of  annual a r r a y  energy with 
p a r t i a l  r e j e c t i o n  s t r a t e g y  as  
descr ibed i n  the  t e x t  

Current l i m i t  r equ i r ed  t o  ob t a in  
99.9% of  annual a r r a y  energy with 
t o t a l  r e j e c t i o n  s t r a t e g y  as  des- 
c r ibed  i n  the t e x t  

Maximum expected ope ra t i ng  
cur ren t  

198 V Table 2  (average o f  a l l  
va lues  i n  Col. 1 )  x  200 V 

Table 6  (average of  Col. 1 
162-219V - + average of  Col. 3) x  200 V 

316 V Table 10 (maximum va lue  o f  
Col. 1 )  x 200 v 

366 V Table 10 (maximum va lues  o f  
Col. 3)  x  200 v 

35.7 A Table 8  (maximum value of  
C s l .  7) x  30.5 A 

38.4 A Table 8  (maximum va lue  of  
Col. 8)  x  30.5 A 

43.5 A A t  l e a s t  1.3 ISC a t  SOC 
(h igher  f o r  s p e c i a l  c i r -  
cumstances such a s  nearness  
t o  r e f l e c t i v e  s u r f a c e s ,  snow 
cover ,  high c louds ,  e t c . )  

Power l i m i t  r equi red  t o  ob t a in  6.9 kW Table 8  (maximum value of  
99.9% o f  annual a r r a y  energy with Col. 3) x  6  kW 
p a r t i a l  r e j e c t i o n  s t r a t e g y  a s  
descr ibed i n  t he  t e x t  

Power l i m i t  r equi red  t o  ob t a in  7.9 kW Table 8  (maximum va lue  of  
99.9% o f  annual a r r a y  energy with Col. 4 )  x 61cW 
t o t a l  r e j e c t i o n  s t r a t e g y  a s  des- 
cr ibed i n  the t e x t  
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Table 14. Average Annual E f f i c i ency  Calcu la t ion  f o r  Composite 
of  A 1 1  26 S i t e s  

Average Power-Condit i one r  E f f i c i ency  i n  Power I n t e r v a l  (P )  Power Energy 
In t e rva  I F rac t ion  R = 1.0 R = 1.1 R = 1.2 

(PI (E~/F$)  To ta l  P a r t i a l  To ta l  P a r t i a l  Tota l  P a r t i a l  

Standby Power Con- 
sumption (neg. va lue)  0.031 0.031 0.034 0.034 0.037 0.037 

Average Annual E f f i c i ency ,  % 

Fu l l  Max-Power 
Tracking 80.1 85.0 83.0 84.0 82.8 82.8 

Fixed-Vol tage 
Operation 



SECTION VII 

CONCLUSIONS 

The information included in the above figures and tables should provide 
a useful data base for designing array loading systems that effectively 
utilize the output from a photo,voltaic array. In addition, the summary of 
site-to-site and fill-factor influences should serve to identify capabilities 
needed in generic power conditioners designed to function with a variety of 
array types, sizes and site locations. 

In selecting various design parameters such as voltage-tracking strategy 
and current and voltage limits it should be kept in mind that a 1% loss in 
available energy is comparable to a 1% &ncrease in total system cost. For a 
present day (1982) system costing $25/watt this implies that a cost increase 
of approximately $0.25 per watt can be justified to achieve a 1% performance 
improvement . 
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