
CHARACTERIZATION OF THE ELECTRICAL OUTYUT 
OF FLAT-PLATE PHOMVOLTAIC ARRAYS* 

C.C. ~ o n z a l e z ~  
G.M.   ill** 

R.G. Ross, ~ r . ~ ~  

J e t  Propulsion Laboratory 
Cal i forn ia  I n s t i t u t e  of Technology' 

Pasadena, Cal i forn ia  91109 

ABSTRACT 

The e l e c t r i c  output of f l a t - p l a t e  photovoltaic  
a r rays  changes cons tan t ly ,  due pr imar i ly  t o  changes 
i n  c e l l  temperature and i r rad iance  leve l .  As a 
r e s u l t ,  a r r ay  loads such a s  d i rec t -cur ren t  t o  
a l te rna t ing-cur ren t  power condi t ioners  must be ab l e  
t o  accollPmadate widely varying input  l eve l s  while 
maintaining operat ion a t  o r  near  the  a r ray  maximum 
power point. The r e s u l t s  of an extensive computer 
s imulat ion study t ha t  was used t o  de f ine  the  parant- 
e t e r s  necessary f o r  the systematic design of a r ray /  
pwer-condit ioner i n t e r f ace s  a r e  presented a s  
normalized r a t i on  of power-conditioner parameters 
t o  a r r ay  parameters, t o  make the r e a u l t s  un iversa l ly  
appl icable  t o  a wide va r i e ty  of system s i z e s ,  s i t e s ,  
and operat ing modes. The advantages of maximum 
power tracking and a technique f o r  computing average 
annual power-conditioner e f f i c i ency  a r e  discussed. 

The e l e c t r i c  output of photovoltaic  (PV) a r r ays  
va r i e s  with i r rad iance  l eve l  and temperature, and 
i s  unique i n  comparison with the  current-voltage 
(I-V) c h a r a c t e r i s t i c s  of conventional e l e c t r i c -  
power generators. Figure 1 i l l u s t r a t e s  the  t yp i ca l  
I-V c h a r a c t e r i s t i c  of a PV ar ray  and the way it 
v a r i e s  with i r rad iance  and temperature. The short- 
c i r c u i t  cur ren t  of an a r ray  i s  d i r e c t l y  proport ional  
t o  t he  i r rad iance  l eve l ,  and the  maximum power vol t -  
age is l i n e a r l y  dependent on c e l l  temperature. 

To obta in  maximum energy from the  a r ray ,  the  
a r ray  load must acc-odate the s i t e - spec i f i c  and 
time-dependent changes i n  a r ray  output. Also, the  
muimum input  r a t i ngs  of the load must be compatible 
with the  maximum l eve l s  t h a t  the a r r ay  can de l i ve r .  
This paper addresses a case where the  load f o r  t he  
W ar ray  is a paver condit ioner (PC) designed t o  
convert the  d i rec t -cur ren t  a r ray  output i n t o  a l t e r -  
na t ing  cu r r en t ,  which is the form supplied by 
u t i l i t i e s .  
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Figure 1. Influence of I r rad iance  Level and.Cel1 
Temperature on Array Current-Voltage Curve 

Information is provided on PC operat ing param- 
e t e r s ,  power, cur ren t  and voltage l i m i t s ,  and vol t -  
age tracking c a p a b i l i t i e s  t o  a s s i s t  a system 
designer i n  optimally matching an a r ray  and PC. The 
various PC va r i ab l e s  a r e  assessed i n  terms of 
expected annual energy output of the array/PC 
system. The ana ly s i s  was performed f o r  f l a t -p l a t e  
a r rays  using t he  t o t a l  i r r ad i ance  on a f i x e d - t i l t  
f l a t  sur face ,  a s  opposed t o  the  direct-normal 
i r rad iance  t h a t  would be used f o r  t racking 
concentrator  arrays.  The d e t a i l s  and r e s u l t s  of 
the  study are  presented i n  (1) .  

GENERAL ANALYSIS APPROACH 

To def ine  the r e l a t i onsh ips  between W system 
performance and PC opera t iona l  mode, it was neces- 
sa ry  t o  simulate t y p i c a l  a r r ay  performance f o r  a 
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v a r i e t y  of representa t ive  long-term operat ing condi- 
t ions .  This was done by using a computer t o  calcu- 
l a t e  hourly e l e c t r i c  output f o r  a period of 1 year 
a t  each of 26 s i t e s  i n  t he  United S ta tes .  Hourly 
weather da ta  were obtained by using SOLMET typ i ca l  
meteorological year  (TMY) wea the rda t a  tapes con- 
t a in ing  h i s t o r i c a l  measurements f o r  a THY a t  each 
s i t e .  

The hourly i r rad iance  l e v e l  on the  a r r ay  was 
derived from the  SOLMET i r rad iance  d a t a  by using an 
algori thm developed by T. Klucher, based on the  work 
of B. Liu and R. Jordan (2). The a r r ay  was assumed 
t o  be a f l a t ,  south-facing sur face  t i l t e d  up from 
the  hor izonta l  a t  an angle equal  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 the  i r rad iance  l eve l  inc ident  on 
the  a r ray ,  and the  hourly ambient a i r  temperature 
from the  SOLMET da t a  tape. For a d e t a i l e d  descrip- 
t i o n  of t he  a l g o r i t h m ,  see (2) .  

Hourly e l e c t r i c a l  performance was derived by 
using a base l ine  I-V curve s e l ec t ed  a s  representa-  
t i v e  of a present-day s i l i con -ce l l  array.  The I-V 
curve defined the  normalized output  of a t y p i c a l  
a r r ay  a t  standard repor t ing  condit ions (100 mW/cm2, 
250C). The appropriate I-V curve f o r  each hourly 
i r r ad i ance  l eve l  and c e l l  temperature was then 
derived. 

Because t he  shape of so lar -ce l l  I-V curves 
va r i e s  somewhat f o r  c e l l s  of d i f f e r e n t  manufacture, 
and with d i f f e r e n t  degrees of degradation with age, 
o the r  I-V curves were a l s o  used t o  def ine  the sen- 
s i t i v i t y  of the  simulat ion r e s u l t s  t o  I-V curve 
shape. The shape, o r  squareness, of I-V curves i s  
general ly quant i f ied  by the  parameter f i l l  f a c t o r ,  
which is defined a s  the r a t i o  of maximum power t o  
the  product of open-circuit voltage and shor t -  
c i r c u i t  cur ren t .  Typical new ar rays  have f i l l  
f a c to r s  averaging about 0.70. and ranging from 0.60 
t o  0.76. As an ar ray  ages its f i l l  f a c t o r  o f t en  
decreases,  r e f l e c t i n g  degradation assoc ia ted  with 
increased s e r i e s  res i s tance .  F i l l  f a c to 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 tudies .  

To make the  r e s u l t s  a s  genera l ly  applicable a s  
poss ib le ,  the  da t a  a r e  presented a s  normalized 
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 ay  character-  
i s t i c s  a t  SOC (100 mW/cm2. NOCT). Standard 
operat ing condtions (SOC) a r e  a s e t  of recognized 
reference condit ions f o r  r a t i n g  PV a r r ays ,  and a r e  
d i f f e r e n t  from peak r a t i ng  condit ions (100 mw/cm2, 
25oC) i n  t h a t  they use the  nominal opera t ing  c e l l  
temperature (NOCT) f o r  the  chosen PV modules i n  the  
intended mounting configurat ion,  ins tead  of the  
f ixed 2S°C c e l l  temperature t h a t  i s  se lec ted  f o r  
ease  i n  laboratory measurements. Use of NOCT makes 
t he  r e s u l t s  of t h i s  study genera l ly  independent of 
operating-temperature d i f f e r ences  assoc ia ted  with 
modules and ar rays  with d i f f e r e n t  thermal prop- 
e r t i e s .  Si te- to-si te ,  weather-related operating- 
temperature d i f f e r ences  a r e  included separa te ly  
through the  presenta t ion  of s i t e - spec i f i c  r e su l t s .  

The NOCT f o r  any pa r t i cu l a r  a r ray  i s  defined a s  
t he  operat ing temperature of t he  c e l l s  i n  the  in- 
tended mounting configurat ion with an inc ident  

i r r ad i ance  l eve l  of 80 mU/cm2, an a i r  temperature 
of 200C, a wind ve loc i t y  of 1 m/s, and the a r ray  
open-circuited. This s e t  of condit ions y i e ld s  a 
temperature t h a t  accura te ly  represents  t he  average 
c e l l  temperature i n  the  f i e l d  during periods of 
s i gn i f i can t  energy production (2) .  Roughly, 50% of 
the  energy w i l l  be produced above and 50% below t h i s  
temperature. 

Typical values of NOCT f o r  ground-mounted ar rays  
range from 45 t o  500C, and f o r  roof-mounted ar rays  
from 60 t o  70°C. 

The I-V curve a t  SOC f o r  an a r r ay  of i n t e r e s t  
can be c lo se ly  approximated from the I-V curve a t  
peak r a t i ng  condit ions by subt rac t ing  a voltage of f -  
s e t  ( s h i f t i n g  the  curve t o  t he  l e f t ,  p a r a l l e l  t o  the  
voltage ax i s )  by an amount equal t o  0.5% of t he  
maximum power voltage a t  25OC times the tempera- 
t u r e  d i f f e r ence  (NOCT - 250C). 

The majori ty of the  r e s u l t s  t h a t  follow a re  
presented i n  terms of the  cu r r en t ,  voltage,  o r  power 
produced by the a r ray  a t  i t s  maximum power point  a t  
soc . 

MAXIMUM POWER TRACKING 

Because the maximum power point  of an a r ray  
v a r i e s  with time, maximum annual a r ray  energy can 
be obtained only by continual  adjustment of the  
a r r ay  operat ing voltage by the  PC, using closed- 
loop feedback. The degree of voltage movement 
required t o  obta in  most of the  ava i lab le  energy is 
an important input t o  the  design of such a system. 
This  voltage window i s  most e a s i l y  charac ter ized  by 
the  cen t e r  voltage i n  the  window and the plus and 
minus percentage of movement, o r  t racking  range from 
the  center  voltage. 

Other opt ions ava i l ab l e  f o r  a r ray  operat  ion 
include fixed-voltage opera t ion  and per iodic  ad jus t -  
ment of the  operat ing voltage based on a p i l o t  s o l a r  
c e l l .  

The quest ion t h a t  must be answered regarding 
maximum power t racking  is whether t he  add i t i ona l  
expense above f i x e d v o l t a g e  operat ion i s  worth the  
gain i n  energy. The approach used i n  the study was 
t o  determine the  performance advantage of an idea l  
maximum power t r acke r  over fixed-voltage operation. 
An idea l  t racker  i s  assumed t o  continuously t r ack  
t he  a r r ay ' s  maximum power point  with no e r ro r .  
Figure 2 provides a p lo t  of the  f r ac t i on  of annual 
energy obtained f o r  operat ion a t  a f ixed voltage 
compared t o  i dea l  maximum power tracking f o r  f i v e  
s i t e s .  The annual energy f r a c t i o n  i s  p lo t t ed  as a 
func t ion  of the r a t i o  of PC fixed-operating voltage 
t o  the  voltage a t  t he  a r ray  maximum power point  a t  
SOC. The curves i nd i ca t e  t h a t  nearly a l l  (98%) of 
the  e l e c t r i c a l  energy from a PV ar ray  can be 
obtained by using a properly se lec ted  fixed- 
operat ing voltage. A 5% e r r o r  i n  the s e l ec t i on  of 
t h i s  fixed-operating voltage w i l l  increase the  
energy losses  t o  about 4%. 

Table 1 summerizes the  f ind ings  f o r  12 repre- 
s en t a t i ve  s i t e s  se lec ted  from the 26 analyzed. It 
can be seen t h a t  the  optimum fixed voltage ranges 
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PC O P E R M I G  VOLTAGE. VIVw AT SOC 

Figure 2. Fraction of Available Annual Array Energy 
Obtained versus Pover-Conditioner Fixed-Operating 
Voltage 

Table 1. Simulation Results for Fixed-Voltage 
Power Conditioner 

Optimum Operating Lose in 
Site Voltage, Energy, 

Vo,/Vm, at SOC X 

Albuquerque, NU 
Bismarck, ND 
Boston, MA 
Brownsville, TX 
Caribou, ME 
Charleston, SC 
Fort Worth, TX 
Fresno, CA 
Miami, FL 
Omaha, NB 
Phoenix, AZ 
Seattle, WA 

from about 92% of the array voltage for hot cli- 
mates, such as that of Phoenix, AZ, to 100% of the 
array voltage for colder climates, such as that of 
Caribou, ME. Additionally, it can be seen that the 
fraction of available annual energy that is lost by 
fixed-voltage system ranges from 0.7 to 2.5%, with 
few sites over 2%. 

To define the requirements for a maximum-power- 
tracking PC, the hourly computer simulations were 
used to develop data on the optimum center voltage 
and the fraction of the available energy that is 
obtained as a function of the voltage tracking 
range. The optimum center voltage turns out to be 
nominally the same as the optimum fixed voltage pre- 
sented in Table 1. Figure 3 illustrates the per- 
centage loss in available annual array energy for 
five repreeentative sites as a function of the 
tracking range half width (stated as a percentage 
of the optimum center voltage). 

Prom the above discussion, it follows that the 
add-on cost for a maximum power tracker should be 
less than the value of the annual energy lost using 
fixedvoltage operation. Because actual trackers 
may oscillate about the maximum power point due to 

A 8 0  ALBUOUEROUE. N M  
f 2.1 BIS: BISMARCK. NO 
g 1.8 BUS: BOSTON, MA 

1 1 .5  MI: MIAMI. FL 
r = 1.2 

' PH: PHOENIX. AZ 

0 . 9  
0 ',, 0.6 
V) 

2 0.3 
0 

0 1 2 3 4 5 8 7 8 9 1 0  
MAXIMUM POWER POINT VOLTAGE TRACKING RANGE. + OR - W 

Figure 3. Percentage Loss in Available Annual Array 
Energy versus Power-Conditioner Voltage Tracking 
Range Half Width, Expressed as a Percentage of 
Optimum Center Voltage 

instantaneous changes in solar irradiance, the 
value of the energy lost by this spurious opera- 
tional characteristic must be added to the cost of 
providing the tracker. A study performed by 
G. Hart, et al., at the MIT Lincoln Laboratory indi- 
cates that such energy losses may severely limit 
the worth of some maximum power trackers ( 3 ) .  

Another consideration in the trade-off between 
fixed-voltage and maximum power tracking is the 
potential affect of array degradation with time. 
As an array degrades the fill factor decreases and 
causes the optimum operating voltage to decrease 
also. If the fixed-operating voltage is updated 
periodically, this voltage decrease has no effect; 
however, if it is not updated, the annual energy 
losses will increme as the fixed voltage becomes 
too high for the degraded array. Table 2 provides 
the shift in the optimum operating voltage for three 
initial fill factors of 0.75, 0.70 and 0.65. 

Figure 4 expands on this analysis by displaying 
the annual energy loss caused by array power degra- 
dation for two PC operational modes, maximum power 
tracking and fixed-voltage operation. Also shown, 
by the dotted line, is the energy loss with updated 
fixed-voltage operation where the operating voltage 
is always adjusted to match the array degradation. 

An important observation from Figure 4 is that 
the annual energy output of an array degrades about 
1.4 times faster than its power rating at SOC, even 
with an ideal maximum power tracker. This has sig- 
nificant economic implications relative to the worth 
of heavily degraded systems or, more correctly, to 
the worth of arrays with poor fill factors, such as 
might be expected with some thin-film cells. 

All life-cycle economic analyses that we are 
familiar with have incorrectly asaumed that the 
fraction loss in annual energy from a degraded array 
is equal to the power degradation. The accelerated 
rate of energy degradation reflects the fact that 
the electrical efficiency of low-fill-factor arrays 
drops considerably with decreasing irradiance level. 
Since the mean irradiance level in an annual energy 
sense is 70 to 80 mW/cm2, the power rating of 100 

' 

mU/cm2 overpredicts the energy performance of 
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Table 2. Sh i f t  i n  Optimum Operating Voltage With 
Array Fil l-Factor Degradation 

Actual F i l l  Optimum Operating Voltage 
Factor I n i t i a l  Optimum Operating Voltage 

l eve l s  compared with the energy l o s t ,  o r  downtime 
suffered when over-limit condit ions a r e  encountered. 
Peak i r radiance  l eve l s  of up t o  130 mW/cm2 a re  
obtained rout ine ly ,  and it is expected t h a t  re f lec-  
t i o n  augmentation r e su l t i ng  from white surfaces 
including snow w i l l  lead to.even higher values (up 
t o  150 rn~/crnZ). Two basic s t r a t e g i e s  were con- 
sidered f o r  managing these over-limit s i t ua t ions .  
One s t r a t egy ,  ca l l ed  the t o t a l  r e j ec t ion  s t ra tegy,  
is the d iscont inuat ion  of power acceptance from the  
ar ray  by the PC. The second s t ra tegy,  ca l led  the 
p a r t i a l  r e j ec t ion  s t r a t egy ,  involves reducing the  
current  and/or power l eve l s  so t ha t  the l i m i t s  a r e  
not exceeded during a r r ay  operation. This can be 
achieved by changing the ar ray  operat ing point on 
the I-V curve o r  by using a shunt. To a s se s s  these 
two options,  the energy loss  was ca lcula ted  fo r  each 
s t r a t egy  a s  a function of PC current  and power 
levels .  Table 3 provides the power and current  
l i m i t s  required t o  obta in  99 and 99.9% of the  energy 
fo r  both s t r a t eg i e s .  

Table 3. Power-Conditioner Current Limit Required 

40 ADJUSTED 
t o  Obtain 99% and 99.9% of Available Annual Energy 
with P a r t i a l  and Total  Rejection S t r a t eg i e s  

PC Current Limit 
Array Imp a t  SOC 

S i t e  
99% 99.9% 

P a r t i a l  Total  P a r t i a l  Total  

Albuquerque, NM 1.06 1.19 1.17 1.20 
Bismarck, HD 0.95 1.07 1.05 1.10 
Boston, MA 0.89 1.04 1.01 1.09 

0 5 1 0  1 5  20 25 30 3 5  Brownsville, TX 0.92 1.04 1.03 1.05 

POWER DEGRADATION AT SOC, % Caribou,. ME 0.94 1.09 1.08 1.10 
Charleston, SC 0.90 1.04 1.01 1.08 

Figure 4. Annual Array Energy Loss versus Power 
Degradation a s  a Function of Powercondit ioner 
Voltage Operation Mode 

l a r f i l l - f a c t o r  arrays.  For a discussion of t h i s  
topic ,  see (2 ) .  

POWER-CONDITIONER EXTREME LIMITS 

Another important PC design i ssue  i e  the maxi- 
mm povcr, cur rent ,  and voltage t h a t  the PC must 
withstand. Three key considerat ions a r e  evident: 

(1) The amount of energy tha t  is l o s t  during 
times when the  ar ray  output exceeds PC 
operat ing l i m i t s  and energy i s  rejected.  

(2) The pro tec t ion  s t r a t egy  t o  be used when the 
maximum l imi t s  a r e  exceeded. 

(3)  The absolute maximum l eve l s  t o  be expected 
i f  surv iva l  l i m i t s  are a considerat ion.  

Current and Power Limits 

A key considerat ion i n  the s e l ec t ion  of current  
and power l i m i t s  i e  the cos t  of accepting higher 

Fort Worth, TX 0.94 1.05 1.04 1.10 
Fresno, CA 0.98 1.05 1.04 1.05 
Miami, FL 0.86 1.02 0.97 1.05 
Omaha, NB 0.95 1.09 1.08 1.26 
Phoenix, AZ 1.00 1.06 1.05 1.16 
S e a t t l e ,  WA 0.88 0.95 0.95 0.96 

It can be seen t h a t  fo r  the same energy perfor- 
mance, a PC using a t o t a l  r e j ec t ion  s t ra tegy must 
accommodate current  l eve l s  about 15% higher than one 
using a p a r t i a l  r e j ec t ion  s t ra tegy.  

Voltage Limits 

Voltage l i m i t s  must a l s o  be considered i n  the 
PC design, pa r t i cu l a r ly  during s t a r t u p  when the 
ar ray  may be a t  i t s  maximum open-circuit voltage. 
Worst-case open-circuit voltages a r e  associated 
general ly with low temperatures and high i r radiance  
leve ls ,  such a s  might be encountered during a 
b r igh t ,  cold winter  day with snow on the ground. 
The following th ree  approaches were used t o  e s t i -  
mate l i k e l y  maximum open-circuit voltages. 

F i r s t  approach: The hourly combination of 
incident  i r tad iance  and ca lcula ted  c e l l  temperature 
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(based on inc ident  i r r ad i ance  and ambient a i r  
temperature) t h a t  led t o  the  maximum open-circui t  
vol tage d a t a  was noted. This  vo l tage  represen ts  
t he  worst-case thermal-equilibrium condi t ion  
e x i s t i ng  on the  SOLMET TMY da t a  tape. Because t h i s  
condi t ion  does not r e f l e c t  t he  e a s i l y  foreseeable  
case where t he  sun suddenly appear8 from behind an 
obs t ruc t ion  and sh ines  on a cold a r r ay ,  it is  
considered a lower-bound es t imate  of t h e  maximum 
open-circui t  v o l t  ages. 

Second and t h i r d  approaches: The lowest 
ambient temperature a s  recorded i n  the  TMY d a t a  
tape and t h a t  recorded i n  a weather a t l a s  (4)  were 
both assumed a s  t he  so la r -ce l l  temperatures. Both 
of these  c e l l  temperatures were then combined with 
a 100 mw/cm2 i r r ad i ance  l e v e l  t o  determine t he  
a r r ay  o p e n s i r c u i t  vo l tage  i n  these  condit ions.  
Since t he  simultaneoutt occurrence of such 
condi t ions  is unl ike ly ,  these  determinat ions of 
open-circuit vo l tage  can be  viewed a s  upper l i m i t s  
i n  t h e  former case  f o r  the  s e l ec t ed  TMY year ,  and 
i n  t h e  l a t t e r  case a s  a t r u e  upper-bound value 
because of the  inc lus ion  of long-term weather 
extremes. 

Table 4 s~~llrmarizes the  r e s u l t s  from the  t h r ee  
es t imat ion  techniques. Because t he  upper-bound 
es t imates  a r e  only about 12% higher  than t he  lower- 
bound es t imates ,  they serve  a8 a u se fu l  b a s i s  f o r  
es t imat ing  the  worst-case vo l tages  f o r  any s i t e  
without an excessive pena l ty  f o r  conservatism. 

ARRAY POWER DISTRIBUTION 

An add i t i ona l  aspect  of long-term a r r ay  perform- 
ance t h a t  is  important t o  t he  design of a r r a y  
loading systems i s  the f r a c t i o n  of annual energy 

Table 4. Maximum Open-Circuit Voltage f o r  12 S i t e s  
(NocT 5 0 0 ~ )  

S i t e  

Maximm Voc 
Vmp a t  SOC 

Lower  U p p e r  Upper- 
Bound, Bound, Bound, 
TMYa TMY Atlas  

Albuquerque, NM 
Bismarck, ND 
Boston, M4 
Brovnsvil le ,  TX 
Caribou. ME 
Charleston, SC 
Fort  Worth, TX 
Fresno, CA 
Miami, FL 
Omaha, NB 
Phoenix, AZ 
S e a t t l e ,  WA 

'Start-up vol tage  f o r  99.9% of ava i l ab l e  annual 
energy 

generated a t  various power leve ls .  Because PC e f f i -  
ciency t y p i c a l l y  v a r i e s  with output  power l eve l ,  
c a l cu l a t i on  of average e f f i c i ency  of t o t a l  annual 
energy l o s se s  r equ i r e s  da t a  on the  f r a c t i o n  of 
annual energy input  t o  t he  PC a s  a func t ion  of 
power leve l .  

The hourly s imulat ion r e s u l t s  f o r  t he  26 s i t e s  
were used t o  cons t ruc t  p l o t s  of t he  annual energy 
generated a t  various r e l a t i v e  power l eve l s .  A 
t y p i c a l  p l o t  of power output  versus time f o r  a 
period of one day w i l l  a s s i s t  i n  understanding t he  
da t a  presen ta t ion  format. Such a p l o t ,  i l l u s t r a t e d  
on the  l e f t  i n  Figure 5, can be modified by rear -  
ranging the  hourly i n t e r v a l s  i n  order  of decreasing 
power-output l eve l .  Figure 6 is t h e  r e s u l t  of per- 
forming t he  same opera t ion  on the  hourly computer 
s imulat ion r e s u l t s  f o r  an e n t i r e  year  f o r  
Albuquerque; the  a r ea  under t he  curve is  t he  annual 
energy output  ( i n t e g r a l  of power over time) and the  
a r ea  under any two power l e v e l s  is the  energy gen- 
e r a t ed  during opera t ion  between these  leve ls .  

Table 5 t abu l a t e s  the  f r a c t i o n  of annual energy 
generated within 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  se rve  a s  u se fu l  
weighting f ac to r s  fox the  determinat ion of an 

C NOON 
1 .o I 

TIME. h 

Figure 5. I l l u s t  
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Pr inc ip l e  Behind a P lo t  of Normalized Power versus 
Operating Time With t he  Time In t e rva l s  Ordered 
According t o  Decreasing Power Level 

4 1.2 CONOlTlONER EFFICIENCY 
5 
% + a POWER NORMALIZED TO 
o ARRAY MAXIMUM 

g 0.0 
POWER AT SOC 

B 
9 u 
? 
2 

2 0.4 POWER-CONOITIONER 
E 

I 

0 
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 

OPERATING TlME AT POWER WP.  103 h 

Figure 6. Ef fec t  of Typical  Photovoltaic  
Ef f ic iency  on Annual Array Power Production 
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Table 5. Fraction of Annual Array Energy Available 
in Various Relative Paver Intervals 

ARRAY RELATIVE POWER INTERVAL 
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 

ALBUOUEROUE. MM M 3 4 3  00782 0.1040 02133 0.3893 02010 
BISMARCK, NO 0.0750 a1363 0.1442 0.2435 0.3277 0.0739 
BOSTON, MA 0.0907 a13113 0.1965 a2840 ( ~ 7 4 1  11.0163 
BROWNSVILLE.TX no572 0.1393 oz026 0x187 0.1905 a 1 3 8  
CARIBOU. ME 00779 a i m  0.1754 o m 1  02542 0.0689 
CHARLESTON, SC 0.0541 0.1512 0.1996 03749 02043 0.0158 
FORT WORTH. TX M590  0.1185 0.1642 03184 02995 0.0403 
FRESNO. CA 0.0446 0.0990 0.1213 0.2721 0.4098 0.0533 
MIAMI, FL a0508 0.1554 02382 0.4448 0.1073 0.0035 
OMAHA. NB M682  0.1282 0.1426 02723 0.3119 0.0767 
PHOENIX. AZ M 3 3 9  0.0679 0.1275 0.3091 03821 a0596 
SEATTLE. WA 0.1302 0.1603 0.1847 a2524 a2692 a0032 

AVERAGE 0.0641 0.1305 a1687 03027 02133 0.0522 

CUM' VALUE OF OM47 0.1952 0.3619 0.6646 0.9479 1.0000 AVERAGES 

average PC efficiency, which is defined as the 
annual energy output to the load divided by the 
annual energy input to the PC. 

Mathematically, this definition can be expressed 
as : 

J pout dt ] ' ~ ( P ~ ~ ) P ~ ~  dt 
' l -  
ave (1) 

$pin dt s p i n  dt 

where 

Pin = input power to PC 

Pout = output power to PC 

'(Pin) = efficiency expressed as a function of 
Pin 

If we approximate the integrals with summations 
over N distinct power intervals ( ~ 1  through PN), we 
obtain: 

where 

Ep =.annual PC input energy at array power 
interval, P 

PSB a standby PC p w e r  consumption per hour 

TSB hours per year for which PC has no out- 
. put power, but draws standby power 

'Ip = PC efficiency at array power level, P 

Figure 7 illustrates a typical PC efficiency 
curve presented as a function of the array output- 
power rating. Note that these curves are often 
presented as a function of PC output-power rating. 
In this case, the curve must be translated to a 
curve giving efficiency as a function of PC input 
power and then to a function of array output power 
at SOC. 

Figure 6 also illustrates the energy losses 
resulting from PC operation and rated power and 
current limits and their effect on PC efficiency. 
During array operation in the middle of the power 
region, the loss in energy due to the PC losses 
determines the PC efficiency. The bottom end of 
the relative-power scale is dominated by the array 
threshold power level for operation of the PC. The 
PC efficiency at the upper end of the relative-power 
scale is determined by the PC power and current 
limits. If the PC is sized so that its limits are 
close to the upper range of the array operating 
values, the efficiency over most of the PC operating 
range will increase; however there will be reduction 
in efficiency at the upper end to a value below the 
maximum efficiency. If the PC is oversized, the 
efficiency may be increased at the upper level, but 
it will be lower throughout the rest of operating 
range. The determining factor is the amount of 
margin the PC has in the amount of p w e r  and current 
it can withstand beyond its rating. 

The average annual efficiency for the PC repre- 
sented in Figure 6 was determined by taking the 
product of the average efficiency in each of 12 
relative-power intervals and the fraction of annual 
array energy produced in each interval along with 
standby losses. Table 6 provides an abbreviated set 
of results for Albuquerque. As can be seen from 
this Table, and with the type of efficiency curve 
represented by Figure 7, undersizing the PC will 
increase average annual efficiency. 

o ~ ~ I I I I ~ ~ I I I I I I  
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 

RELATIVE INPUT POWER (PIPmp at SOCI 

Figure 7. Power-Conditioner Efficiency as a 
Function of Array Output (PC Input) Power 
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Table 6. Example Average Annual Ef f ic iency  Calcu- 
l a t i o n  f o r  Albuquerque, New Mexico 

Annual Average PC Eff ic iency  i n  
Rela t ive  Energy Pover In t e rva l ,  P 

Power Frac t ion  
In t  erva 1 ( E p / ~ y 3  R = 0.9 R I 1.0 R I 1.1 

Standby Power 
Consumption 
( ~ e g .  Value) 

F u l l  Maximum 
Power Tracking 

Fixed-Voltage 
Operat ion 

0.022 0.024 0.026 

Average Annual Ef f ic iency ,  % 

Note: R is the  r a t i o  of PC full-output-power r a t i n g  
(divided by PC e f f i c i ency  a t  PC full-power 
r a t i ng )  t o  a r r ay  maximum power a t  SOC. 

CONCLUSIONS 

Based on an i dea l  maximum power t r acke r  the 
increase i n  allowable cost  t o  obtain maximum power 
t racking  (over f ixed-voltage operat ion) is l imi ted  
t o  about 2% of the  annual energy value. The 
increase  i n  cos t  due t o  energy l o s t  by a r e a l  
t r a cke r  over an i dea l  one must be subt rac ted  from 
t h i s  2% value. 

A po t en t i a l  advantage t o  the  use of maximum 
power-tracking r e s u l t s  when an ar ray  degrades. 
Under fixed-voltage operat ion,  the optimum voltage 

s h i f t s  and, i f  t h i s  i s  not accounted f o r ,  addi t iona l  
energy losses  above t h a t  r e su l t i ng  from the degra- 
da t ion  i t s e l f  may occur. 

The analyses on power and cur ren t  l i m i t s  indi-  
cate  t h a t  a PC whose l i m i t s  a r e  about 20% higher 
than maximum-power SOC values  w i l l  capture a l l  
ava i l ab l e  annual energy over a l l  s i t e s  considered. 
It appears t h a t  the nominal oversizing can be accom- 
pl ished without s e r i ous ly  jeopardizing ove ra l l  
e f f ic iency .  However, t h i s  is an important point  t o  
consider  i n  s e l ec t i ng  a PC because the analyses t o  
obta in  average annual e f f i c i ency  i nd i ca t e  t h a t  
g r ea t e r  e f f i c i ency  is  obtained by choosing a PC with 
a emaller ra t ing .  

An important note highlighted by t h i s  study is  
the  importance of I-V curve shape ( f i l l  f a c t o r )  in  
determining annual'  a r ray  energy performance. A s  an 
a r ray  ages and i ts  I-V curve degrades, i t s  energy 
performance decreases 1.4 times f a s t e r  than i t s  
power performance. This is a l s o  t r u e  f o r  a r rays  
with poor i n i t i a l  I-V curve shape, such a s  some 
u t i l i z i n g  emerging thin-f i lm c e l l s .  
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