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Summary 

A compar ison o f  system performance i s  made for  two p o s s i b l e  system se tups :  
( 1 )  i n d i v i d u a l  l o a d s  powered by  separa te  s o l a r  c e l l  sources ,  ( 2 )  m u l t i p l e  
l o a d s  powered by  a common s o l a r  c e l l  source.  A p r o o f  fo r  r e s i s t i v e  l o a d s  i s  
g i v e n  t h a t  shows t h e  advantage o f  a common source o v e r  a separa te  source photo-  

p e r f o r m  t h e  same. 
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I v o l t a i c  system for a l a r g e  range of l o a d s .  For i d e n t i c a l  l o a d s ,  b o t h  systems 
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1 .  INTRODUCTION 

I n  d e s i g n i n g  a m u l t i p l e  l o a d  p h o t o v o l t a i c  (PV)  system, t h e  d e s i g n e r  may w i s h  
t o  compare t h e  per formance o f  two p o s s i b l e  se tups :  a common PV a r r a y  power ing  
a l l  l o a d s ,  or s e p a r a t e  PV a r r a y s  power ing  i n d i v i d u a l  l o a d s  [ll. A c r i t e r i o n  - .  
for  compar ing t h e  l o a d  per formance may be t h e  "energy  u t i l i z a t i o n "  d e f i n e d  by  

( 

where t h e  numera tor  i s  t h e  i n p u t  energy t o  t h e  l o a d s  by  t h e  PV a r r a y ,  and t h e  
denominator  i s  t h e  maximum a v a i l a b l e  energy t h a t  t h e  PV a r r a y  can supp ly ;  P 
t h e  PV a r r a y  o u t p u t  power, and Pm i s  i t s  maximum o u t p u t  power; b o t h  a r e  
f u n c t i o n s  o f  t h e  s o l a r  i n s o l a t i o n ,  T i s  t i m e .  

qe = ST P(T)dT/ /  T Pm(T)dT 

S 

I n  a common source  s y s t e m  t h e r e  i s  an i n t e r a c t i o n  between t h e  l o a d s  such t h a t  
i t  i s  p o s s i b l e  t h a t  t h e  o p e r a t i o n  o f  one l o a d  may be improved a t  t h e  expense o f  
a n o t h e r  l o a d ;  or  t h e  t o t a l  per formance of a l l  t h e  l o a d s  powered by  a common 
source may a l s o  be improved.  I n  a common source system, t h e r e  e x i s t s  an a d d i -  
t i o n a l  o p t i o n  where i n  c e r t a i n  cases, such as a t  low i n s o l a t i o n ,  i t  m igh t  be 
advantageous t o  d i s c o n n e c t  a l o a d  from t h e  system i n  o r d e r  t o  improve t h e  oper -  
a t i o n  o f  a n o t h e r  l o a d .  A p r o o f  i s  g i v e n  i n  t h e  n e x t  s e c t i o n ,  f o r  r e s i s t i v e  
l o a d s ,  t h a t  shows t h e  advantage o f  a common source system o v e r  a wide range of 
l o a d  r e s i s t a n c e .  

2 .  COMPARISON OF SYSTEM PERFORMANCES WITH COMMON AND SEPARATE SOLAR CELL 
SOURCES 

The I - V  c h a r a c t e r i s t i c s  o f  a s o l a r  c e l l  a r r a y  i s  shown i n  F i g .  1 .  B r o a d l y  
speaking,  t h e  I - V  c h a r a c t e r i s t i c s  may be d i v i d e d  i n t o  two ranges;  range I 
where t h e  s o l a r  c e l l  behaves more l i k e l y  as a c u r r e n t  source ,  and range I 1  
where t h e  s o l a r  c e l l  behaves more l i k e l y  as a v o l t a g e  source .  

The approx imate  I - V  c h a r a c t e r i s t i c s  e q u a t i o n  o f  t h e  s o l a r  c e l l  a r r a y  source ,  
n e g l e c t i n g  t h e  s h u n t  r e s i s t a n c e ,  i s  g i v e n  b y :  

* T h i s  work was done w h i l e  t h e  a u t h o r  was a N a t i o n a l  Research C o u n c i l  - NASA 
Research A s s o c i a t e ;  on  s a b b a t i c a l  l e a v e  from T e l  A v i v  U n i v e r s i t y .  



where I p h  i s  t h e  p h o t o c u r r e n t ,  Io i s  t h e  r e v e r s e  s a t u r a t i o n  c u r r e n t ,  R s  i s  
t h e  s e r i e s  r e s i s t a n c e ,  A = q/AKT, and V = I R  f o r  r e s i s t i v e  l o a d s .  The source  
t e r m i n a l  c u r r e n t  and v o l t a g e  a r e  I and V,  r e s p e c t i v e l y .  

The I - V  e q u a t i o n  o f  Np such sources connected i n  p a r a l l e l  and Ns  such 
sources connected i n  s e r i e s ,  which form a l a r g e r  a r r a y ,  i s  g i v e n  by:  

N S  
i 

IC = NpIph - N p I o  ! e X p k  Vc + IC N RS ] - 11 
P 

( 3 )  

where IC and Vc a r e  t h e  l a r g e r  a r r a y  (or common) t e r m i n a l  c u r r e n t  and v o l t -  
age, r e s p e c t i v e l y .  A r e s i s t i v e  l o a d  of v a l u e  R c ,  which i s  connected t o  a com- 
mon s o l a r  c e l l  a r r a y  i s  seen by  an i n d i v i d u a l  source i n  t h e  common a r r a y  w i t h  
a r e s i s t a n c e  v a l u e  of: 

R = Rc Np/Ns ( 4 )  

For t h e  case where 
app l  i es .  

Np = Ns  = 1 ,  we have IC = I, V c  = V ,  R c  = R and Eq. ( 2 )  

R e s i s t i v e  l o a d s  R 1  and R2 connected t o  i d e n t i c a l  separa te  s o l a r  c e l l  a r r a y  
sources a r e  shown i n  F i g .  2. The l o a d  c u r r e n t s  a r e ,  r e s p e c t i v e l y :  

'1 = 'ph - Io { exp[AI1 ( R 1  + R S ) ]  -11 
'2 = 'ph - '01 exp [ A12(R2 + R S ) ]  - 1) 

(5) 

(6) 

Now l e t  t h e s e  two loads  be connected i n  p a r a l l e l  t o  a common s o l a r  c e l l  a r r a y  
source  (N, = 1 ,  Np = 2)  formed by  two i d e n t i c a l  s o l a r  c e l l  sources ,  as shown 
i n  F i g .  3. The e q u i v a l e n t  l o a d  r e s i s t a n c e  i s  R c  = RiR2/(R1 + R2 and t h e  
common l o a d  c u r r e n t  IC i s :  

1 f 
IC = 21ph - 2 1 0 ~ e x p [ A I c ( R c  + RS/2) ]  - 1 1 ( 7 )  

For a p a r t i c u l a r  case o f  i d e n t i c a l  l o a d s  where R 1  = R2 = R,  t h e  l o a d  c u r r e n t  
of a s e p a r a t e  source system i s :  

and t h e  l o a d  power i s :  

P = I2R ( 9 )  
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The t o t a l  power o f  two such systems i s :  

Ps  = 2P = 212R 

where " s "  s tands  f o r  s e p a r a t e .  

Now, fo r  t h e  common source system we have: 

IC = 21 = "ph - ' I o {  exp [ A2I (R/2  + RS/2) ]  - 1) 

or 

and 

2 2 P c = I  R = 2 1 R = 2 P  c c  

0 0 )  

(12)  

comparing w i t h  Eq. (10) we g e t :  

P, = P, (13)  

( F o l l o w i n g  t h e  same pro-  
The r e s u l t  shows t h a t  f o r  i d e n t i c a l  r e s i s t i v e  loads ,  t h e  l o a d  powers a r e  t h e  
same for b o t h  t h e  s e p a r a t e  and common source systems. 
cedure one can show t h a t  t h i s  r e s u l t  i s  v a l i d  fo r  any number o f  i d e n t i c a l  
loads  connected t o  a common source of a p p r o p r i a t e  s i z e . )  

The "energy  u t i l i z a t i o n "  i s  d e f i n e d  i n  eq. ( 1 ) .  For a g i v e n  a r r a y  s i z e  and 

i n s o l a t i o n  p r o f i l e  t h e  [Pm dT = c o n s t a n t  i n d e p e n d e n t l y  whether  t h e  c e l l s  a r e  

u t i l i z e d  or n o t .  
(Eq. (10)) i s :  

The energy  u t i l i z a t i o n  o f  t h e  two separa te  source system 

(14)  

and t h e  energy  u t i l i z a t i o n  o f  t h e  common source system (Eq. ( 1 2 ) )  i s :  

where Pm i s  t h e  peak power o f  an i n d i v i d u a l  s o l a r  c e l l  a r r a y  source .  

The r e s u l t s  show t h a t  i d e n t i c a l  r e s i s t i v e  loads  which a r e  connected to  sepa- 
r a t e  s o l a r  c e l l  sources Der fo rm t h e  same as i f  t h e y  a r e  connected i n  p a r a l l e l  
t o  a common s o l a r  c e l l  source  o f  t h e  

We s h a l l  now a n a l y z e  t h e  per formance 
example, Rm and R 1  i n  range I and 
i s  t h e  l o a d  r e s i s t a n c e  c o r r e s p o n d i n g  
s o l a r  c e l l  a r r a y  source ,  F i g .  1 .  We 

a p p r o p r i a t e  s i z e .  

o f  n o n i d e n t i c a l  r e s i s t i v e  l o a d s ,  for 
Rm and R2 i n  range 11, where Rm 
t o  t h e  maximum power p o i n t  Pm o f  t h e  
examine f i rs t  an extreme case i n  range I 

3 



( c u r r e n t  source range)  f o r  R 1  = 0 and Rm. For  t h e  separa te  source system 

and we have P 1  = 0, Pm = I m R m  

z a t i o n  o f  b o t h  separa te  systems i s :  

Ps  = P1 + Pm = Pm, t h e r e f o r e ,  t h e  energy  u t i  1 i- 2 

(16)  

for  t h e  common source system, Pc = 0 s i n c e  R, s h o r t  c i r c u i t s  Rm, i . e . ,  

q: = 0, t h e r e f o r e  qs e > .I;. 

Another  ext reme case i s  i n  range I 1  ( v o l t a g e  source  range)  f o r  R2 = Q) and 

Rm. For t h e  separa te  source system we have Pm = I m R m  and P2 = 0, t h e r e f o r e :  
2 

q S  e = 1 PSdT/2 / Pm dT = 50 p e r c e n t  ( 1 7 )  

and f o r  t h e  common source system, P2 = 0 and 
s i z e  source,  t h e r e f o r e  Pc > Pm and, 

Rm i s  now powered b y  a d o u b l e  

e = 1 Pc  d T / 2  1 Pm dT > qs e 
qC 

(18)  

I t  can be shown t h a t  n o t  o n l y  f o r  R = i s  t h e  qe > qe, b u t  a l s o  f o r  l a r g e  

R2 .  

( 1 )  R 1  = R2 = Rm ( i d e n t i c a l  l o a d s  whether  o p t i m a l  or n o n o p t i m a l ) ,  where b o t h  
t h e  s e p a r a t e  and t h e  common s o l a r  c e l l  source systems have t h e  same energy  
u t i l i z a t i o n ;  

2 C S 
We have ment ioned t h r e e  d i s t i n c t  cases: 

(2 )  R 1  = 0 and 
u t i l i z a t i o n  t h a n  t h e  common source system; and 

Rm, where t h e  s e p a r a t e  source systems have a h i g h e r  energy  

( 3 )  For Rm and l a r g e  R2, where t h e  common source system has a h i g h e r  energy  
u t i l i z a t i o n  t h a n  t h e  s e p a r a t e  source systems. 

These t h r e e  cases a r e  shown i n  F i g .  4 by t h e  c r o s s  marks.  The s o l i d  l i n e  

d e s c r i b e s  t h e  energy  u t i l i z a t i o n  o f  t h e  common source system q:, and t h e  

dashed l i n e  t h e  s e p a r a t e  source systems .I:. Two p o s s i b l e  t r a j e c t o r i e s  

( c o n n e c t i n g  t h e  c r o s s  marks) o f  q t  a r e  shown i n  F i g .  4 i n  range I. 

case, t h e  energy u t i l i z a t i o n  o f  s e p a r a t e  source systems i s  a lways h i g h e r  t h a n  
t h e  common source system; i n  t h e  second case, up t o  p o i n t  'la'' t h e  s e p a r a t e  
source systems have a h i g h e r  energy  u t i l i z a t i o n ,  b u t  between p o i n t s  "a"  and "b"  
t h e  common source system has a h i g h e r  energy  u t i l i z a t i o n .  I n  range 11, t h e  

common source system i s  a lways s u p e r i o r  (q: > q s ) .  

I n  one 

e 

4 



An actual comparison of performances of a common source/multiple load versus 
separate source/individual load photovoltaic systems is shown in Fig. 5. The 
individual solar cell array is 1400 Wp, 176 V open-circuit voltage and 13.613 A 
short-circuit current. The optimal resistive load for this array is 13.5 R 
calculated by Eq. (1). For both types of systems, the optimal load was kept 
constant and the second load was varied between 0 and 30 R .  
utilizations q: and q z  were calculated (Eq. ( 1 > > ,  and plotted in Fig. 5. 
The figure clearly shows that for a wide range of load resistances (greater 
than 4.85 Q, and including the vicinity o f  the optimal load for a good system 
design) the common source system is superior. 

The energy 

3. CONCLUSIONS 

In designing a multiple load photovoltaic system, the designer may wish 
to compare the performances of separate and common solar cell array source 
systems. A mathematical proof is given in this paper that shows the advantage 
of a common source system for a wide range of load resistances. 
types than resistive loads may exhibit similar behavior. Identical loads, 
either optimal or nonoptimal, of any type perform the same when powered either 
by separate sources or by a common source. 

Other load 
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FIGURE 1. - SOLAR CELL ARRAY AND RESISTIVE LOAD I-V 
CHARACTERISTICS. 
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FIGURE 2. - RESISTIVE LOADS R 1  AND R2 CONNECTED TO IDENTICAL SOLAR 
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FIGURE 3. - C M O N  SOLAR CELL SOURCE SYSTEM. FIGURE 4. - ENERGY UTILIZATION OF SEPARATE AND COMMON 

SOURCE SYSTEM I N  THREE EXTRENE CASES R, = R2 = R,,,: 
R1 = 0 AND Rm: R,,, AND LARGE R2. 
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FIGURE 5 .  - ENERGY U T I L I Z A T I O N  OF SEPARATE AND COMMON 
SOURCE SYSTEMS FOR RESISTIVE LOADS. 
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