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Th is  paper dea ls  w i t h  some design i ssues  
i n v o l v e d  i n  a p h o t o v o l t a i c  power cond i -  
t i o n i n g  system. The power c o n d i t i o n i n g  
u n i t  (PCUI i s  b u i l t  i n  a mooular way an0 
i s  c o n t r o l l e d  by a m i c r o c o n t r o l l e r  f o r  
maximum p o w e r  p o i n t  t r a c k i n g  (MPPT). The 
cho ice  o f  the  power conver te r  and s u i t -  
a b l e  pv-array c o n f i g u r a t i o n  a r e  a l s o  
d iscussed.  Power MOSFETs a r e  used as 
s w i t c h i n g  elements. Exper imenta l  system 
o f  1kW c a p a c i t y  i s  a l s o  exp la ined,  w i t h  
b a t t e r y  charg ing  as a s p e c i f i c  app l i ca -  
t i o n .  

1.INTRODUCTION 

Th is  paper d iscusses  the design o f  a 
modular power c o n d i t i o n i n g  system used i n  
p h o t o v o l t a i c  a p p l i c a t i o n s .  Th is  power 
c o n d i t i o n i n g  system a l s o  i nco rpo ra tes  the  
MPPT c o n t r o l l e r  t o  o b t a i n  the  maximum 
p o s s i b l e  energy f rom t h e  pv a r r a y .  The 
system i s  designed i n  such a way t h a t  t he  
t o t a l  power ou tpu t  i s  shared by seve ra l  
power c o n d i t i o n i n g  u n i t s  (PCUs) runn ing  
i n  p a r a l l e l .  The power c o n d i t i o n i n g  u n i t s  
a r e  used f o r  matching the  load w i t h  t h e  
pv a r r a y .  Each o f  the  PCU i s  powered from 
a separa te  pv a r ray .  The PCUs d e l i v e r  t he  
power i n t o  the  same load, which i s  a 40 
v o l t  b a t t e r y  bank. A l l  t he  PCUs a r e  
c o n t r o l l e d  by a pP based c o n t r o l l e r  f o r  
optimum u t i l i z a t i o n  o f  the a v a i l a b l e  
energy. The p a r a l l e l  c o n f i g u r a t i o n  o f  
PCUs o f f e r s  seve ra l  advantages. The power 
r e q u i r e d  t o  be handled by one PCU i s  
reduced,, which makes the  PCU des ign  
s imp le r  and make i t  more e f f i c i e n t .  Th i s  
c o n f i g u r a t i o n  o f f e r s  the  system expansion 
Dpt ion  a t  a very  low c o s t ,  f o r  i n c r e a s i n g  
t h e  power hand l i ng  ca.pacity o f  t h e  sys- 
tem. The system r e l i a b i l i t y  i s  inc reased 
as t o t a l  shu t  down i s  n o t  r e q u i r e d  i n  
zase o f  a f a i l u r e .  A c e n t r a l i z e d  c o n t r o l -  
l e r  o f f e r s  the  ease o f  c o n t r o l  and super- 
v i s i o n  o f  t he  e n t i r e  system. F i g u r e  1 
shows an exper imenta l  system o f  1 kW 
c a p a c i t y  which i s  exp la ined i n  t h i s  
paper. 

2.PHOTOVOI T A I C  ARRAY CHflRACTERISTICS 

The power o u t p u t  o f  a pv a r r a y  depends 
s i g n i f i c a n t l y  on t h e  srrsv g h a r a c t e r i s -  

ns. T y p i c a l  a and the  Lgbd ina  E p n d i t i o  
I-V and P-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 e  shown i n  F i g u r e  2. I t  i s  seen 
t h a t  t he  power o u t p u t  from a s o l a r  c e l l  
i s  maximum o n l y  if t h e  load i s  opera ted  
a t  maximum power p o i n t  (MPP). The MPP i s  
n o t  a f i x e d  p o i n t .  The 1-V c h a r a c t e r i s -  
t i c s  o f  s o l a r  c e l l  s h i f t  w i t h  changes i n  
i n s o l a t i o n  ( s o l a r  r a d i a t i o n  i n  kw/rn2) and 
the  c e l l  temperature. Hence MPP a l s o  
becomes a f u n c t i o n  o f  i n s o l a t i o n  and c e l l  
tem'perature Cl]. F i g u r e  3 shows t h e  l ocus  
o f  MPP as the  i n s o l a t i o n  changes. As the  
MPP changes t h e  power d e l i w r e d  t o  t h e  
load i e  reduced. There fore  a power cond i -  
t i o n i n g  u n i t ,  c a l l e d  m a x i m u m  power p o i n t  
t r a c k e r  (MPPT), i s  r e q u i r e d  t o  match the  
l oad  t o  the  pv a r r a y  i r r e s p e c t i v e  o f  t h e  
v a r i a t i o n s  i n  t h e  MPP or  i n  t h e  load 
i t s e l f .  The maximum power i s  t r a n s f e r r e d  
o n l y  under t h e  matched c o n d i t i o n s .  

. .  

3.POWER CONDITIONINE UNIT (PCU) 

Th is  p a r t i c u l a r  system i s  used f o r  charg-  
i n g  a 48 v o l t  b a t t e r y  bank. The need f o r  
an MPPT, i n  t h i s  a p p l i c a t i o n  i s  q u i t e  
c l e a r  as bo th  MPP and t h e  b a t t e r y  v o l t a g e  
a r e  changing C4J. A PWM c o n t r o l l e d  DC-DC 
conver te r  can be used i n  t h i s  a p p l i c a t i o n  
f o r  power c o n d i t i o n i n g  and match ing.  I n  
t h i s  system a t o t a l  power o f  1 KW i s  
shared by two PCUs o p e r a t i n g  i n  p a r a l l e l .  
The power shared by each PCU i s  dec ided 
by the  MPP o f  t he  pv a r r a y  connected t o  
i t .  PCU i s  a PWM c o n t r o l l e d  DC-DC con- 
v e r t e r .  The o p e r a t i n g  p o i n t  on pv a r r a y  
i s  ad jus ted  t o  MPP by c o n t r o l l i n g  t h e  
du ty  c y c l e  o f  t h e  PCU. Var ious conver te r  
t o p o l o g i e s  can be employed f o r  PCU. I n  
t h e  present  work, a buck c o n v e r t e r  i s  
used f o r  power c o n d i t i o n i n g .  A compara- 
t i v e  s tudy  o f  va r ious  conver te rs  shows 
t h a t  buck conver te r  r e q u i r e s  lower dev i ce  
r a t i n g s  than o t h e r  c o n f i g u r a t i o n s ,  f o r  
t h i s  a p p l i c a t i o n .  The ou tpu t  c u r r e n t  
( cha rg ing  c u r r e n t )  i s  rough ly  10 A f o r  
each PCU a t  Deak i n s o l a t i o n  c o n d i t i o n .  
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I t  shou ld  be no ted  t h a t  t h e  i n p u t  c u r r e n t  
( a r r a y  c u r r e n t )  f o r  t h e  buck c o n v e r t e r  i s  
o f  d i s c o n t i n u o u s  ( s w i t c h i n g )  n a t u r e .  T h i s  
* ' e s u l t s  i n  an u n s t a b l e  o p e r a t i n q  p o i n t  on 
pv a r r a y  which swi tches  between MPP and 
the open c i r c u i t  and r e s u l t s  i n  t h e  l o s s  
of  energy. Under such c o n d i t i o n  t r u e  
maximum power p o i n t  o p e r a t i o n  c o u l d  never  
be achieved.  To a v o i d  t h i s  problem a 
l a r g e  c a p a c i t o r  i s  used a t  t h e  i n p u t  o f  
t h e  power c o n d i t i o n i n g  un i t .  T h i s  o f f e r s  
a s t a b l e  o p e r a t i n g  p o i n t  on t h e  a r r a y .  
The c a p a c i t o r  s t i l l  i n t r o d u c e s  a s w i t c h -  
i n g  frequency r i p p l e  on t h e  a r r a y  v o l t a g e  
because o f  c h a r g i n g  arid d i s c h a r g i n g  i n  
every  c y c l e .  T h i s  r i p p l e  can be k e p t  t o  a 
minimum acceptab le  v a l u e  by u s i n g  a 
l a r g e r  c a p a c i t o r  a t  t h e  i n p u t .  A 2000 pF  
c a p a c i t o r  g i v e s  t h e  s a t i s f a c t o r y  r e s u l t s .  

3.1 PV ARRAY SIZING 

I t  i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  buck 
c o n v e r t e r  can match t h e  load t o  t h e  pv 
a r r a y  if t h e  load i s  l e s s  than t h e  o p t i -  
m u m  l o a d  f o r  t h e  pv a r r a y  . There fore  
pv a r r a y s  must be c o n f i g u r e d  such t h a t  
t h e  wors t  case ( l o w e s t )  MPP v o l t a g e  i s  
more than t h e  maximum o u t p u t  v o l t a g e .  
Kyocera p o l y c r y s t a l l i n e  pv pane ls  a r e  
used i n  t h i s  work. Each panel i s  r a t e d  
f o r  44  peak w a t t  w i t h  t h e  open c i r c u i t  
v o l t a g e  o f  20 v o l t s .  Spice c i r c u i t  simu- 
l a t i o n  was used t o  s i m u l a t e  t h e  i -v  
c h a r a c t e r i s t i c s  o f  t h e  pv panel  under 
d i f f e r e n t  i n s o l a t i o n  and temperature 
c o n d i t i o n s .  The Sp ice  model used i s  shown 
i n  f i g u r e  4 .  I n  t h i s  s i m u l a t i o n  a c u r r e n t  
source whose v a l u e  i s  changed accord ing  
t o  t h e  i n s o l a t i o n ,  i s  used i n  p a r a l l e l  
w i t h  a d iode s t r i n g  t o  model t h e  P V  
module. The d iode parameters i n  t h e  s p i c e  
model a r e  chosen c a r e f u l l y  so t h a t  t h e  
s i m u l a t e d  c h a r a c t e r i s t i c s  match w i t h  t h e  
c h a r a c t e r i s t i c s  s u p p l i e d  by t h e  rnanutac- 
t u r e r .  The Spice s i m u l a t i o n  a l s o  takes  
c a r e  o f  t h e  temperature v a r i a t i o n  e f -  
f e c t s .  The r a t e d  peak power o f  t h e  PV 
module i s  a v a i l a b l e  o n l y  a t  t h e  r e f e r -  
ence c o n d i t i o n s  i . e .  an i n s o l a t i o n  o f  1 
kw/mz and c e l l  temperature o f  27 O C .  But  
i n  p r a c t i c e ,  h i g h  i n s o l a t i o n  i s  always 
accompanied by h i g h  c e l l  temperatures,  i n  
wh ich  case t h e  MPP v o l t a g e  o f  a pv a r r a y  
i s  found t o  be t h e  lowest .  T h i s  f a c t  must 
be cons idered b e t o r e  s i z i n g  t h e  pv a r r a y  
f o r  t h e  r e q u i r e d  a p p l i c a t i o n .  Sp ice  
s i m u l a t i o n  r e s u l t s  a r e  used t o  c o n f i g u r e  
t h e  500 w a t t  pv a r r a y  such t h a t  MPP 
o p e r a t i o n  i s  p o s s i b l e  a t  an i n s o l a t i o n  o f  
1 kw/m2 and t h e  c e l l  temperature o f  60 O C  

(Vmp = 12 v o l t ) .  T h i s  r e s u l t s  i n  connect- 
i n g  s i x  pv pane ls  i n  s e r i e s .  Two such 
s t r i n g s  a r e  connected i n  p a r a l l e l  t o  g e t  
t h e  r e q u i r e d  power and v o l t a g e  r a t i n g s .  

3 . 2  NOSFET HASEU POWER CONVEHl-EH 

FI MOSFET i s  used as a s w i t c h i n g  d e v i c e  as 
i t  1 5  easy t o  c o n t r o l  and can be opera ted  
a t  h i g h e r  f requenc ies  as compared t o  
BJTs. For  t h e  s e l e c t e d  load and pv arr-ay 
c o n f i g u r a t i o n ,  i t  can be shown t h a t  t h e  
d u t y  c y c l e  m u s t  be v a r i e d  from 0.33 t o  
0.90 t o  achieve MPP o p e r a t i o n .  The f l o a t -  
i n g  g a t e  d r i v e  used i s  shown i n  F i g u r e  
5.  The d r i v e r  t r a n s i s t o r s  (01.02) a r e  
d r i v e n  o u t  o f  phase, i n  a l t e r n a t e  c y c l e .  
The d i i t y  c y c l e  r a t i o  f o r  t h e  i n d i v i d u a l  
t r a n s i s t o r  v a r i e s  between 0 and 0.5.  The 
two secondar ies a r e  ORed so t h a t  t h e  
r e s u l t a n t  d u t y  c y c l e  can be v a r i e d  from 0 
t o  1.0. The g a t e  d r i v e  c i r c u i t  g r e a t l y  
a f f e c t s  t h e  e f f i c i e n c y  o f  t h e  c o n v e r t e r .  
A f a s t  t u r n  o f f  c i r c u i t  i s  used t o  m i n i -  
mize t h e  t u r n  o f f  losses.. A l l  t h e  g a t e  
dr i .ve c i r c u i t  components a r e  o p t i m i z e d  
u s i n g  s p i c e  s i m u l a t i o n  t o  achieve h i g h e r  
e f f i c i e n c y .  The s w i t c h i n g  dev ice  must be 
c a r e f u l l y  s e l e c t e d  t o  o b t a i n  a h i g h  
e f f i c i e n c y .  The e f f i c i e n c y  o f  92% ( a t  
f u l l  l o a d )  and 83% ( a t  30% l o a d )  has been 
achieved d u r i n g  t h e  exper imenta l  phase o f  
t h e  p r o j e c t .  

3 .3 M E  CONTROLLER 

Var ious  schemes have been proposed t o  
implement t h e  maximum power p o i n t  t r a c k -  
i n g  f u n c t i o n  [ Z ] .  A techn ique based on 
t h e  dP/dV method i s  implemented i n  t h i s  
work. The pP based approach used i n  t h i s  
p r o j e c t ,  o f f e r s  a s i m p l e r  and a s t a b l e  
s o l u t i o n .  I t  a l s o  o f f e r s  s e v e r a l  o t h e r  
u s e f u l  f e a t u r e s  l i k e  good steady s t a t e  
and t r a n s i e n t  response, f l e x i b i l i t y  i n  
t h e  c o n t r o l  a l g o r i t h m  which a r e  d iscussed 
i n  t h i s  paper. 

The system i s  b u i l t  around 80C31 m i c r o  
c o n t r o l l e r  which has a power fu l  i n s t r u c -  
t i o n  s e t ,  w i t h  b u i l t  i n  m u l t i p l y  func-  
t i o n .  The c o n t r o l l e r  uses an 0 b i t ,  8 
channel ADC i n t e r f a c e  f o r  r e a d i n g  t h e  
v o l t a g e  and c u r r e n t  o f  each o f  t h e  PV 
a r r a y .  These va lues  a r e  used f o r  c a l c u -  
l a t i n g  t h e  ins tan taneous power o u t p u t  o f  
t h e  pv a r r a y .  DOC i n t e r f a c e  i s  used f o r  
g i v i n g  t h e  c o n t r o l  s i g n a l s  t o  t h e  PCUs. 

3.4  CONTROL CILGORITHM 

FI t i m e r  i n t e r r u p t  i s  generated a t  every  
lOOmS f o r  i n i t i a t i n g  t h e  c o n t r o l  a c t i o n .  
I n i t i a l l y  on s t a r t u p ,  t h e  d u t y  c y c l e  is 
s e t  t o  ZERO and i s  g r a d u a l l y  inc reased.  
A t  each i n t e r r u p t  t h e  s i g n  o f  dP/dV i s  
c a l c u l a t e d .  I t  can be seen f rom f i g u r e  2 
t h a t  dP/dV i s  p o s i t i v e  on t h e  l e f t  hand 
s i d e  ( s h o r t  c i r c u i t  s i d e )  o f  t h e  MPP 
w h i l e  i t  i s  n e g a t i v e  on t h e  r i g h t  hand 
s i d e  and zero a t  MPP. There fore  f o r  a 
buck c o n v e r t e r ,  t h e  p u l s e  w i d t h  ( D )  
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should be inc reased f o r  nega t i ve  dP/dV 
and D should be reduced f o r  p o s i t i v e  
dP/dV so as t o  s h i f t  t h e  o p e r a t i n g  p o i n t  
towards the  MPP C i t  is impor tan t  t o  n o t e  
t h a t  a d e c i s i o n  based on the  s i g n  o f  dP 
a lone does n o t  r e s u l t  i n  a s t a b l e  ope ra t -  
i n g  p o i n t ] .  I n  t h e  steady s t a t e ,  t he  
opera t i ng  p o i n t  o s c i l l a t e s  about the  MPP. 
The change i n  the  du ty  c y c l e  d i r e c t l y  
r e f l e c t s  as a change i n  the  o p e r a t i n g  
p o i n t .  I n  the  s teady s t a t e  the  change i n  
D i . e .  s tep  s i z e  1s kep t  very  sma l l  t o  
keep the  opera t i ng  p o i n t  as c l o s e  t o  MPP 
as poss ib le .  A f a s t  response i s  necessary 
when the  system i s  powered up o r  i n  case 
o f  passing c louds ,  so t h a t  t he  system can 
q u i c k l y  lock  on to MPP and prevent  t h e  
l o s s  o f  energy. The c o n t r o l l e r  s t o r e s  the  
s i g n  o f  dP/dV f o r  t h e  pas t  few c y c l e s  t o  
d e t e c t  whether the  system i s  be ing  oper- 
a ted  i n  the  s teady s t a t e .  I f  the  system 
i s  n o t  i n  t h e  s teady  s t a t e ,  t h e  s t e p  s i z e  
i s  t h e  s u i t a b l y  m o d i f i e d  t o  l ock  back on 
t o  MPP as f a s t  as poss ib le .  Th i s  dynamic 
s t e p s i z e  change improves t h e  t r a n s i e n t  
response o f  t he  system. The same proce- 
dure i s  repeated f o r  a l l  the  PCUs con- 
nected t o  the  system. The c o n t r o l l e r  
ma in ta ins  a 16 b y t e  da ta  s t r u c t u r e  f o r  
each o f  the  PCU. ( f i g u r e  6 )  Th is  da ta  i s  
used f o r  c o n t r o l l i n g  t h e  i n d i v i d u a l  PCU. 
The f l o w  c h a r t  d e p i c t i n g  t h e  c o n t r o l  
sub-rout ine i s  g i ven  i n  f i g u r e  7. 

I t  may be no ted  t h a t  t h i s  techn ique can 
be used w i t h  o t h e r  types  o f  dc loads  
( o t h e r  than b a t t e r y )  where t h e  r e s u l t i n g  
load v o l t a g e  i s  lower than the  MPP v o l t -  
age, as a buck conver te r  i s  used here. I n  
the  b a t t e r y  cha rg ing  a p p l i c a t i o n  t h e  
system power supp ly  i s  de r i ved  u s i n g  a 
SMPS powered by t h e  b a t t e r y .  I n  t h e  case 
o f  ba t te ry - l ess  systems, separa te  a r -  
rangements should be made f o r  powering 
t h e  c o n t r o l  system. 

A11 the  p r o t e c t i o n s  and the  b a t t e r y  
s t a t u s  a r e  checked a t  1 second i n t e r v a l  
i n  the  main program. The main program 
a l s o  determines t h e  o p e r a t i n g  mode of t h e  
system and takes c a r e  o f  t he  s t a t u s  
i n d i c a t i o n s .  The c o n t r o l l e r  mon i to rs  the  
b a t t e r y  vo l tage.  W h e n  t h e  b a t t e r y  i s  
F u l l y  charged the  c o n t r o l l e r  e n t e r s  i n t o  
3 Floa t -charg ing  mode i n  which a smal l  
amount o f  power i s  t r a n s f e r r e d  t o  t h e  
b a t t e r y  bank f o r  f l o a t  charg ing .  The 
c o n t r o l l e r  a l s o  i n d i c a t e s  t h e  under- 
charged s t a t e  o f  t he  b a t t e r y  and p rov ides  
3 s i g n a l  t o  d isconnect  t he  load from the  
J a t t e r y .  A low power c o n d i t i o n  i s  a l s o  
i n d i c a t t  1 on the  f r o n t  panel  when the  
i n s o l a t i o n  i s  poor,  say, less than 
30W / sqm , 

710 

4.cONCLUSIO NS 

Concept o f  modular power c o n d i t i o n i n g  
systems f o r  p h o t o v o l t a i c  a p p l i c a t i o n s  has 
bren d e a l t  w i t h  i n  t h i s  paper, w i t h  a 
p a r t i c u l a r  r e f e r e n c e  to b a t t e r y  as t h e  
load. A MOSFET based power Cond i t i on ing  
un i t  o f  LKW c a p a c i t y  i s  d iscussed i n  
d e t a i l  a long  w i t h  a c o n t r o l  a l g o r i t h m  t o  
t r a c k  the  maximum power p o i n t .  Maximum 
power f rom each PV a r r a y  i s  e x t r a c t e d  i n  
s p i t e  o f  any mismatch i n  t h e  a r r a y  char-  
a c t e r i s t i c s .  One system c o n t r o l l e r  i s  
capable o f  hand l i ng  seve ra l  PCUs, s i m p l i -  
f y i n g  t h e  des ign  and r e s u l t i n g  i n  a lower 
c o s t  o f  t h e  system. I t  was observed t h a t  
t he  MPPT increases  t h e  power o u t p u t  by 
about  10 % over  a day as compared t o  t h e  
d i r e c t  connect ion.  

REFERENCES 

C1l .Solar  c e l l  from bas ics  t o  advanced 
systems, by Chenming Hu and R.M. White. 
McGraw-Hill p u b l i c a t i o n .  

C2l.Step up maximum power p o i n t  t r a c k e r  
f o r  p h o t o v o l t a i c  a r rays ,  Ziyad Salameh 
and Dan ie l  Tay lo r ,  So la r  Energy Vol .  
44 No.1, pp 57 - 61, 1990. 

[3].Desiqn, c o n s t r u c t i o n  and f i e l d  expe- 
r i e n c e  o f  an I n d i a n  s tand a lone r u r a l  
p h o t o v o l t a i c  s o l a r  energy cen t re .  A.Saha, 
P.Basu, C. Bhat tacharya.  S i x t h  EC PVSEC 
1985 pp 533 - 537. 

C43 .Mismatch between b a t t e r i e s  and two 
module types pv a r rays ,  I n t e r e s t  o f  DC-DC 
conver te rs ,  by P. Gucher, J. A. Roger, S .  
Massad, J .  Posbic, J. P i v o t ,  F o u r t h  EC 
PVSEC 1982 ,pp 330-334. 



I 
I 
I 
I 
I 

I 
I 
I 
I 
I 

I 

I 
I 

I 
I 

I 
I 
I 
I 
I 
I 
I 
I 

I CIRCUITS 1 I 
I 

4 3 r  

PANEL VOLTAGE (V 1 - 
Fig, 2 I - V  CHARACTERISTICS OFA PV PANEL. 

t 'r l K W / m 2  
l 

a 

a a 

II 

I- z 2  

$ 1  
a n 

3 
0 

z 

5 10 15 M 
PANEL VOLTAGE (V 1 - 

Fig.3 VARIATION I N  M P P  WITH INSOLATION. 

F ig ,&  SPICE MODEL. 

$.SUBCKT d e f i n i t i o n  o f  a s o l a r  p a n e l  
rSUBCKT x p a n e l  a b 
D1 a 1 d i o d e  
D2 1 2 d i o d e  
D3 2 3 d i o d e  
D4 3 4 d i o d e  
D5 4 5 d i o d e  

DJ4 33 34 d i o d e  
D35 34 35 d i o d e  
D36 35 b d i o d e  
. m o d e l  d i o d e  D C ( i s = 1 . 5 e - 9 ) ]  
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