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Cleveland.  Ohio 44135 

and 

S. S inger* *  
U n i v e r s i t y  o f  Colorado 

Colorado Spr ings ,  Colorado 80933 

ABSTRACT 

The paper dea ls  w i t h  t h e  c a l c u l a t i o n  o f  t h e  
s t a r t i n g  to rque r a t i o  o f  t h e  permanent magnet, 
s e r i e s ,  and shunt e x c i t e d  dc motors when powered by 
s o l a r  c e l l  ar-rays for  two cases: w i t h  and w i t h o u t  

'G a maximum power p o i n t  t r a c k e r  (MPPT). D e f i n i n g  a 
2 motor to rque m a g n i f i c a t i o n  by t h e  r a t i o  o f  t h e  

motor to rque w i t h  an MPPT to  t h e  motor to rque w i t h -  
o u t  an MPPT, one may g e t  a m a g n i f i c a t i o n  o f  3 f o r  
the  permanent magnet motor  and a m a g n i f i c a t i o n  o f  
7 f o r  b o t h  t h e  s e r i e s  and shunt  motors.  The s tudy  
a l s o  shows t h a t  a l l  motor  types  a r e  l e s s  s e n s i t i v e  
t o  s o l a r  i n s o l a t i o n  v a r i a t i o n  i n  systems i n c l u d i n g  
M P P T ' s  as compared t o  systems w i t h o u t  MPPT's. 

t h e y  a r e  n o t  too f a r  off from r e a l  va lues  and, 
there fore .  can be used for comparison between t h e  
d i f f e r e n t  motors i n  systems b o t h  w i t h  and without 
MPPT's. A main assumption i s  t h e  l i n e a r  dependence 
o f  t h e  magnet ic  f l u x  on t h e  f i e l d  c u r r e n t .  Another  
assumption r e f l e c t s  t h e  f i e l d  and armature reac-  
tances.  The to rques  would r e s u l t  i n  somewhat lower  
va lues  w i t h o u t  these assumptions. 

MOTOR EQUATIONS 

The c i r c u i t  d iagram o f  permanent magnet, 
s e r i e s ,  and shunt  e x c i t e d  motors a r e  shown i n  
F i g .  l ( a )  to  ( c ) .  r e s p e c t i v e l y .  The motor v o l t a g e  
and to rque equat ions  are :  

INTRODUCTION Vm = E + IaR ( 1 )  

E = ke@l (2)  

c o o l i n g  a p p l i c a t i o n  where the  motors d r i v e  r e c i p r o -  k T 4 I a  ( 3 )  

D i r e c t  c u r r e n t  (dc)  motors a r e  used i n  photo-  
v o l t a i c  (PV) d r i v e  systems C1-61, for example, i n  

c a t i n g  vapor compressors, and i n  water-pumping sys- 
tems for  i r r i g a t i o n  or water  supp ly  where motors where 
d r i v e  p o s i t i v e  d isp lacement  or c e n t r i f u g a l  pumps. 
I n  a d i r e c t  coupled ( w i t h  no b a t t e r y  s to rage)  PV 
system, t h e  s o l a r  c e l l  a r r a y  i s  d i r e c t l y  connected 
t o  t h e  motor- load coup le .  These systems a r e  r e l a -  E t h e  motor -e lec t ro -mot ive  f o r c e ,  e.m.f. .  V 
t i v e l y  s imple and inexpens ive  to  opera te .  A 
d i r e c t  coupled system may i n c l u d e  a maximum power 
p o i n t  t r a c k e r  (MPPT) to  improve i t s  performance 
whenever i t  i s  needed C71. R t h e  motor  armature c i r c u i t  r e s i s t a n c e ,  R 

Vm the  motor a p p l i e d  v o l t a g e ,  V 

l a  t h e  motor armature c u r r e n t ,  A 

The s t a r t i n g  t o  r a t e d  to rque r a t i o  and the  
v a r i a t i o n  o f  the  s t a r t i n g  to rque w i t h  i n s o l a t i o n  
a r e  i m p o r t a n t  c h a r a c t e r i s t i c s  o f  a dc motor. For  
v a r i o u s  dc motor types  these va lues a r e  d i f f e r e n t ,  
and s i n c e  dc motors may be used i n  d i f f e r e n t  a p p l i -  
c a t i o n s  i n  PV systems, these c h a r a c t e r i s t i c s  a r e  to 
be c a l c u l a t e d  by t h e  PV system des igner .  The paper 
d e a l s  w i t h  t h e  c a l c u l a t i o n  o f  the  s t a r t i n g  to rque 
for t h e  permanent magnet, s e r i e s  and shunt  e x c i t e d  
dc motor for  two cases: ( 1 )  when an MPPT i s  not 
i n c l u d e d  i n  t h e  system and ( 2 )  when an MPPT i s  
i n c l u d e d  i n  t h e  system. 

b t h e  motor f l u x ,  Wb 

n the  motor  shaf t  speed, rpm 

T t h e  motor e l e c t r o m a g n e t i c  to rque,  N.m 

ke.kT t h e  motor  v o l t a g e  and t o r q u e  cons tan ts ,  
r e s p e c t i v e  1 y 

Assuming a l i n e a r  dependence o f  t h e  magnet ic  f l u x  
on t h e  f i e l d  c u r r e n t  ( a  l i n e a r  motor  model) one can 
w r i t e  t h e  f o l l o w i n g  r e l a t i o n s :  

The c a l c u l a t i o n  of t h e  motor s t a r t i n g  to rque ( a )  for  t h e  permanent magnet ic  motor; 
for  t h e  v a r i o u s  motor  types  was made w i t h  some 
assumptions and approx imat ions .  Never the less ,  4 = C1 and T = C21a 

(b)  for t h e  s e r i e s  motor ;  
* N a t i o n a l  Research Counc i l  - NASA Research 

Assoc ia te ;  on s a b b a t i c a l  leave f r o m  Tel A v i v  
U n i v e r s i t y .  

**On s a b a t t i c a l  leave from Tel A v i v  U n i v e r s i t y .  

( 4 )  

(5) 4 I C31a, T = C41a, 2 and R = Ra + R S  

1 



( c )  f o r  t h e  shunt motor; 

(6) 

T = C 7 1 a I f  (8) 

where 

I m  t h e  motor t e r m i n a l  Cur ren t  

I f  

RS 

Rsh 

C1-C7 cons tan ts  

For the  permanent magnet and s e r i e s  e x c i t e d  motors 
we w r i t e :  

the  shunt  e x c i t e d  motor f i e l d  c u r r e n t  

the s e r i e s  motor f i e l d  r e s i s t a n c e  

t h e  shunt  e x c i t e d  motor f i e l d  r e s i s t a n c e  

1, = I, (9) 

By d i r e c t  c o u p l i n g  t h e  motor  t o  t h e  s o l a r  c e l l s  we 
have : 

V,,, = V and I,,, = I (10) 

where V and I a r e  t h e  a r r a y  v o l t a g e  and cur -  
r e n t ,  r e s p e c t i v e l y .  For t h e  purpose o f  comparing 
t h e  d i f f e r e n t  motor  t y p e s ,  i t  i s  assumed t h a t  t h e  
r a t e d  armature v o l t a g e  drop  ( i n c l u d i n g  t h e  v o l t a g e  
drop on the  brushes)  for  a l l  motor types i s  10 per -  
c e n t  of t h e  r a t e d  motor t e r m i n a l  v o l t a g e .  A good 
system d e s i g n  corresponds t o  r a t e d  motor o p e r a t i o n  
Vn, I n  c l o s e  t o  t h e  maximum power p o i n t  VM. IM 
o f  t h e  s o l a r  c e l l  a r r a y .  The i n s o l a t i o n  l e v e l  for  
r a t e d  motor o p e r a t i o n  i s  taken t o  be about  0.8 Sun 
fo r  t h e  a p p r o p r i a t e  a r r a y .  The r a t i o  o f  t h e  s h o r t  
c i r c u i t  c u r r e n t  Isc t o  t h e  maximum power-current  
IM o f  a t y p i c a l  s o l a r  c e l l  a r r a y  i s  about  1.2. 
T h i s  r a t i o ;  t h e  armature  v o l t a g e  drop  percentage;  
and t h e  motor r a t e d  o p e r a t i o n  i s  used i n  t h e  analy-  
s i s  for  a l l  motor  types ,  i . e . ,  

shown i n  F i g .  2. The s t a r t i n g  c u r r e n t  i s  approx i -  
mate ly  the  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 ,  ! .e.,  

1 s t  = Is, (12) 

and t h e  motor t e r m i n a l  v o l t a g e  a t  s t a r t i n g  i s :  

( 1 3 )  " s t  * ISCR 

MOTOR STARTING TORQUE RATIO 

Permanent Magnet Motor 

The motor  s t a r t i n g  c u r r e n t  i s :  

1st = I, % I s c +  

and t h e  s t a r t i n g  c u r r e n t  r a t i o  becomes: 

I s t  fsc IF= IM 

(14) 

(15) 

where T s t  and Tn a r e  t h e  s t a r t i n g  and r a t e d  
torques,  r e s p e c t i v e l y .  T h i s  r a t i o  i s  1.2 
(Eq. ( 1 1 ) )  for t h e  permanent magnet motor .  

Eqs. ( 4 )  and (15) ,  1 .e. .  
The motor s t a r t i n g  to rque r a t i o  i s  g i v e n  by  

- T S t  I & (16) 
Tn I M  

S e r i e s  E x c i t e d  Motor 

The motor s t a r t i n g  c u r r e n t  r a t i o  i s :  

(17)  - ' s t  = & 
I n  IM 

and t h e  motor  s t a r t l n g  t o r q u e  r a t i o  i s  g i v e n  by 
Eqs. (5) and (17): 

L 

T,t (+) 
Tn 

T h i s  r a t i o  (Eq. ( 1 1 ) )  i s  1.44 for t h e  s e r i e s  
e x c i t e d  motor . '  

(18) 

Shunt E x c i t e d  Motor  

We s h a l l  first c a l c u l a t e  t h e  r a t e d  armature 
c u r r e n t  and to rque.  A t  t h e  maximum power p o i n t .  
t h e  r a t e d  armature c u r r e n t  a c c o r d i n g  t o  Eq. ( 7 )  i s :  

(19)  vM Ia = I, - If = IM - The s y s t e m ' s  o p e r a t i n g  p o i n t  I M ,  VM i s  determined 
by t h e  i n t e r s e c t i o n  o f  the  I - V  c h a r a c t e r i s t i c s  
o f  t h e  s o l a r  c e l l  a r r a y  w i t h  t h e  I - V  c h a r a c t e r -  
i s t i c  of t h e  motor  (Eq. ( 1 ) )  as shown i n  F i g .  2. 
The s lope o f  t h e  motor c h a r a c t e r i s t i c  i s  
8 = tan-'  1 / R .  and s i n c e  t h e  r e s i s t a n c e  o f  t h e  

A t  the  i n s t a n t  o f  motor  s t a r t i n g  n = 0, t h e r e f o r e  
E = 0 and t h e  motor  c h a r a c t e r i s t i c  i s  thus  repre-  
sented by a s t r a i g h t  l i n e  (see Eq. ( 1 ) )  w i t h  a 
Slope Of t a n - '  1 / R  pass ing  th rough t h e  o r i g i n  as than an approx imate s i g n  i s  used. 

and t h e  r a t e d  motor to rque a c c o r d i n g  to Eq. (8) i s :  

armature c i r c u i t  i s  low, t h e  s lope 8 i s  l a r g e .  
Tn = c7(1M - t) &, (20) 

+ I n  the  f o l l o w i n g  equat ions  an equal r a t h e r  
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. 

A t  s t a r t i n g  ( E  = 0 ) .  the  motor i s  represented  by 
two r e s i s t o r s  connected i n  p a r a l l e l :  the armature a r r a y  power i s  d e l i v e r e d  to the motor load.  
Ra and f i e l d  Rsh r e s i s t o r s ,  i . e . ,  RaIlRSh. The 
motor t e r m i n a l  c u r r e n t  i s  Im z I s c ,  t h e r e f o r e ,  the The i n p u t l o u t p u t  equat ions  of the TVT a re :  
armature c u r r e n t  a t  s t a r t i n g  ( a c c o r d i n g  t o  the cur -  
r e n t  d i v i d i n g  r u l e )  i s :  VM = kVm and IM L Imlk (26) 

i s  assumed to  be l o s s  f r e e ,  t h e r e f o r e  a l l  o f  the 

Ra llR s h 
I a . s t  ' I s c  R, 

and the f i e l d  c u r r e n t  a t  s t a r t i n g  i s :  

The motor v o l t a g e  e q u a t i o n  i s :  
( 2 1 )  

V, E + I m R  

Us ing  Eqs. ( 2 6 )  and ( 2 7 )  and s o l v i n g  for k we 
a e t :  

( 2 7 )  

(22) Ra s h Z '  - 
' f , s t  s c  RSh  

The shunt motor s t a r t i n g  to rque accord ing  to 
Eq. (8) becomes: 

k - [& + iFF1-l  
( 2 8 )  

A t  motor s t a r t i n g  E = 0 and Eq. ( 2 8 )  reduces t o :  

112 112 T s t  = '7Isc 2 (RallRsh)' RaRsh (23) 

(29)  
and the motor . s t a r t i n g  t o r q u e  r a t i o  ( E q s .  ( 2 0 )  
and ( 2 3 ) )  i s :  I-, 

Using  Eqs. ( 2 6 )  and (29) .  t he  motor s t a r t i n g  cur -  
2 (Ra11Rsh)2 r e n t  i s :  

- T s t  'sc  RaRsh ( 2 4 )  1 12 

(30)  
Tn - ('M - $) 2 

I n  the  p r e v i o u s  s e c t i o n  we have c a l c u l a t e d  the 
s t a r t i n g  to rque r a t i o s  o f  the  d i f f e r e n t  dc motors 
when an MPPT was n o t  i n c l u d e d  i n  the  sys tem.  The 

Equation ( 2 4 )  can be approximated by 'M > >  If and 
Rsh > )  Ra r e s u l t i n g  i n :  

s t a r t i n g  t o r q u e  i s  inc reased when an MPTT i s  
i n c l u d e d  i n  the  system, the  amount o f  which depends 

(") on the  motor  t ype .  The m a g n i f i c a t i o n  of t he  s t a r t -  
i n 9  to rque w i l l  now be c a l c u l a t e d .  We d e f i n e  a 
t o i q u e  m a g n i f i c a t i o n  f a c t o r  r n ~  by the  r a t i o  of 
the  start.ng torque with an MPPT to the starting 
torque without an MPPT: 

Th is  r a t i o ,  a c c o r d i n g  t o  Eq. ( 1 1 )  i s  6.14, f . e . ,  the  
s t a r t i n g  t o r q u e  r a t i o  o f  the  shunt motor i s  v e r y  low 
and i s  u s u a l l y  n o t  s u f f i c i e n t  to  overcome the  s t a r t -  
i n g  t o r q u e  o f - t h e  mechanism. This low va lue  i s  
a t t r i b u t e d  by the  low f i e l d  c u r r e n t  a t  s t a r t i n g  
caused by the  low v o l t a g e  a t  the motor t e r m i n a l s  
( E q .  (13)). 

THE M A G N I F I C A T I O N  OF THE MOTOR STARTING 
TORQUE BY AN MPPT 

By match ing  the  s o l a r  c e l l  a r r a y  t o  the  motor 
by means o f  a maximum power p o i n t  t r a c k e r  ( M P P T ) ,  
t he  motor  o p e r a t i o n  can be improved. The MPPT con- 
s i s t s  o f  a power p r o c e s s i n g  c i r c u i t .  as Buck, B u c k /  
Boost ,  o r  Boost  181 c i r c u i t s ,  c o n t r o l l e d  by a s i g -  
na l  c i r c u i t  u n i t  which d r i v e s  the  power p rocess ing  
c i r c u i t  such t h a t  the  s o l a r  c e l l  a r r a y  operates a t  
i t s  maximum power p o i n t ,  VM and IM. The power 
p r o c e s s i n g  c i r c u i t  o f  the  MPPT can be modeled by a 
c o n t r o l l e d  t i m e - v a r i a b l e - t r a n s f o r m e r  (TVT)  191 i n  
which the  t r a n s f o r m a t i o n  r a t i o  k i s  changed con- 
t i n u o u s l y ,  cor respond ing  t o  v a r i a t i o n  i n  the l oad  
o p e r a t i n g  p o i n t .  
c e l l  a r r a y ,  an MPPT and a dc motor i s  shown i n  
F i g .  3. The motor  i s  represented  by the  e .m. f .  
E and the  armature c i r c u i t  r e s i s t a n c e  R ;  t he  TVT 

A system c o n s i s t i n g  o f  a s o l a r  

Ts t  w i t h  MPPT 
( 3 1 )  mT ,= TSt w i t h o u t  MPPT 

Permanent Magnet Motor  

The motor s t a r t i n g  t o r q u e  i s  p r o p o r t i o n a l  to  
the  motor s t a r t i n g  c u r r e n t ,  t h e r e f o r e ,  from 
Eqs. ( 4 ) .  ( 1 1 ) .  ( 1 2 ) ,  and (29). the  to rque magni- 
f i c a t i o n  i s :  

S e r i e s  E x c i t e d  Motor 

the square of the  armature s t a r t i n g  c u r r e n t ,  t h e r e -  
f o r e ,  f r o m  Eqs. (5). ( 1 1 8 ,  ( 1 2 ) ,  and ( 3 0 ) ,  t he  
to rque m a g n i f i c a t i o n  i s :  

The motor s t a r t i n g  t o r q u e  i s  p r o p o r t i o n a l  t o  

3 



I Shunt E x c i t e d  Motor 
i 
l i s  RaIIRsh. The motor s t a r t i n g  c u r r e n t  i s  g i v e n  

A t  s t a r t i n g ,  t h e  e q u i v a l e n t  motor r e s i s t a n c e  I 
~ by Eq. (30), i . e . ,  

an a r b i t r a r y  i n s o l a t i o n  S t o  t h e  s t a r t i n g  to rque 
a t  a r e f e r e n c e  i n s o l a t i o n  Sr, i . e . ,  

The to rque f a c t o r  for  t h e  v a r i o u s  motor t ypes  as 
f u n c t i o n  of t h e  i n s o l a t f o n  are :  

( a )  Permanent magnet motor (Eqs. (4), (38). 
and (39)) 

I Accord ing  to t h e  c u r r e n t  d i v i d i n g  r u l e ,  the  arma- 
t u r e  c u r r e n t  a t  s t a r t i n g  i s :  

(34) 
t (S)  = ($-) 

l and t h e  f i e l d  c u r r e n t  a t  s t a r t i n g  i s :  

(36) 

The motor s t a r t i n g  to rque i s  p r o p o r t i o n a l  t o  t h e  
armature and the  f i e l d  c u r r e n t s ,  u s i n g  E q s .  ( 1 1 ) .  
( 2 1 ) .  (22) .  135). and (36). t h e  torque magn i f i ca-  
t i o n  f a c t o r  i s :  

I 
I 

i . e . ,  t h e  same va lue  as f o r  t h e  s e r i e s  motor .  

VARIATION OF MOTOR STARTING TORQUE 
WITH INSOLATION 

I 
I 

As t h e  s o l a r  i n s o l a t i o n  v a r i e s  d u r i n g  t h e  day, 
t h e  motor s t a r t i n g  to rque w i l l  v a r y  a c c o r d i n g l y .  
We w i l l  aga in  d i s t i n g u i s h  between systems w i t h  and 
w i t h o u t  MPPT's. 

Motor S t a r t i n g  Torque Wi thout  An MPPT 

A t  s t a r t i n g ,  t h e  motor c u r r e n t  i s  approx i -  
m a t e l y  the  s o l a r  c e l l  a r r a y  s h o r t  c i r c u i t  c u r r e n t ,  
Eq. ( 1 2 ) .  and s i n c e  t h e  a r r a y  short c i r c u i t  c u r r e n t  

~ i s  l i n e a r i l y  p r o p o r t i o n a l  t o  the  s o l a r  i n s o l a t i o n ,  

p r o p o r t i o n a l  t o  t h e  s o l a r  i n s o l a t i o n ;  

~ 

I t h e  motor  s t a r t i n g  c u r r e n t  i s  thus  a l s o  l i n e a r i l y  

(38) I S t  - I S C  s 
I = y  

'5t.r - I s c , r  
- - -  

where S and Sr a r e  an a r b i t r a r y  and r e f e r e n c e  
i n s o l a t i o n ,  r e s p e c t i v e l y ,  Isc and Isc,r a r e  the  

and S r .  r e s p e c t i v e l y ;  and r denotes r e f e r e n c e .  
We def ine  an i n s o l a t i o n - s t a r t i n g - t o r q u e - f a c t o r  
t ( S )  by t h e  r a t i o  o f  t h e  motor s t a r t i n g  to rque a t  

I a r r a y  s h o r t  c i r c u i t  c u r r e n t s  corresponding t o  S 

I 

( b )  S e r i e s  e x c i t e d  motor (Eqs. ( 5 ) .  ( 3 8 ) ,  
and (39)) 

2 
t ( S )  - Q) 

( c )  Shunt e x c i t e d  motor (Eqs. (6). ( 3 8 ) ,  
and (39)) 

2 
t ( S )  = ($-) 

(40) 

(41) 

(42) 

The r e s u l t s  show t h a t  t h e  s t a r t l n g  t o r q u e  r a t i o  of  
t h e  permanent magnet motor  i s  l e s s  s e n s i t i v e  t o  
i n s o l a t i o n  v a r i a t i o n  than t h e  s e r i e s  and shunt  
e x c i t e d  motors .  

Motor  S t a r t i n q  Torque w i t h  an MPPT 

The o p e r a t i n g  p o i n t s  o f  a system i n c l u d i n g  an 
MPPT w i t h  v a r y i n g  i n s o l a t i o n  a r e  a l o n g  t h e  maximum 
power l i n e  o f  t h e  s o l a r  c e l l  a r r a y .  The v a r i a t i o n  
o f  the  a r r a y  v o l t a g e  i s  approx imate ly  l o g a r i t h m i c  
dependent w i t h  i n s o l a t i o n ;  and i f  we assume a con- 
s t a n t  motor v o l t a g e  Vm. t o  some degree o f  accu- 
r a c y ,  t h e  motor  s t a r t i n g  c u r r e n t  accord ing  to 
Eqs. ( 1 1 )  and (30) may be w r i t t e n  as: 

and a c c o r d i n g  t o  Eqs. ( I t ) ,  (35). and (36) 

where c8 - C 1 1  a r e  cons tan ts .  

The to rque f a c t o r s  for  the  v a r i o u s  motor 
types i n  systems i n c l u d i n g  MPPT's become: 

( a )  Permanent magnet motor  (Eqs. (4), (39), 
and (43)) 

(45) 
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( c )  Shunt e x c i t e d  motor (Eqs. (6 ) .  (39) .  
and ( 4 4 ) )  

Permanent 
magnet 

(47)  

S e r i e s  Shunt 

The r e s u l t s  show t h a t  t h e  s t a r t i n g  to rque o f  t h e  
permanent magnet motor  i s  l e s s  s e n s i t i v e  t o  i n s o l a -  
t i o n  v a r i a t i o n  than t h e  s e r i e s  and shunt  e x c i t e d  
motors.  Another i m p o r t a n t  r e s u l t  for a l l  motor  
types i s  t h a t  systems i n c l u d i n g  MPPT's a r e  l e s s  
s e n s i t i v e  t o  i n s o l a t i o n  v a r i a t i o n  than systems 
w i t h o u t  MPPT'-s. These can be seen by comparing 
Eq. (40)  w i t h  (45) .  Eq. (41)  w i t h  (46) .  and 
Eq. (42)  w i t h  (47) .  for  t h e  permanent magnet, 
s e r i e s  and shunt  e x c i t e d  motors.  r e s p e c t i v e l y .  

CONCLUSIONS 

The s t a r t i n g  to rque r a t i o  and the  v a r i a t i o n  
o f  t h e  s t a r t i n g  to rque w i t h  i n s o l a t i o n  o f  t h e  per -  
manent magnet, s e r i e s  and shunt e x c i t e d  dc motors 
powered by s o l a r  c e l l  a r r a y s  were c a l c u l a t e d  for 
systems w i t h  and w i t h o u t  a maximum-power-point 
t r a c k e r  ( M P P T ) .  The s t a r t i n g  to rque m a g n i f i c a t i o n  
f a c t o r  mT was d e f i n e d  by t h e  r a t i o  o f  t h e  s t a r t -  
i n g  to rque o f  the  motor w i t h  an MPPT to  t h e  s t a r t -  
i n g  to rque w i t h o u t  an MPPT. The r e s u l t s  a r e  
summarized i n  Table I and shows t h a t  h i g h  magni- 
f i c a t i o n  o f  the  s t a r t i n g  to rque of dc motors i s  
o b t a i n e d  i n  systems i n c l u d i n g  M P P T ' s .  A l though 
t h e  to rque m a g n i f i c a t i o n  o f  the  shunt e x c i t e d  
motor i s  h i g h ,  t h e  s t a r t i n g  torque remains low, 
i . e . ,  l e s s  than t h e  r a t e d  to rque.  Another  impor- 
t a n t  r e s u l t  i s  t h e  e f f e c t  o f  i n s o l a t i o n  on t h e  
motor s t a r t i n g  t o r q u e  i n  systems i n c l u d i n g  MPPT's. 
A l l  motor  types a r e  l e s s  s e n s i t i v e  t o  s o l a r  i n s o l a -  
t i o n  v a r i a t i o n  i n  systems i n c l u d i n g  MPPT's as com- 
pared t o  systems w i t h o u t  MPPT's. T h i s  r e s u l t  i s  
summarized i n  Table 11. The r e s u l t s  o f  the  present  
s tudy  were o b t a i n e d  for  a l i n e a r  motor model. The 
a n a l y s i s  p resented  may a s s i s t  the PV system des igner  
t o  determine t h e  s t a r t i n g  torques and t h e i r  v a r i a -  
t i o n  w i t h  i n s o l a t i o n  for t h e  d i f f e r e n t  dc motor 
types when M P P T ' s  a r e  i n c l u d e d  i n  t h e  systems. 

TABLE I. - STARTING TORQUE R A T I O  OF DC MOTORS 

1.2 I 3.17 1 i:;; 1 ':;; 1 Wi thout  MPPT 
Wi th  MPPT 
M a g n i f i c a t i o n  2.64 6.94 6.94 

I I 

REFERENCES 

1.  S i r  W i l l i a m  Halcrow and P a r t n e r s ,  "Small-Scale 
Solar-Powered Pumping System: The Technology, 
I t s  Economic and Advancement." UNDP P r o j e c t  
GL0/80/003, U n i t e d  N a t i o n s  Development Program, 
Executed b y  The World Bank, June 1983. 

2 .  Y . R .  Hsiao.  B . A .  a l e v i n s ,  " D i r e c t  C o u p l i n g  of  
P h o t o v o l t a i c  Power Source t o  Water Pumping 
System," S o l a r  Energy, v o l .  32. no. 4, 
pp. 489-498, 1984. 

3. W.R. An is ,  R.P. Mertens, R.J. Van Overs t rae ten .  
"Coup l ing  of a V o l u m e t r i c  Pump t o  a Photo- 
v o l t a i c  Ar ray , "  Solar C e l l s ,  v o l .  14. 
pp. 27-42. 1985. 

4. D . L .  P u l f r e y ,  P.R.B. Ward, W.G. Dunford, "A 
Photovol ta ic-Powered System for Medium Head 
Pumping," E i g h t e e n t h  I E E E  P h o t o v o l t a i c  
S p e c i a l i s t s  Conference, P iscataway,  NJ: IEEE. 

5.  J. Appelbaum. " S t a r t i n g  and Steady-State Char- 
a c t e r i s t i c s  of DC Motors Powered by S o l a r  C e l l  
Generators . "  I E E E  Trans. Energy Convers ion,  
v o l .  EC-1. no. I ,  pp. 17-25. 1986. 

6 .  J.P. Dunlop, " A n a l y s i s  and Design O p t i m i z a t i o n  
of P h o t o v o l t a i c  Water Pumping Systems," Twen- 
t i e t h  I E E E  P h o t o v o l t a i c  S p e c i a l i s t s  Conference, 
P iscataway.  NJ: I E E E ,  1988, pp. 1182-1187. 

7. 5. Singer ,  A .  B r a u n s t e i n ,  "The Maximum Power 
T r a n s f e r  f rom a N o n l i n e a r  Energy Source to  an 
A r b i t r a r y  Load." I E E  Proc.  P a r t  C Genera t ion  
Transmiss ion D i s t r i b u t i o n ,  v o l .  134. no. 4, 

8. R.D. Midd lebrook .  "Small  S i g n a l  Mode l ing  o f  
Pu lse  Width Modulated Swi tched Mode Power 
Conver te rs . "  Proc .  I E E E ,  v o l .  76, no. 4 ,  

1985, pp. 1637-1 642. 

pp. 281-287. 1987. 

PO. 343-354, 1988. 

9. 5. S i n g e r ,  "Canonlca l  Approach t o  Energy 
Process ing  Network Synthes is . "  I E E E  Trans 
C i r c u i t s  Systems, vol. CAS-33, no. 8 ,  
pp. 767-774, 1986. 

TABLE 11. - INSOLATION STARTING TORQUE FACTOR 

OF DC MOTORS 

magnet 

Wi th  MPPT 

5 



( a )  (b)  t C )  
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116. Abstract 

Direct current (dc) motors are used in terrestrial photovoltaic (PV) systems such as in water-pumping systems for 
irrigation and water supply. Direct current motors may also be used for space applications. Simple and low weight 
systems including dc motors may be of special interest in space where the motors are directly coupled to the 
solar cell array (with no storage). The system will operate only during times when sufficient insolation is avail- 
able. An important performance characteristic of electric motors is the starting to rated torque ratio. Different 
types of dc motors have different starting torque ratios. These ratios are dictated by the size of solar cell array, 
and the developed motor torque may not be sufficient to overqome the load starting torque. By including a 
maximum power point tracker (MPPT) in the PV system, the starting to rated torque ratio will increase, the 
amount of which depends on the motor type. The paper deals with the calculation of the starting torque ratio of 
the permanent magnet, series and shunt excited dc motors when powered by solar cell arrays for two cases: with 
and without MPPT’s. Defining a motor torque magnification by the ratio of the motor torque with an MPPT to 
the motor torque without an MPPT, one may get a magnification of 3 for the permanent magnet motor and a 
magnification of 7 for both the series and shunt motors. The study deals also with the effect of the variation of 
solar insolation on the motor starting torque. A11 motor types are less sensitive to insolation variation in systems 
including MPPT’s as compared to systems without MPPT’s. The analysis of this paper will assist the PV system 
designer to determine whether or not to include an MPPT in the system for a specific motor type. 


