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A B S T R A C T  : 

The p u r p o s e  of t h i s  a r t i c l e  i s  t o  p r e s e n t  t h e  a p p l i c a t i o n  

of  a new m o d e l l i n g  method t o  d e t e r m i n e  t h e  p a r a m e t e r s  of  a 

d i g i t a l  p r o p o r t i o n a l  - i n t e g r a l  c o n t r o l l e r  f o r  t h e  c u r r e n t  of  a 

s e p a r a t e l y  e x c i t e d  D.C.  motor  f e d  by d . c .  chopper .  T h r e e  

modes of  o p e r a t i o n  of chopper  a r e  c o n s i d e r e d ,  d u t y ,  commutation 

and f r e e w h e e l i n g .  A n o n - l i n e a r  d i s c r e t e  model i s  o b t a i n e d  from 

which a  l i n e a r i s c d  d i s c r e t e  model i s  deduced.  The c h a r a c t e r -  

i s t i c  e q u a t i o n  of  t h e  sys tem i s  t h e n  d e t e r m i n e d .  The e x p r e -  

s s i o n s  of  c o n t r o l l e r  p a r a m e t e r s  a s  a f a n c t i o n  of  t h e  r e q u i r e 6  

p o l e s  i s  g i v c n .  T o  ~ l i c v k  t I l l *  I nrr~tl t r; a program of  s i m u l a t i o n  

i s  made t o  ( j o t  t l l t l  c l i t t t r ~ i t  t r  .I- I I I I I *  ( I I I C  t o  s t e p  change i n  

c u r r e n t  r e f  GI-oncc.  

1,  I N T R O D U C T I O N :  

The s y s t e m s  i n c l u d i n g  s t a t i c  c o n v e r t e r s  a r e  u s u -  

a l l y  n o n - l i n e a r  and sampled d a t a  b u t ,  o f t e n  a r e  approx imated  

by l i n e a r  c o n t i n u o u s  models ( 1  I .  I n  t h e s e  models  t h e  non - 



3, MODELLING PRINCIPLE 1[21:  -- 

The o p e r a  t i o n  
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of any s t a t i c  c o n v e r t e r  c a n  be 

c o n s i d e r e d  as  r e p e t i t i v e  c y c l e s  e a c h  o f  which may be dev ided  

i n t o  s e v e r a l  i n t e r v a l s  c a l l e d  modes. The  equations of t h e  

s y s t e m  and its s t a t e  v a r i a b l e s  d i f f e r  from one mode t o  a n o t h e r .  

The problem is f i r s t l y  how t o  d e t e n x i n e  r e c u r r e n c e  e q u a t i o r , ~  

r e p r e s e n t i n g  t h e  d i f f e r e n t  modes which i s  v a l i e d  o v e r  t h e  vilole 

mode. Secondly  how t o  d e t e r m i n e  t h e  j o i n i n g  r e l a t i o n s  e . g .  

which c a n  provid  a  s o l u t i o n  a t  t h e  end of  one  mode and t h e  

b e g i n i n g  of t h e  n e x t  mode. Then we can  d e t e r m i n e  a recurrence 

e q u a t i o n  f o r  a b a s i c  c y c l e  o f  t h e  sys tem.  

Let .  u s  c o n s i d e r  a mode K of p e r i o d  
TK = (tn , t:) and  t h e  

s t a t e  v a r i a b l e  is X 
K ' The l i m i t  s t a t e s  a r e  the i n i t i a l  

[XX i tn) , t n l  a n d  t h e  f i n a l  [XK (t,;) , t;] 
The d e f e r e n t i a l .  e q u a t i o n  of t h i n  mode i s  

+ G K X K  = yK(t) t G (t, , t,: . .  . ( 7 )  

a n d  i t s  s t a t e  e q u a t i o n  i s :  

w i t h  

AX = - - 1 
F~ G~ and EK = F~ 

- 1 
XK 

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

- t '  AK m u l t i p l y i n g  b o t h  s i d e s  of  rq11nt:ion ( 3 )  by e  n  w e  gck  



w i t h  

- 
The E f u n c t i o n  i s  i n v a r i a n t  on t h e  t r a j e c t o r y  ( X ( t ) ,  t )  i t s  

v a r i a t i o n  v e r i f i e s  

w i t h  

where 

'' ( t )  -K 

4,  THE SYSTEM E Q U A T I O N S  

F i g u r e  ( 2 )  : Tho wnvc fo rms  of t h e  a r m a t u r e  

ant1 c:n]~ncitor v o l t a g e s .  
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I ' igure (21 s l l o w ~  tl!e \qcivt* I of  t h e  a r m a t u r e  v o l t a g e  

and v o l t a g e  a c r o s s  t h e  ~ a p < l c i t o r  of  t h e  choplJer. ~l~~ 

i t  shows t h e  c o n s i d e r e d  t h e  modes ,  d l l t ~  ( a )  , Coiutation ( b )  

and f r e e w h e e l i n g  ( c )  . 

4 . L  THE MOTOR AND CHOPPER EQUATIONS: 

. MODE A :  ( d u t y )  
-- 

The normal c o n d u c t i o n  m ~ d e  of - o r  ta = tn+;;-l , 

@ d o  n o t  cons ic ie r  t h e  o s c i l l a t i o n  of  t h o  v o l t a g e  v *liich ilas 
C 

no e f f e c t  on t h e  s17s tern. From f i g u r e  ( 3  ) we can  w r i t e  

d  i 
s.- + r i  = ( E  - E  . . ( 8 )  

cl t 

d i  ( E ~ - E ~ )  - = -  - +  
L & .. . ( 9 )  

d t  

The s t a t e  v a r i a b l e  xa = (i)  rind 
(Ei'E ) - -r 
bT 

A. - - )  , ", = -O- F i g u r e  ( 3 )  :The e q u j v e l e n t  c j . r c u i t  
R R 

MODE B:  - 
The commutation i n t e r v a l  of  d u r a t i o n  tb=tl- t  . 

n  n From F i g .  ( 4 )  : The e q u a t i o n s  in t h i s  mode a r e :  

F i g u r e  ( 4 )  : The e q u i v a l e n t  ci ,cL1it  

of  chopper  i n  mode b . 



O r  i n  m a t r i x  fo rm,  

E q u a t i o n  ( 1 0 )  c a n  b e  w r i t e n  i n  s t a t e  

The s t a t e  vcc Lor J n XI, 

THE MODE C: 

e q u a t i o n  form:  

The f r e e w h e e l i n g  i n t e r v a l  of  d u r a t i o n  t = t: - t: 
C 

From f i g .  (5 )  t h e  e q u a t i o n s  a r e :  
r 

d .i 
R - t r i = -  . . . ( 1 2 )  

Eo 
d t t 
d i - -  E0 - -3-- 
dt R 

. . . ( 1 3 )  E. 

w i t h  

F i g u r e  ( 5 )  : The e q u i v a l e n t  
' c i r c u i t  o f  
of c h ~ p p e r  c . 



l i n e a r  e f f e c t s  a r e  n e g l i g i b l e  and t h e  band w i d t h  i s  n o t  t o o  

l a r g e .  F o r  t h e  c a s e s  where  t h e s e  3assumpt ions  a r e  not-. a p p l i c a b l e ,  

p r e v i o u s  works [ 21  a n d  [ 3 ] ,  p r e s e n t e d  a  s y s t e m a t i c  method t o  

e s t a b l i s h  t h e  r i g o r o u s  n o n - l i n e a r  model and t h e  l i n e a r i s e d  

model a b o u t  a s t e a d y  s t a t e  o p e r a t i n g  p o i n t .  Using t h i s  meth- 

o d ,  c a l c u l a t i o n s  have  been  c a r r i e d  o u t  t o  d e t e r m i n e  t h e  pararn- 

e t e r s  o f  a  d i g i t a l  c u r r e n t  and s p e e d  c o n t r o l l e r s  f o r  d . c .  motor 

f e d  by t h y r i s t o r  b r i d g e  [ 4 ] ,  [ S I .  I n  t h i s  p a p e r  t h e  problem 

i s  d i f f e r e n t  w e  t r y  t o  a d a p t e  t h e  g e n e r a l  method i n  [ 2 1  t o  

t h e  c a s e  where t h e  motor  i s  f e d  by t h y r i s t o r  c h o p p e r  and n o t  

t h y r i s t o r  b r i d g e .  The model of  t h e  motor  a n d  chopper  i s  

deduced i n  t h e  form of r e c u r r e n c e  e c i ~ i a t i o n s  where t h e  d i g i t a l  

c o n t r c ) l l e r  i s  e x p r e s s e d  d i r e c t e l y  i n  r e c u r r e n c e  form.  

A l i n e a r i s e d  model of  t h e  syntcm i s  o b t a i n e d  hy  l i n e a r i s i n g  

t h e  n o n - l i n c n r  model a round  n ntcady s t a t e  o p e r a t i n g  p o i n t .  

The  c h a r a c t e r i s t i c  e q u a t i o n  of I l l r ?  nystem i s  t h e n  o b t a i n e d ,  

f rom which t h e  c o n t r o l l e r  p a r a m e t e r s  a r e  c a l c u l . a t e d  f o r  t h e  

d e s i r e d  r e s p o n s e .  A c o m p l e t e  program of  s i m u l a t i o n  i s  

deve loped  t o  s t u d y  t h e  b e h a v i o u r  of t h e  s y s t e m ,  t a k i n g  i n t o  

c o n s i d e r a t i o n  a l l  t h e  d i s c o n t i n u i t i e s  which may b e  o c c u r  i n  

t h e  sys tem.  

2 .  DISCRIPTION OF .THE SYSTEM: 

The sys tem i s  shown i n  F i y u r e  [ I ] .  It c o n s i s t s  

of a  s e p a r a t e l y  e x c i t e d  d . c .  motor  f e d  by c h o p p e r .  The f i r i n g  

p u l s e s  f o r  t h e  a u x i l i a r y  and main t h y r i s t o r  a r e  g e n e r a t e d  by 

d i g i t a l  i m p u l s e  g e n e r a t o r .  The i n p u t  t o  t h e  impulse  g e n e r a t o r i s  

t h e  o u t p u t  of a  d i g i t a l  P.1 c o n t r o l l e r .  
* 

F i g u r e  ( 1 )  : The b l o c k  d iagram of  t h e  sys tem.  



The t h r e e  mode:; a r e  s e p a r a t e d  by t h r e e  e v e n t s ,  two e s t c l - n n l  

e v e n t s ,  t h e  f i r i n g  of t h e  t h y r i s t o r s  a n d  a n  i n t e r m l .  event:, t h e  

t u r n i n g  on of t h e  freewheeling d i o d e  (F i -gu re  2 ) .  

T h e  r e c u r r e n c e  e q u a t i o n s  o f  c1.c m o t o r  and  t h e  c h o p p e r  

a r e :  

4,2 : THE COGY R O L L E R  EQUAT I ONS : - 

From F i g u r e  ( 1 )  the c o n t r o l l e r -  e q u a t i o n s  c a n  be w r i t t e n  

d i r e c t l y  i n  t h e  f o l l o w i n g  d i s c r e t e  fo rm.  

u ( t - . " )  - u(tl;-, ) = n  0 [ R e f  (I) - i(t;;-l 1 -  . . . ( 1 7 )  

5- 1 = K [u ( t ; - ,  1 - i(tl;-l I . . . ( 1 8 )  

4 , 3 ,  THE LlNEARISED MODEL: 

Equat i .011~ ( 1 4  t o  1 6 )  c a n  be l i n e a r i s e d  asouncl a s t e a d y  

s t a t e  o p e r a t i n g  p o i n t  d e f i n e d  by:  

and  nay be w r i t t e n  a s  fo l lows :  

?'he l i r i ca r i sed  model of t h e  d.c mot-.or and  t h e  chopper w i l l  be 

the e q u a k i n n s  ( 1 9 !  , ( 2 0 )  and  (21  . T h e  j o j n i r l q  r e ln t i o~ l : :  it 
ca ' 

Rab a n d  Rb- n e c e s s a r y  t o  d e s c r i b e  tile y l o b a l  poin t -  maping:  
L 



li) Rbc ( a t  t h e  i n s t a n t  til) : 
Assuming t h a t  t h e  r e l a t i o n  hetwccn t h e  s t a t e  v c c t o r  a t  t ! ~ c  end 

of mode b and t h e  s t a t e  v c c t o r  a t  t h e  begining of mode c i s :  

X = -c Ccb 2;:) 

we can write also 

1P D C ~ ,  "'b C'h , 'I c q  = rlcl, G), cLc 
Using t h e  above r e l a t i o n s  and t h e  clef i n i i o n s  of ( B ~  (t;) 

and 6 Cb (t;) from e a u a t i o n  ( 7 )  t h e  foli.uwing joing r e l a t i o n  

Rbc can be w r i t t e n  a s :  

(ii) Rab ( a t  t h e  i n s t an t :  t,) : - - 
The cornmutat:l.on mode hegills a t  a f ixcd  in s t an t :  t ( i.e. 5t. = s )  , 

17 I1  
Then us ing  e a u a t i o n  ( 7 )  f o r  modes ( a )  and (b) : 

Now suppose t h a t  t h e  s t a t e  v e c t o r  & i s r e l a t e d  by Lhe fol.l.owinc~ 

e q u a t i o n  wi th  t h e  s t a t e  v e c t o r  Xa : 

The v a r i a t i o n  of e a u a t i o n  ( 2 5 )  around the s t e a d y  s t a t e  p o i n t  5s :  



I f rom e q u n t i o n ( 2 j ) , ( ~ 4 , )  and ( 2 6 )  wc c a n  wri te  t h e  j o i n g  r e l a t i o n  R 

-tn Ab tn Aa a b  6 Eb ( tn)  = e "ba @ 6 E o  ( tn) . . .  .. . 127) 

( i i i )  H a t  t h e  i n s t e n t  (t; - 1 ) :  
C; a  -- 

The r e l a t i o n s  be tween  s t a t e  v e c t o r s  Xa (t: - 1 )  a n d  X (i.; - I ]  
C 

c a n  be w r i t t e n  a s :  

Xa ( t ; S - 1 )  = Ha, Xc ( t i - - 1  ) w i t h  I1 - ( I  ) 
ac  

4.4. D E T E R i l l t l i i T l O N  OF THE LIMEARISFLI  H O D E L  F O R  i i i E  D.C. I.IOTOR AliD - -- 

C I I O P P E R :  

The j o i n i n g  r ecu r t - cnccR e q u a t i o n  ( 2 2 )  c a n  be t c r i t t c n  in 
b c 

thc f o l l o w i n g  from u s i n g  equations ( 1 9 )  and  ( 2 0 ) .  

e l e m i n a t h g  6 Eb (t,) f rom equati.011 ( 2 9 )  u s i n g  e q u a t i o n  ( 2 7 ) ,  

u s i n g  'ihc r e c u r r e n c e  e q u a t i o n  o f  mode a  , R ( e a u a t i o n  21)  a  
and t h c  r e l a t i o n  ( 2 8  1 t h e  1 i n e a r i s e d  r e c u r r e n c e  e q u a n t i o n  of the 

s y s t e m  ( m o t o r  - c h o p p e r )  c a n  b e  o b t a i n e d :  

I n  e q u a t i o n  ( 3 1 )  Xc i s  rcplacct l  Ly i a n d  the  g e n e r a l  fo rm of t h e  - 

l i n e n r s c d  r e c u r r e n c e  e q u a t i o n  i s  g i v e n  b y :  



A; B ,  C a r c  g iven  i n  appendix. 

The l i n e a r i s e d  equat ions of t h e  c o n t r o l l e r  i s  deduced d i . r e c t l y  

from (17)  and (18)  a s  f o l l o w s :  

6 
u (t;-,) - ? i (t.;- 1 = ; (ti;-, ) . . .  (35) 

4 , 5 ,  THE CHAEACTER I ST I C E Q U A T I O N  OF THE SY STEII : 

1.. 

Using thc :. t ransform i n  e c p a t i o n s ( 3 3  LO 3 5 ) ,  t h e  c h a r s c t r i s e c  

equat ion  i lie system (motor -- chopper - cont l -o l lc l - )  may he 

w r i t t e n  a s :  

assuming t h z t  t h e  d e ~ l  I (?(I ) :01  2 1  1 1 1 1 1  syritcrn a r e  Z a n d  Z 2  . I 

Then t h e  c o n t r o ~ l e r  p a r a n c t r r s  can be w r i t t e n  a s  a func t jon  

of t h e  f ies i red  p o l e s :  

f o r  f a s t  response  we w i l l  dctcrrnine t h e  controller paramet-er 

f o r  t h e  deadbeat  response  i e  Z - Z = o , then  
1 2 



5, S I M U L A T I O N :  

A program o f  s i m u l a t i o l i  i s  w r i t t e n  b a s e d  on Runqe k u t i a  

n l lmer i ca l  i~ l e thod  t o  s o l v c  t h e  d i f f e r e n t i a l  e q u a t i c ~ i e  of eac i ;  

i n t e r v a l .  The d i g i t a l  c o n t r o l l e r  e q u a t i o n s  a r e  used a t  t h e  end  

o f  commuta t ion  i n t e r v a l  t o  c a l c u l a t e  t h e  f i r i - n g  i n s t a n t  of  
t h y r i - a t o r  T, ( t h e  b ~ g i n i n g  o f  t h e  d u t y  i n t e r v a l . ) .  The process of  
s i m u 1 a t i o n i . s  p r e s e n t e d  by t h e  f o l l o w i n g  f l o w  c h a r t  (Fi.gu1-e 6): 

--.- - 
- - - 

I-- ------7 

INLT~LIZATION I-J 
i n t e r v a l  

1 J 

I v e s  

Duty i n t e r v a l  ru 
1-q-$ 

ves  



6 ,  R E S U L T S :  -- 
The d . c  motor  h a s  t h e  Zol lowing c h a r a c t e r i s t i c s  

r = 8 o h m  I 1 1 = 3 3 , 6 1 n H  I K i  = 1 ~ o l t j ~ m p .  

and t h e  c h o p p e r  h a s  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s  

c =  1 0  1 . F  , Ei = 100 V o l t .  

The  p a r n m e t c r s  of tlie d i g i t a l  c o n t r o l l e r  a r c  r n l c u l a t e d  f o r  an  

o p e r a t i n g  p o i n t  g i v e n  by i(t;) = I. = 3 8 1 2  A and t h e i r  v a l u e s  

are K = 0.022 Ir = 0.81 for d e a d b d n t  I ~ s p o n s e .  
-uy 

The s i m u l a t i o n  r e s u l t s  a r e  g i v e n  by F i g u r e  ( 7 )  which illustrates 

t h s  m s t w  n r m a t u r e ; . c u r r e n t  duo t o  s t e p  change  i n  c u r r e n t  rcferc?.n.cc.. 

F i g .  ( 7 ) :  The motor  c u r r e n t  r e s p o n s e  of  t h e  d , c .  c h o p p e r  

for s t e p  change i n  c u r r e n t  x e f e r c n c e .  

7 ,  C O N C L U S I O N :  

The u s e  o f  F l i . c r o p r ~ x e c s e r  n e c e s s i k a t e s  soph i s t j . ca tec i  nlocicl of 

t h e  co.nt:rol s y s t e m s .  

T h i s  paper p r c s c n t s  n new a p p l i c a t i o n  of  a g e n c r a l  method  of 

m o d e l l i n g  f o r  c o n t r o l  sys tem i n c l u d i n g  DC - DC c o n v e r t e r s .  The 

f o r m u l a - o f  d i g i t a l  c o n t r o l l e r  parameters  a rc  g j v c n  a s  a  f u n c t i o n  

o f  the d e s i r e d  p a l e s  of  t h e  sytj te~il .  The r c s u l  t s  of s i m u l a t i o n  

c a r r i e d  o u t  on d i g i t a l  computer  s a t i s f i e s  t h e  t h e o r i t i c a l .  r e s u l t s .  

8,  L I S T  OF S Y M P 9 L E S :  

i = I n s t a n t ? i n c o u s  v a l u e  o f  t h e  a r m a t u r e  c u r r e n t .  

I: i = Gain oi c u r r e n t  t r a n s d u c e r .  

K I  ,, = C o n t r o l  1 er p a r a m e t e r s .  

PC: 1 ) Cursc:;C. 2-ef e r e n c e .  
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