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ABSTRACT 

I n  t h i s  paper,  a DC d r i v e  system which employs 
a r e l a t i v e l y  cheap microprocessor i s  b u i l t  and t e s t e d  
considering t h e  discontinuous c u r r e n t  mode of 
operat ion.  Hardware i n t e r f a c i n g  between t h e  microp- 
rocessor  and pe r iphera l  c i r c u i t s  i s  developed. 
Properly shaped and c o r r e c t l y  timed f r r i n g  p u l s e s  
a r e  produced v i a  t h e  software i n s t r u c t i o n s  and cont- 
r o l  components. I n  order  t o  ob ta in  f a s t  response 
and c o r r e c t  speed, a P.1 c o n t r o l l e r  and speed feed- 
back a r e  employed. Tes t  r e s u l t s  a r e  r epor ted ,  and 
i t  i s  shown t h a t  t h e  system can opera te  a t  f ixed  
s teady-s ta te  speed with acceptable  over-shoot d u r i q  
d is turbances .  

1, INTRODUCTION 

The choice of d r i v e  motors f o r  i n d u s t r i a l  app- 
l i c a t i o n s  i s  subjec ted  t o  environmental and opera t -  
ing  condi t ions .  I n  t h a t  r e s p e c t ,  DC motors a r e  s o  
we l l  s u i t e d  t o  many i n d u s t r i a l  d r i v e s .  Also, speed 
c o n t r o l  schemes f o r  DC motonare ,  i n  genera l ,  simp- 
ler and less i n  c o s t  than those  of  AC motors f o r  a 
comparable performance. 

I n  p r i n c i p l e ,  most DC d r i v e s  a r e  speed conrol-  
l ed  v i a  t h e  r egu la t ion  of armature vo l t age  suppl ied  
by t h y r i s t o r  conver ters [ l -81 .  The f i r i n g  angle  of 
t h e  t h y r i s t o r  r e c t i f i e r  is  va r i ed  i n  response t o  an 
e r r o r  s i g n a l  r e s u l t i n g  from t h e  re fe rence  and feed- 
back speed l e v e l s .  Systems a s  such, a r e  u s u a l l y  
desigqed t o  opera te  a t  cons tant  e x c i t a t i o n .  However, 
i n  o rde r  t o  achieve f a s t  response and b e t t e r  perfor-  
mance, t h e  e r r o r  s i g n a l  i s  fed  t o  a c o n t r o l l e r ,  t h e  
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output  l e v e l  of which d i c t a t e s  t h e  f i r i n g  angle  of 
t h e  conver ter ;  a  microprocessor may a i d  reoducing 
c o r r e c t l y  shaped and timed f i r i n g  p u l s e s ~ 3 1 .  

When t h e  speeds of a  number of d r i v e  motors 
must be synchronized t o  each o t h e r  o r  t o  a  c lock 
s i g n a l ,  t h e  hase locked loop p r i n c i p l e  could be P applied [1  t 2  . I n  such an a p p l i c a t i o n  t h e  speed i s  
sensed d i g i t a l l y  v i a  t h e  motor s h a f t  [ * I  . This  method 
of speed c o n t r o l  may provide good r e s u l t s  bu t  employs 
complex c i r c u i t r y .  

I n  r e c e n t  yea r s ,  microprocessors have rap id1  
penetrated new applications inc luding DC d r i v e s  [ 5-1;1 .. 
This has allowed t h e  c o n t r o l  scheme t o  be implemented 
i n  t h e  software which may be modified t o  o b t a i n  d i f f -  
e r e n t  d r i v e  c h a r a c t e r i s t i c s  wi th  minimal o r  no change 
i n  the  hardware. However, t h e  c o s t  of microprocessor 
-based c o n t r o l  system i s  high,  bu t  may become c o s t  
competitive i n  the  near f u t u r e  due t o  t h e  f a l l  i n  
t h e  p r i c e  of such equipment. 

I n  t h i s  paper, a  DC d r i v e  system using a r e l a t -  
ive ly  cheap microprocessor i s  B u i l t  and t e s t e d .  The 
system c o n t r o l  i s  b u i l t  considering t h e  discontinuous 
cur ren t  mode of opera t ion .  The motor f i e l d  i s  sep- 
a r a t e l y  exc i t ed  and t h e  armature i s  fed  from a s ingle-  
-phase t h y r i s t o r  bridge c o n t r o l l e d  bythe microprocessar. 
De ta i l s  of t h e  experimental system a r e  considered 
subsequently. 

2, THE DRIVE SYSTEM COMPONENTS 

A schematic diagram of t h e  DC d r i v e  inc luding 
t h e  con t ro l  components i s  shown i n  Fig.  1 .  The motor 
f i e l d  i s  suppl ied  using uncontro l led  single-phase 
bridge r e c t i f i e r .  The armature vo l t age  i s  regu la ted  
by phase con t ro l  of a  single-phase t h y r i s t o r  br idge  
i n  response t o  t h e  system c o n t r o l  components. 
A speed feedback using tachogenerator  i n  a d d i t i o n  t o  
a  compensation c i r c u i t  ( a  c o n t r o l l e r )  a r e  introduced 
t o  improve response and accuracy of  t h e  system. The 
type and parameters of such a c o n t r o l l e r  a r e  determ- 
ined using t o  t r a n s f e r  c h a r a c t e r i s t i c  of t h e  d r i v e  
system. The c o n t r o l l e r  output  i s  f e d  t o  t h e  micro- 
processor (MP) v i a  an ana loga to -d ig i t a l  conver ter  
( A D C ) .  Also, t h e  MP i s  kept  continuously informed 
about t h e  zero cross ings  of t h e  supply voltage.wave 
v i a  a  synchronizing c i r c u i t .  With t h e  a i d  o f a  devel- 
oped software program, t h e  MP w i l l  a c t  producing 
f i r i n g  pulses  a t  t h e  c o r r e c t  de lay  i n  accordance wi th  
t h e  speed re fe rence  and-operating cond i t ions .  Firing 



Single-phase AC supply 

processor . 

Tachogenerator 

Fig .  1 :  A schematic diagram of t h e  experimental  system. 

pulses  from t h e  MP a r e  fed  t o  t h e  t h y r i s t o r  g a t e s  v i a  
s u i t a b l e  buf fe re ,  power ampl i f i e r s  and p u l s e - t r a n s f o ~ s .  

3 ,  THE CONTROLLER TYPE AND PARAMETERS 

I f  the  armature r e a c t i o n  i s  neglected,- drive 
motor of Fig. 1 ,  can be t r e a t e d  a s  a  linearsystem prod- 
ucing t h e  we l l  &~m block diagram r e p r e s e n t a t i o n  h w w )  
in Fig.2. The motor equat ions  i n  t h e  S-dcmain canbe easily 

w r i t t e n ,  from which the  speed i s  obtained a s ,  
2 

( V a t s )  /k)-Rarr ( s )  ( l+Tes ) /k  
n ( s ) =  2 (1)  

l+Tems + Te Terns 

Te=L&/Ra i s  t h e  e l e c t r i c  time cons tan t ,  and Tem=Ra~/k 2 
is  t h e  electromechanical  time constant .  I f  t h e  d r i v e  
motor is  required  t o  be of cons tan t  speed,  t h e  armat- 
ure  vol tage  should be regula ted  according t o  Eqn. ( 1 ) .  
Due t o  v a r i a t i o n s  i n  t h e  opera t ing  cond i t ions ,  feed- 
back loop and c o n t r o l l e r ,  a s  shown i n  ~ i g .  2, may 
provide automatic speed c o n t r o l  a g a i n s t  changes i n  
opera t ing  cond i t ions ,  e .g.  t h e  motor speed can be 
forced to fol low t h e  reference .  



Motor block diagram I - - - - - - -  - - - - -  - ' I  

Fig. 2  : Block diagram of the DC drive system. 

I n  t h i s  i n v e s t i g a t i o n ,  t h e  motor i s  opera ted  i n  
t h e  discontinuous c u r r e n t  mode, which may, i n  genera l ,  
r e s u l t  i s  a  non l inea r i ty  i n  t h e  g a i n ,  G I  of t h e  thy- 
r i s t o r  r e c t i f i e r .  Experimental r e s u l t s [ 3 ]  have shown 
t h a t ,  using a  ramp vo l t age ,  Vr ,  t o  produce f i r i n g  
pu l ses  delayed according t o  t h e  DC Eontrol  vo l t age ,  
Vc, g ives  a  nea r ly  cons tant  ga in  f o r  f i r i n g  delay  
above 90". Thus, f o r a >  90" t h e  t r a n s f e r  cha rac te r -  
i s t i c  of t h e  employed r e c t i f i e r  can be represented  
by constant  ga in ,  G ,  using t h i s  type of f i r i n g  angle 
con t ro l .  

I f  a  propor t ional  c o n t r o l l e r  having a  ga in  Kc 
i s  used, then from Eqn. (1 ) and Fig. 2 ,  it could be 
shown t h a t ,  

For t h e  d r i v e  system, Tem i s  very l a r g e  compared t o  
Te. Also; K/KCGh << 1 ,  and s o  Eqn.(2)can be reduced 
t o  t h e  form, 

[Ref. (S ) /h ]  - Rarr(S) (I+TeS)/K KcGh 
n (s) = (3)  

1 + ( K T e m /  KcGh) S  

This  i s  a  f i r s t  o rde r  system of t ime cons tan t  
propor t ional  t o  I / K ~ .  I t  fol lows t h a t ,  f o r  a  const-  
a n t  load torque ,  t h e  system response fol lowing 
a step change in the reference speed w i l l  & faster for large 

-- - - - 
values or KC.  o ow ever, 1 reference is f= - . . 
constant  speed i s  de:lEd, Eqn. ( 3 )  indica&se&at there 



may be v a r i a t i o n s  i n  t h e  speed f o r  a  varying load 
torque.  Usinq t h e  f i n a l  va lue  theorem f o r  examinat- 
-- -- 

i o n  of Eqn. ( 3 ) ,  i f  a t  f ixed re fe rence  a s t e p  change 
i n  load torque  i s  appl ied ,  t h e  motor speed w i l l  dev- 
i a t e  fi%m i k s  i n i t i a l  va lue  by an  amount propor t ional  
t o  1 / ~ , .  Thus, a  propor t ional  c o n t r o l l e r  may r e s u l t  
i n  f a s t e r  response but  t h e  speed decreases  a s  t h e  
load t roque inc reases .  

Following a s i m i l a r  procedure a s  above, an in- 
t e g r a l  type c o n t r o l l e r  (I/TS) w i l l  f o r c e  t h e  speed to 
fol low t h e  reference ,  but  t h e  system may not  be s table  
always. However, a  p ropor t iona l  p l u s  i n t e g r a l  (P .1 )  
c o n t r o l l e r  can be designed t o  provide f o r  f a s t  resp-  
onse and constant  speed with reasonable  overshoot  
during d is turbances .  

A block diagram of t h e  c o n t r o l  system i s  shows 
i n  Fig. 3 ,  from which t h e  system t r a n s f e r  func t ion  
can be e a s i l y w r i t t e n .  Since Tem i s  much g r e a t e r  
than  T,, t h e  system t r a n s f e r  func t ion  can be reduced 
t o  t h e  form, 

Put t h e  two system poles  i n  t h e  form, 
S = -  n P +  l F / l - n  2 

Taking t h e  two system pole6 f o r  a  damping r a t -  
i o  of 0.707, which i s  genera l ly  used, and making 
d i r e c t  correspondence with Eqn. ( 4 ' )  t h e r e  r e s u l t s ,  

T + T K / G ~  K~ = /2 / p (5) 
and, 

T T,, K / G ~  K~ = 
2 

(6 1 
Solving Eqns. ( 5 )  and ( 6 )  f o r  T and Kc g ives ,  

and, 
( 9  Tem /2 - 

For t h e  experimental system,p=120 rad/S has 
been found s u i t a b l e .  Considering t h e  system pararn- 
e t e r s  and constants  ( l i s t e d  i n  t h e  appendix) ,  t h e  
c o n t r o l l e r  ga in  and t i m e  cons tant  a r e  Kc=88.5 and 
T=11.46 m s .  The employed c o n t r o l l e r  c i r c u i t  i s -shown 
i n  Fig. 4.  The zener diode i s  used a s  a  l i m i t e r  t o  
t h e  c o n t r o l  vo l t age  V, such t h a t  it should never r i s e  
above t h a t  va lue  which corresponds t o  nea r ly  ze ro  



Fig .  3:  Complete block diagram of  t h e  exper imenta l  
system. 

f i r i n g  angle .  T h i s  gu ran t ee s  s t a b l e  o p e r a t i o n  du r ing  
l a r g e  d i s tu rbances .  

4, DIGITAL CONTROL OF THE THYRISTOR BRIDGE 
Consider  t h e  b lock  diagram shown i n  Fig.  3 ,  and 

t h e  schemst ic  diagram of  Fig.  1. The r e f e r e n c e  
v o l t a g e  i s  compared wi th  t h a t  d e t e c t e d  v i a  t h e  motor 
s h a f t ;  t h e  r e s u l t i n g  e r r o r  s i g n a l  a c t s  on t h e  i n t e g -  
r a l  p a r t  of  t h e  c o n t r o l l e r ,  where t h e  ou tpu t  o f  which 
is  also,compared w i t h  t h e  speed feedback.  The v o l t -  
age r e s u l t i n g  from t h i s  s t a g e  a c t s  on t h e  p ropor t -  
i o n a l  p a r t  o f  t h e  c o n t r o l l e r  producing t h e  c o n t r o l  
v o l t a g e ,  Vc.  Th is  arrangement f o r  t h e  P.1 c o n t r o l l e r  
i s  p r a c t i c a l l y  used t o  ach i eve  f a s t e r  response .  

The ana log  s i g n a l  Vc i s  f ed  t o  t h e  MP v i a  an 
ADC, which conve r t s  it t o  a  d i g i t a l  8 - b i t s .  For  acc-  
u r a t e  f i r i n g ,  a  synchroniz ing  c i r c u i t  ( ze ro -c ros s ing  
d e t e c t o r )  i s  a l s o  used wi th  t h e  MP t o  p r e d i c t  t h e  
r equ i r ed  f i r i n g  ang le  i n  every ha l f -cyc le .  D e t a i l s  
of t h e  ADC and t h e  zero-cross ing  d e t e c t o r  could  found 
i n  Ref. 131. The MP produces f i r i n g  p u l s e s  a s  being 
i n s t r u c t e d  by t h e  so f tware ;  sample r e s u l t s  of  t h i s  
a c t i o n  a r e  shown i n  F ig .  5 .  However, a  b r i e f  de sc r -  
i p s i o n  o f  t h e  so f tware  mechanism i s  g iven  below, b u t  
t h e  complete l i s t  of  t h e  program i s  inc luded  i n  
r e f e r e n c e  [ 31 .  Never the less ,  t h e  flow c h a r t  i s  g iven  
i s  F ig .  6. 

An a l r e a d y  a v a i l a b l e  MP was employed w i t h  t h e  
system. That i s  TM 990/189, which i s  b u i l t  around 
Texas c o r p o r a t i o n ' s  TMS 9980A MP ch ip .  The execu t ion  
speed o f  t h i s  t ype  i s  enough t o  a p p l y  t h e  so f tware  
technique  f o r  gene ra t i on  of  t h e  r e q u i r e d  f i r i ngpu l se s .  

A t  every zero-cross ing  of  t h e  AC v o l t a g e  wave 
a  p u l s e  i s  f e d  t o  t h e  MP from t h e  synchroniz ing  
c i r c u i t .  Also,  t h e  ha l f - cyc l e  o f  t h e  50 Hz AC supply 
is d iv ided  i n t o  255 sampling i n t e r v a l s  v i a  the 



Fig .  4 :  D e t a i l s  of t h e  P . 1  c o n t r o l l e r  c i r c u i t .  

l i n e  v o l t a g e  

ou tpu t  n u l s e  of zero  
c r o s s i n g  d e t e c t o r  

F i r i n g  p u l s e  a t  s 

F i r i n q  p l s e  a t  - + 1 

. . .  l i n e  v o l t a q e  

ou tpu t  p u l s e  of zer 
c r o s s i n q  d e t e c t o r  

F i r i n g  p u l s e  a t  :: 

F i r i n g  pu l se  a t  .. 

Fig.  5 :  Gate p u l s e s  gene ra t ed  by t h e  microprocessor .  

sof tware  i n s t r u c t i o n s ,  e .g  each  sampling i n t e r v a l  
r e p r e s e n t s  0.7 degree.  The ADC c o n v e r t s  Vc t o  a  dig- 
i t a l  8 - b i t s  which i s  f ed  t o  t h e  M P ,  and s t o r e d  i n  a  
r e g i s t e r  c a l l e d  t h e  c o n t r o l  r e g i s t e r .  The h e i g h t  of 
t h e  ramp v o l t a g e  Vr i s  a l s o  r e p r e s e n t e d  by a  count  
i n  a r e g i s t e r  c a l l e d  ramp counter .  Th i s  count  i s  
t aken  t o  be 25510(or  FF16),  and a t  every  sampling 
i n t e r v a l  t h e  count  i n  t h e  ramp coun te r  i s  decremented 
by one and compared wi th  t h e  c o n t e n t s  o f  t h e  c o n t r o l  
r e g i s t e r .  Th i s  o p e r a t i o n  con t inues  u n t i l  t h e  count  
i n  t h e  ramp coun te r  e q u a l s  t h a t  i n  t h e  c o n t r o l  reg-  
ister; a t  t h a t  i n s t a n t  a  f i r i n g  p u l s e  i s  produced by 
the MP and t e s t  s then  made c o n s i d e r i n g  t h e  n e x t  synchroniz ing  pu i se .  
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YES 

START CONVERSICN 

CLFAR RS(CONTR0L REG) e 
SAVE RAMP HEIGHT e=J 
CONVERSION Q 
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STORE DATA FROM A/D 

D E R E H E N T  RAMP CCUNTER 1 
F I R E  T 2  & T3 -4 

SET' WORKSPACE POINTER P 
S E T  RAMP HEIGHT c- 

S E T  CRU BASE ADDRESS 

START C0P:VERSION * 
SAVE RAMP HEIGHT 0 

YES 

STORE DATA FROM A I D  

DECREMENT RAXP C0UNTE.S F = b  
CONTROL ? Q 

Fig. 6: Flowchart of a microcomputer program for 
firing the thyristor bridge. 
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_ . - _ _ 1 1 7 r s n f f w ; l r ~ p z e q ~ i t m  , t h ~ ~ ~ - - -  
f o r  t h e  ramp counter  i s  p r e c i s e l y  time-adjusted by 
software i n s t r u c t i o n s  t o  be executed every 39hs(0.7O). 
This e l iminates  t h e  need f o r  hardware e x t e r n a l  c lock 
s i g n a l  of 25.5 KHz f o r  sampling. However, t h e  flow 
c h a r t  of Fig.6, was t r a n s l a t e d  i n t o  assembly and mac- 
h ine  language, and loaded i n t o  t h e  MP v i a  t h e  Keyboard. 
The program i s  memory was dumped i n t o  t h e  c a s s e t t e  
i n t e r f a c e  and saved using an audio c a s s e t t e  where it 
can be s tored  i n t o  memory again v i a  t h e  Keyboard. 

5 ,  RESULTS 

Throughout t h e  experimental work t h e  motor 
f i e l d  c u r r e n t  was maintaingd a t  t h e  r a t e d  value  ( 0 . 4 2 ~ ) .  * 
A DC genera tor  of t h e  same r a t i n g  and mechanically 
coupled with t h e  motor was used a s  a load. F i e l d  cu r r -  
e n t s  were f ixed,  and s o  t h e  armature c u r r e n t s  were 
taken a s  a good i n d i c a t i o n  f o r  t h e  torque.  I n  o r d e r  
t o  s t a r t  t h e  motor from r e s t  without  being overcurr-  
e n t ,  t h e  reference  vol tage  / speed  was g radua l ly  inc-  
reased from zero t o  t h e  des i red  l e v e l .  

The system was success fu l ly  opera ted  and cont- 
r o l l e d  i n  t h e  discontinuous c u r r e n t  mode of operation, 
considering d i f f e r e n t  s t eady-s ta t e  speeds and loading 
condi t ions .  Whenever t h e  system was subjec ted  t o  
s t e p  changes i n  t h e  speed reference ,  t h e  new speeds 
were obtained wi th in  reasonable t r a n s i e n t  per iods .  
S imi lar  r e s u l t s  were obtained when t h e  system was 
subjec ted  t o  load changes(sudden changes i n  t h e  gen- 
e r a t o r  load r e s i s t a n c e ) .  The observed behaviour of 
t h e  system ind ica ted  acceptable  overshoot  and t ime 
response, which v e r i f i e s  t h e  t h e o r e t i c a l l y  p red ic ted  
c o n t r o l l e r  parameters.  

A s to rage  osc i loscope was used t o  record t h e  
system behaviour dur ing  t h e  t r a n s i e n t  per iods .  
Figure,  7 ,  shows t h e  recorded speed response whenthe 
re fe rence  was suddenly changed. I t  shows c l e a r l y  
t h a t  t h e  system can fol low t h e  d e s i r e d  speed smoothly, 
accura te ly ,  and wi th in  reasonable t i m e .  The r e p e t i t -  
i v e  sudden changes i n  t h e  r e fe rence  i n d i c a t e  t h a t  
t h e  speed r i s e  ( o r  f a l l )  by t h e  same amount l a s t s  
t h e  same time a t  every corresponding change. 

The motor c u r r e n t ,  i n  response t o  s t e p  changes 
i n  t h e  reference ,  i s  shown i n  Fig.8. The e f f e c t  of 
motor speed i n  q u i t e  obovious; due t o  energy demand 
of the  r o t a t i n g  mass, i f  t h e  r e fe rence  change i s  
towards a higher speed h igher  c u r r e n t  i s  drawn, and 
v i c e  versa  i f  lower speed is  ordered v i a  thereference. 
The e f f e c t  of armature c i r c u i t  t i m e  cons tan t  i s  not  
not iceable  s i n c e  t h i s  is  very small. 



(a) 

chl : 0.2 V/div , ch2 : 125 r.p.m/div 

t i ~ e  base : 10 m.s/div. 

chl : 0.2 V/div , ch2 : 125 r.p.m./div. 

time base : 10 m.sec/div. 

Fig. 7:  Speed response t o  a s t e p  change i n  r e fe rence .  

The e f f e c t  of load inc rease  on motor speed is  
a s  shown i n  Fig. 9. A change i n  t h e  load torque  would 
a f f e c t  t h e  motor speed f o r  only a t r a n s i e n t  per iod  
beyond which t h e  o r i g i n a l  speed was regained.  Also, 
t h e  armature cu r ren t  pu l ses  a r e  i d e n t i c a l  i n  t h e  st- 
eady s t a t e ;  i n  t h i s  t e s t  t h e  average c u r r e n t  was inc-  
reased from 4A t o  5.5 A. The repor ted  r e s u l t s  show 
t h e  accuracy of f i r i n  and t h e  e f f e c t i v e n e s s  of t h e  
ant ro l ler .  However, w%en t h e  load was s i m i l a r l y  red- 
uced, t h e  recorded speed and c u r r e n t  of ~ i g . 1 0 ,  were 
obtained.  Nevertheless,  t h e  encountered speed drop 
i n  Fig.  9 ,  and speed r i s e  i n  Fig. 1 0 ,  during t h e  
t r a n s i e n t  period a r e  due t o  t h e  e f f e c t  of energy 
s to rage  components of  t h e  system. 

6 ,  CONCLUSIONS 

A DC d r i v e  system incorpora t ing  a r e l a t i v e l y  
cheap microprocessor and suppl ied  by a s ingle-phase 



Fig. 8: Current response t o  a s t e p  change i n  r e fe rence .  

Fig. 9 

Fig. 10:  Response of t h e  system t o  a s t e p  decrease 
i n  load.  

t h y r i s t o r  bridge whose cur ren t  i s  normally d i scon t in -  
uous has been b u i l t  and t e s t e d .  I n t e r f a c e  between 
t h e  MP and pe r iphera l  components h a s h  implemented 
and software program f o r  accura te  f i r i n g  of the  thyr-  
i s t o r  r e c t i f i e r  has been developed. A P.1 c o n t r o l l e r  
has been designed and shown t o  be e f f e c t i v e  i n  adjus-  
t i n g  t h e  motor speed according t o  t h e  reference .  
The reported r e s u l t s  have shown t h a t  t h e  experimental 
DC d r i v e  i s  of s a t i s f a c t o r y  performance and accura te  
speed=xegulat ion.  

, . 



L I S T  OF M A I N  SYMBOLS 

back e.m.f ( K  ) .  
gain  of t h e  t h y r o s t o r  conver ter  (Va/Vc) .  
ga in  of t h e  tachogenerator .  
armature c u r r e n t ,  vol tage .  
moment of i n e r t i a ,  kg.m2 . 
c o n t r o l l e r  gain.  
armature c i r c u i t  inductance, r e s i s t a n c e .  
time constant  of t h e  c o n t r o l l e r .  
f i r i n g  angle. 
developed motor torque  ( K  I,). 
load torque.  

APPENDIX 

Constants and parameters of t h e  experimental  
system. 
Ra = 3.34 ohms , La = 0.0368 Hen. 

- --- - K = 2 vo l t / r ad . / sec . ,  h  = 0 - 0  1 5 VoWrad. /Sec. 
J = 0.26 kg.m2 I G = 54 
T e = ~ ~ / R ~ = O . 0 1 1  Sec.,  Tem = R,J/K' = O .  21 7 Sec. 
T = 0.01146 Sec. Kc = 88.5 

ACKNOWLEDGEMENTS 

The authors  a r e  g r a t e f u l  t o  Prof .  S.A.Hassan 
and Prof.  A.A.El-Hefnawy f o r  t h e i r  keen i n t e r e s t  
dur ing  p repara t ion  of t h i s  work. 

REFERENCES 
Le-Hug H . , " A  synchronous t h y r i s t o r i z e d  d.c.  motor 
drive",IEEE Transact ions ,  Vol. IA-15, No.2, 1979, 
PP. 183-188. 
Bose D . K .  and Jentzen K.J . , "Digi ta l  speed c o n t r o l  
of a  d.c. motor with phase-locked loop regula t ion" ,  
i b i d ,  Vol. IECI-25,1978, PP. 10-13. 
Ghazy A.,"A d i g i t a l  technique f o r  speed c o n t r o l  
of d.c. motor d r i v e s " ,  M.Sc. Thes is ,  Menoufeya 
Univers i ty ,  Egypt, 1985. 
Maloney T . J .  and Alvarado F.L.,"A d i g i t a l m e t h o d  
f o r  d.c. moior speed c o n t r o l " ,  IEEE Transact ions ,  
V o l .  IECI-23, 1976, PP. 44-46. 
Ohmae T. e t  a l . , "A microprocessor-control led 
f a s t  responsenspeed r e g u l a t o r  wi th  dua l  mode 
c u r r e n t  loop f o r  DCM d r i v e s " ,  i b i d ,  Vol. IA-16, 
1980, PP. 388-394. 
Saito K. e t  al.,"Applicatim of fully digi tal  speed regul- 
ator to tandem cold mills", ibid,Vol.I~-20,1984 ,PP. 785-794. 
H a r k  S . C. and McNultv P .T . . " &lementation of7 a f ullv mic- 
roprocessof--OOntrolled paper mamachine drive system" ,ibid, 

- r r 7 3 W  
8 . S t o  1 c M.;:, "Design of the microprocessor-based digi tal  

syd; for d. c. mtor  sped controltt , ibid, Vol. IECI-31 , 
NO. 3, 1984, PP. 243-248. 

-54- 




