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ABSTRACT: 

This paper dea l s  with an AC-DC power c o n e s -  
ion  u n i t  connected t o  a  s e p a r a t e l y  exc i t ed  Et&.motor 
d r i v e  system, and supplied by an AC feeder  l i n e .  
A genera l ized  l i n e a r  mathematical model of such a 
system i s  developed, which rep resen t s  t h e  equat ions  
descr ib ing t h e  system dynamic behaviour. The conv- 
e r t e r  cu r ren t  c o n t r o l l e r  and t h e  DC motor speed 
c o n t r o l l e r  a re  presented,  and t h e  model i s  v a l i d  f o r  
any type of such c o n t r o l l e r s .  The developed model 
repaesents  d i f f e r e n t  conf igura t ions  of t h e  conver ter  
opera t ion;  it i s  a l s o  app l i cab le  t o  any type of AC - 
DC conver ter  supplying a  separa te ly  e x c i t e d  DC motor, 
and it i s  s u i t a b l e  f o r  any mode of conver ter  operation. 

The a n a l y s i s  i s  based on pe r tu rba t ion  technique 
method, and t h e  system with t h e i r  c o n t r o l l e r s  a r e  . 
represented by a s i g n a l  flow graph. This  permits  
the  eva lua t ion  of t r a n s f e r  funct ions  of t h e  o v e r a l l  
system f o r  a  s t e p  change i n  the  c o n t r o l  r e fe rence  
parameters (speed reference  and load t o r q u e ) .  Then, 
t h e  t i m e  responses of t h e  motor speed and t h e  armat- 
ure  c u r r e n t  can be determined. 

An app l i ca t ion  i s  considered f o r  a  sepa ra te ly  
exc i t ed  DC motor fed  by a  s i n g l e  phase bridge 
r e c t i f i e r .  A comparison i s  made between t h e  exper- 
imental  and t h e o r o t i c a l  r e s u l t s .  

1, INTRODUCTION: ' 

Direc t  c u r r e n t  d r i v e s  a r e  ex tens ive ly  used i n  
indus t ry .  The outs tanding advantages of DC d r i v e s ,  
such a s  ease  of c o n t r o l ,  p r e c i s e  and continuous 



c o n t r o l  of speed over a  wide range ensure t h e i r  pop- 
u l a r i t y .  Xhen designing a  high response t h y r i s t o r  
d r i v e . w i t h  i n t e r n a l  mul t j con t ro l  loops t h e  t rans ient  
behavlour must be taken l n t o  cons lderaf ion  t o  achleve 
t h e  requi red  dynamic performance. 

The des ign ,  cons t ruc t ion  and t e s t i n g  of a  
closed-loop system f o r  t h e  speed c o n t r o l  of a  separ-  
a t e l y  exc i t ed  DC motor f e d  from dua l  conver te r  a r e  
w e l l  d i scussed i n  l i t e r a t u r e  Z 1 I . The pe r tu rba t ion  
technique has been used f o r  t h e  t r a n s i e n t  a n a l y s i s  
of a  c o n t r o l l e d  bridge r e c t i f i e r  wi th  a  DC motor load 
12-41. A microprocessor implementation i s  proposed 
t o  s tudy t h e  e f f e c t  of discontinuous conduction on a  
converter-fed DC d r i v e  [51 . The a p p l i c a t i o n  of dyn- 
amic optimal  c o n t r o l  theory on t y p i c a l  i n d u s t r i a l  
speed-control led DC machine d r i v e s  r evea l s  the  manner 
i n  which t h e  c o n t r o l  should opera te  [ti]. Three d i f -  
f e r e n t  methods t o  c a l c u l a t e  t h e  c u r r e n t  and speed 
c o n t r o l l e r  parameters . f o r  a DC motor f e d  
f r ~ m  a  single-phase t h y r i s t o r  br idge  have been pres-  
ented  [7,8] . 

I n  t h i s  paper,  a  genera l ized  mathematical l i n -  
e a r  model of a separa te ly  e x c i t e d  DC motor supplied 
from an AC-DC conver ter  i s  presented.  The dynamic 
model al lows us t o  ob ta in  t h e  time responses of the  
motor speed and armature c u r r e n t  f o r  a  s t e p  change 
i n  t h e  con t ro l  r e fe rence  parameters.  

I n  t h e  model, d i f f e r e n t  conf igura t ions  of con- 
v e r t e r  opera t ion  a r e  considered:  t h e  load c u r r e n t  
c o n t i n u i t y ,  t h e  presence of freewheelingdicde ac ross  
t h e  motor t e rmina l s ,  t he  type of t h e  AC f e e d e r ,  the  
type of r e c t i f i e r  elements and t h e  mode of rectification. 

The a n a l y s i s  i s  based on pe r tu rba t ion  technique 
method; and t h e  o v e r a l l  system is  represented  i n  t h e  
form of s i g n a l  flow graph. Experimental and theor-  
e t i c a l  r e s u l t s  a r e  compared f o r  a  s i n g l e  phase bridge 
r e c t i f i e r  with a  DC a o t o r  load.  

2, SfGNAL FLOW GRAPES OF SYSTEM ELEMENTS: 

The dynamic s imula t ion  of a s e p a r a t e l y  exc i t ed  
DC motor f ed  by a  t h y r i s t o r i z e d  conver ter  i s  presented. 
With t h e  a p p l i c a t i o n  of pe r tu rba t ion  technique meth- 
od on t h e  equat ions  r ep resen t ing  t h e  s teady s t a t e  
opera t ion  of t h e  system elements, t h e  incremental  
v a r i a t i o n s  of t h e  v a r i a b l e s  of each element can be 
obtained.  

2.1 DC motor: 

The armature vol tage  and t h e  torque  balance 
equat ions  a r e  : 



v  = ke '$ nm+Ra ia + Lm ( d i  / d t )  
- d - a--- (1)  

kt 4 ia = T~ + B ia + J (dnm/dt)  (2)  

consider t h a t  t h e  motor mechanical time cons tan t  i s  
g r e a t e r  than t h e  e l e c t r i c a l  t i m e  cons tan t ;  and f o r  
small p e r t u r b a t i o n s  i n  t h e  motor v a r i a b l e s ,  the  inc-  
remental equat ions  a r e :  . 

A I ~ = A ,  A V d + B  ANm 1  ( 3  

ANm = C &Ia + D ATL ( 4 )  

where the  cons tan t s  A, ,B1 ,C and D a r e  func t ions  of 
t h e  nominal va lues  Ia, Nm, TL, Vd and T . e  
The s i g n a l  flow graph i s  shown i n  Figure (1 ) . 

Figure ( 1 ) :  Motor s i g n a l  flow graph. 

2.2 Closed loop speed c o n t r o l l e r :  

I n  most a p p l i c a t i o n s ,  the  armature vo l t age  of 
t h e  motor i s  con t ro l l ed  i n  a  c losed loop feedback 
system. The schematic diagram of t h e  motor speed 
c o n t r o l l e r  a s soc ia ted  with t h e  converter-motor i s  
shown i n  Figure ( 2 )  . 

SPC = Speed c o n t r o l l e r  , DCC = Direct current converter, 
FAG = Firing angle pulse generator, DCM = DC mator 
SPT = Motor speed transducer.  

Figure ( 2 ) :  Speed C o n t r o l l e r  diagram. 
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. . 
The speed c o n t r o l l e r  i s  r e p r e s e n t e d  by t h e  genera l -  
i z e d  t r a n s f e r  f u n c t i o n  G ( s ) ,  which can be  a  propor t -  
i o n a l  t ype  o r  p r o p o r t i o n a l - i n t e g r a l  type .  The f i r -  
i n g  ang le  p u l s e  gene ra to r  i s  r e p r e s e n t e d  by a  c o s i n e  
f u n c t i o n r e l a t e d t o t h e o u t p , u t v o l t a g e  o f t h e  DC - 
conve r t e r .  

The incrementa l  v a r i a t i o n s  of t h e  speed c o n t r o l  cir- 
c u i t  a r e  de f ined  by: 

where,F and FN a r e  t h e  t r a n s f e r  f u n c t i o n s  of  t h e  
speed  c p n t r o l l e r  and speed t r ansduce r ,  
r e s p e c t i v e l y .  

T, r e p r e s e n t s  t h e  p u l s e  gene ra to r  t r a n s -  
f e r  func t ion .  

2.3 Closed loop  c u r r e n t  c o n t r o l l e r :  

An i n n e r  c u r r e n t  l i m i t i n g  c o n t r o l  loop i s  inc-  
o rpo ra t ed  a s  a p r o t e c t i v e  f e a t u r e ,  and t h e  clamped 
speed e r r o r  i s  used a s  a  c u r r e n t  r e f e r e n c e .  The 
schematic  diagram of t h e  o v e r a l l  system i s  shown i n  
F igure  ( 3 ) .  

CUC = Curren t  c o n t r o l l e r  , CUT = Cur ren t  t r a n s d u c e r  

F igure  ( 3 ) :  Contro l  l oop  diagram. 

The current c o n t r o l l e r  i s  r e p r e s e n t e d  by i t s  genera l iz -  
e d  t r a n s f e r  f u n c t i o n  G 1 ( s ) ,  which may be s imu la t ed  as  

a  p r o p o r t i o n a l  t ype  o r  p r o p o r t i o n a l - i n t e g r a l  t ype .  

The incrementa l  v a r i a t i o n s  of  t h e  c u r r e n t  c o n t r o l  
loop a r e  de f ined  by: 

AECI = F, ' A Ecs + F1 I .A 1, ( 7  
Aa = T 2  a AEcI (8 



Qhafv, F, and F1 a r e  t h e  t r a n s f e r  funct ions  of the  
I c u r r e n t  c o n t r o l l e r  and c u r r e n t  ' 

t ransducer .  

2 r ep resen t s  t h e  pulse  genera tor  
t r a n s f e r  func t ion .  

The s i g n a l  flow graph of t h e  system i s  shown i n  
Figure ( 4 )  . 

Figure ( 4 ) :  System s i g n a l  flow graph. 

2 . 4  _AC-DC conver ter :  

I n  t h i s  s e c t i o n ,  the  s i g n a l  flow graph which 
shows t h e  r e l a t i o n  between t h e  incremental  v a r i a t i o n s  
A V ~  and Au, w i l l  be determined. 
An at tempt i s  made t o  analyse a l l  poss ib le  modes of 
s teady s t a t e  opera t ion  f o r  d i f f e r e n t  types  of AC-DC 
conver ters ;  t h i s  permits  a  genera l  form d e f i n i t i o n '  
of t h e  average motor terminal  vol tage:  

IT 
Vd = / V / in/qhJ [ / c q  cos  (o+hq z) +hIT cos 

( 9  
and t h e  general  form of the  equation which permits  
evaluat ion  of t h e  e x t i n c t i o n  angle6  i s  given by: 

S i n  innhf (8-n)+hq - $ 1  
(B+hq.r/6 - n )  (1-hf) a-n- hf(B-*) 

- m - -  t a n  9 kan 
cos4 [ e  - e 

a-a-hf (6- IT)  

IT 
t a n  4 

+ s i n  (a+hq -4) e  (10) 

where, q d e f i n e s  t h e  type of the  AC feeder  ( s i n g l e  
o r  t h r e e  phase) .  



hw d e f i n e s  t h e  t ype  of .  t h e  o u t p u t  DC v o l t a g e  
wavefeform ( h a l f  wave o r  f u l l w a v e ) .  

hd d e f i n e s  t h e  a rmature  c u r r e n t  c o n t i n u i t y .  
hf d e f i n e s  t h e  presence  of t h e  f reewheel ing  

d iode  a c r o s s  t h e  motor t r e r m i n a l s .  
h,,h,, and hq d e f i n e  some d i f f e r e n t  modes of 

c o n v e r t e r  o p e r a t i o n  f o r  t h e  p rev ious  
c a s e s .  

The fo l l owing  t a b l e  summerizes t h e  d i f f e r e n t  t y p e s  
and modes of c o n v e r t e r  operation, and t h e  v a l u e s  of 
t h e  d e f i n i t i o n  parameters  a r e  i n d i c a t e d .  

S i n g l e  phase Three - 
ialf wave) f u l l  wave ha'li wave 

I 
fully ,controlledl fully co 

EC , eY.@Y 

h a l f  c o n t r o l l e d  

Lase 
ull wave 

I FC f u l l y  c o n t r o l l e d  
wi thout  f reewheel ing  d iode ,  WF with freewheelingdiode 
d i scon t inuous  c u r r e n t  C continuous current, 
d i s con t inuous  and t h e  f reewheel ing  d iod  n o t  
conduct ing.  

The g e n e r a l  form of t h e  incrementa l  v a r i a t i o n s  of t h e  
t h e  v a r i a b l e s  d e s c r i b i n g  t h e  o p e r a t i o n  of t h e  conv- 
erter i s :  

AVd = W1 Aa + W 2  ANm + W3 A 6  (11)  

A 6 = W4 Aa + W5 AN; (12)  

where, -- 
hd Ea-/ 2 /qb v s i n  ( a+h  q  Z) ' a  



71 cos  .I a + hq g - +)or t a n  + 
W4 = hd - e 

C O S ( . I T + ~ ~  ( 8-T) +hqE - $1 B 
?T 4-r-hf (B-r) 

(B+hq g -  "1 (l-h$ 
ta-l + Ea 

e - e W5 = hd IT 

cos{n+hf (B-n)  +hq - + 1 B /ZVCOS+ 
The genera l  form of t h e  s i g n a l  flow graph i s  shown 

i n  Figure (5)  : 

Figure ( 5 ) :  S igna l  flow graph of  conver ter .  

The va lues  of w1 : W a r e  determined, depending on 5 
t h e  conver ter  type and t h e  na tu re  of i t s  made of  

opera t ion .  

3,  CONVERTER-MOTOR SYSTEM RESPONSES : 

The s i g n a l  flow graph represen t ing  t h e  dynam- 

i c  opera t ion  of t h e  AC-DC conver ter  and t h e  separa t -  

e l y  exc i t ed  DC motor load with t h e  a s soc ia ted  cont- 

r o l  loops i s  shown i n  Figure (6)  . 



Figure  ( 6 )  : System si .gnal  f low graph. 

The s i g n a l  f low graph theo ry  pe rmi t s  e l i m i n a t i n g  t h e  
i n t e rmed ia t e  nodes i n  o r d e r  t o  o b t a i n  a  d i r e c t  r e l -  
a t i o n  between t h e  ou tpu t  and i n p u t  nodes 191. 
Then, t h e  t r a n s f e r  f u n c t i o n s  ANm / AEs,~Nm/~TL , 
AI,/AE, and aIa/nTL a r e  determined;  and t h e  t i m e  
responses  can be eva lua t ed  when e i t h e r  a  s t e p  change 
i n  t h e  speed r e f e r e n c e  o r  i n  t h e  l oad  to rque .  

4, RESULTS: 

The model responses  f o r  a  s t e p  change i n  t h e  
speed r e f e r e n c e  of  a  s i n g l e  phase c o n v e r t e r  connec- 
t e d  t o  a  s e p a r a t e l y  e x c i t e d  DC motor a r e  ob t a ined .  

F igure  ( 7 )  shows t h e  speed and c u r r e n t  r e s p -  
onses  f o r  cont inuous  and d i scon t inuous  c u r r e n t  
ope ra t i on .  

The exper imenta l  r e sponses  of  c u r r e n t  and sp? 
eed have been recorded  i n  t h e  l i n e a r  o p e r a t i n g  mode, 
by g i v i n g  s smal l  s t e p  change i n  t h e  speed r e f e r e n c e  
s i g n a l  of t h e  speed c o n t r o l l e r .  F igu re  ( 8 )  shows 
photographs of t h e  speed response  f o r  two d i f f e r e n t  
v a l u e s  of t h e  c o n t r o l l e r  g a i n .  

F igure  ( 9 )  shows t h e  exper imenta l  t ime r e sp -  
onse of t h e  armature c u r r e n t .  
The exper imenta l  r e s u l t s  v e r i f y  t h e  v a l i d i t y  of  t h e  
proposed mathematical  model r e p r e s e n t i n g  t h e  system 
dynamic ope ra t i on .  



a- Cont inuous  c u r r e n t .  b- D i s c o n t i n u o u s  c u r r e n t .  

F i g u r e  ( 7 ) :  Time r e s p o n s e s  o f  c u r r e n t  and  s p e e d  
f o r  s t e p  change i n  s p e e d  r e f e r e n c e .  

a- K = 0.0209 b- K = 0.1239 

F i g u r e  (8) : Exper imenta l  speed r e s p o n s e .  



K = 0.0209 
Figure (9)  : Experimental c u r r e n t  response.  

5. CONCLUSION: 

The genera l ized  dynamic l i n e a r  model given i n  
t h i s  paper i s  adaptable f o r  d i f f e r e n t  types  of conv- 
e r t e r  with d i f f e r e n t  modes of opera t ion .  Good corr -  
e l a t i o n  between computed and experimental  responses 
confirms t h a t  the  model i s  v a l i d  f o r  p r e d i c t i n g  t h e  
behaviour of a  given system. 

LIST OF SYMPOLS: ----- 

Ins tantaneous  armature c u r r e n t  ( A )  
Average value of armature c u r r e n t  ( A )  
Ins tantaneous  Converter output  vo l t age  ( V )  
Average value of conver te r .ou tpu t  vol tage  (V)  
Control  vol tage  of the  speed (V) 
Control  vol tage  of t h e  c u r r e n t  ( V )  
Speed re fe rence  vol tage  (V) 
Instantaneous motor speed (RPM) 
Average value of motor speed. (RPM) 
Load torque (M.m) 
Torque constant  (N . m / ~ )  
Motor E . M . F  cons tant  (V/RPM) 
Armature r e s i s t a n c e  and inductance 
I n e r t i a  of t h e  motor and coupled system X 2 

Viscuss f r i c t i o n  c o e f f i c i e n t  ~ . m / r e d .  secqT 
Thyr i s to r  f i r i n g  angle 
Thyr i s to r  e x t i n c t i o n  angle 
Incremental v a r i a t i o n  
Speed and cur ren t  e r r o r .  

7, SYSTEM PARAMETERS : 

T h e s y s - t t j a r a m e  ter s i n  t hiswork -had t h e  
fol lowing values :  
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P = 2.2 KW i N = 1500 rpq. 

Ke4= 0.518 (2 /GO) I Kt$= 0.518 

continuous current b- Discontinuous 

0 .09 H 
1.65 ohm 
0 .01985 ~g m2 
0.0055 Nm/rad.~ec-I 
11.32 A 
100 v 
5 Nm 
58 O 
238 O 

0.08 H 
3.45 ohm 
3.46 ~g .m2 
0.029 ~m/rad.~ec.-1 
8.944 A 
112.2 v ' 

0.08 Nm 
128' 
198' 
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9 ,  APPENDIX: 

The t r a n s f e r  funct ion  of t h e  s i g n a l  flow graph 

a- DC motor: 

b- Closed loop speed c o n t r o l l e r :  
- 

c- Closed loop cur ren t  c o n t r o l l e r :  




