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ABSTRACT 

S i m u l a t i o n  of  d y n a m i c  s y s t e m s  b y  u s e  o f  
a n a l o g  c o m p u t e r s  i s  w e l l  e s t a b l i s h e d  a s  a p r a c t i -  
c a l  t o o l  of  t he  c o n t r o l  e n g i n e e r .  With '  t h e  a d v e n t  
of  f a s t  d i g i t a l  c o m p u t e r s ,  i t  h a s  b e c o m e  n o t  o n l y  
f e a s i b l e  b u t  a t t r a c t i v e  to  p e r f o r m  m a n y  s u c h  i n -  
v e s t i g a t i o n s  u s i n g  d i g i t a l  s i m u l a t i o n .  As  a n  e x -  
a m p l e ,  a s t u d y  of  a s i m p l e  c o n t r o l  s y s t e m  is  
p r e s e n t e d  to i l l u s t r a t e  the  e a s e  a n d  f l e x i b i l i t y  of  
t h i s  t e c h n i q u e  in  d e s i g n .  

D i g i t a l  s i m u l a t i o n  p e r m i t s  t he  e n g i n e e r  w h o  
h a s  no  s p e c i a l i z e d  t r a i n i n g  in  c o m p u t e r  p r o g r a m -  
m i n g  o r  o p e r a t i o n  to r e a d i l y  u t i l i z e  s i m u l a t i o n  in  
b o t h  t h e  d e s i g n  a n d  a n a l y s i s  a s p e c t s  o f  h i s  w o r k .  
It has proven a fast, effective, and economical 
tool for general investigations of continuous, dy- 
namic systems and is of particular interest to the 
practicing control engineer. 



DIGITAL SIMULATION F O R  C O N T R O L  SYSTEM DESIGN 

R. D.  B r e n n a n  
I n t e r n a t i o n a l  B u s i n e s s  M a c h i n e s  C o r p o r a t i o n  

Los  Ga tos ,  C a l i f o r n i a  

S i m u l a t i o n  t e c h n i q u e s  have  b e e n  u s e d  i n c r e a s i n g l y  in r e c e n t  

y e a r s  fo r  the d e s i g n  and  a n a l y s i s  of c o n t r o l  s y s t e m s .  The a n a l o g  

c o m p u t e r  has  b e e n  u s e d  fo r  i n n u m e r a b l e  such  s t u d i e s  and  has  p r o v e d  

a c o n v e n i e n t  and  f l ex ib l e  tool .  H o w e v e r ,  the n e c e s s i t y  of s c a l i n g  

p r o b l e m  v a r i a b l e s  in to  r e a s o n a b l e  v o l t a g e  l e v e l s ,  and  the o p e r a t i o n a l  

d i f f i c u l t i e s  i n h e r e n t  in ana log  c i r c u i t r y  c o m b i n e  to p r e s e n t  the  

ana log  u s e r  wi th  a n u m b e r  of i r k s o m e  p r o b l e m s .  T h e s e  d i f f i c u l t i e s  

m o u n t  as  the s i z e ,  c o m p l e x i t y ,  and  a c c u r a c y  r e q u i r e m e n t s  of the 

p r o b l e m  i n c r e a s e .  It is  no t  Co inc iden ta l ,  t h e r e f o r e ,  tha t  c o n s i d e r a b l e  

a t t e n t i o n  has  b e e n  g i v e n  in the l a s t  s e v e r a l  y e a r s  to the deve  1opment  

of s p e c i a l  d ig i t a l  l a n g u a g e s  fo r  s i m u l a t i o n  of con t inuous  s y s t e m s .  

A m a j o r  p o r t i o n  of this  a c t i v i t y  has  b e e n  in d e v e l o p m e n t  of the 

" d i g i t a l  ana log  s i m u l a t o r s " ;  d u r i n g  the p a s t  ten  y e a r s  u p w a r d s  of 

t h i r t y  s e p a r a t e  p r o g r a m s  of th is  type  h a v e  b e e n  r e p o r t e d .  T h e s e  p r o -  

g r a m s  p r o v i d e  a c o m p l e m e n t  of f u n c t i o n a l  e l e m e n t s  s i m i l a r  to t h o s e  

of the a n a l o g  c o m p u t e r  and  a b l o c k - o r i e n t e d  l a n g u a g e  for  s p e c i f i c a t i o n  

of t h e i r  i n t e r c o n n e c t i o n .  T h e s e  " d i g i t a l  ana log  s i m u l a t o r s "  m o d e l  the 

e l e m e n t s  and  o r g a n i z a t i o n  of a n a l o g  c o m p u t e r s  and  p r o v i d e  n u m e r i c a l  

r o u t i n e s  tha t  a r e  e q u i v a l e n t  to s u c h  s t a n d a r d  a n a l o g  e l e m e n t s  as  

i n t e g r a t o r s ,  s u m m e r s ,  i n v e r t e r s ,  m u l t i p l i e r s ,  and f u n c t i o n  g e n e r a t o r s .  
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T h e s e  p r o g r a m s  a l s o  p r o v i d e  t h o s e  s p e c i a l - p u r p o s e  d e v i c e s  c o m m o n l y  

a s s e m b l e d  f r o m  s e v e r a l  a n a l o g  e l e m e n t s ~  e . g . ,  d i v i s i o n ,  a b s o l u t e  

v a l u e ,  s q u a r e  r o o t ,  e x p o n e n t i a l ,  s i n e  f u n c t i o n ,  l i m i t i n g ,  d e a d  s p a c e ,  

a n d  t i m e  d e l a y  u n i t s .  J u s t  a s  t h e  c o m p u t e r  p a t c h b o a r d  e l e c t r i c a l l y  

l i n k s  a n a l o g  c o m p u t i n g  e l e m e n t s ,  t he  s i m u l a t i o n  l a n g u a g e  i n t e r c o n n e c t s  

t h e  n u m e r i c a l  r o u t i n e s .  

T h e  1130 C o n t i n u o u s  S y s t e m  M o d e l i n g  P r o g r a m  { 1130 C S M P )  

is  a n e w  p r o g r a m  of  t h i s  g e n e r a l  t y p e  s p e c i a l l y  d e v e l o p e d  f o r  t h e  

e n v i r o n m e n t  of  t h e  d e s i g n  e n g i n e e r .  I t  e m p l o y s  a f a m i l i a r  b l o c k -  

o r i e n t e d  i n p u t  l a n g u a g e  a n d  o f f e r s  a n  o n l i n e ,  i n t e r a c t i v e  m o d e  of  

o p e r a t i o n  d u r i n g  d e v e l o p m e n t  a n d  t e s t i n g  of  a s i m u l a t i o n  m o d e l .  T h e  

s i m p l i c i t y  of  t he  l a n g u a g e  s t a t e m e n t s  a n d  t h e  c o n s o l e  p r o c e d u r e s  

e n a b l e s  a u s e r  to  r a p i d l y  g a i n  p r o f i c i e n c y  w i t h  t h i s  p r o g r a m .  S i m p l i -  

c i t y  a n d  f l e x i b i l i t y  a r e ,  i n  f a c t ,  i t s  f o r e m o s t  c h a r a c t e r i s t i c s .  

1130 C S M P  is  a n  a d a p t a t i o n  of  t he  P A C T O L U S  p r o g r a m  f o r  t h e  

I B M  1620.  T h e  c o m p u t i n g  s p e e d  of  t h e  I B M  1130 m a k e s  i t  f e a s i b l e  to 

h a n d l e  m o r e  c o m p l e x  p r o c e s s e s ,  s o  t h a t ,  f o r  m a n y  t y p e s  o f i n v e s t i -  

g a t i o n s ,  1130 C S M P  o b v i a t e s  a n y  r e q u i r e m e n t  f o r  a n  a n a l o g  c o m p u t e r  

f a c i l i t y .  I n d e e d ,  b o t h  t he  d e s i g n  a n d  i m p l e m e n t a t i o n  of  a s i m u l a t i o n  

s t u d y  a r e  c o n s i d e r a b l y  s i m p l e r  w i t h  t h i s  s y s t e m  t h a n  w i t h  a n  a n a l o g  

c o m p u t e r .  

1130 C S M P  p r o v i d e s  a c o m p l e m e n t  o f  25 s t a n d a r d  s i m u l a t i o n  

e l e m e n t s ,  p l u s  a g r o u p  of  " S p e c i a l "  e l e m e n t s  w h i c h  t h e  u s e r  c a n  t a i l o r  

to  h i s  p a r t i c u l a r  n e e d s .  T a b l e  1 i l l u s t r a t e s  a r e p r e s e n t a t i v e  g r o u p  of  

1130 C S M P  e l e m e n t s ,  t h e i r  d i a g r a m m a t i c  a n d  l a n g u a g e  s y m b o l s ,  a n d  

d e f i n i t i o n s  of  t h e i r  f u n c t i o n a l  o p e r a t i o n .  T h e  u s e r  s t a r t s  b y  d e v e l o p i n g  

a b l o c k  d i a g r a m  s h o w i n g  t he  i n t e r c o n n e c t i o n s  o f  t he  e l e m e n t s  r e q u i r e d  

to i m p l e m e n t  h i s  m o d e l .  He t h e n  t r a n s l a t e s  t h e  d i a g r a m  i n t o  a c o r -  

r e s p o n d i n g  s e t  o f  1130 C S M P  l a n g u a g e  s t a t e m e n t s .  
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A m o s t  i m p o r t a n t  f e a t u r e  i s  t h e  o p t i o n  of  e n t e r i n g  t h e s e  s t a t e -  

m e n t s  e i t h e r  v i a  p u n c h e d  c a r d s  o r  d i r e c t l y  f r o m  t h e  c o n s o l e  k e y b o a r d .  

D u r i n g  t he  i n t r o d u c t i o n  of  a p r o b l e m  in  t h e  o n l i n e  m o d e ,  t h e  u s e r  

i s  p r o v i d e d  w i t h  a u t o m a t i c a l l y  t y p e d  i n s t r u c t i o n s  w h i c h  g u i d e  h i m  

t h r o u g h  the  p r o c e d u r e s .  D u r i n g  a r u n ,  t he  u s e r  h a s  t h e  a b i l i t y  to  

i n t e r a c t  w i t h  the  m o d e l  a s  d i r e c t l y  a n d  s p o n t a n e o u s l y  a s  h e  w o u l d  

w i t h  a n  a n a l o g  c o m p u t e r .  

T h e  s i m p l i c i t y  a n d  f l e x i b i l i t y  o f  l l 3 0  C S M P  is  i l l u s t r a t e d  b y  

i t s  u s e  f o r  a c o n t r o l  s y s t e m  s t u d y .  T h i s  i n v e s t i g a t i o n  w a s  p e r f o r m e d  
1 

s e v e r a l  y e a r s  a g o  u s i n g  a n  a n a l o g  c o m p u t e r  f a c i l i t y .  T h e  e x p e r i m e n t s  

w e r e  r e p e a t e d  u s i n g  l l 3 0  C S M P  to d e m o n s t r a t e  t h e  s u p e r i o r i t y  of  t h e  

d i g i t a l  a p p r o a c h .  

T h e  s t u d y  is  c o n c e r n e d  w i t h  d e s i g n  of  a s i m p l e  a d a p t i v e  s y s t e m  

f o r  c o n t r o l  of  a p r o c e s s  c h a r a c t e r i z e d  b y  t h e  t r a n s f e r  f u n c t i o n  

10s + 100 
G ( s )  = 

S 

F i g u r e  1 i l l u s t r a t e s  t he  p r o p o s e d  d e s i g n  f o r  t h e  c o n t r o l  s y s t e m .  T h e  

p r o c e s s  c a n  r e a d i l y  b e  c o n t r o l l e d  i f  t h e  o p e r a t i n g  e n v i r o n m e n t  p e r m i t s  

a s a m p l i n g  p e r i o d ,  T,  w h i c h  is  s u f f i c i e n t l y  s h o r t  to e n s u r e  s a t i s f a c t o r y  

p e r f o r m a n c e  f o r  a l l  a n t i c i p a t e d  c o n d i t i o n s .  T h i s  r e s u l t s  in  a n  i n e f f i c i e n t  

d e s i g n  in  t h e  s e n s e  t h a t  t h e  s a m p l e - a n d - h o l d  o p e r a t i o n  m u s t  b e  p e r f o r m e d  

c o n t i n u a l l y ,  e v e n  d u r i n g  p e r i o d s  o f  e s s e n t i a l l y  s t e a d y - s t a t e  b e h a v i o r .  

T h e  c o n t r o l l e r  m a y  v e r y  w e l l  be  a d i g i t a l  c o m p u t e r  w h i c h  i s  b e i n g  t i m e  

s h a r e d  a m o n g  a n u m b e r  o f  t a s k s ;  i f  t h e  s a m p l i n g  o p e r a t i o n  is  u n n e c e s s a r y ,  

t h e  c o m p u t e r  t i m e  c a n  be  u s e d  m o r e  p r o f i t a b l y  a t t e n d i n g  to t h e s e  o t h e r  

t a s k s .  

l 
R .  C.  D o f f ,  M.  C .  F a t t e n ,  a n d  C.  A .  P h i l l i p s ,  " A d a p t i v e  S a m p l i n g  

F r e q u e n c y  f o r  S a m p l e d - D a t a  C o n t r o l  S y s t e m s , "  IRE  T r a n s a c t i o n s  on  
Automatic Control, Vol. AC-7, No. l, January 1962, pp. 38-47. 
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The p u r p o s e  of the s i m u l a t i o n  was to d e t e r m i n e  e x p e r i m e n t a l l y  

w h e t h e r  s a t i s f a c t o r y  c o n t r o l  could  be a c h i e v e d  us ing  a v a r i a b l e  s a m p l i n g  

p e r i o d  d e t e r m i n e d  as s o m e  s i m p l e  func t ion  of the e r r o r  s igna l .  One 

p a r t i c u l a r l y  s i m p l e  s c h e m e  is to p r o v i d e  two s a m p l i n g  p e r i o d s - - a  

"short" period for fast sampling, and a "long" period for slow sampling. 

This bi-frequency sampling scheme would be under control of the error 

signal. "Fast" sampling would be used when the error signal indicates 

rapid changes in the process; "slow" sampling would be used as the 

response of the process approaches steady-state behavior. 

~ VARIABLE FREQUENCY SAMPLER 
I 

tI~NTpE:: ~ t ~ E - I " 2 1  OUTPUT 
RESPONSE 

F i g u r e  1 S a m p l e d - d a t a  c o n t r o l  s y s t e m  e x a m p l e  

The 1130 CSMP b l o c k  d i a g r a m  for  this  d e s i g n  p r o b l e m  is shown 

in F i g u r e  Z. Mos t  of the b lock  e l e m e n t s  a r e  i m m e d i a t e l y  i d e n t i f i a b l e  

to the ana log  c o m p u t e r  u s e r .  B l o c k  3 p e r f o r m s  the s a m p l e - a n d - h o l d  

o p e r a t i o n  w h e n e v e r  supp l i ed  wi th  a p o s i t i v e  t r i g g e r  pu l s e .  

SAI~PLING I SPECIAL 1 TRIGGER 
PERIOD PULSE 

F i g u r e  2 1130 CSMP b l o c k  d i a g r a m  for  s a m p l e d -  
da ta  c o n t r o l  s y s t e m  e x a m p l e  
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Block 25 supplies the trigger pulses and is a "Special, " or "do-it- 

yourself," type of element. The variable-frequency pulse train used 

in the study is not available from the standard complement of the 

1130 CSMP elements. This special operation is simply defined by the 

preparation of a simple FORTRAN subroutine as shown in Figure 3. 

/ /  DUP 
*DELETE SUBJ. 
// JOB 
// FOR 
*ONE WORD INTEGERS 

SUBROUTINE SUB1 

C 

C 
C 

THIS ELEMENT GENERATES A UNIT PULSE, C(1) ,  
WHENEVER THE TIME SINCE LAST PULSE 
EQUALS OR EXCEEDS THE VALUE OF C ( J I ,  THE INPUT CONTROL VARIABLE 

REAL  REALS(395) 
INTEGER INTS(587)  
DIMENSION C ( 7 6 ) , P A R l I 7 5 ) , M T R X 2 ( 7 5 )  
COMMON REALS, INTS 
EQUIVALENCE ( INTS( 76), MTRX2(1) ) , ( REALS( 2 ) ,  C(1) ) 
EQUIVALENCE ( INT5(376) ,  I ) , ( REALS( 79) ,  DTS2 ) 
EQUIVALENCE ( REALS(81) ,  PARI(1) ) 

TEST FOR FIRST TIME ENTRY DURING THE RUN ( C(76) = 0.0 ) 
IF ( C(76) ) 1 , i , 2  

1 PARt(1) = DTS2 / 2.0 
UbE LOCATION OF FIRST PARAMETER OF BLOCK FOR STORAGE 
OF TIME SINCE LAST OUTPUT PULSE 

C(1) = 1.0 
GO TO 4 

2 PARt(1) = PAR1(1) + DTS2 
J = MTRX2(1) 

IF ( PARI( I )  - C(J) ) 3,1,i 
3 C(1) = 0.0 
4 RETURN 

END 
I I  DUP 
*STORE 
I I  JOB 

WS UA SUB1 

Figure 3 FORTRAN program defining "Special Element No. i" as the 

variable-period time pulse generator 
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When the e l a p s e d  t i m e  f r o m  the l a s t  ou tput  p u l s e  r e a c h e s  a v a l u e  equa l  

to the current value of the input variable, T, the "Special Element #i" 

produces another trigger pulse for the sample-and-hold operation. 

This ability to simply define additional complex logical or nonlinear 

operations is a significant advantage of digital simulation. 

The first step in the simulation was translation of the block diagram 

into a corresponding set of 1130 CSMP language statements. For the 

initial run, Block 4 was directly connected to Block 2 (which simulates 

the summing junction shown in Figure I); this run thereby simulates 

the performance of the process assuming continuous rather than sampled- 

data control. Figure 4 shows the first portion of the record from the 

console printer and illustrates the Configuration and Parameter State- 

ments needed to translate the block diagram for use with 1130 CSMP. 

Figure 5 shows the "print-plot" record of the response of the simu- 

lated process to a step input. This type of output is provided for those 

users who don't have the 1627 Plotter. 

CONTINUOUS SYSTEH r4ODELING PROGRAH 
A DIGITAL AHALOG SlHULATOR PROGRAr4 FOR THE IBM 1130 

CONF I GIIRATION SPECIFICATION 

OUTPUT NAME BLOCK TYPE IHPUT 1 INPUT 2 INPUT 3 
1 K 0 0 0 
2 + I -6  0 
4 I 2 0 0 
5 I 4 0 0 

6 W 4 5 0 

I N I T I A L  CONF)ITIOI',!S AI'!O PARAMETERS 

IC/PAR NAME BLOCK IC/PAR1 PAR2 PAR3 
1 100.0000 0.0000 0.0000 
6 10.0000 100.0000 0.0000 

F i g u r e  4 A p o r t i o n  of the c o n s o l e  p r i n t e r  output  
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F o r  t he  s e c o n d  r u n ,  t h e  s i m u l a t i o n  w a s  m o d i f i e d  to  r e p r e s e n t  t h e  

s a m p l e d - d a t a  c o n t r o l .  T h e s e  m o d i f i c a t i o n s  w e r e  e n t e r e d  o n l i n e  v i a  

t h e  c o n s o l e  k e y b o a r d .  N e w  s p e c i f i c a t i o n s  w e r e  s i m p l y  t y p e d  w i t h i n  

t he  p a r e n t h e s e s  p r o v i d e d  by  t he  p r o g r a m ;  t h i s  o p e r a t i o n  i s  e q u i v a l e n t  

to ,  b u t  s i m p l e r  t h a n  c o n s o l e  p a t c h i n g  a t  t he  a n a l o g  c o m p u t e r .  F i g u r e  6 

s h o w s  h o w  t h e  v a r i a b l e  s a m p l i n g  e l e m e n t s  w e r e  a d d e d .  B l o c k s  20, 25,  

a n d  3 w e r e  a d d e d  to t h e  i n i t i a l  c o n f i g u r a t i o n  a n d  t h e  i n p u t  to  B l o c k  4 w a s  

c h a n g e d  f r o m  the  s u m m i n g  p o i n t  to  t h e  o u t p u t  o f  B l o c k  3 - - t h e  s a m p l e -  

a n d - h o l d  d e v i c e .  T h e  s e c o n d  a n d  t h i r d  r u n s  w e r e  p e r f o r m e d  u s i n g  t h e  

"fast" and the "slow" sampling respectively. Note that the sampling 

period, T, was obtained from a Constant element (Block 20). Its value 

was set at 0.05 for the second run, then changed to 0.1 for the third 

run. These values correspond to the fastest and slowest sampling found 

advisable for this process. The 1627 Plotter record of these first three 

runs is shown in Figure 7. 

OIJTPL!T !,,# i'~ r 

COHFIC-. !qATIO~. SPFCIFICATIOP 

RLOCK TYPE I"!PUT 1 I~'PUT 2 INPUT 3 
C 3 )  ( Z )  ( 2 )  ( 2 5 )  ( ) 
( 4 )  ( I )  C 3 )  ( ) ( ) 
( 2 0 )  ( K )  .( ) C ) ( ) 
( 2 5 )  ( 1 )  ( 2 0 )  ( ) ( ) 

I N I T I A L  CO~, 'n lTIO!"S A!'0 PAPA,qFTFPS 

I C / P A P  UAt:E BLnPK I C / P A P 1  P/~P2 pAO3 
FAST S A M P L I t  G ( 2 0 )  ( 0 . 0 5 0 0 )  ( ) ( ) 

F i g u r e  6 C o n s o l e  p r i n t e r  o u t p u t  s h o w i n g  o n l i n e  m o d i f i c a t i o n  

D 
i-- 

~. 1.0 

RUN 1 NO SAMPLING 
2 SAMPLING PERIOD 0.05 
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Plotter record 

for runs 1 - 3 
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F i n a l l y ,  B l o c k  2 0 - - t h e  C o n s t a n t  e l e m e n t  supp ly ing  p a r a m e t e r  

T - - i s  r e p l a c e d  by the c o n f i g u r a t i o n  shown in F i g u r e  8. This  p r o v i d e s  

the b i - f r e q u e n c y  s a m p l i n g  of the o r i g i n a l  c o n t r o l  s tudy .  The f a s t e s t  

s a m p l i n g  r a t e  is u s e d  w h e n e v e r  the a b s o l u t e  v a l u e  of the e r r o r  d e r i v a -  

t ive  e x c e e d s  the t h r e s h o l d  d e t e r m i n e d  by B l o c k  15. When  the s y s t e m  

a p p r o a c h e s  s t e a d y  s t a t e ,  the s l o w e r  s a m p l i n g  r a t e  is u s e d .  A p l o t t e r  

r e c o r d  for  t h r e e  v a l u e s  of the t h r e s h o l d  is shown in F i g u r e  9. This  

e x p e r i m e n t a t i o n  is p e r f o r m e d  s i m p l y  and  the c o n t r o l  e n g i n e e r ,  on the 

b a s i s  of his  e v a l u a t i o n  of the s y s t e m  p e r f o r m a n c e ,  qu i ck ly  d e t e r m i n e s  

an a c c e p t a b l e  t h r e s h o l d .  
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F i g u r e  8 B i - f r e q u e n c y  s a m p l i n g  p e r i o d  s i m u l a t i o n  
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RUN 4 THRESHOLD = 15.0 

5 THRESHOLD = 5.0 
6 THRESHOLD = 1.0 

0 

F i g u r e  9 

0.5 1.0 

TIME 

P l o t t e r  r e c o r d  fo r  h i - f r e q u e n c y  
s a m p l i n g  runs  
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Al though  this  e x a m p l e  is r a t h e r  s i m p l e j  n e v e r t h e l e s s  i t  i l l u s t r a t e s  

how the c o n t r o l  s y s t e m  d e s i g n e r  can  e f f e c t i v e l y  u se  d ig i t a l  s i m u l a t i o n  

t e c h n i q u e s .  The t a sk  of p r e p a r i n g  a p r o b l e m  for  s i m u l a t i o n  and s tudy 

is c o m p a r a t i v e l y  s i m p l e .  So too~ is the t a sk  of m o d i f y i n g  the s i m u -  

• l a t ion  for  a n a l y s i s  of d i f f e r e n t  d e s i g n  a p p r o a c h e s .  The m o d i f i c a t i o n  

o f  both c o n f i g u r a t i o n  and  p a r a m e t e r s  is r e a d i l y  a c c o m p l i s h e d  on l ine  

by m e a n s  of the c o n s o l e  f e a t u r e s  and the op t ions  p r o g r a m m e d  into the 

1130 CSMP. 


