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T h is  t h e s i s  I s  concerned  w ith  th e  s o l u t io n  o f  th e  a c tu a t io n  

a'M. i d e n t i f i c a t i o n  problem  i n  a  p a r t i c u l a r  model a d a p t iv e  c o n tr o l  

s y 0 tem and w ith  th© s t r u c tu r e  o f  a  s u i t a b l e  d e c is io n  com puter f o r  th e  

g e n e ra t io n  o f  a sub o p tim a l bang* bang sw itc h in g  fu n c tio n *  The 

c o n t r o l  s t r a t e g y  I s  one o f  fe e d  fo rw ard  p r e d i c t i o n  where em phasis i s  

p la c e d  on m in im iz in g  th e  tim e req u ix ’ed f o r  th e  p ro c e s s e s  o f i d e n t i f i c a t i o n  

ami a c t u a t i o n .  The b e h a v io u r  o f  a  p roposed  new ty p e  o f  f a s t  a c tu a t in g  

o t a d a p tiv e  m echanism b ased  on pho to  e l e c t r i c  p r i n c i p l e s  i s  in v e s t ig a te d  

f o r  a d ju s t i n g  th e  p a ra m e te rs  o f th e  p la n t  model w hich i s  fo rm u la te d  i n  

e l e c t r o n i c  an a lo g u e  term s* By th e  u se  o f  a  sem ico n d u c to r c r y s t a l  lamp 

and pho to  d io d e  d e te c t o r  th e  perfo rm ance  o f  th e  a d a p tiv e  e lem ent i s  

su b s e q u e n tly  im proved to  p roduce  a  l i n e a r  a d a p tiv e  mechanism w hich h a s  

a  s e t t l i n g  tim e o f  a p p ro x im a te ly  160 m icro  seconds*

A p la n t  p a ra m e te r  i d e n t i f i c a t i o n  system  b ased  on i t e r a t i v e  

co m p u ta tio n  te c h n iq u e s  h a s  a ls o  been  dev ised^  f o r  th e  p a r t i c u l a r  model 

s t r u c tu r e  chosen* w hich m in im ises  e s t im a t io n  tim e  and whose o u tp u t i s

co m p a tib le  w ith  th e  a d a p tiv e  mechanism*

The f u e l  su p p ly  p re s s u re  lo o p  o f  a  p u lv e r i s e d  c o a l  f i r e d  power 

s t a t i o n  b o i l e r  model was ta k e n  a s  an  exam ple o f  th e  p o s s ib le  a p p l i c a t io n  

o f  thijs model a d a p tiv e  and i d e n t i f i c a t i o n  schem es * Xt i s  shown t h a t

though b o i l e r  dynam ics a r e  governed  by complex therm odynam ic and



hydrodynamic, phenomena th e  o v e r a l l  p la n t  c h a r a c t e r i s t i c s *  w h ile  b e in g  tim e 

v a ry in g *  a re  r e l a t i v e l y  s im p le  i n  form  and can  be c lo s e ly  r e p re s e n te d  by 

th e  ty p e  o f  g e n e ra l iz e d  model chosen  f o r  th e  c o n tr o l  scheme* A 

d is c a a a io n  o f  th e  p h y s ic a l  b e h a v io u r  o f  th e  b o i l e r  p l a n t  i s o l a t e s  th e  

tim e v a ry in g  p a ram ete rs*

An a c c u ra te  sub o p tim a l c o n tr o l  f u n c t io n  i s  su b se q u e n tly  

g e n e ra te d  f o r  th e  d e r iv e d  b o i l e r  model by a  'r e l a t iv e ly  s im p le  i t e r a t i v e
g t ^ u y i P  yv\ C t j b

p rocedure*  E le c t r o n ic  an a lo g u e  u sed  th ro u g h o u t and

em phasis i s  p la c e d  on a c h ie v in g  a  r e d u c t io n  i n  co m p u ta tio n  co m p lex ity  

where p o s s ib le *
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dHffPTER 1 

INTRODUCTION

1«1 e A d ap tiv e  C o n tro l ,

A c o n v e n tio n a l  a u to m a tic  c o n tr o l  system  can  be d e s c r ib e d  a s

c o m p le te ly  s t r u c tu r e d  i n  th e  sen se  t h a t  system  and c o n t r o l l e r  p a ra m e te rs

a re  so chosen  to  a c h ie v e  a  d e s i r e d  optimum perfo rm ance  f o r  a g iv e n  c la s s

o f  in p u t  s i g n a l .  L arge changes i n  e i t h e r  system  p a ra m e te rs , e x te r n a l

e n v iro n m en ta l c o n d it io n s  o r  c la s s  o f  in p u t  s ig n a l  co u ld  r a p id ly  d eg rad e

th e  system  p erfo rm ance  d e s p i te  th e  n o rm a liz in g  in f lu e n c e  o f  n e g a tiv e
•fr

fe e d  back  e s p e c i a l l y  i f  th e  fo rw ard  lo o p  g a in  o f  th e  p ro c e s s  i s  low .

The term  a d a p tiv e  c o n tr o l  i s  n o rm ally  a p p lie d  to  th e  system  w hich h a s  th e  

f a c i l i t y  o f  a d ju s t in g  o r  a d a p tin g  i t s  c o n t r o l  p a ra m e te rs  a u to m a t ic a l ly  to  

m a in ta in  system  p erfo rm an ce  a t  some d e s i r e d  optimum l e v e l .

The c o n c e p ts  o f  o p t im a l i ty  and a d a p t iv i t y  a r e  i n t e r l i n k e d  and 

in d e e d  th e  f t r s t  a d a p tiv e  c o n tr o l  system  was r e f e r r e d  to  a s  an  o p tim a l 

c o n tr o l  system  by D rap er and Li i n  1951 ( l ) ( 2 ) .  T hese a u th o rs  were 

concerned  w ith  a c h ie v in g  th e  optimum s t a t i c  o p e ra t in g  p o in t  f o r  an  

a e ro  en g in e  to  o b ta in  maximum e f f i c ie n c y  i n  th e  p re s e n c e  o f  v a ry in g  

e n v iro n m en ta l and en g in e  p a ra m ete rs*  The c o r r e c t  o p e ra t in g  p o in t  was 

a c h ie v e d  by peak h o ld in g  te c h n iq u e s  where a n  in p u t  p e r tu r b a t io n  s ig n a l  was 

superim posed  on th e  c o n tr o l  s ig n a l*  S ubsequen t exam ples o f  a d a p t iv e  

c o n tr o l  sy s tem s w ere c lo s e ly  r e l a t e d  to  th e  a e ro  sp a ce  f i e l d  i n  w hich
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th e  b e n e f i t s  o f  a d a p ta t io n  w ere im m ed ia te ly  o b v io u s* Aerodynam ic 

p a ra m e te rs  undergo  w ide v a r i a t i o n s  w ith  v e h ic le  a l t i t u d e  and v e lo c i t y  

and some form  o f  a u to m a tic  c o n tr o l  com pensation  i s  e s s e n t i a l s  An e a r ly  

exam ple o f  a u to m a tic  com pensation  h as  been  g iv e n  by G regory ( 3 ) where th e  

p a ra m e te rs  o f  an  a u to m a tic  f l i g h t  c o n t r o l  system  a re  c o n t in u a l ly  a d ju s te d  

to  m a in ta in  c o r r e c t  damping o v e r  th e  com plete  f l i g h t  t r a j e c to r y *  A more 

r e c e n t  exam ple i s  th e  g l id e  p a th  c o n tr o l  o f  a VoT .0 ,L * a i r c r a f t  ( 4 ) i n  

w hich an  a d a p t iv e  lo o p  a u to m a t ic a l ly  com pensates f o r  chang ing  a i r c r a f t  

p a ra m e te rs  to  p ro v id e  c o r r e c t  p i l o t  " f e e l 1* a t  a l l  s ta g e s  i n  th e  f i n a l  

a p p ro a c h 0

No g e n e ra l  th e o ry  o f  a d a p tiv e  c o n tr o l  h a s  y e t  emerged and 

a d a p tiv e  sy stem s s t i l l  ten d  to  be c l a s s i f i e d  by t h e i r  mode o f  o p e ra t io n  

( 5)0 One c l a s s  o f  a d a p tiv e  system  c o n t in u a l ly  m o n ito rs  i t s  own perfo rm ance  

e i t h e r  by a  t r a i n  o f  in p u t  p u ls e s  o r  by c ro s s  c o r r e l a t i o n  te c h n iq u e s  and 

a d ju s t s  th e  p a ra m e te rs  o f  th e  c o n t r o l l e r  f o r  optimum response*  Due to  

th e  tim e l a g  a s s o c ia te d  w ith  th e  i d e n t i f i c a t i o n  p ro c e s s  i t  i s  assum ed 

t h a t  p a ra m e te r  r a t e  o f  change i s  sm a ll i n  com parison  w ith  th e  dom inant 

tim e c o n s ta n t  o f  th e  system* A n o th e r a p p ro a ch 9 w hich i s  som etim es r e f e r r e d  

to  a s  non l i n e a r  a d a p tiv e  c o n t r o l „ i s  to  cau se  th e  system  to  undergo  a  

r a d i c a l  change i n  i t s  o p e ra t io n  a s  a  fu n c t io n  o f  th e  in p u t  s ig n a l*  An 

exam ple o f  t h i s  form  o f  system  i s  th e  d u a l mode se rv o  w hich a c t s  a s  a 

bang-bang  se rv o  f o r  l a r g e  s ig n a l s  b u t f o r  sm a ll s i g n a l s  i s  sw itch ed  to  

l i n e a r  o p e ra t io n  (6 )*  T a y lo r  and F lu g g e -L o tz (7 )  have developed , t h i s
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p r i n c i p le  and produced  a c o n tr o l  system  w hich s w itc h e s  betw een  one 

o f  e ig h t  com pensating  ne tw orks depend ing  upon th e  c h a r a c te r  o f  th e  

in p u ta

The term  com puter c o n t r o l le d  a d a p ta t io n  i s  g e n e r a l ly  

a t t r i b u t e d  to  th o se  system s w hich in c o r p o r a te  a n  e le c t r o n i c  com puter 

f o r  th e  p u rp o ses  o f  p ro c e s s  i d e n t i f i c a t i o n  and o p t im i z a t i o n  One o f  th e  

e a r l i e s t  works on com puter o p t im iz a t io n  was p u b lis h e d  by K irchm ayer (8 ) 

and m s  r e l a t e d  to  th e  problem  o f  optimum energy  d i s t r i b u t i o n  i n  

in te r c o n n e c te d  power system  g e n e ra to rs*  R e c e n tly  Kalman ( 9 ) h a s  

d e m o n s tra te d  t h a t  f o r  a  l i n e a r  com plex system  w ith  a  q u a d ra t ic  perfo rm ance  

in d e x  an  o p tim a l c o n tr o l  law  can be d e te rm in ed  a n a l y t i c a l l y  i n  te rm s o f  

l i n e a r  r e c u r re n c e  fu n c t io n s  u s in g  B ellm ans (10) c o n ce p t o f  dynamic 

programming* I f  th e  o p tim a l f o r c in g  fu n c t io n  i s  d e r iv e d ‘.On th e  b a s i s  Of 

u p d a te d  system  in fo rm a tio n  th e  c o n tr o l  law  i s  a d a p tiv e  and a po w erfu l 

te c h n iq u e  th u s  e x i s t s  o f a p p ly in g  th e  p r in c ip le  o f  a d a p ta t io n  to  ex tre m e ly  

com plex system s* Examples o f  th e  a p p l i c a t io n  o f  t h i s  te c h n iq u e  have been  

l im i te d  to  d a te  b u t  a t  l e a s t  two have b een  p u b lis h e d  by Kalman (11) and 

N ich o lso n  (12)* Kalmans method h as s e v e r a l  s e v e re  l im i t a t i o n s  i n  t h a t  

th e  system  m ust be l i n e a r  an d 0 f o r  m ath em atica l t r a c t a b i l i t y ^  th e  

perfo rm ance  in d e x  m ust be q u a d ra tic *  T h is  l a t t e r  c o n s t r a i n t  co u ld  w e ll  

r e s u l t  i n  a t o t a l l y  u n r e a l i s t i c  perfo rm ance  in d e x  i n  a  p r a c t i c a l  

a p p l i c a t io n  (13)o



4o

Though th e  advance i n  com puter tech n o lo g y - and m a th em a tica l 

te c h n iq u e s  h as re n d e re d  th e  a t ta in m e n t  o f  m u ltid im e n s io n a l a d a p ta t io n  

p o s s ib le  s e v e r a l  fo rm id a b le  c o m p u ta tio n  problem s s t i l l  e x i s t  ( 14)* The 

p re se n c e  o f  l o c a l  maxima o r  minima and d i s c o n t i n u i t i e s  i n  th e  perfo rm ance  

in d e x  c o n to u rs  can  le a d  to  e rro n e o u s  r e s u l t s  u n le s s  e x te n s iv e  

preprogram m ing i s  u n d e rtak en *  L ikew ise  i f  th e  p erfo rm ance  in d e x  c o n to u rs  

a r e  open ended no m ean in g fu l r e s u l t s  w i l l  be o b ta in e d  u n le s s  s t r i c t

bounds a re  s e t  to  th e  search  r e g io n  i n  th e  N sp a c e .

D ir e c t  o p t im is a t io n  i s  th u s  e x p lo ra to ry  o r  h e u r i s t i c  i n  n a tu r e 5 

th e  r e s u l t s  o f  each  p a ra m e te r  a d ju s tm e n t b e in g  a s s e s s e d  and u sed  a s  a

b a s i s  f o r  f u r t h e r  c o n t r o l  m a n ip u la tio n . Though s im p le  i n  c o n c e p t9 i f

th e  perfo rm ance  in d e x  i s  d i r e c t l y  m ea su ra b le , d i r e c t  o p t im iz a t io n  h as 

s e v e r a l  l im i t a t i o n s  i n  a p p l i c a t io n  in c lu d in g  th o se  due t> n o is e ,  i r r e g u l a r  

p e rfo rm ance  in d e x  c o n to u rs  and th e  c o m p le x it ie s  a s s o c ia te d  w ith  m u lt ip le  

i n p u ts .

Model A d a p ta tio n  (1 5 )(1 6 )  p ro v id e s  an a l t e r n a t i v e  app roach  to  

o p tim iz in g  c o n tr o l  where th e  m odel may be a p h y s ic a l  a n a lo g u e  o f  th e  

system  o r  a  m a th e m a tic a l a b s t r a c t i o n  such  a s  a  s e t  o f  e q u a tio n s  d e s c r ib in g  

th e  system  b eh av iou r*  U sing  th e  system  model a s  a b a s i s  f o r  d e r iv in g

o p tim a l c o n t r o l  e q u a t io n s  h as  s e v e r a l  advan tages*

( l )  The model can  be s c a le d  to  ru n  much f a s t e r  th a n  th e  system

so t h a t  th e  tim e  r e q u ir e d  f o r  com plete  e x p lo r a t io n  o f  th e  system

perfo rm ance  c o » n to u rs  i s  n e g l ig ib le  r e l a t i v e  to  th e  dom inant tim e c o n s ta n t
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o f  t h e  sy stem . A com plete  f a s t  tim e  e x p lo r a t io n  o f  th e  pe rfo rm ance  

c o p n to u rs  e lim in a te s  p rob lem s due to  l o c a l  maxima o r  minima o r  o th e r  

i r r e g u l a r i t i e s  i n  th e  c o n to u r  shape and th e  n o is e  f r e e  model o u tp u t can  

he u sed  a s  an  a c c u ra te  p r e d ic t io n  s ig n a l  f o r  f u r t h e r  c o n tr o l  s t r a t e g y c

( 2 ) System  p e r tu r b a t io n  s ig n a ls  a re  n o t r e q u ir e d  and th u s  

lo s s e s  due t o  system  t r a n s i e n t s  and h u n tin g  a re  rem oved.

The system  model can  be u sed  i n  two w ays. F i r s t l y  i f  th e  i d e a l  

p l a n t  c h a r a c t e r i s t i c s  a re  lcnown th e n  th e  p la n t  p e rfo rm ance  can  be compared 

d i r e c t l y  w ith  an  i d e a l  model r e fe re n c e  sy s tem ,an y  d i f f e r e n c e  s ig n a l  b e in g  

u sed  a s  a b a s i s  f o r  a d a p tin g  th e  p la n t  c o n t r o l  p a ra m e te rs . T h is  so c a l le d  

m odel r e f e r e n c e  a d a p tiv e  c o n tro l  te c h n iq u e  h as  found  p a r t i c u l a r  a p p l i c a t io n  

i n  th e  a e ro  space  f i e l d  ( 1 ? ) ,( 1 8 )  where v e h ic le  c o n t r o l  c h a r a c te r ! s t i c s m u s t  

be h e ld  w i th in  r i g i d  l i m i t s  o v e r a wide range o f  aerodynam ic c o n d i t io n s .  

S econd ly  and more commonly th e  model may be u sed  a s  a b a s i s  f o r  g e n e ra t in g  

p r e d i c t i v e ly  th e  c o r r e c t  system  f o r c in g  fu n c t io n s  when th e  p la n t  i s  s u b je c t  

to  a  s e r i e s  o f  a r b i t r a r y  i n p u t s .

The c o r r e c t  g e n e ra t io n  o f  th e  o p tim a l f o r c in g  f u n c t io n  depends 

d i r e c t l y  on th e  v a l i d i t y  o f  t h e  p la n t  model chosen . I n  p r a c t i c a l  

a p p l i c a t io n  to  a  complex p la n t  th e  model s t r u c tu r e  w i l l  u s u a l ly  d e v ia te  

from  th e  a c tu a l  p la n t  s t r u c tu r e  f o r  s e v e r a l  r e a s o n s .

(a )  I n s u f f i c i e n t  knowledge a v a i la b le  o f  th e  a c tu a l  p ro c e s s  

dynam ics and a c tu a l  p la n t  d e s ig n  may be l a r g e ly  e m p ir ic a l .

(b ) Many o f th e  v a r i a b le s  w hich a f f e c t  sy stem  b e h a v io u r  can n o t 

be a c c u r a te ly  d e te rm in ed  w ith  e x i s t i n g  in s t r u m e n ta t io n  and 

th u s  a r e  n o t  a v a i la b le  f o r  model fo rm u la t io n .



6 0

( c )  Even i f  th e  p ro c e s s  dynam ics were c o m p le te ly  known

t h e i r  co m p lex ity  may w e ll  be such a s  to  r e n d e r  d e ta i l e d  

model fo rm u la tio n  p r o h ib i t i v e ly  ex p en siv e  i n  com puter 

c a p a c ity o

I n  g e n e ra l  th e  model o n ly  r e p r e s e n ts  t h e  dom inant f a c t o r s  o f  th e  

system  e q u a tio n s  and th e r e f o r e  some e r r o r  w i l l  e x i s t  betw een  model and system  

re s p o n se . C om pensation i s  a f fo rd e d  by a s e l f  c h ec k in g  o r  model a d a p ta t io n  

te c h n iq u e  w hereby th e  model i s  a d ju s te d  to  fo rc e  a  b e s t  f i t  betw een th e  model 

re sp o n se  and th e  system  re sp o n se  i n  th e  v i c i n i t y  o f  th e  c u r r e n t  o p e ra t in g  

p o in t .  Model a d a p ta t io n  i s  n o rm a lly  accom plished  by p a ra m e te r  v a r i a t i o n  

w i th in  a  r i g i d  model s t r u c tu r e ^ th e  u p d a ted  model b e in g  su b s e q u e n tly  u sed  a s  

a  b a s i s  f o r  a c c u ra te  g e n e ra t io n  o f  th e  c o r r e c t  f o r c in g  f u n c t i o n , . The 

a u to m a tic  s e l f  ch eck in g  in h e r e n t  i n  th e  model a d a p ta t io n  p h ilo so p h y  a llo w s  

th e  a d a p tiv e  model to  be re g a rd e d  a s  an e le m e n ta ry  l e a r n in g  m ach ine0

The b a s ic  a d a p tiv e  c o n tr o l  co n cep t h a s  beem sum m arised by 

T ru x a l (19) whose g e n e ra l  r e p r e s e n ta t io n  i s  shown i n  th e  b lo c k  d iagram  o f  

f ig u r e  1 o H ere th e  in p u t  s ig n a l  i s  i d e n t i f i e d  e i t h e r  to  d e te rm in e  i t s  

c h a r a c t e r i s t i c s  f o r  mode sw itc h in g  o r  to  o b ta in  in fo rm a tio n  f o r  u l t im a te  

system  perfo rm ance  e s t im a t io n .  The d e c is io n  com puter u s e s  in fo rm a tio n  from  

b o th  s ig n a l  and p ro c e s s  . ' i d e n t i f i e r s  to  d e te rm in e  th e  r e q u ir e d  c o n t r o l l e r  

c h a r a c t e r i s t i c s  o r  to  g e n e ra te  th e  n e c e ssa ry  system  f o r c in g  f u n c t io n .  

P erform ance c r i t e r i a  a re  programmed in to  t h i s  com puter w hich m ust a l s o  be 

fe d  w ith  en v iro n m en ta l d a ta  i f  r e l e v a n t <>
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The o u tp u t from  th e  d e c is io n  com puter may e i t h e r  he an  o p tim a l 

c o n tr o l  f o r c in g  fu n c t io n  o r  a  s ig n a l  to  a l t e r  c o n t r o l l e r  c h a r a c t e r i s t i c s  

i n  o rd e r  to  o b ta in  optimum p la n t  response*  I n  th e  fo rm er case  

a d a p ta t io n  i s  pe rfo rm ed  w i th in  th e  com puter c o n f ig u r a t io n  e i t h e r  by 

p h y s ic a l ly  ch an g in g  a  p a ra m e te r  o r  by an  a b s t r a c t  a d ju s tm e n t o f  th e  

c o e f f i c i e n t s  o f  some im p lie d  a n a l y t i c a l  f u n c t io n .  I n  th e  l a t t e r  case  

a d a p ta t io n  ta k e s  p la c e  w i th in  th e  c o n t r o l l e r  system  and th e  com puter 

o u tp u t can  be re g a rd e d  a s  a s ig n a l  w hich a c tu a te s  th e  p h y s ic a l  a d ju s tm e n t.

An a d a p t iv e  c o n tr o l  sy stem  h as  th e r e f o r e  th e  fo l lo w in g  two 

c h a r a c t e r i s t i c s ,

(a )  i d e n t i f i c a t i o n

(b ) a c tu a t io n

where i d e n t i f i c a t i o n  r e f e r s  t o  th e  m easurem ent o f  th e  sy stem  to  be 

o p tim ise d  and a c tu a t io n  r e f e r s  to  th e  g e n e ra t io n  o f  a command s ig n a l  

w hich v a r i e s  some p a ra m e te r  to  a c h ie v e  o p t im is a t io n ,  F o r e f f e c t  th e  

p ro c e s s e s  o f  i d e n t i f i c a t i o n  and a c tu a t io n  must ta k e  a  s h o r t e r  tim e  th a n  

th e  tim e r e q u ir e d  f o r  any dom inant system  p a ra m e te r  to  v a ry  by a  

s i g n i f i c a n t  am ount,

1 a2 a O b jec t o f  t h e s i s .

T h is  t h e s i s  d e a ls  w ith  th e  s o lu t io n  o f  th e  a c tu a t io n  and 

i d e n t i f i c a t i o n  problem  i n  a  p a r t i c u l a r  model a d a p tiv e  c o n t r o l  system  

and w ith  th e  s t r u c tu r e  o f  a  s u i t a b l e  d e c is io n  com puter f o r  th e  g e n e ra t io n
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o f  a sub o p tim a l bang-bang  sw itc h in g  fu n c tio n *  The c o n tr o l  s t r a t e g y  i s  

one o f  fe e d  fo rw ard  p r e d ic t io n  where em phasis i s  p la c e d  on m in im is in g  

th e  tim e re q u ir e d  f o r  th e  p ro c e s s e s  o f  i d e n t i f i c a t i o n  and a c tu a t io n *

The b e h a v io u r  o f  a  p roposed  new ty p e  o f f a s t  a c tu a t in g  o r  a d a p tiv e  

mechanism i s  i n v e s t i g a t e d  f o r  a d ju s t in g  th e  p a ra m e te r  o f  th e  p la n t  

model w hich i s  fo rm u la te d  i n  e l e c t r o n i c  an a lo g u e  term s* A p la n t  p a ra m e te r  

i d e n t i f i c a t i o n  system  b ased  on i t e r a t i v e  com puter te c h n iq u e s  h as  a ls o  been  

d e v ise d  f o r  th e  p a r t i c u l a r  model s t r u c tu r e  chosen  w hich m in im ises 

e s t im a t io n  tim e  and whose o u tp u t i s  co m p a tib le  w ith  th e  a d a p tiv e  mechanism* 

The f u e l  su p p ly  p r e s s u re  lo o p  o f  a  power s t a t i o n  b o i l e r  model 

was ta k e n  a s  an exam ple o f th e  p o s s ib le  a p p l i c a t io n  o f  th e  model a d a p tiv e  

and i d e n t i f i c a t i o n  schemes and i t  i s  shown how an  a c c u ra te  sub o p tim a l 

c o n tr o l  f u n c t io n  can be g e n e ra te d  f o r  th e  d e r iv e d  b o i l e r  model by a 

r e l a t i v e l y  s im p le  i t e r a t i v e  p ro c e d u re * E le c t r o n ic  an a lo g u e  fo rm u la tio n  i s  

u se d  th ro u g h o u t and em phasis h a s  been  p la c e d  on a c h ie v in g  a r e d u c t io n  i n  

co m p u ta tio n  c o m p lex ity  where p o s s ib l e 0

The A d ap tiv e  M echanism*

The new mechanism i s  b ased  on photo  r e s i s t o r  p r in c ip le s a n d  i t s  

perfo rm ance  h a s  p roved  to  be f a s t ,  a c c u ra te  and r e l i a b le *  I t  i s  th o u g h t 

t h a t  t h i s  d e v ic e  c o u ld  e v e n tu a l ly  r e p la c e  se rv o  p o te n t io m e te r s  i n  th e  

a d a p tiv e  r o le  f o r  a l l  c o n tr o l  system s* E ecen t e f f o r t s  to  in c r e a s e  f u r t h e r  

th e  speed  o f  a d a p ta t io n  le d  to  an i n v e s t i g a t i o n  o f  th e  perfo rm ance  o f
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o f  G allium  A rsen id e  c i y s t a l  lam ps when .5 u sed  i n  c o n ju n c tio n  w ith  S i l i c o n  

pho to  duo d io d e s .  T h is co m b in a tio n  h as  r e s u l te d  i n  an  a d a p tiv e  d e v ic e  w ith  

a  tim e re sp o n se  o f  th e  o rd e r  o f  m ic ro se co n d s0

The pho to  r e s i s t o r  system  h as  a tim e  re sp o n se  w hich i s  a b o u t 

an  o rd e r  b e t t e r  th a n  th e  c o n v e n tio n a l se rv o  system  and an im provem ent 

o f  s e v e ra l  o rd e r s  i s  a ch iev e d  w ith  th e  photo  d io d e  b d m b in a tio n . Though 

th e  re sp o n se  o f  th e  l a t t e r  i s  much f a s t e r  th a n  re q u ir e d  f o r  m ost a d a p tiv e  

sy stem s i t  sh o u ld  f in d  a  w ide a p p l i c a t io n  i n  th e  f i e l d  o f  h ig h  speed  

h y b r id  co m p u ta tio n  by e n su r in g  c o m p a ta b i l i ty  betw een a d a p ta t io n  and 

co m p u ta tio n  p e r io d s .

Due to  th e  p a r a l l e l  n a tu re  o f  i t s  o p e ra t io n  th e  com pu ta tion  

p e r io d  o f  a n  an a lo g u e  com puter can  be m easured i n  m ic ro seco n d s and a  

compute p e r io d  o f  one m il l is e c o n d  f o r  com plete  t r a j e c t o r y  co m p u ta tio n  i s  

q u i te  f e a s i b l e * By re d u c in g  model a d a p ta t io n  tim e to  a  sm a ll f r a c t i o n

o f  a  m il l is e c o n d  many hundred  perfo rm ance c o n to u rs  can be e x p lo re d  i n  

one second and a  s e a rc h  i n  N -fo ld  o p tim iz in g  sp ace  com pleted  i n  a  few 

se co n d s ,

1 o3o2o The C o n tro l SchemeQ

I f  th e  dynam ic e q u a tio n s  g o v ern in g  th e  b e h a v io u r  o f a  system  

a i’e a c c u r a te ly  known i t  i s  p o s s ib le  i n  th e o ry  to  c a l c u l a t e  th e  c o n d it io n s  

n e c e s s a iy  f o r  optimum p e rfo rm an ce , A p a r t i c u l a r  c a se  i s  shown i n  

f ig u r e  1 ,2 ,  where a f u l l  knowledge o f  th e  p ro c e s s  dynam ics e n a b le s  th e  

c o n tr o l  law s o f  th e  fe e d  fo rw ard  com puter to  be d e te rm in ed  and hence 

th e  optimum c o n tr o l  fu n c t io n s  g e n e ra te d . An e x a c t  m a th em a tica l knowledge
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o f  th e  p ro c e s s  i s ,  how ever, seldom  a v a i la b le  due e i t h e r  to  la c k  o f  

p r e c i s e  in fo rm a tio n  o f th e  system  dynam ics o r  to  th e  m agnitude  o f  th e  

com puter f a c i l i t i e s  r e q u ir e d  to  d e r iv e  i t a

Model a d a p ta t io n  schemes have th u s  been  p ro p o sed  by s e v e ra l  

a u th o rs  (15 ) (16 ) a s  a  p r a c t i c a l  method o f c o n t r o l l i n g  com plex sy s te m s0 

The b a s ic  p h ilo so p h y  o f  t h i s  app roach  i s  t h a t  th e  p ro c e s s  m odel, 

s t r u c tu r e d  w i th in  th e  c o n tr o l  com puter, i s  c o n t in u a l ly  a d ju s te d  to  fo rc e  

a b e s t  f i t  o f  th e  model to  th e  O bserved system  b e h a v io u r  i n  th e  v i c i n i t y  

o f  th e  c u r r e n t  o p e ra t in g  p o in t*  C o n tro l f u n c t io n s  a re  th e n  d e r iv e d  on 

th e  b a s i s  o f  th e  u p d a ted  dynamic model*

The s y n th e s is  o f  t h i s  a d a p tiv e  system  p r e s e n ts  fo rm id a b le  

p rob lem s u n le s s  rad ic a l s im p l i f i c a t i o n s  a re  made. C onsequen tly  th e  model 

on ly  r e p r e s e n ts  th e  dom inant c h a r a c t e r i s t i c s  o f  th e  sy stem  e q u a tio n s .

E r ro r s  due to  system  re d u c t io n  a r e  how ever sm a ll b ecau se  o f  th e  s e l f  

checking" o r  l e a r n in g  a b i l i t i e s  o f  th e  model* The g e n e ra l  ap p ro ach  u sed  

i n  t h i s  s tu d y  i s  t h a t  o f  L efkow itz  (16) who r e p r e s e n ts  a  complex p ro c e s s  

by a  s im p l i f i e d  model o f  r i g i d  s t r u c tu r e  th e  p a ra m e te rs  o f  w hich a r e  

u p d a te d  by d i r e c t  com parison  w ith  th e  p ro c e ss  o u tp u ts*

The fo llo w in g  assu m p tio n s  a r e  male*

(1 ) The p ro c e s s  o p e ra te s  n o rm ally  i n  th e  s te a d y  s t a t e  w ith ,

how ever, f r e q u e n t ' s te p  changes i n  lo a d  v a r ia b le s

(2 ) The p ro c e s s  dynam ics a r e  s i g n i f i c a n t  r e l a t i v e  to  th e  freq u e n c y

o f  lo a d  v a r i a t i o n s  and th u s  th e  o v e r a l l  perfo rm ance i s  in f lu e n c e d  by th e

system  b e h a v io u r  d u r in g  th e  t r a n s ie n ts *



( 5) The p ro c e s s  e x h ib i t s  an  open lo o p  m qnotonic re s p o n s e c

1«3.3* Dynamic O p tim iz a tio n ,

I f  we c o n ce rn  o u is e lv e s  w ith  an i n d u s t r i a l  p ro c e s s  a  common 

problem  e n co u n te re d  i s  t h a t  o f  q u ic k ly  r e s to r in g  e q u il ib r iu m  a f t e r  a la r g e  

in p u t  d is tu r b a n c e .  The problem  i s  u s u a l ly  c o m p lica te d  by th e  p re se n c e  o f 

lo n g  th e rm a l and d is ta n c e  v e lo c i ty  l a g s ,  A r e a l i s t i c  su b o p tim a l c o n tro l  

c r i t e r i o n  th e r e f o r e  would be to  d r iv e  th e  p ro c e ss  from  one s te a d y  s t a t e  

c o n d it io n  to  a n o th e r  i n  minimum tim e i n  re sp o n se  to  an  in p u t  d i s tu rb a n c e .

T h is c r i t e r i o n  w i l l  r e s u l t ,  f o r  a  l i n e a r  sy s tem , i n  a  bang - 

bang c o n tr o l  law  ( 2 0 ) ( 2 l )  and i f  a  l i n e a r  model o f  th e  system  i s  u sed  th e n  

a bang b a n g .c o n tro l  f u n c t io n  w i l l  be developed  by th e  c o n t r o l  com pu ter* A 

s im p le  g e n e r a l i s e d  model o f  th e  form

Q ( s )  = K E" 3 0  
1 + ST

w i l l  y i e l d  a  c o n tr o l  sw itc h in g  f u n c t io n  o f  th e  form  shown i n  f ig u r e  1 c5 0 

w here due to  an  in p u t  d is tu rb a n c e  o f  m agnitude (U2 -  U-j) th e  p ro c e ss  

o u tp u t m ust change from  Pi to  P2 i n  th e  minimum p o s s ib le  t im e . I f  

due to  system  c o n s t r a i n t s  th e  maximum c o n tro l  e f f o r t  a v a i la b le  a t  t h i s  

o p e ra t in g  p o in t  i s  M th e n
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w here p = p« -  p , .

The v a lu e  o f  t  and t ,  can he computed on a  f a s t  tim e  b a s i s
3 Cl

from  th e  g e n e r a l i s e d  model and u sed  to  c o n tr o l  th e  e x a c t  sw itc h in g  tim e 

o f  th e  p ro cess*  As th e  sw itc h in g  fu n c t io n  need o n ly  be g e n e ra te d  a t  

th e  o n s e t  o f  a  l a r g e  t r a n s i e n t  th e  p ro c e ss  can  rem ain  u n d e r i t s  norm al 

an a lo g u e  c o n tr o l s  d u r in g  q u ie s c e n t  o p e ra t io n .  The com plete  d u a l mode 

c o n t r o l  scheme i s  shown i n  f ig u r e  1*4*

The dynamic c o n tro l  com puter,w hich  in c o r p o r a te s  th e  f a s t  tim e 

a d a p t iv e  m o d e l,m o n ito rs  th e  o u tp u t and in p u t  v a r i a b l e s ,  d e te rm in e s  when 

th e  in p u t  d e v ia t io n  re a c h e s  th e  preprogram m ed sw itc h in g  boundary  and 

su b se q u e n tly  d e v e lo p s  th e  c o r r e c t  sw itc h in g  f u n c t io n .  In fo rm a tio n  from  

th e  o u tp u t v a r i a b l e s i s  u sed  to  e s t im a te  th e  p ro c e s s  p a ra m e te rs  and up ­

d a te  th e  g e n e r a l i s e d  p la n t  model f o r  c o r r e c t  co m p u ta tio n . F our 

d i s t i n c t  f u n c t io n s  a r e  th u s  perfo rm ed  by th e  c o n tr o l  com pu ter, v izg  

mode s w itc h in g , s w itc h in g  f u n c t io n  g e n e ra t io n ,  p a ra m e te r  e s t im a t io n  

and model a d a p ta t io n .



p ( t )P ro c e s s

Mode
S w itch

Feed Back 

C o n t r o l le r

M(t)

D ual Mode C o n tro l0
F ig u re  1 <>4o
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1 *3*4* P a ra m e te r  E s t im a t io n .

E s t im a tio n  o f  th e  p ro c e s s  p a ra m e te rs  i s  one o f  th e  key 

r e a l i z a t i o n  p rob lem s i n  any a d a p t iv e  c o n tro l  scheme and th e  ad v an tag e  

o b ta in e d  from  u s in g  a  s im p l i f i e d  l i n e a r  p la n t  model c o u ld  be l o s t  i f  th e  

d e s ig n e r  were fo rc e d  to  u se  a  com plex i d e n t i f i c a t i o n  system * One o f  th e  

o b je c ts  o f  t h i s  s t u d y . th e r e f o r e  was to  r e a l i z e  p a ra m e te r  e s t im a t io n  

equipm ent w hich would be co m p a tib le  w ith  th e  chosen  m odel s t r u c t u r e .

The p a ra m e te r  e s t im a to r s  w hich were d eve loped  c o n s i s t s  o f  e l e c t r o n i c  

an a lo g u e  e lem en ts  c o n tr o l le d  by e x te r n a l  t r a n s i s t o r  lo g ic  c i r c u i t s  

programmed to  i d e n t i f y  co m p le te ly  an  e x p o n e n tia l  tim e f u n c t io n .  I d e n t i f i c a t i o n
i

o f  t h i s  fo rm ;a p p e a rs  to  have been  a c h iev e d  p r e v io u s ly  on ly  by th e  u se  o f 

r e l a t i v e l y  complex d i g i t a l  com puter te c h n iq u e s .

1 .3 .3 *  C o n t r o l le r  A p p l ic a t io n .

A s tu d y  was u n d e rta k e n  o f  th e  a p p l i c a t io n  o f  th e  c o n tr o l  scheme 

to  a  s p e c i f i c  i n d u s t r i a l  p ro c e s s .  The p ro c e ss  ch o sen , th e  f u e l  su p p ly  

p re s s u re  lo o p  o f  a  p u lv e r iz e d  c o a l f i r e d  power s t a t i o n  b o i l e r ,  can  be 

app ro x im ated  by a  s im p le  g e n e r a l iz e d  model and i s  th u s  r e p r e s e n ta t iv e  

o f  th e  ty p e  o f  a p p l i c a t io n  e n y is a g e d .

As e l e c t r i c  su p p ly  ne tw orks become in c r e a s in g ly  complex to  

f u l f i l  th e  demands o f  an  expand ing  i n d u s t r i a l  economy th e  problem s o f  

e l e c t r i c  power sy stem s s t a b i l i t y  grow in c r e a s in g ly  c r i t i c a l .  An 

im p o rtan t f a c t o r  i n  th e  o v e r a l l  s t a b i l i t y  o f  a power su p p ly  netw ork  i s  th e  

t r a n s i e n t  pe rfo rm ance  o f  f o s s i l  f i r e d  h ig h  p re s s u re  b o i l e r s ,  w hich equ ip  

th e  v a s t  b u lk  o f  o u r  g e n e ra t in g  s t a t i o n s ,  where th e  tim e  d e la y  a s s o c ia te d
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w ith  p u lv e r iz e d  c o a l  f i r e d  u n i t s  a c c e n tu a te s  th e  norm al c o n tr o l  p rob lem .

The b o i l e r  model developed  i n  c h a n te r  4 d e m o n s tra te s  t h a t  

though  b o i l e r  p h y s ic a l  p ro c e s s e s  a re  governed by e x tre m e ly  complex law s 

o f therm odynam ics and hydrodynam ics th e  o v e r a l l  p la n t  c h a r a c t e r i s t i c s ,  w h i l s t  

tim e v a r i a n t ,  a r e  o f  r e l a t i v e l y  sim p le  form  and c lo s e ly  r e p re s e n te d  by th e  

ty p e  o f  g e n e ra l iz e d  model d e s c r ib e d  i n  p a ra g rap h  1 .3 .3 #  From th e  p r a c t i c a l  

a s p e c t  p la n t  p a ra m e te r  e s t im a t io n  h a s  been  g r e a t ly  f a c i l i t a t e d  by th e  r e c e n t  

developm ent a t  C .E .G .B . L ea th e rh ead  o f  a d e v ic e  w hich m easures th e  d i r e c t  

h e a t  f lu x  p a s s in g  i n to  th e  b o i l e r  tu b e s  from  th e  f u r n a c e .  I t  i s  th o u g h t 

t h a t  t h i s  i s  th e  f i r s t  tim e  t h a t  t h i s  p a r t i c u l a r  d e v ic e  h a s  been  p roposed  

a s  an  e lem en t i n  a  b o i l e r  c o n t r o l  lo o p . E x c e lle n t  dynam ic c h a r a c t e r i s t i c s  

combined w ith  v e iy  low n o is e  s ig n a l  l e v e l s  e n su re s  good c o m p a ta b i l i ty  

w ith  modern d a ta  p ro c e s s in g  equ ipm en t.

The b o i l e r  model was s im u la te d  on an  an a lo g u e  com puter and i t s  

b e h a v io u r  s tu d ie d  u n d e r  th e  in f lu e n c e  o f  th e  d e r iv e d  s w itc h in g  f u n c t io n .

A s u c c e s s fu l  i t e r a t i v e  co m p u ta tio n  p ro ced u re  h as  been  developed  w hich y i e ld s  

a c c u ra te  r e s u l t s  w ith  th e  minimum o f  added com puter c o m p le x ity .

The b e h a v io u r  o f  drum w a te r  l e v e l  u n d e r  t r a n s i e n t  lo a d  c o n d it io n s  

c o n s t i t u t e s  a  m ajo r c o n s t r a in t  on th e  c o n tr o l le d  perfo rm ance  o f  th e  b o i l e r .  

The n a tu re  o f  t h i s  phenomenon h a s  th u s  been  in v e s t i g a t e d  and th e  r e s u l t s  

o f  e a r l i e r  w orkers em phasised  to  show how th e y  can be u sed  to  im prove w a te r  

l e v e l  c o n tr o l  by c o r r e c t  b o i l e r  d e s ig n . F in a l ly  a  m ethod h as  b een  o u t l in e d  

o f  e x te n d in g  optimum sw itc h in g  te c h n iq u e s  to  w a te r  l e v e l  c o n tr o l  to  make th e  

b e s t  u se  o f  i n s t a l l e d  p la n t  c a p a c i ty .
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CHAPTER 2 

THE ADAPTIVE MECHANISM

2 .1 .  I n t r o d u c t io n .

I f  a  com plex p la n t  i s  r e p re s e n te d  by a  s im p l i f i e d  model o f  

r i g i d  s t r u c tu r e  th e  p a ra m e te rs  o f  w hich a re  v a r i a b le ,  a c tu a l  model 

fo rm u la tio n  o b v io u s ly  w i l l  be in f lu e n c e d  by th e  model s t r u c tu r e  ch o sen .

F o r  a  p la n t  w hich can  be s t r u c tu r e d  i n to  a s e r i e s  o f  e le m e n ta l t r a n s f e r  

f u n c t io n s  o f  th e  form

G (s) = K
1 + I&

where K and L a r e  v a r i a b l e s ,  model fo rm u la tio n  by e l e c t r o n i c  ana logue  

te c h n iq u e s  can  r e a d i ly  be a c h ie v e d .

In  such  a  fo rm u la tio n , th e  g a in  p a ra m e te r  K can  be a d ju s te d  

by u s in g  e i t h e r  a  s e rv o -p o te n t io m e te r  o r  e le c t r o n i c  m u l t i p l i e r .  Though 

th e  l a t t e r  i s  p r e f e r a b le  due to  i t s  wide bandw idth  and co n seq u en t s h o r t  

re sp o n se  tim e th e  fo rm er h a s  found  a p p l i c a t io n  i n  p r a c t i c a l  a d a p tiv e  

system s ( l ) ,  ( 2 ) ,  N orm ally a d ju s tm e n t o f th e  tim e c o n s ta n t  L can  on ly  

be a c h ie v e d  by se rv o  p o te n t io m e tr ic  m ethods anc* , i f  t h i s  p a ra m e te r  i s  a 

v a r i a b le  th e n  th e  system  d e s ig n e r  i s  c o n s tr a in e d  to  u se  such  a  d e v ic e .

Servo p o te n t io m e te r s  p o s s e s s  th e  u s u a l  d is a d v a n ta g e s  o f  m ech an ica l 

sy s te m s , a  r e l a t i v e  slo w n ess o f  o p e ra t io n  due to  component i n e r t i a s ,  

w ear on moving p a r t s ,  and s e n s i t i v i t y  to  en v iro n m en ta l c o n d it io n s  

( e s p e c i a l ly  shock  and v i b r a t i o n ) .  The a s s o c ia te d  low to rq u e  p o te n t io m e te r s  

a r e  e x p en siv e , and n o isy  d u r in g  v a r i a t i o n  o f r e s i s t o r  v a lu e .  I t  i s  th e
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i n t e n t i o n  h e re  to  o u t l i n e  th e  developm ent o f an  a d a p t iv e  mechanism w hich 

w h ile  c a p a b le  o f  t h e  d u a l a d a p tiv e  fu n c t io n  o f  th e  se rv o  p o te n t io m e te r  

p o s s e s s e s  none o f i t s  in h e r e n t  l i m i t a t i o n s .

The u se  o f  pho to  c o n d u c tiv e  d e v ic e s  r a t h e r  th a n  p o te n t io m e te r s  

to  p roduce  v a r i a b le  r e s i s t i v e  e lem en ts  y i e ld s  s e v e r a l  a d v an tag e s  in c lu d in g  

f a s t e r  re sp o n se  tim e , v i r t u a l  n o i s e - f r e e  r e s i s t a n c e  v a r i a t i o n ,  ab sen ce  o f  

moving p a r t s ,  and a  low s e n s i t i v i t y  to  en v iro n m en ta l c o n d i t io n s .  The 

u n i t  can  be s m a ll ,  l i g h t  w e ig h t, in e x p e n s iv e  w ith  com plete  e l e c t r i c a l  

i s o l a t i o n  betw een th e  v a r ia b le  r e s i s t i v e  e lem ent and th e  c o n t r o l l i n g  l i g h t  

so u rc e . T h is  l a t t e r  p ro p e r ty  i s  e s s e n t i a l  to  a v o id  c i r c u i t  c o m p lex ity  i n  

th e  a n a lo g u e  s im u la t io n .  F ig u re 2 .1  i l l u s t r a t e s  th e  method o f p a ra m e te r  

v a r ia t io n *

In  th e  i n i t i a l  developm ent work a ea&mrum s u lp h id e  photo  co n d u c to r  

s la b  was u sed  a s  th e  v a r i a b le  r e s i s t i v e  e le m e n t^ th e  ohmic v a lu e  b e in g  

c o n t r o l le d  by l i g h t  e m is s io n  from  a f i la m e n t  lam p. A c o n tr o l  c i r c u i t  was 

d e s ig n ed  w hich a c h ie v e d  a  h ig h  d eg ree  o f  s t a t i c  l i n e a r i t y  betw een an  

in c re m e n ta l  in p u t  v o l ta g e  and th e  in c re m e n ta l  v a lu e  o f  th e  v a r ia b le  

r e s i s t a n c e ,  to g e th e r  w ith  a  t r a n s i e n t  s e t t l i n g  tim e o f  th e  o rd e r  o f  500 

m il l i s e c o n d s .  A lthough  t h i s  t r a n s i e n t  perfo rm ance r e p r e s e n ts  a  s i x  f o ld  

im provem ent o v e r p r e s e n t ly  a v a i la b le  se rv o  system s i t  i s  s t i l l  n o t 

c o m p a tib le  w ith  th e  co m p u ta tio n  tim e o f  th e  e l e c t r o n i c  an a lo g u e  system  

w hich , b ecau se  o f  th e  p a r a l l e l  n a tu re  o f  th e  c o m p u ta tio n , i s  o f th e  o rd e r  

o f  m ic ro se co n d s .



( a )  V a r ia t io n  o f  tim e  c o n s ta n t

V a r ia t io n  o f  g a in ,

f i g u r e  2 01 0 The Photo  c o n d u c to r  u se d  a s  a  variab le  
QXDerational elem en t 0
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An a tte m p t was th e r e f o r e  made to  e l im in a te  th e  two dom inant 

la g s  i n  th e  pho to  c o n d u c to r  c o n tr o l  system ^nam ely th e  l a g  a s s o c ia te d  

w ith  th e  f i la m e n t  lamp re sp o n se  and th e  la g  a s s o c ia te d  w ith  th e  pho to  

co n d u c to r  re sp o n se . The r e d u c t io n  o r  com plete  rem oval o f  th e s e  l a g s ,  

b o th  o f  which a re  o f  th e  o rd e r  o f  100 m il l is e c o n d s ,  would g r e a t ly  enhance 

th e  o v e r a l l  system  p e rfo rm an ce . R ep la c in g  th e  f i la m e n t  lamp by a  sem ico n d u cto r 

c i y s t a l  lamp w hich h as  a  l i g h t  r i s e  tim e o f  15 nano seconds i s  an  obv ious 

im provem ent p ro v id e d  t h a t  a  s u i t a b l e  l i g h t  d e te c to r  w ith  th e  c o r r e c t  d eg ree  

o f  s p e c t r a l  c o m p a ta b i l i ty  i s  a v a i l a b l e .  A s a t i s f a c t o r y  c h o ic e  f o r  th e  

l a t t e r  would be a s i l i c o n  pho to  d io d e  -  a  d e v ic e  w hich a ls o  h a s  a  v e ry  

s h o r t  pho to  c u r r e n t  r i s e  tim e  o f  th e  o rd e r  o f  2 m ic ro se co n d s .

A c o n tr o l  c i r c u i t  was su b se q u e n tly  developed  in c o r p o r a t in g  t h i s  

new lamp d e te c to r  u n i t  w hich , a t  th e  c o s t  o f  a  sm a ll d eg ree  o f  in c re a s e d  

co m p lex ity  due to  th e  n a tu re  o f  th e  d io d e  d e te c to r  c h a r a c t e r i s t i c s ,  reduced  

th e  s e t t l i n g  tim e  o f th e  r e s i s t o r  c o n tr o l  system  to  th e  o rd e r  o f  160 

m icro seco n d s and th u s  im proved th e  t r a n s i e n t  re sp o n se  by a  f a c t o r  o f  

1500'.

2 .2 .1 .  The P h o to c o n d u c tiv e  P ro c e s s .

The a b s o rp t io n  by a sem ico n d u c to r m a te r ia l  o f  a  p h o to n  o f 

en erg y  hv w hich i s  g r e a t e r  th a n  th e  energy  gap S e w i l l  r a i s e  an  e le c t r o n  

from  th e  v a le n c e  band to  th e  c o n d u c tio n  band where t h i s  e x c e ss  c a r r i e r  

w i l l  in c r e a s e  th e  e l e c t r i c a l  c o n d u c t iv i ty  o f  th e  m a te r i a l .  T h is p ro c e ss
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i s  i l l u s t r a t e d  i n  f i g u r e  2 .2 * w here?a s  th e  th r e s h o ld  en erg y  hVo i s  

exceeded^ th e  photo  c o n d u c tiv e  re sp o n se  r a p id ly  in c r e a s e s  f o r  a c o n s ta n t  

photo  f lu x .  The th r e s h o ld  wave le n g th  f o r  t h i s  e f f e c t  i s  g iv e n  by th e  

r e l a t i o n s h i p  ( 5 )*

A °  = c. „  he 
v

w here 0 i s  th e  v e lo c i t y  o f l i g h t .  I f  th e  in c id e n t  phono l energy  i s  

below  th e  th r e s h o ld  l e v e l  l i g h t  i s  l a r g e ly  t r a n s m i t te d  th ro u g h  th e  

m a te r ia l  o r  r e f l e c t e d  from  th e  s u r f a c e .

The tim e  re sp o n se  o f  th e  photo  c o n d u c tiv e  p ro c e s s  depends on a 

complex i n t e r a c t i o n  o f  s e v e r a l  v a r i a b le s :  in c id e n t  l i g h t  f l u x  d e n s i ty ,  

t r a p p in g  and dop ing  c o n c e n tr a t io n s  w ith in  th e  c r y s t a l  s t r u c tu r e  and th e  

l i f e  tim e  o f  th e  e x c e ss  m a jo r i ty  c a r r i e r s  p r e s e n t .  I n  g e n e ra l  due to  

th e  r e l a t i o n s h i p  e x i s t i n g  betw een dop ing  l e v e l  and c a r r i e r  l i f e  tim e 

th e r e  i s  a n  in v e r s e  r e l a t i o n s h i p  betw een th e  s e n s i t i v i t y  o f  th e  photo  

c o n d u c to r  and i t s  speed  o f  re sp o n se  to  a  change i n  i n c id e n t  l i g h t  e n e rg y . 

F o r a g iven , l i g h t  s o u r c e th e r e f o r e . , t h e  doping  l e v e l  chosen  w i l l  depend 

on th e  compromise reach ed  betw een speed  and s e n s i t i v i t y .

2 .2 .2 .  The Photo  C onducto r E lem en t.

The pho to  c o n d u c to r  e lem en t u sed  i n  t h i s  work was th e  M ullard  

O.R*P„ 59 LUXISTOR w hich c o n s is te d  o f  a  cadmium s u lp h id e  pho to  

c o n d u c to r  and a  f i la m e n t  lamp e n c a p su la te d  i n  an  opaque epoxy r e s i n .
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The d e v ic e  i s  f i t t e d  w ith  te rm in a l  p in s  s u i t a b l e  f o r  s ta n d a rd  p r in te d  

c i r c u i t  b o a rd s  and i s  i l l u s t r a t e d  i n  f ig u r e  2 ,5 * and f ig u r e  2 .4 ,  th e  

m ain e l e c t r i c a l  c h a r a c t e r i s t i c s  b e in g  a s  fo llo w s  ( 4 ) ,

Maximum in p u t  v o l ta g e  12V

"Nominal in p u t  c u r r e n t  (V^n ~ 12v) 65mA

Maximum o u tp u t (pho to  r e s i s t o r )  v o l ta g e  70V

Maximum pho to  r e s i s t o r  d i s s i p a t i o n  15mW0

O p e ra tin g  te m p e ra tu re  Maximum + 60°C

Minimum -  20°C,

The sm a ll d im en sio n s o f  th e  G„R,P* 59 to g e th e r  w ith  a  maximum 

in p u t  p o t e n t i a l  o f  12 v o l t s  a n d c u r re n t  l e v e l  o f  65mA su g g e s t t h a t  th e  

d e v ic e  may be u sed  w ith o u t d i f f i c u l t y  i n  t r a n s i s t o r i s e d  c i r c u i t s .

M easured o u tp u t in p u t  c h a r a c t e r i s t i c s  a r e  shown i n  f i g u r e s  2 .5 . and 2 .6 ,

I t  w i l l  be se en  t h a t  th e  r e l a t i o n s h ip  betw een  th e  in p u t  lamp 

v o l ta g e  and th e  r e s i s t a n c e  o f  th e  pho to  co n d u c to r e lem en t i s  h ig h ly  non 

l i n e a r .  T h is  non l i n e a r i t y )  w hich i s  m ain ly  due to  th e  complex 

r e l a t i o n s h i p  betw een a p p l ie d  f i la m e n t  v o l ta g e  and lig h t*  in te n s i ty ^  can  

be removed by a  s u i t a b l e  fee d b ac k  sy stem .

An e s s e n t i a l  p ro p e r ty  o f  any m a te r ia l  c o n s t i t u t i n g  th e  c o n d u c tiv e  

e lem en t i s  th e  l i n e a r i t y  o f th e  c u r r e n t  th r a g h  th e  m a te r ia l  w ith  r e s p e c t  

to  th e  v o l ta g e  a p p lie d  to  th e  ohmic te rm in a ls  o f  th e  m a te r ia l  b lo c k .
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T h is  l i n e a r i t y  was checked f o r  th e  Q.IUP* 39 w ith  th e  cadmium s u lp h id e  

e lem en t s e t  a t  a  nom inal r e s i s t a n c e  v a lu e  o f 10KQ when co n n ec ted  i n  s e r i e s  

w ith  a  3 a 3KQ r e s i s t o r .  The m easured  l i n e a r  =•v o l t  age c u r r e n t  r e l a t i o n s h i p  

..is shown in , .f ig u r e  2 ,7 ,

2 o 2 o 3 •  The A d a p tiv e  C o n tro l System ,

V a r ia t io n s  i n  th e  p la n t  p a ra m e te rs  w i l l  "be r e p re s e n te d  a t  th e  

o u tp u t o f  th e  p a ra m e te r  e s t im a to r s  by v a r i a t i o n s  ab o u t a  nom inal d , c ,  b ia s  

v o l ta g e ,  To u p d a te  th e  model th e s e  v o l ta g e s  a r e  u se d  to  v a ry  th e  

a p p ro p r ia te  r e s i s t o r  v a lu e  i n  th e  m odel ab o u t i t s  nom inal v a lu e .  T h is 

a d ju s tm e n t ta k e s  p la c e  when th e  model i s  sw itch ed  to  th e  a d a p tiv e  mode.

When th e  model i s  su b s e q u e n tly  sw itch ed  to  th e  compute mode th e  v a r i a b le  

r e s i s t o r s  a r e  co n n ec ted  a s  o p e ra t io n a l  e lem en ts i n  a  com puter c o n f ig u ra t io n  

to  fo rm u la te  an  u p d a te d  dynamic m odel. As i t  i s  p ro p o sed  to  u se  photo  

r e s i s t o r s  r a t h e r  th a n  se rv o  p o te n t io m e te r s  i n  t h i s  r o l e  two f a c t o r s  must 

be c o n s id e re d .

F i r s t l y  a s  th e  LUXISTOK c h a r a c t e r i s t i c s  a re  non l i n e a r  a  feed b ack  

lo o p  m ust be in c o rp o ra te d  to  a c h ie v e  l i n e a r i t y  and se co n d ly  to  a v o id  

c i r c u i t  d i f f i c u l t i e s  i n  th e  com puter system  w h i l s t  th e  m odel i s  i n  th e  

compute mode* th e  v a r i a b le  r e s i s t o r s  m ust behave a s  c o m p le te ly  e l e c t r i c a l l y  

i s o l a t e d  e lem en ts  w ith  r e s p e c t  to  th e  c o n tr o l  c i r c u i t .  As i t  i s  

e s s e n t i a l  t h a t  th e  elem ents^ though is o la te d ^  r e t a i n  t h e i r  u p d a ted  v a lu e  

a c c u r a te ly  f o r  a p e r io d  o f  tim e  a t  l e a s t  e q u a l to  one co m p u ta tio n  c y c le
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some form  o f  memory i s  e s s e n t i a l  i n  th e  c o n tr o l  c i r c u i t o

A p o s s ib le  a rran g em en t f o r  a  LTJXISTOR c o n tr o l  c i r c u i t  i s  shown 

f ig u r e  2 p8 g I n  th e  a d a p tiv e  mode sw itc h  S o¥ 010 i s  c lo s e d  and sw itc h e s  

So¥„2o and S^W03 a r e  i n  p o s i t io n  10 I f  a  c o n s ta n t  c u r r e n t  i s  s u p p lie d  to  

th e  r e s i s t o r  c h a in  th e n  th e  v o lta g e  a t  A i s  p r o p o r t io n a l  to  th e  r e s i s t a n c e  

R o f th e  cadmium s u lp h id e  e le m e n t0 Any change i n  th e  in p u t  v o l ta g e  ab o u t 

a  nom inal d 0c o l e v e l  c au se s  th e  i n t e g r a t o r  o u tp u t v o l ta g e  to  change 

a l t e r i n g  th e  v a lu e  o f  R and th e  v o l ta g e  l e v e l  a t  Ae I f  th e  r e s u l t i n g  

in c re m e n ta l  change i n  l e v e l  a t  A i s  n e g a t iv e  w ith  r e s p e c t  to  th e  in p u t  

v a r i a t i o n  th e  o u tp u t o f  th e  i n t e g r a t o r  w i l l  reach  a  new s te a d y  s t a t e  

v a lu e  c o rre sp o n d in g  to  th e  r e q u ir e d  change i n  R*

S w itch  SoWol can  now be opened and th e  i n t e g r a t o r  w i l l  m a in ta in  

t h i s  new o u tp u t v o l ta g e  and hence th e  new v a lu e  o f  R f o r  a  f i n i t e  p e r io d

e n a b lin g  th e  I s o l a t i n g  sw itc h e s  S 0Wo2 and S 0W03 to  be sw itc h ed  to  p o s i t io n

2 P th u s  c o n n e c tin g  R a s  an i s o l a t e d  e lem en t in to  th e  com puter system * The

a d a p tiv e  model i s  now i n  th e  co m p u ta tio n  mode* I t  i s  c l e a r  t h a t  f o r

s a t i s f a c t o r y  o p e ra t io n  S 0¥ 01 m ust open b e fo re  S 0W«>2 o r  S 0¥ 63 and t h a t

th e  i n t e g r a t o r  sh o u ld  e x h ib i t  an  e x c e l le n t  d r i f t  p erfo rm ance  i n  th e  h o ld

mode* W hile b eh av in g  a s  a memory u n i t  th e  i n t e g r a t o r  a ls o  e n su re s  a

h ig h  deg ree  o f  s te a d y  s t a t e  a c c u ra c y  i n  th e  a d a p t iv e  mode due to  i t s

i n t e g r a l  a c t io n  on th e  sy s tem 0
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The i n i t i a l  d e s ig n  s p e c i f i c a t i o n s  were ta k e n  a s  fo l lo w s ,

(a )  A v a r i a t i o n  o f  + 20fo i n  th e  r e s i s t i v e  e lem en t ab o u t a  

nom inal in p u t  v o l ta g e  l e v e l ,

(b ) A l i n e a r i t y  o f  b e t t e r  th a n  1$,

(c )  A s a t i s f a c t o r y  dynamic perfo rm ance w ith  a d e q u a te  dam ping,

(d ) The a d a p tiv e  mechanism memory sho u ld  p o s s e s s  s a t i s f a c t o r y  

d r i f t  c h a r a c t e r i s t i c s  when th e  a d a p tiv e  model i s  sw itc h e d  to  

th e  compute mode*

2*2,4* The E le c t r o n ic  C i r c u i t *

A s tu d y  o f  th e  LUXISTOR s t a t i c  and dynamic c h a r a c t e r i s t i c s i s  an  

e s s e n t i a l  p r e r e q u i s i t e  o f  th e  d e ta i l e d  d e s ig n  o f  th e  sc h em a tic  c i r c u i t  

shown i n  f i g u r e  2 ,8 , The m ost c o n v en ien t o p e ra t in g  p o in t  i n  th e  

c h a r a c t e r i s t i c  shown i n  f i g u r e  2 ,5 , must f i r s t  be d e c id ed  and t h i s  w i l l  

d e te rm in e  th e  in p u t  b ia s  l e v e l  o f  th e  LUXISTOR, T h is  c h a r a c t e r i s t i c  i s  

q u ite  ’ l in e a r  i n  th e  r e g io n  and, i f  th e  s i l i c o n  e lem en t i s  u se d  i n

co m b in a tio n  w ith  a  3KQ r e s i s t o r ?7K w i l l  be a  s u i t a b l e  o p e ra t in g  p o in t  

on th e  cu rv e  w ith  a  c o rre sp o n d in g  in p u t  v o l ta g e  b ia s  l e v e l  o f  &2,5 v o l t s  

and v a r i a t i o n  o f  +0,1 v o l t s .  O th e r s u i t a b l e  o p e ra t in g  p o in ts  a re  

c l e a r l y  p o s s ib le .

The c o m b in a tio n  o f  th e  s ta n d in g  c u r r e n t  i n  R and th e  v a lu e  o f

R d e te rm in e s  th e  feed b ack  r a t i o  o f  th e  c i r c u i t ,  R d e te rm in e s  th e  x y
in p u t  b ia s  l e v e l  and th e  s lo p e  o f th e  in p u t  v o l t s  v e rs u s  o u tp u t ohms
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c h a r a c t e r i s t i c  o b ta in e d .  A t th e  b ia s  l e v e l  o f  2 .5  v o l t s  th e  lamp 

draw s a p p ro x im a te ly  ^Qt mL and i n  o rd e r  to  m in im ise  i n t e g r a t o r  d r i f t  

i n  th e  HOLD c o n d it io n  an  a d d i t io n a l  b u f f e r  s ta g e  was deemed n e c e s s a iy  

to  su p p ly  th e  e m i t te r  fo l lo w e r  b ase  c u rre n t*

As th e  dynamic perfo rm ance  o f  th e  c i r c u i t  w i l l  be a  f u n c t io n  o f  

th e  LUXISTOR dynamic c h a r a c t e r i s t i c s  some knowledge o f  th e s e  m ust f i r s t  

be o b ta in e d  i n  o rd e r  to  d e s ig n  a d eq u a te  c i r c u i t  com pensation* I t  was 

th o u g h t t h a t  th e  LUXISTOR c o u ld  be c o n s id e re d  a s  a  co m b in a tio n  o f  two 

l a g s ,  one a s s o c ia te d  w ith  th e  lamp and th e  o th e r  w ith  th e  tim e re sp o n se  

o f  th e  cadmium s u lp h id e  elem ent* D ata a v a i la b le  i n d ic a te d  t h a t  th e

fo rm er was o f  th e  o rd e r  o f  100 m il l is e c o n d s .

Due to  th e  p h y s ic a l  n a tu re  o f  th e  m a te r ia l  th e  dynamic re sp o n se

o f  cadmium s u lp h id e  i s  a  compromise betw een speed  and s e n s i t i v i t y *

S u i ta b le  dop ing  can  p roduce  a  f a s t  a c t in g  d e v ic e  b u t th e  r e s u l t i n g  

s e n s i t i v i t y  i s  p o o r . L ikew ise  i f  s e n s i t i v i t y  i s  r e q u ir e d  a  slow

resp o n se  w i l l  r e s u l t .  Some t y p i c a l  re sp o n se  c u rv e s  w hich have been

g iv e n  by Bube ( 5 ) and shown i n  f ig u r e  2*9. i n d i c a t e  an  e q u iv a le n t

tim e c o n s ta n t  o f  th e  o rd e r  o f  100 m il l is e c o n d s .  F o r  th e  LUXISTOR t h i s  

l a t t e r  f i g u r e  would o b v io u s ly  depend on th e  ty p e  o f  d o p ing  used*

The m easured fre q u e n c y  re sp o n se  o f th e  d e v ic e  i s  shown i n  

f ig u r e  2 .1 0 . A s te a d y  b ia s  c u r r e n t  was e s ta b l is h e d  i n  th e  cadmium
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s u lp h id e  e lem en t and th e  te rm in a l  v o l ta g e  m easured f o r  a  v a ry in g  

freq u e n c y  0 o5 v o l t  peak to  peak in p u t  v o l ta g e  superim posed  upon a 2 

v o l t  b ia s  le v e l*  The second  o rd e r  c h a r a c t e r i s t i c  o f th e  d e v ic e  i s  

c l e a r l y  e v id e n t ,  maximum g a in  o c c u r r in g  a t  a  freq u e n cy  o f  0*33 c / s .

G ain v a lu e  w i l l  be a  f u n c t io n  o f  th e  b ia s  c u r r e n t  l e v e l  i n  th e  e lem ent 

and th e  chosen  o p e ra t in g  p o in t*

The open lo o p  t r a n s f e r  f u n c t io n  o f  th e  i n t e g r a t o r  and LUXISTOR 

system  w i l l  be o f  th e  form

1  ka
s (l+ sT A)(1+sT B)

where T^ = tim e c o n s ta n t  o f  lamp £  0*1 seconds

Tg = tim e c o n s ta n t  o f  s u lp h id e  e lem ent £2 0*1 seconds

-  s te a d y  s t a t e  g a in  o f  th e  LUXISTOR*

The v a lu e  shown f o r  Tp i s  b ased  on f ig u r e  2*9. and i s  to  be re g a rd ed  

a s  an  a ssu m p tio n  only*

To enhance s t a b i l i t y  i n  th e  c lo s e d  lo o p  th e  system  o rd e r  can 

be red u ced  by c a n c e l l a t io n  o f  one o f  th e  p o le s  a s s o c ia te d  w ith  th e  

LUXISTOR. Hence &s a  p r o p o r t io n a l  f a c t o r  i s  in c lu d e d  i n  th e  i n t e g r a t o r  

c i r c u i t  th e  open lo o p  t r a n s f e r  f u n c t io n  w i l l  now be

1+ sT p ka  ka
s i p  * ( 1 + s Ta ) ( 1 + s Tb ) £  s ^ 1 + s Tb )

i f  Tp =: 0*1 sec* £  T^
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Tp i s  th e  tim e  c o n s ta n t  o f  th e  combined p r o p o r t io n a l  p lu s  

i n t e g r a l  f a c t o r  i n  th e  i n t e g r a t o r  c i r c u i t *  T h is form  o f  com pensa tion  

p roved  v e ry  s a t i s f a c t o r y ,  r e s u l t i n g  i n  a  s t a b le  c lo s e d  lo o p  system  w ith  

an e x c e l le n t  t r a n s i e n t  re s p o n s e .

The f i n a l  c i r c u i t  i s  shown i n  f ig u r e  2*12* Two S o la r t r o n  

100 v o l t  o p e r a t io n a l  a m p l i f i e r s  were a v a i la b le  and u s e d , f o r  co n v en ien ce , 

i n  t h i s  e x p e r im e n ta l c i r c u i t ,  a s  i n t e g r a t o r  and b u f f e r  s t a g e s .  W ith 

s u i t a b l e  s c a l in g  a  + 10 v o l t s  o p e ra t io n a l  a m p l i f i e r  would be e q u a l ly  

a p p l ic a b le .  To o b ta in  a  re a so n a b le  v o l t  sw ing a t  th e  i n t e g r a t o r  in p u t  

th e  b u f f e r . s t a g e  g a in  was made e q u a l to  0 *1*

2*2*5* E x p e rim e n ta l R e s u l ts

A s te a d y  b ia s  c u r r e n t  f o r  th e  cadmium s u lp h id e  e lem en t was

e s ta b l i s h e d  i n  th e  e m i t te r  c i r c u i t  o f  a  ZT 82 t r a n s i s t o r  o p e ra t in g

from  an  i s o l a t e d  + 20 v o l t  supply* The r e s u l t i n g  e m i t te r  

d e g e n e ra t io n  e n s u re s  a h ig h  d eg ree  o f  b ia s  s t a b i l i s a t i o n  w ith o u t th e  u se  

o f  a d d i t io n a l  com pensa ting  e le m e n ts , R .̂ was made e q u a l to  0*1

R e q u a l to  1*0 MQ and th e  i n t e g r a t o r  c a p a c i to r  eq u a l to  0*1pF, F o r

a  b ia s  c u r r e n t  l e v e l  o f  0*52 mA th e  q u ie s c e n t  in p u t  v o l ta g e  was th u s  

52 v o l t s .  The g rap h  o f  in p u t  v o l ta g e  v e rs u s  o u tp u t r e s i s t a n c e  i s  shown 

i n  f i g u r e  2*11 * th e  minimum o u tp u t r e s i s t a n c e  b e in g  l im i te d  by th e  

s e r i e s  5*5 KQ, P e rc e n ta g e  changes o f  in p u t  v o l ta g e  v e rs u s  p e rc e n ta g e  

change i n  o u tp u t v o l ta g e  ab o u t a  b ia s  l e v e l  o f  10 KQ i s  shown i n  f ig u r e  2*15 

th e  l i n e a r i t y  b e in g  b e t t e r  th a n  0 , 5^*
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2 6 .

The c lo s e d  loop  fre q u e n c y  resp o n se  o f th e  c i r c u i t  i s  shown 

f ig u r e  2 ,1 4  and 2 ,1 5 , M easurem ent was c a r r i e d  o u t a t  an  in p u t  M a s  

l e v e l  o f  32 v o l t s  and a  p e r tu r b a t io n  v o l ta g e  o f  3*2 v o l t s  R,M0S o 

Resonance o c c u rs  a t  0 .8 5  c y c le s  p e r  second and th e  g a in  a t  t h i s  freq u e n cy  

in d i c a t e s  a  c lo s e d  lo o p  damping f a c t o r  o f  a p p ro x im a te ly  0 .6  ( 6)0 The 

second o rd e r  n a tu re  o f  th e  sy stem  i s  c l e a r l y  d e m o n s tra te d  i n  f ig u r e  2 ,1 5 * 

The t r a n s i e n t  re sp o n se  c h a r a c t e r i s t i c s  o f  th e  c i r c u i t  a re  shown i n  

f ig u r e  2 .1 6 . f o r  a  10^  change i n  in p u t  v o l ta g e  ab o u t a b ia s  l e v e l  o f  

32 v o lts o  The e f f e c t  o f  v a r i a t i o n  o f  th e  in p u t  i n t e g r a t o r  p ro p o r t io n a l  

r e s i s t o r  i s  in d ic a t e d .  Curve (e )  g iv e s  an  e x c e l l e n t  re sp o n se  w ith  a 

m easured damping f a c t o r  o f  a p p ro x im a te ly  0 ,6  ( 6^, and a  s e t t l i n g  tim e o f  

th e  o rd e r  o f  240 m il l is e c o n d s .  The damping f a c t o r  o b ta in e d  from  th e  

t r a n s i e n t  re sp o n se  c o rre sp o n d s  w ith  th e  damping f a c t o r  o b ta in e d  from  

th e  c lo s e d  lo o p  fre q u e n c y  m easurem ents o f f ig u r e  2 .1 5 ,

When th e  a d a p tiv e  model i s  sw itch ed  to  th e  compute mode th e  

feed b ack  lo o p  i n  th e  a d a p tiv e  c i r c u i t  i s  b roken  and th e  lo n g  term  

a c c u ra c y  o f  th e  v a r i a b le  r e s i s t i v e  e lem en t depends d i r e c t l y  on th e  d r i f t  

c h a r a c t e r i s t i c s  o f  th e  c i r c u i t  i n t e g r a t o r  i n  th e  HOLD mode. The 

s e n s i t i v i t y  o f  t h i s  a c c u ra c y  to  i n t e g r a t o r  d r i f t  v o l ta g e  i s  a  f u n c t io n  

o f  th e  q u ie s c e n t  o p e ra t in g  p o in t  chosen  f o r  th e  cadmium s u lp h id e  e lem en t 

and th e  p e rc e n ta g e  ohmic v a lu e  t h a t  t h i s  e lem ent c o n t r ib u te s  to  th e  t o t a l  

r e s i s t o r  m ag n itu d e .

I t  was found t h a t  w ith  c o r r e c t  a d ju s tm e n t th e  i n t e g r a t o r
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c o u ld  m a in ta in  a  v o l ta g e  i n  th e  HOLD mode to  an a c c u ra c y  o f 0*05f° f o r  

a  p e r io d  i n  e x c e ss  o f  30 se co n d s . Thus f o r  a  t o t a l  r e s i s t o r  v a lu e  o f  

10KQ w ith  th e  cadmium su lp h id e  e lem en t b ia s s e d  a t  a p p ro x im a te ly  7KQ 

th e  e r r o r  i n  r e s i s t a n c e  v a lu e  a t  th e  end o f  a  c o m p u ta tio n  p e r io d  o f  

30 seconds w i l l  n o t be g r e a t e r  th a n  0.45$* I t  w i l l  be se en  from 

f ig u r e  2 c 5 c t h a t  a  b ia s  p o in t  i n  th e  re g io n  o f  5KQ w i l l  reduce  t h i s  t o t a l  

e r r o r  by a  f a c t o r  o f  tw ofl F o r f a s t  r e p e t i t i v e  o p e ra t io n  co m p u ta tio n  

p e r io d s  o f  th e  o r d e r  o f  one second a re  erwizaged and., i f  we assum e l i n e a r  

i n t e g r a t o r  d r i f t  c h a r a c t e r i s t i c s ,  th e  t o t a l  r e s i s t o r  e r r o r  a t  th e  end 

o f  th e  co m p u ta tio n  p e r io d  w i l l  th u s  be l e s s  th an  0o015^«

R e lay s RL1f RL2 and RL3 a r e  o p e ra te d  from  a  2T 82 t r a n s i s t o r  

t r i g g e r 0 RL1 i s  a  3 v o l t  re e d  r e la y  w ith  a  much f a s t e r  re sp o n se  th a n  

th e  s ix  v o l t  moving a rm a tu re  d e v ic e  u se d  f o r  th e  o th e r  two r e la y s  th u s  

e n su r in g  t h a t  RL1 opens b e fo re  R i s  i s o l a t e d  from  th e  c i r c u i t*

F ig u re  2*17 i l l u s t r a t e s  the g e n e ra l  la y o u t  o f  a  p r in te d  c i r c u i t  

b o a rd  c o n ta in in g  two f u l l  c o n tr o l  c i r c u i t s  d e s ig n e d  f o r  o p e ra t io n  w ith  

fo u r  o p e ra t io n a l  a m p li f ie r s *

2*2*6* E n v iro n m en ta l C o n s id e ra t io n s *

(a )  T em perature*

S te ad y  s t a t e  a cc u ra c y  i s  dependen t on th e  a c c u ra c y  o f  th e  b ia s  

c u r r e n t  l e v e l  s e t t i n g  and hence s e n s i t i v e  to  v a r i a t i o n s  i n  th e  + 20 

v o l t  power su p p ly  and th e  p a ra m e te r  v a lu e s  o f  th e  o u tp u t  ZT 82 t r a n s i s to r *  

Assuming t h a t  te m p e ra tu re  com pensated power s u p p l ie s  and a s s o c ia te d  h ig h  

s t a b i l i t y  r e s i s t o r s  a r e  a v a i la b le  o n ly  th e  l a t t e r  v a r i a t i o n s  need be



A d ap tiv e  C o n tro l C i r c u i t  Assembly 

F ig u re  2*17.
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d is c u s s e d  here*  The th r e e  t r a n s i s t o r  p a ra m e te rs  w hich m ust he
jri

c o n s id e re d  tvue ( 7 ) :  th e  r e v e r s e  s a t u r a t i o n  c u r r e n t  I  * th e  e m i t te rco

b a se  v o l ta g e  and th e  t r a n s i s t o r  c u r r e n t  gain* A v a r i a t i o n  i n  any

one o f  th e s e  v a lu e s  w i l l  r e s u l t  i n  a  q u e is c e n t  c u r r e n t  change i n  th e

ZT 82 and hence i n  a  c o n t r o l  system  s t a t i c  e rro r*

A h ig h  d eg ree  o f  b ia s  s t a b i l i s a t i o n  can be acco m p lish ed  by 

e m i t te r  c u r r e n t  d e g e n e ra t io n  a lo n e  a s  u sed  i n  f ig u r e  2*12 w ith o u t th e  

a d d i t io n  o f  te m p e ra tu re  com pensating  e lem en ts  such a s  th e rm is to rs *

T h is  can be se en  by r e f e r r i n g  to  th e  e m i t te r  f o l lo w e r  c i r c u i t  o f  

f ig u r e  2*18*

(a )  As I  v a r i e s  V_ v a r i e s  chang ing  71 and th u s  I -
CO h  D i3

w hich r e s u l t s  i n  a  change i n  1^ c o u n te r a c t in g  i n i t i a l

change i n  I  * co

(b )  i f v BE ch an g es9 say  a  red u c tio n ^  th e n  1^ in c r e a s e s

ma i n c r e a s in g  I c and hence V^* i s  th u s  in c re a s e d

and I_ a g a in  d e c re a se s*  a

(c )  I f  th e  c u r r e n t  g a in  a l t e r s ^  say  a n  in c re a s e ^  th e n ^ fo r

a g iv e n  w i l l  in c r e a s e  f o r c in g  and hence

up* 1-n w i l l  th u s  d e c re a se  c o u n te r a c t in g  th e  i n i t i a l

change i n  th e  c u r r e n t  gain*

A c u r r e n t  o f  0*3200 mA was e s ta b l is h e d  i n  a  ZT 82 t r a n s i s t o r

M A N C H E S T E R
U N I V E R S I T Y

LIBRARY
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co n n ec ted  a s  shown i n  f ig u r e  2*19 and th e  v a r i a t i o n  o f  t h i s  c u r r e n t  

m o n ito red  a s  th e  t r a n s i s t o r  te m p e ra tu re  was r a i s e d  th ro u g h  30°F* The 

r e s u l t s  were a s  fo llo w s*

T em peratu re  1^ mA

70° F 0 .3200

100° F 0 .3205

pG rcen tage  change i n  c u r r e n t  / ° F  = 0 .0005 100 __
.3 2  x 30 ~

I t  was th u s  c o n s id e re d  t h a t  f o r  m oderate  te m p e ra tu re  changes

e m i t te r  d e g e n e ra t io n  a lo n e  would p ro v id e  s u f f i c i e n t  b ia s  s t a b i l i s a t i o n

w ith o u t th e  added co m p lex ity  o f  th e r m is to r  u n i ts *

T em peratu re  .v a r i a t i o n  n o t o n ly  a f f e c t s  th e  c o n d u c t iv i ty  o f 

th e  cadmium s u lp h id e  e lem ent b u t a ls o  th e  e m iss io n  spec trum  o f  th e  

f i la m e n t  lamp* The r e s i s t a n c e  o f  th e  cadmium s u lp h id e  e lem en t i s  th u s  

a  complex f u n c t io n  o f  tem p era tu re*  An in d ic a t i o n  o f  th e  n a tu re  o f  t h i s  

fu n c t io n  was o b ta in e d  by p la o in g  a  L u x is to r  a lo n e  i n  an  oven and 

c o n n e c tin g  th e  cadmium s u lp h id e  e lem en t to  an  e x t e r n a l  3o3KQ r e s i s to r *  

The in p u t  b ia s  v o l ta g e  to  th e  f i la m e n t  lamp was a d ju s te d  to  a c h ie v e  

a  t o t a l  r e s i s t a n c e  v a lu e  o f  a p p ro x im a te ly  10KQ* The oven te m p e ra tu re  

was in c re a s e d  and th e  r e s u l t i n g  v a r i a t i o n  i n  t o t a l  r e s i s t a n c e  v a lu e  

was m onitored*  The r e s u l t s  a re  shown i n  f ig u r e  2*20*

The L u x is to r  was now co nnec ted  a s  an  e lem en t i n  th e  com plete  

e x te r n a l  fee d b ac k  c i r c u i t  o f  f ig u r e  2*12 and the  v o l ta g e  a t  p o in t  A
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m o n ito red  a s  th e  L u x is to r  was a g a in  s u b je c te d  to  th e  h e a t in g  c y c le .

F o r  a  L u x is to r  te m p e ra tu re  change o f  a p p ro x im a te ly  70°F th e  v o l ta g e  a t  

p o in t  A rem ained  c o n s ta n t  to  w i th in  0*05^ which was th e  l i m i t  o f  

a cc u ra c y  o f  th e  d i g i t a l  v o l tm e te r .

Due to  th e  h ig h  s t a t i c  g a in  o f  th e  i n t e g r a t o r  th e  system  

a c c u ra c y  can th u s  he c o n s id e re d  in d ep e n d en t o f p a ra m e te r  change w i th in  

th e  feed b ack  lo o p .

(b )  V ib ra t io n  and Shock.

The b e h a v io u r  o f  th e  s o l id  s t a t e  e l e c t r o n i c  u n i t  u n d e r  c o n d it io n s  

o f  v i b r a t i o n  and shock w i l l  depend e n t i r e l y  on th e  ty p e  o f  p ack ag in g  

u se d  and^assum ing t h a t  s o l id  s t a t e  i n te g r a te d  a m p l i f i e r s  a r e  e v e n tu a l ly  

in c o rp o ra te d y e x tre m e ly  h ig h  "g 1* fo r c e s  can  be t o l e r a t e d .  The v i b r a t io n  

perfo rm ance  o f  a rm a tu re  r e la y s  i s  p o o r a n d ^ if  m ech an ica l sw itc h e s  a re  

s p e c i f i e d j r e e d  r e l a y s  shou ld  be u sed  th roughou t,, T y p ic a l shock r e s i s t a n c e  

o f  a  re e d  r e l a y  sw itc h  i s  100g w ith  a  p u ls e  d u ra t io n  o f  up to  10 

m il l is e c o n d s  and t y p i c a l  v i b r a t i o n  r e s i s t a n c e  i s  20 g  up to  20K c/s ( 8 ) .

At th e  tim e  o f  w r i t in g  no f ig u r e s  a re  a v a i la b l e  on th e  

a llo w a b le  "g*1 f o r c e s  f o r  th e  L u x is to r  e lem ent though  i t s  com plete  

e n c a p s u la t io n  a f f o r d s  a  h ig h  d eg ree  o f  shock r e s i s t a n c e .  A p o s s ib le  

weak p o in t  how ever would be th e  dynamic c h a r a c t e r i s t i c s  o f  th e  lamp 

f i la m e n t .
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2 a2 07c Summary.

The c o n t r o l  c i r c u i t  o f  f ig u r e  2 .1 2  e x h ib i t s  e x c e l l e n t  s t a t i c  

and dynamic c h a r a c t e r i s t i c s  and more th a n  f u l f i l l s  th e  i n i t i a l  l im i te d  

d e s ig n  s p e c i f i c a t i o n s  o f  p a ra g ra p h  2 .2 .3 . A p a rt from  th e  two 

o p e r a t io n a l  a m p l i f i e r s  w hich can  be re g a rd e d  a s  s ta n d a rd  com ponents t h i s  

perfo rm ance  h as  been  r e a l i z e d  by an  e x trem e ly  s im p le  and hence 

in e x p e n s iv e  c i r c u i t  c o n f ig u r a t io n .

Due to  th e  h ig h  fo rw ard  s t a t i c  g a in  o f th e  i n t e g r a t o r  th e  

r e l a t i o n s h i p  betw een in p u t  v o l ta g e  and o u tp u t r e s i s t a n c e  v a lu e  i s  l i n e a r  

to  w ith in  0 .5 ^  and n o is e  f r e e  r e s i s t a n c e  changes a r e  accom plished  w ith  

a  s e t t l i n g  tim e o f  l e s s  th a n  300 m il l is e c o n d s .  T h is l a t t e r  tim e  

c o rre sp o n d s  v e ry  fa v o u ra b ly  w ith  th e  s e t t l i n g  tim e  o f  a  modern se rv o  

m u l t i p l i e r  w hich i s  o f  th e  o rd e r  o f  2 seco n d s . The c i r c u i t  i s  

i n s e n s i t i v e  to  m odera te  te m p e ra tu re  changes andj, p ro v id e d  th e  powei 

d i s s i p a t i o n  o f th e  cadmium s u lp h id e  e lem ent i s  n o t ex ceed ed , r e l a t i v e l y  

f o o l  p ro o f  i n  o p e ra t io n .

P roposed  f u r t h e r  developm ent work h e re  would in v o lv e  r e p la c in g  

th e  com puter o p e r a t io n a l  a m p l i f i e r s  by s o l id  s t a t e  i n t e g r a t e d  a m p l i f i e r s  

such  a s  th e  UA709 (9 ) and th e  r e la y s  by f i e l d  e f f e c t  t r a n s i s t o r  s w itc h in g  

c i r c u i t s ,w i t h  a  v iew  to  p ro d u c in g  a  com pact, c o m p le te ly  s o l id  s t a t e  

a d a p tiv e  mechanism co m p a tib le  w ith  m odern s o l id  s t a t e  an a lo g u e  o r  h y b r id  

com puting sy s te m s.
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2 , 3 o1 . S em iconducto r E le c tro lu m in e s c e n c e .

L ig h t e m iss io n  from  a sem ico n d u cto r c i y s t a l  was f i r s t  

ob se rv ed  by H .J .  Round i n  1901 when s tu d y in g  th e  p a ssa g e  o f  e l e c t r i c  

c u r r e n t  th ro u g h  s i l i c o n  c a rb id e  and th e  phenomenon^ th e  d i r e c t  

c o n v e rs io n  o f  e l e c t r i c a l  en erg y  in to  l i g h t  w ith o u t th e  in te r v e n t io n  

o f  heatp  was term ed  e le c tro lu m in e s c e n c e . S u b seq u e n tly  sh a rp  l i n e  

s p e c t r a  e m iss io n  due to  rec o m b in a tio n  o f  h o le s  and e le c t r o n s  has been  

o bserved  from  many sem ico n d u c to r m a te r ia ls  in c lu d in g  s i l i c o n  (10) 

germanium (11 ) and s i l i c o n  c a rb id e  (1 2 )0 In  1962 th e  d is c o v e ry  by1 

Keys (13) o f  h ig h ly  e f f i c e i n t  e le c tro lu m in e s c e n c e  a t  fo rw ard  b ia s s e d  

P 0K0 ju n c t io n s  i n  g a lliu m  a rs e n id e  c r y s t a l s  le d  to  i n te n s iv e  r e s e a rc h  

work i n  t h i s  f i e l d  ( 14) w ith  p a r t i c u l a r  r e fe re n c e  to  th e  developm ent 

o f  an e f f i c S i n t  s o l i d  s t a t e  l a s e r .

To u n d e rs ta n d  th e  co n cep t o f rec o m b in a tio n  l i g h t  e m iss io n  i t  

i s  n e c e s s a ry  to  s tu d y  th e  sem ico n d u c to r energy  band s t r u c t u r e s .  I n  

f ig u r e  2.21 &E r e p r e s e n ts  th e  energy  re q u ire d  to  r a i s e  an  e le c t r o n  

from  th e  v a la n c e  band to  th e  c o n d u c t in  band . The m agnitude o f th e  

quantum energy  in v o lv e d  i n  t h i s  p ro c e s s  i s  a fu n d am en ta l p ro p e r ty  o f  

th e  s p e c i f i c  sem ico n d u c to r m a te r i a l .  The l i f e t i m e  o f th e  f r e e  

e le c t r o n  i n  th e  c o n d u c tio n  band i s  r e l a t i v e l y  s h o r t  and i t  q u ic k ly  

recom bines l i b e r a t i n g  energy  e q u iv a le n t  to  £>E. L ig h t e m iss io n  i s  

in v o lv e d  i n  t h i s  en erg y  r e l e a s e p th e  w aveleng th  b e in g  a f u n c t io n  o f
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F ig u re  2®21 P ro b a b le  band s t r u c tu r e  f o r  G a.A s.
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and* when th e  gap en erg y  i f  o f  s u f f i c i e n t  m agnitude* v i s i b l e  r a d i a t i o n  

i s  o b se rv e d .

F ig u re  2.21 shows th e  p ro b a b le  band s t r u c tu r e  o f  g a ll iu m  

a r s e n id e  c r y s t a l  where th e  h o r i z o n ta l  a x is  r e p r e s e n ts  p a r t i c l e  

momentum. I n  sem ico n d u c to r c r y s t a l s  t r a n s i t i o n s  ta k e  p la c e  betw een th e  

minimum c o n d u c tio n  band energy  l e v e l  and th e  maximum v a la n c e  band energy  

l e v e l  and i t  w i l l  be seen  t h a t ^ f o r  t h i s  m a te r ia l^ s u c h  t r a n s i t i o n s  a re  

accom plished  w ith o u t any change i n  p a r t i c l e  momentum and th u s  no h e a t  i s  

in v o lv e d  i n  th e  t r a n s f o r m a t io n f l ig h t  energy  only" b e in g  r e l e a s e d .  This- 

l a t t e r  e f f e c t  a c c o u n ts  f o r  th e  u n u s u a lly  h ig h  e f f i c i e n c y  a s s o c ia te d  w ith  

l i g h t  e m iss io n  i n  g a lliu m  a r s e n id e  w hich i s  term ed a d i r e c t  gap 

se m ic o n d u c to r. In  th e  c a se  o f  i n d i r e c t  gap sem ico n d u c to rs  such  a s  

s i l i c o n  and germ anium  momentum changes o c c u r r in g  d u r in g  p a r t i c l e  

re c o m b in a tio n  r e s u l t  i n  a  p ro p o r t io n  o f  th e  energy  r e l e a s e  b e in g  

c o n v e rte d  i n to  c r y s t a l  l a t t i c e  v ib r a t io n s  and th u s  b e in g  d i s s ip a te d  

a s  h e a t  w ith  s u b s e q u e n tly  low l i g h t  g e n e ra t in g  e f f i c i e n c y .  Normal 

g a l l iu m  a r s e n id e  lamp e m iss io n  i s  o b ta in e d  from a P .N , ju n c t io n  form ed 

i n  th e  c r y s t a l  by d i f f u s i o n  o r  a l lo y in g  te c h n iq u e s . When fo rw ard  

b ia s s in g  i s  a p p l ie d  to  t h i s  ju n c t io n  rec o m b in a tio n  ta k e s  p la c e  i n  b o th  

th e  P and N reg ions^  th e  amount o f  l i g h t  e m itte d  from  each  depend ing  

on th e  d eg ree  o f  a b s o rp t io n  p r e s e n t .  A ty p ic a l  s p e c t r a l  e m iss io n  

c h a r a c t e r i s t i c  h a s  been  g iv e n  by E f f e r  (15) and i s  shown i n  f ig u re
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The lamp u se d  i n  t h i s  work was th e  F e r r a n t i  XS32L d e v ic e ? 

th e  m ain c h a r a c t e r i s t i c s  b e in g  a s  fo llo w s- (1 6 ) .

Max c o n tin u o u s  fo rw ard  c u r r e n t  100 mA.

Forw ard v o l ta g e  a t  t h i s  c u r r e n t  1 .3  v o l t s

R ise  tim e  (L ig h t)  15 n S ec .

F a l l  tim e  (L ig h t)  15 n S e c ,

S p e c t r a l  Peak 9000 A0 ,

I t  w i l l  be seen  t h a t  th e  d e v ic e  h a s  ex tre m e ly  s h o r t  r i s e  and 

f a l l  tim esan d  an  e x c e p t io n a l l ly  f a s t  system  re sp o n se  tim e  sh o u ld  th u s  

be p o s s ib le .  The fo rw ard  in p u t  c h a r a c t e r i s t i c  which i s  i l l u s t r a t e d  

f ig u r e  2 ,2 5  shows a fo rw ard  breakdown v o l ta g e  o f  1 ,2  v o l t s  and l i g h t  

em iss io n  commences a t  t h i s  p o i n t , t h e  em iss io n  b e in g  ro u g h ly  p ro p o r t io n a l  

to  th e  c u r r e n t  p a s s in g  ( l5 )o  The maximum c u r r e n t  t h a t  may be p assed  

depends m ain ly  on th e  power d i s s i p a t i o n  a llo w a b le  a t  th e  ju n c t io n  

d io d e  and im proved perfo rm ance  can  be o b ta in e d  by e n c a s in g  th e  d io d e  i n  a  

s u i t a b l e  h e a t  s in k .  Low d e v ic e  o p e ra t in g  te m p e ra tu re s  a r e  d e s i r a b le  

b ecau se  a s  th e  ju n c t io n  te m p e ra tu re  in c r e a s e s  th e  quantum  e f f i c ie n c y  o f  

th e  re c o m b in a tio n  e m iss io n  f a l l s .

As th e  o v e r a l l  quantum e f f i c ie n c y  o f th e  r a d i a t i o n  i s  low 

(o f  th e  o rd e r  o f  0 .1 $ )  an  a tte m p t h a s  been  made w ith  th e  XS32L to  

im prove l i g h t  o u tp u t by ad d in g  a  fo c u s s in g  le n s  w ith  a  non r e f l e c t i n g  

c o a t in g .  The r e s u l t i n g  l i g h t  f l u x  i s  th u s  fbcussed  i n  th e  m anner 

shown i n  th e  p o la r  d iag ram  f ig u r e  2 .2 4 .
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2o3o20 The F h o to d e te c to rp

I n  c o n ju n c tio n  w ith  th e  c r y s t a l  lamp i t  i s  e s s e n t i a l  to  u se

a  p h o to d e te c to r  w hich i s  c o m p a tib le  w ith  th e  l i g h t  so u rc e  i n  b o th

s p e c t r a l  s e n s i t i v i t y  and speed  o f  re s p o n s e , The s i l i c o n  pho to  d iode

m eets b o th  th e s e  re q u ire m e n ts  w ith  a  peak s p e c t r a l  re sp o n se  i n  th e  re g io n  
4 °

o f  10 A and a  pho to  c u r r e n t  r i s e  tim e  o f  2 m ic ro se c o n d s0

I f  u n ifo rm  i l lu m in a t io n  i s  a p p lie d  th ro u g h  th e  volume o f  a

re v e r s e  b ia s s e d  P«Ne ju n c t io n  and i t s  a d ja c e n t  P and N re g io n s  f o r  a

d is ta n c e  o f  s e v e r a l  d i f f u s i o n  le n g th s  we may w r i te  th e  pho to  c u r r e n t  

a s  ( 3 )

I  ss q An 1^ (L^+Lp) + I q

n -  e f f i c ie n c y  l i g h t  i n  e le c t r o n  h o le  p a i r s  p e r  second

p e r  c u b ic  c e n t im e tre  p e r  u n i t  o f  l i g h t  i n te n s i ty ^  

q = e l e c t r o n i c  c h a rg e *

1^ = l i g h t  i n t e n s i t y  *

A sa c os 0 a co f  ju n c t io n

1 ^  Lp "  e le c tro n ^  h o le  l i f e t i m e s  r e s p e c t iv e ly 0

I  := r e v e r s e  s a t u r a t i o n  c u r r e n t0o

I f  I  i s  sm a ll th e n  th e  pho to  c u r r e n t  i s  a p p ro x im a te ly  

p ro p o r t io n a l  to  th e  in c id e n t  l i g h t  in te n s i ty *  From th e  above e q u a tio n  

i t  i s  c l e a r  t h a t  th e  b e s t  s e n s i t i v i t y  i s  found f o r  v e ry  lo n g  l i f e t i m e

where
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m a te r ia l s  w here and Lp a re  h ig h 0 However9 a s  b e fo re*  t h i s  

s e n s i t i v i t y  i s  a c h ie v e d  a t  th e  expense  o f photo  c u r r e n t  t r a n s i e n t  

re sp o n se  tim e*

The d e te c t o r  u se d  i n  t h i s  work i s  th e  Texas In s tru m e n ts  

NoPaU* pho to  duo d io d e  ty p e  1N 2175* In  t h i s  d e v ic e  two sy m m etrica l 

P*N0 ju n c t io n s  a r e  d i f f u s e d  i n  th e  s i l i c o n  s u b s t r a t a  so t h a t  e i t h e r  

te rm in a l  can be b ia s s e d  p o s i t i v e l y  o r  n e g a tiv e ly *  T h is  l a t t e r  

p ro p e r ty  w h ile  i n  no way a l t e r i n g  th e  b a s ic  p h ilo so p h y  o f  th e  a p p ro ach , 

g r e a t ly  in c r e a s e s  th e  f l e x i b i l i t y  o f th e  d e v ic e  i n  i t s  u l t im a te  a p p l i c a t io n  

a s  an  a d a p tiv e  elem ent*

The 1N 2175 h as  th e  fo llo w in g  c h a r a c t e r i s t i c s ,  (17)»

Maximum b ia s  v o l ta g e  = jf 50 v o l t s

Power d i s s i p a t i o n  = 250 m i l l iw a t t s

0Dark c u r r e n t  a t  25 C + 50V b ia s  = 0 o5

L ig h t c u r r e n t  a t  25°C + 10V b ia s  - 100 \ik

P h o to c u r re n t r i s e  tim e  = 2 visec

P h o to c u r re n t f a l l  tim e = 45 pseo

S e n s i t i v i t y  = 2203 pA/mW/om2

S p e c t r a l  peak  =
0

103000 A0

T y p ic a l fo rw ard  c h a r a c t e r i s t i c s  o f  th e 1N 2175 a re  shown

i n  f ig u r e  2 02 5 o th e  re v e r s e  c h a r a c t e r i s t i c s  b e in g  c o m p le te ly  sym m etrical©  

The dynam ic im pedance h e re  ran g e s  from  abou t 2MQ a t  an  i r r a d i a n c e  o f  

2mW/om^ to  a b o u t 250KQ a t  an  i r r a d i a n c e  o f  l6mW/cm2 0 The maximum
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dynamic im pedance p o s s ib le  i s  th e  im pedance a t  zero  l i g h t  f lu x  w hich i s  

o f  th e  o rd e r  o f  1Q0M£3o I t  w i l l  be se en  t h a t  above 10 v o l t s  b ia s  th e  

c u rv e s  a re  p e r f e c t l y  l in e a r *  The d io d e  s p e c t r a l  re sp o n se  i s  

i l l u s t r a t e d  i n  f i g u r e  2*26 w ith  th e  re sp o n se  o f th e  Ga. As c r y s t a l  

lamp superim posed  f o r  com parison* The c lo s e n e s s  o f  th e  s p e c t r a l  peaks 

in d ic a t e s  a good d eg ree  o f s p e c t r a l  c o m p a ta b ility *  The d a rk  c u r r e n t  

I  i s  sm a ll and above an  i r r a d i a n c e  o f 2mW/cm2 a  l i n e a r  r e l a t i o n s h i p  

e x i s t s  betw een th e  a p p lie d  i r r a d i a n c e  and th e  photo  c u rre n t*  The 

s e n s i t i v i t y  o f  th e  d e v ic e  i s  in c re a s e d  by th e  u se  o f  a  fo c u s s in g  le n s  

system  which p ro d u ces  a d i r e c t i o n a l  c h a r a c t e r i s t i c  a s  shown i n  f ig u r e  2 0210

2 o3 o3 » Combined C h a r a c t e r i s t i c s *

The m ech an ica l a rrangem en t o f  th e  lamp d e te c t o r  co m b in a tio n  

i s  shown i n  f ig u r e  2*28* The XS32U c r y s t a l  lamp i s  i n s e r t e d  a t  th e  

end o f  a th ic k  w a lle d  b r a s s  tu b e  th e  in n e r  s u r f a c e  o f which i s  th re a d e d  

and th e  IN 2175 duo d io d e  i s  lo c a te d  i n  th e  d r i l l e d  o u t c e n t r e  o f a  

th re a d e d  b o lt*  T h is  c o n f ig u r a t io n  b e l l ie s  e s t a b l i s h i n g  a  f ix e d  

p o s i t i o n a l  r e l a t i o n s h i p  betw een  lamp and d e te c to r  o f f e r s  th r e e  a d d i t io n a l  

a d v a n ta g e s*

(a )  F u l l  ad v an tag e  i s  ta k e n  o f  th e  a x i a l  d i r e c t i o n a l  

s e n s i t i v i t y  o f  b o th  dev ices*

(b ) F in e  fo c u s s in g  i s  p o s s ib le  to  a d ju s t  f o r  maximum d io d e  

s e n s i t i v i t y *
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(c )  The th ic k  b r a s s  e u rro u n d p a c t in g  a s  an  e f f i c i e n t  h e a t  

sink j, lo w ers  th e  Ga.As ju n c t io n  te m p e ra tu re  a t  any 

c u r r e n t  r a t i n g  and th u s  im proves l i g h t  o u tp u t by 

in c r e a s in g  d io d e  e ffic ie n cy * , The maximum power 

d i s s i p a t i o n  o f  b o th  d e v ic e s  i s  a ls o  o b v io u s ly  im proved0

The combined c h a r a c t e r i s t i c s  r e l a t i n g  GatAs in p u t  d io d e  

c u r r e n t  w ith  th e  v o l ta g e  c u r r e n t  r e l a t i o n s h i p  o f th e  duo d io d e  a re  shown 

i n  f ig u r e  2 029o The minimum duo d iode  dynamic im pedance p o s s ib le  a t  f u l l  

r a te d  Qa As in p u t  d io d e  c u r r e n t  i s  o f  th e  o r d e r  o f  3^-rLw hich f  rom 

f ig u r e  2 Q2 5 ^ re p re s e n ts  an  i r r a d ia n c e  o f  ab o u t 2mW/cm2 <> I t  i s  th u s  

obv ious t h a t  th e  maximum l i g h t  power a v a i la b le  from  th e  XS321_ r e s t r i c t s  

e x p e r im e n ta l i n v e s t i g a t i o n  to  a  r e g io n  o f  h ig h  duo d io d e  dynamic 

impedanceo ¥hen  p la c e d  a c r o s s  th e  te rm in a ls  o f  an  o p e ra t io n a l  a m p l i f i e r

th e  duo d io d e  gave a  l i n e a r  o u tp u t sw ing o f  + 20 v o l t s  ab o u t a  b ia s  

l e v e l  o f  30 v o l t s , p o s i t i v e  o r  n e g a t iv e  b ia s  b e in g  p o s s ib le  due to  th e  

symmetry o f  th e  ju n c t io n  s t r u c t u r e „

2c3«4* The C o n tro l C i r c u i t  <>

The o b je c t  h e re  was to  develop  a  c o n tr o l  c i r c u i t  u s in g  th e  

same d e s ig n  p h ilo so p h y  a s  th e  L u x is to r  system  w hich would a c h ie v e  a 

l i n e a r  r e l a t i o n s h i p  betw een an  in c re m e n ta l  in p u t  v o l ta g e  and an in c re m e n ta l  

o u tp u t r e s i s t a n c e  v a lu e <> As b e fo re  when th e  l i n e a r i s i n g  fe e d  back  lo o p  

i s  b ro k en  an  i n t e g r a t o r  can  p e rfo rm  th e  fu n c t io n  o f  sy stem  memory and
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th e  r a d i a t i o n  l i n k  oan a c h ie v e  a b s o lu te  e l e c t r i c a l  i s o l a t i o n  betw een 

th e  r e s i s t i v e  e lem en t and i t s  c o n t r o l l i n g  c i r c u i t r y  <» Some c i r c u i t  

m o d if ic a t io n s  w i l l  how ever be n e c e s sa ry  due to  th e  d i f f e r e n c e  w hich 

e x i s t s  be tw een  d io d e  s t a t i c  and dynamic im pedance0

I*1 f ig u r e  2 a12 a l i n e a r  r e l a t i o n s h ip  i s  im posed betw een 

in c re m e n ta l  in p u t  v o l ta g e  and th e  in c re m e n ta l  v o l ta g e  a c ro s s  th e  

r e s i s t i v e  e lem en t w h ichp f o r  a c o n s ta n t  c u r r e n t  d r i v e 9 e s t a b l i s h e s  a 

l i n e a r  change i n  r e s i s t o r  s t a t i c  v a lu e 0 F o r a  dev ice^  such  a s  a  

cadmium s u lp h id e  b lo ck s  h a v in g  e q u a l s t a t i c  and dynamic r e s i s t a n c e  

v a lu e s  a  l i n e a r  r e l a t i o n s h i p  i s  th u s  e s ta b l i s h e d  betw een  in c re m e n ta l  

in p u t  v o l ta g e  and dynamic r e s i s t a n c e  v a lu e . To e n su re  c o r r e c t  

o p e ra t io n  o f  a  d io d e  a s  a l i n e a r  in c re m e n ta l o p e r a t io n a l  e lem en t i t  

m ust be b ia s s e d  i n to  th e  l i n e a r  regim e where th e  e f f e c t i v e  o p e ra t io n a l  

r e s i s t a n c e  v a lu e  i s  d e te rm in ed  by th e  a p p ro p r ia te  dynamic s lo p e 0 

Hence what i s  r e q u ir e d  now i s  a  scheme to  a c h ie v e  a  l i n e a r  r e l a t i o n s h ip  

betw een  in c re m e n ta l  in p u t  v o l ta g e  and d iode  dynamic s lo p e 0

In  f i g u r e  2 o30 i f  b  r e p r e s e n ts  th e  f r a c t i o n a l  change i n  th e  

in p u t  b ia s  v o l ta g e  to  th e  c o n tr o l  c i r c u i t  th e n  th e  v o l ta g e  change 

a c ro s s  th e  d io d e  f o r  a  f ix e d  c u r r e n t  I  m ust be &MK where M i s  th e  

c h a r a c t e r i s t i c  a sy m to tic  p o in t  and K th e  q u ie s c e n t  d io d e  v o l ta g e 0 

V o ltag e  change a c ro s s  d io d e

=  S r e

= S(MO + OK) = $>M0 + 6  OK

= S x c o n s ta n t  +oOK„
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F o r a  feed b ack  system  s i m i l a r  to  t h a t  i l l u s t r a t e d  i n  f ig u r e  2„ 1 2 * a  

f r a c t i o n a l  change ^ i n  th e  in p u t  v o l ta g e  r e s u l t s  i n  a  v o l ta g e  change 

£> OK a c ro s s  th e  diode* I f  th e  v o l ta g e  a c ro s s  th e  d io d e  i s  now 

c o n s tra in e d  to  v a ry  by an a d d i t i o n a l  &M0 v o l t s  w here MO i s  a c o n s ta n t  

th e n  th e  c o r r e c t  change i n  d io d e  dynamic im pedance i s  accom plished*

A p o s s ib le  sch em atic  c i r c u i t  i s  o u t l in e d  i n  f i g u r e  2*51. where 

th e  r e s i s t a n c e  P i s  so s c a le d  t h a t  f o r  a f r a c t i o n a l  in c r e a s e  & i n  th e  

b ia s  v o l ta g e  th e  change i n  th e  v o l ta g e  a t  p o in t  A i n  th e  c i r c u i t  i s

&  O K  + & M 0 „

w here OK i s  th e  q u ie s c e n t  v o l ta g e  a t  A and MO th e  c h a r a c t e r i s t i c  

a sy m to tic  v o lta g e *

A p r a c t i c a l  c i r c u i t  s u i t a b l e  f o r  th e  im p le m e n ta tio n  o f  th e  

c o n tr o l  scheme i s  i l l u s t r a t e d  i n  f ig u r e  2*52* w here a  f ix e d  b ia s  c u r r e n t  

i s  e s ta b l is h e d  i n  th e  2175 from  an e x te r n a l  c u r r e n t  source*  To 

a v o id  e x c e s s iv e  lo a d in g  fe e d  back  v o l ta g e  from  p o in t  A to  th e  

i n t e g r a t o r  in p u t  i s  accom plished  v ia  a  T*I* 2N3820 so u rc e  fo l lo w e r  w ith  

an  in p u t  im pedance o f  a p p ro x im a te ly  150MQ* The XS32L c o n s t i t u t e s  th e  

lo a d  o f  a  ZT 82 e m i t te r  fo l lo w e r  w hich i s  c u r r e n t  fe d  d i r e c t l y  from  

th e  i n t e g r a t o r ,  A c u r re n t  l im i t i n g  200Q r e s i s t o r  i s  in c lu d e d  i n  

s e r i e s  w ith  t h i s  d io d e  to  p re v e n t e x c e s s iv e  d io d e  d i s s i p a t i o n  i n  th e  

e v en t o f  a  c i r c u i t  f a u l t*



Current

B ia s
voXt&g©

In c re m e n ta l
v o l ta g e

F ig u re  2 o3 0 c

S chem atic  C i r c u i t  Diagram F ig u re  2 e3‘l



00

CM
CM

CM

CM

£2*OOJ



41 o

As th e  e x a c t  m agnitude o f  th e  a sy m to tic  v o l ta g e  a t  th e  

w orking p o in t  i s  c r i t i c a l  to  th e  o v e r a l l  system  a cc tirae y  i t s  v a lu e  

i s  h e s t  d e te rm in ed  from  a c lo s e d  lo o p  l i n e a r i t y  t e s t  on th e  system  

r a t h e r  th a n  from  e x t r a p o la t io n  o f  th e  combined c h a r a c t e r i s t i c s  w hich 

can  o n ly  be a p p ro x im a te * E v a lu a t io n  o f th e  a s y m to tic  v o l ta g e  w i l l  

en ab le  th e  i n t e g r a t o r  r e s i s t o r  P to  be c o r r e c t ly  sca led *

2 o3 o5 o E x p e rim e n ta l R e s u l t s *

The c i r c u i t  b ia s  v o l ta g e  l e v e l s  weae s e t  a s  shown i n  f ig u r e  2*32 

where th e  P c h an n e l so u rce  fo l lo w e r  h a s  a p o s i t iv e  o f f s e t  v o l ta g e  o f 

1*70 v o l t s  and a  m easured g a in  o f  0*922. A c o n s ta n t  c u r r e n t  o f  5pA 

was e s t a b l i s h e d  i n  th e  duo d io d e  and th e  r e s i s t o r  P was made eq u a l to

The in p u t  v o l ta g e  was v a r ie d  i n  steps*  and a f t e r  each  s te p  change 

th e  d iode  was sw itc h ed  a c ro s s  o p e ra t io n a l  a m p l i f i e r  2 0 A s e r i e s  o f  

p o in ts  were th e n  p lo t t e d  r e l a t i n g  th e  in p u t  and o u tp u t v o l ta g e  o f 

a m p l i f i e r  2 th e  fe e d  back  loop  b e in g  b r i e f l y  c lo s e d  b e fo re  each p lo t  

to  com pensate f o r  i n t e g r a t o r  d r i f t  and r e - e s t a b l i s h  th e  c o r r e c t  o p e ra t in g  

l i g h t  f lu x *  I n  t h i s  ex p erim en t c a p a c i to r  C was f ix e d  a t  IpP to  

m inim ize i n t e g r a t o r  d r i f t  'and R was 1MQ0 The dynamic im pedance o f th e  

d io d e  a t  each  s te p  change i n  in c re m e n ta l  in p u t  v o l ta g e  was o b ta in e d  

from  th e  in p u t  o u tp u t v o l ta g e  p lo t  o f  a m p l i f i e r  2 P and th e  r e l a t i o n s h i p  

th u s  e s t a b l i s h e d  betw een  d io d e  dynamic im pedance and in c re m e n ta l  in p u t  v o l ta g e  

i s  shown i n  f i g u r e  2*33* I t  w i l l  be se en  t h a t  t h i s  r e l a t i o n s h i p  i s
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q u i te  l i n e a r  w ith  some s l i g h t  s c a t t e r  due to  m easurem ent e r r o r s  

in h e r e n t  i n  th e  r a t h e r  cumbersome d e r iv a t io n  te c h n iq u e * The 

maximum s c a t t e r  e r r o r  i s  o f  th e  o r d e r  o f  1 % and th e  a c tu a l  c i r c u i t  

l i n e a r i t y  i s  a t  l e a s t  b e t t e r  th a n  0<,5^o

From th e  g rap h  o f  f ig u r e  2<>55» and know ledge o f  th e  c i r c u i t  

b i a s  l e v e l s  and p a ra m e te r  v a lu e s  we can d e te rm in e  th e  v a lu e  o f  th e

r e s i s t o r  P to  e s t a b l i s h  a l i n e a r  r e l a t i o n s h ip  betw een  p e rc e n ta g e  in c re m e n ta l

in p u t  v o l ta g e  and p e rc e n ta g e  change i n  d io d e  dynamic im pedance0

From f ig u r e  2*35

fo change i n  dynamic im pedance e q u a ls  18*7^ f o r  an  in p u t  v o l ta g e  

in c re m e n t o f  13*6 v o l ts *  C orresp o n d in g  change i n  d io d e  v o lta g e  i s

f e f _  = 14°75 v o l t s .

18°? 1g0 18°7 + 1 | a2  x OM = 14 .75  v o l t s

3 .42  + 0 .1 8 7  0M = 14 .75  v o l t s

where th e  d io d e  v o l ta g e  i s  18*3 v o l t s  a t  an  in p u t  b ia s  l e v e l  o f 20 v o l t s

0°o 0M -  60o6 v o lts *

I f  th e  r e s i s t o r  P° i n  f ig u r e  2 <,32 i s  made eq u a l to  0 0915 MQ 

th e n  th e  in p u t  b ia s  v o l ta g e  can be c o n s id e re d  a s  18*3 v o l t s  r a t h e r  th a n  

20 v o lts o  An in c r e a s e  o f  \& dfo  i n  t h i s  b ia s  l e v e l  r e p r e s e n ts  an  

in c re m e n ta l  s ig n a l  o f  3° 42 v o l t s 0
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Thus

3 o42/P = j  5*42 + 60 .6  x 1 8 0 ? ) x  0 .922
1 100 ]

o ° o  P =  0 . 5 9 8

Thus to  a c h ie v e  a l i n e a r  r e l a t i o n s h ip  w ith  u n i ty  s lo p e  

betw een p e rc e n ta g e  in c re m e n ta l  in p u t  v o l ta g e  and p e rc e n ta g e  change 

i n  d io d e  dynamic im pedance r e s i s t o r  P # must be so s c a le d  to  a c h ie v e

e q u a l i ty  betw een  d io d e  and in p u t  b ia s  v o l ta g e s  a n d ? f o r  t h i s  p a r t i c u l a r

ra n g e , th e  r e s i s t o r  P m ust be made eq u a l to  0 o598 MQ.

The l i g h t  o u tp u t power o f  th e  Ga#As d io d e  u l t im a te ly  s e t s  a  

lo w er l i m i t  to  th e  duo d io d e  dynamic im pedance a v a i la b le  and th e  

v o l ta g e  r a t i n g  o f  th e  duo d io d e  i t s e l f  w i l l  s e t  a  l i m i t  on th e  p o s s ib le  

u p p e r im pedance l e v e l .  Assuming t h a t  th e  minimum duo d io d e  v o lta g e  

i s  one v o l t  and t h a t  th e  maximum a llo w a b le  d iode  v o l ta g e  i s  50 v o l t s  ? 

th e n  f o r  th e  p a r t i c u l a r  b ia s  l e v e l  in d ic a te d  i n  f ig u r e  2 .52  th e  

maximum t h e o r e t i c a l  d io d e  dynamic im pedance sw ing ab o u t a  q u ie s c e n t  

l e v e l  o f  2406 MQ i s  “ 22^ to  + 6 2 . 7 ^ a t o t a l  im pedance v a r i a t i o n  o f

84 o lf°o

To a ch iev e  a  f a s t  re sp o n se  th e  i n t e g r a t o r  c a p a c i to r  v a lu e  must 

be o f  th e  o rd e r  o f  p ic o  f a r a d s  and f ig u r e  2 .5 4  shows th e  e f f e c t  o f 

v a ry in g  c a p a c i to r  v a lu e  on th e  c i r c u i t  t r a n s i e n t  b e h a v io u r . A s te p  

change o f  5 v o l t s  was a p p lie d  to  th e  c i r c u i t  w hich was b ia s s e d  a t  

20 v o l t s  and i n  th e  ab sen ce  o f  any p r o p o r t io n a l  r e s i s ta n c e ^ a n  o s c i l l a t o r y
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re sp o n se  was obtained*, The m agnitude o f  th e  o v e rsh o o t d e c re a se d  

w ith  in c r e a s in g  c a p a c i to r  v a lu e  and th e  s e t t l i n g  tim e  was o f th e  o rd e r  

o f  700 p secondso The a d d i t io n  o f  a  low v a lu e  p r o p o r t io n a l  r e s i s t o r  

g r e a t ly  reduced  b o th  o v e rsh o o t and s e t t l i n g  tim e f o r  any c a p a c i to r  

v a lu e  and a minimum s e t t l i n g  tim e o f  1 60 |J seconds was o b ta in e d  w ith  

R eq u a l to  300KQ and a c a p a c i ta n c e  v a lu e  o f 200 p ic o  f a r a d s 0 T h is  

re sp o n se  i s  shown i n  cu rv e  (b ) o f  f ig u r e  2 035 w here th e  maximum o v e rsh o o t 

i s  8^o The s e t t l i n g  tim e h e re  com pares v e ry  fa v o u ra b ly  w ith  th e  

s e t t l i n g  tim e a c h ie v e d  f o r  th e  L u x is to r  (cu rv e  (e )  o f  f ig u r e  2„16) 

and r e p r e s e n ts  a  r e d u c t io n  o f  s e t t l i n g  tim e by a  f a c t o r  o f  1500o

n e g a tiv e  s te p  demand i n  r e s i s t a n c e  v a lu e 0 Due to  th e  r e l a t i v e l y  lo n g  

pho to  c u r r e n t  f a l l  tim e o f  th e  1N2175 th e  s e t t l i n g  tim e  o f  th e  system  

to  a  p o s i t iv e  s t e p  demand i n  r e s i s t a n c e  v a lu e  i s  a b o u t lo n g e r  th a n

i l l u s t r a t e s  th e  re sp o n se  o f th e  c i r c u i t  to  a

th e  tim e in d ic a te d  by curve  (b )  o f

The c lo s e d  lo o p  freq u e n c y  re sp o n se  o f  th e  com plete  c i r c u i t  

i s  shown i n and i t  w i l l  be se en  t h a t  f o r  th e  v a lu e s  o f R

and C in d ic a te d  th e  system  h as  a c lo s e d  loop  band w id th  o f  2 04 K c/s

and a r o l l  o f f  s lo p e  o f  8 dB p e r  o c ta v e 0 The in d ic a te d  damping

f a c t o r  i s  o f  th e  o rd e r  o f  0 o7
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2 0 3 o6 o B ia s  C o n s id e ra t io n s „

F o r c o r r e c t  perfo rm ance a s  an  o p e ra t io n a l  e lem en t th e  

q u ie s c e n t  o p e ra t in g  p o in t  o f  th e  duo d iode  must be b ia s s e d  i n to  th e  

l i n e a r  re g im e ,a  b ia s  v o l ta g e  of;, s a y p 30 v o l t s  a llo w in g  a l i n e a r  

e x c u rs io n  o f  + 20 v o l t s <> The b ia s  v o lta g e^  w hich f o r  th e  1N2175 can  

be p o s i t iv e  o r  n e g a tiv e ^  i s  e a s i l y  removed by su b seq u e n t o p e ra t io n a l  

te c h n iq u e s « V a r ia t io n  o f  th e  d io d e  dynamic im pedance a ls o  v a r i e s  th e  

d io d e  s t a t i c  im pedance and h e n c e 9 f o r  a g iv e n  b ia s  l e v e l 9 com pensa tion  

m ust be p ro v id e d  i n  th e  o p e ra t io n a l  c i r c u i t  w hich rem oves th e  bdas 

v o l ta g e .  A s u i t a b l e  c i r c u i t  u t i l i z i n g  a  second a d a p t iv e  e lem en t which 

i s  o p e ra te d  i n  p a r a l l e l  w ith  th e  f i r s t  i s  shown i n  f ig u r e  2 037 where 

Eg r e p r e s e n ts  th e  b ia s  v o l ta g e  a p p lie d  to  th e  duo d io d e  when i t  i s  

sw itch ed  a s  an  o p e ra t io n a l  e le m e n t. The two a d a p tiv e  e lem en ts  a re  

o p e ra te d  from  th e  same v o l ta g e  s o u rc e 0

2 03o7o Summary.

By th e  u t i l i z a t i o n  o f a  n o v e l la m p -d e te c to r  c o m b in a tio n  th e  

perfo rm ance  o f th e  v o l ta g e  c o n t r o l le d  v a r ia b le  r e s i s t a n c e  c i r c u i t  h as  

been  im proved^w ith  a l i n e a r  a d a p tiv e  mechanism b e in g  p roduced  w hich 

h as  a s e t t l i n g  tim e  o f  160 p seconds and a band w id th  o f 2C4 K ilo c y c le s .  

W ith t h i s  c i r c u i t  th e  v a r i a t i o n  o f  a d a p tiv e  model l a g  p a ra m e te rs  can 

be a c h ie v e d  i n  a f r a c t i o n  o f  a  m il l is e c o n d  compared w ith  th e  s e v e r a l  

seconds r e q u ir e d  by c o n v e n tio n a l te c h n iq u e s 0 P ro v id ed  t h a t  th e
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p a ra m e te r  v a r i a t i o n  i s  l e s s  th a n  one o rd e r  th e  a d a p t iv e  mechanism 

oan a ls o  be u sed  f o r  a d ju s t in g  a d a p tiv e  model g a in  p a ra m e te r s 0 I t  

h a s  a  bandw idth  w hich i s  c o m p a tib le  w ith  th e  b e s t  a v a i la b le  e l e c t r o n i c  

m u l t i p l i e r s  a n d s b e s id e s  c o n s t r u c t io n a l  s im p l i c i ty  i t  h a s  th e  a d d i t io n a l  

p ro p e r ty  o f  b e in g  a b le  to  a d ju s t  b o th  ty p e s  o f  p a ra m e te r  v a lu e 0

Due to  th e  low l i g h t  o u tp u t power o f th e  XS32L c r y s t a l  lamp 

th e  p re s e n t  o i r c u i t  o p e ra te s  i n  a  re g io n  o f  h ig h  d io d e  dynamic im pedance 

and f o r  some a p p l i c a t io n s  t h i s  c o u ld  be in c o n v e n ie n t* Improvem ent 

h e re  w i l l  be so u g h t i n  two d i r e c t i o n s 0 F i r s t l y  i n  th e  a p p l i c a t io n  o f  

more pow erfu l c r y s t a l  lam ps and seco n d ly  i n  th e  u t i l i s a t i o n  o f  more 

s e n s i t i v e  d e te c to r  d io d e s  such a s  th e  photo  a v a lan c h e  d io d e  ( 1 8 ) 0

As w ith  th e  L u x is to r  o i r c u i t  f u tu r e  developm ent work w i l l  

a ls o  be d ev o ted  to  p ro d u c in g  a  c o m p le te ly  s o l id  s t a t e  a d a p tiv e  

meohamism com bining i n te g r a t e d  o p e ra t io n a l  a m p l i f i e r s  and f i e l d  e f f e c t  

t r a n s i s t o r  s w itc h in g  c i r c u i t s 3th e  f i n a l . u n i t  b e in g  c o m p le te ly  c o m p a tib le  

w ith  s o l id  s t a t e  h y b r id  com puting sy s te m s0



PARAMETER ESTIMATION

3o1o I n t r o d u c t io n ^

P la n t  i d e n t i f i c a t i o n  i s  im p o r ta n t i n  i t s  own r i g h t  a s  a  fun d am en ta l 

p a r t  o f  o v e r a l l  c o n t r o l  system  desig n ^  I d e n t i f i c a t i o n  i n  a d a p t iv e  c o n tr o l ,  

however, d i f f e r s  from  th e  norm al problem , found  i n  c o n t r o l  sy stem s b ecau se  o f  

th e  im p o rtan ce  o f  m in im iz in g  th e  tim e  r e q u ir e d  to  com plete  th e  d e te rm in a tio n  

o f  s i g n i f i c a n t  p ro c e s s  c h a r a c t e r i s t i c s 0 Com plete i d e n t i f i c a t i o n  w ith o u t a

p r i o r i  know ledge can  n o rm ally  be accom plished  by c ro s s  c o r r e l a t i o n  te c h n iq u e s  

( l ) ^  ( 2 ) though su c c e ss  h e re  i s  o n ly  p o s s ib le  f o r  a  s t a t i o n a r y  p la n t  or*, a t  

mostjj f o r  a  p la n t  w ith  s lo w ly  v a ry in g  p a ra m e te rs D

Som© p r i o r i  know ledge o f  p la n t  s t r u c tu r e  i s  n e a r ly  a lw ays a v a i l a b l e  

and a lth o u g h  no g e n e ra l  m ethod o f  ap p ro ach  has y e t  been  fo rm u la te d  th r e e  

d i s t i n c t  te c h n iq u e s  o f  u t i l i z i n g  such knowledge have b een  advanced by Kalman ( 5)

M arg@ lis ( 4 ) and C o rb in  ( 5)0 Kalm an°s method ^ i e h  u s e s  sam pled v a lu e s  o f  th e

p la n t  in p u t  and o u tp u t v a r i a b le s  to g e th e r  w ith  a  p la n t  m odel r e q u i r e s  d i g i t a l  

com puter f a c i l i t i e s  and  i s  r e le v a n t  to  sam pled d a ta  c o n t r o l  sy s te m s0 The 

p h ilo so p h y  u n d e r ly in g  th e  l e a r n in g  model te c h n iq u e  o f  M a rg o lis  i s  c lo s e ly  a k in  

to  th e  ap p ro ach  o f  L efk o w itz  (6 )  on w hich th e  c o n tr o l  s t r a t e g y  o f  t h i s  t h e s i s  

i s  b a sed  and C o rb in °s  m ethod i s  u sed  d i r e c t l y  i n  th e  l a t t e r  s e c t io n  o f  t h i s  

c h a p te r 0

T h is  s tu d y  i s  l im i te d  to  th e  i n v e s t i g a t i o n  o f  sy s tem s i n  w hich th e

dom inant p la n t  t r a n f e r  f u n c t io n  i s  o f  th e  form .
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where T i s  assum ed i n  v a r i a n t  and  e i t h e r  one o r  b o th  th e  rem a in in g  

p a ra m e te rs  tim e  v a r ia n to  I f  we assum e t h a t  th e  in p u t  s ig n a l  to  th e  system  

i s  a  s te p  f u n c t io n ; p la n t  i d e n t i f i c a t i o n  i n  th e  fo rm er c a se  i s  c o m p a ra tiv e ly  

easy  and can  be  perfo rm ed  by an  an a lo g u e  com puter c o n f ig u r a t io n  i n  th e  method 

o f  C o rb in 0 I n  th e  l a t t e r  c a se  how ever th e  p re se n c e  o f  two unknowns re n d e rs  

on l i n e  i d e n t i f i c a t i o n  l e s s  tm © ta b le ?and re c o u rs e  to  d i g i t a l  com puter 

s o lu t io n  h a s  been  su g g e s te d  by s e v e r a l  a u th o rs  (6 )^  (?)<> I n  o rd e r  to  

m a in ta in  an  e s s e n t i a l  c o n tr o l  system  s im p l i c i ty  which i s  c o m p a tib le  w ith  th e  

form  o f  p la n t  model chosen^ i t  i s  th e  i n t e n t i o n  h e re  to  r e a l i z e  p a ra m e te r  

e s t im a t io n  w ith  a  r e l a t i v e l y  s im p le  h y b r id  com puting sy stem .

The m a jo r i ty  o f  t h i s  c h a p te r  w i l l  th u s  be d ev o ted  to  d e s c r ib in g  a 

p a ra m e te r  e s t im a t io n  scheme w hich h a s  been  developed  to  p e rfo rm  th e  

i d e n t i f i c a t i o n  o f  p l a n t  w ith  two unknowns0 F in a l ly  we w i l l  d e a l  b r i e f l y  

w ith  th e  i d e n t i f i c a t i o n  prob lem  posed  by th e  p re se n c e  o f  o n ly  one unknown 

i n  th e  t r a n s f e r  f u n c t io n G

As th e  g e n e ra l  n a tu re  o f  t h i s  work w i l l  be r e l a t e d  u l t im a te ly  to  

a  s im p le  b o i l e r  model some r e fe re n c e  w i l l  be found below  to  b o i l e r  t r a n s f e r  

fu n c t io n s  and tim e  c o n s ta n ts ^ a  f u l l  d e s c r ip t io n  o f  w hich i s  to  be found  i n  

C h ap te r 4o

I f  th e  p la n t  i n  f ig u r e  3o1o i s  s u b je c te d  to  a  s t e p  in p u t  o f
i

m agnitude th e  tim e  f u n c t io n  o f  th e  o u tp u t a f t e r  a  tim e  i n t e r v a l  T i s  o f  

th e  form

= Kc Cf (1 = e m)

-  Y  (ll = ( l )l U ^  I* l a / o  o o o o o o o o o # * o o o o e o \ ( ] /
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w here V = Kc Cf

The problem  i s  th u s  to  o b ta in  th e  on l i n e  s o lu t io n  o f  V and T from  th e  r  m m

m easured v a lu e s  o f  V ( t)o  A rra n g in g  th e  a n a ly s i s  i n  a  form  s u i t a b l e  f o r  

an a lo g u e  com puter s o lu t io n  we have

V ( t)  = V (1 -  e ~  / lm )m

d t a -  « -V i -

d V (t)
d t

—  V r n  r p ,

w t,  ^  « m

=  vm
t = t 2 Tm

m

o O © o o ( 2 )  O 0 O \ C- /

& 2

Log S

• T O m

T O

Log e

m

T O m t 2°“t<

Tm

w here t ,  -  t o ^ t  d

S O  Log &4,

m

OOOOPOOO

o r  i n  g e n e r a l9 we have r e c u r s iv e  r e l a t i o n c

Log 5  n

6  n+1
fd

Tm

o o o o o o o o



Hence

m 4.X “  U .  J j O g  r  o o o o o o om d o n

From ( 2 )

m m

+ t i /T
i . e

Log Vm = Log + L o g ^  + t* /T m

= A n ti  Log [Log T ^ + L o g ^ + tf /T ^ J  e «0 o 0 o o (6 )

Though s o lu t io n s  o f  e q u a tio n s  ( 3 ) and (6 ) w i l l  y i e l d  th e  c o r r e c t

v a lu e s  o f  V and T b o th  e q u a tio n s  in v o lv e  a  d e r iv a t iv e  o f  th e  tim e  fu n c tio n ,, m m
D i f f e r e n t i a t i o n  even  a t  low n o is e  l e v e l s  can  in d u ce  la r g e  e r r o r s  and i t  i s  

e s s e n t i a l  t h a t  a  m ethod o f  o b ta in in g  th e  v a r io u s  s lo p e s  o f  th e  f u n c t io n  V ( t ) ’ 

w ith o u t d i r e c t  a n a lo g u e  d i f f e r e n t i a t i o n  be fo u n d 0

One such  method o f  app roach  i s  shown i n  F ig u re  3o2a The s lo p e  o f

th e  f u n c t io n  a t  t  i s  e q u a l tom

w here / t 2n

j  ¥ (* )  d t  v ( t )  d t
Vj Q '  t^ p  and ¥2 f i  '  t gp

t'i-aC3tflo tg ^ H ^ o

T h is  method h a s  th e  ad v an tag e  o f  u s in g  i n t e g r a t i o n  r a t h e r  th a n  

d i f f e r e n t i a t i o n  to  o b ta in  s lo p e  v a lu e s  and th u s  te n d s  to  su p p re ss  r a t h e r  

th a n  a c c e n tu a te  n o is e  e r r o r s 0



V (t)

F ig u re  3 o2 a S lo p e  E s tim a tio n *

P a ra m e te r
E s t im a to r

K

Tm

F ig u re  3e1® P a ra m e te r  E s tim a tio n
"  *3
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The v a l i d i t y  o f  th e  a p p ro x im a tio n s  in v o lv e d  i n  th e  f u n c t io n s  

above w i l l  be d is c u s s e d  l a t e r 0

Two f u r t h e r  c o n d it io n s  w ere th o u g h t n e c e s s a ry  f o r  s a t i s f a c t o r y  

o p e ra tio n *  F i r s t l y  t h a t  any s o lu t io n  be made on a r e p e t i t i v e 'b a s i s  to  

red u ce  th e  o v e r a l l  e f f e c t  o f  any one s p u r io u s  re a d in g  and  se co n d ly  t h a t  

th e  com puter c o n f ig u r a t io n  be such  a s  to  re n d e r  any s p u r io u s  re a d in g  s e l f  

c a n c e l l in g  when th e  r e p e t i t i v e  re a d in g s  a r e  a v e ra g e d 0 An e x c e l le n t  

in t r o d u c t io n  to  H ybrid  com puting te c h n iq u e s  h as  been  g iv e n  by P a u l (8 ) 

and Korn ( 9)0

3o201 0 Com puter C o n f ig u ra t io n s  f o r  th e  d e te rm in a tio n  o f  Tmo

A s u i t a b l e  com puter c o n f ig u r a t io n  f o r  th e  r e p e t i t i v e  s o lu t io n  o f

e q u a tio n  ( 3 ) i s  shown i n  F ig u re  5o3Q The o p e ra t io n  o f  th e  v a r io u s

a m p l i f i e r s  i s  c o n t r o l l e d  by r e l a y s  a c t iv a t e d  by e x te r n a l  t r a n s i s t o r  lo g ic

and th e  m ethod o f  c o m p u ta tio n  i s  i l l u s t r a t e d  i n  F ig u re  3 * . The v a lu e  o f

th e  f u n c t io n  v(t) can  be e s t im a te d  a t  tim es  t 0£> t ^ « , o o t  by i n t e g r a t i n g

th e  fu n c t io n  f o r  a  f i n i t e  i n t e r v a l  o f  tim e t  a t  tim e s  t^jo* ^ 20—s no
The s lo p e  o f  th e  f u n c t io n  a t  tim e s  t^ 9- — t  can  th e n  be e s t im a te d  a s

b , = Isrgo  § b 2 = I a d ! i „ & = Y a+rtteJ
t«-to t,-t, 5

n+ 1 n°°1

F o r a  r e p e t i t i v e  s o lu t io n  we r e q u i r e  th e .fo rm a t io n  o f th e  f u n c t io n  

$> r
w ith  r  ta k in g  th e  s e q u e n t ia l  v a lu e s  1 to  n« F o r  any one v a lu e

f o u r  v a lu e s  o f  th e  f u n c t io n  V (t)  a r e  r e q u ir e d  and hence a  
& 3M*1

15
minimum number o f  f o u r  i n t e g r a t o r s  mm  n e c e ssa ry  i u  th e  com puter c o n f ig u ra tio n *
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KJ oKLl î EhOlaQ M
5 5 ^

C \l E A
53p3 p3

A

H Ehds M

•*_ *1, i , , ^ .
p3 psi pA p4
c5> CF) Of*? o ft

<T-* « \ 1  £ A  S 3*
(fti Pi (si Pi

M,

O
H  EH
<5 H O N

4 s

E A
o
w EH
d ? H

s B

oi" 1CNJ LA.

8  ‘ #■• 9 a  a

Pigl

<d4»

O ,
d
o•H+ »
0H
a>

*LA
EA

s
&•H(̂4

H



IT,o

00 31

M aste r O s c i l l a t o r

%

t

B e se t R elay  R,

t %

t

F ig u re  3o4o

 ......  m

Compute R e lay  R



52o

A sq u a re  wave from  a  m a s te r  o s c i l l a t o r  i s  f e d  to  th e  t r a n s i s t o r  

lo g ic  u n i t  1 F ig u re  3<>5 where th e  f i r s t  n e g a tiv e  g o in g  edge opens AND g a te  

AG1 and t r i g g e r s  m o n o stah les  MNA1 and MMB1 whose o u tp u ts  c lo s e  r e l a y s  R1 

and R1A f o r  p e r io d s  t  and t^  r e s p e c t iv e ly a Hence th e  co m p u ta tio n  tim e 

i s  g iv e n  by

The n e g a t iv e  g o in g  edge w hich t r i g g e r s  th e  m o n o stab les  a ls o  t r i g g e r s  

th e  b i s t a b l e  BS19 w hich changes s t a t e  th e re b y  c lo s in g  AG1 again*  and th e  

b i s t a b l e  BS2 w hich on chang ing  s t a t e  so a l t e r s  th e  c o n d i t io n  o f  AND g a te  

AG2 t h a t  th e  a r r i v a l  o f  th e  n e x t n e g a t iv e  go ing  edge from  th e  m a s te r  

o s c i l l a t o r  opens t h i s  g a t e Tt r ig g e r in g  m o n o stab les  MNA2* MMB2 and b i s t a b l e s  

BS2 and BS3o

AMD g a te s  A&3 and A G 4 are  now opened i n  sequence* th e  o u tp u t o f  th e  

l a t t e r  t r i g g e r in g  BS1 th u s  a llo w in g  AG1 to  open on th e  a r r i v a l  o f  th e  n e x t 

n e g a t iv e  g o in g  edge from  th e  m a s te r  o s c i l l a t o r  and th e  sequenoe r e p e a t s 0

A f te r  a  tim e  t  from  th e  f i r s t  open ing  o f  AGr4j> f o u r  v o l ta g e s  c

Vq£> Vg and  a r e  e s ta b l i s h e d  on i n t e g r a t o r s  i 0 2 V 3  and 4 r e s p e c t iv e ly

and th e  f i r s t  s o lu t io n  o f  e q u a tio n  ( 3 ) i s  p o s s ib l e 0

A t a  p e r io d  o f  tim e t ^  l a t e r  a m p l i f i e r  1 h a s  com pleted  th e  

co m p u ta tio n  o f  and a  second s o lu t io n  i s  now p o s s ib le  w ith  su b seq u en t 

s o lu t io n s  b e in g  a v a i l a b l e  a t  i n t e r v a l s  o f  t ^  se co n d s0

W hile lo g ic  u n i t  1 c o n t r o l s  th e  i n t e g r a t o r s  to  o b ta in  s e q u e n t ia l

v a lu e s  o f  th e  f u n c t io n  V ( t)  a t  tim es*  t-g * t ^    e tc*  l o g ic  u n i t  2
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p ro c e s s e s  th e s e  v a lu e s  to  g e n e ra te  th e  a p p ro p r ia te  f u n c t iq n  r  a s  

shown helowo 3>f*1

I n t e g r a t o r  1 

I n t e g r a t o r  2 

I n t e g r a t o r  3 

I n t e g r a t o r  4 

g iv in g  ^  r

v*0 V4 V4 V4 V*
4

V, 7 i V5 T5 5

7a Va V6 V6

7 3 v 3 7 3 7 3 v7

V2-V0 . 
Yj-V ,

7-3-7i 5
v4- v 2

7 r 7 2
V5-V3^ r+1

I t  w i l l  be se e n  t h a t  th e  o u tp u ts  o f  i n t e g r a t o r s  1 and  3 a r e  a lw ays 

a s s o c ia te d  a s  a r e  th e  o u tp u ts  o f  i n t e g r a t o r s  2 and 4<> Hence th e  fo rm er 

a r e  summed by a m p l i f i e r  9 and th e  l a t t e r  by a m p l i f i e r  106 F o r  a  f u n c t io n  

o f  th e  f o r a
-t/d?

v(t) = Ym(l-€ m)

> V ( t j  and th u s  to  m a in ta in  th e  s ig n  o f  th e  f u n c t io n
^  r*1

c o n s ta n t  th e  s ig n s  o f  th e  o u tp u t v o l ta g e s  o f  th e  i n t e g r a t o r s  m ust be 

a d ju s te d  a p p r o p r i a t e ly 0

I n t e g r a t o r  1 + + +

I n t e g r a t o r  2 -  + «t- -  —

I n t e g r a t o r  3 -  -  + + -

I n t e g r a t o r  4 + -  -  + +
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I t  w i l l  "be se e n  w ith  t h i s  s ig n  sequence  t h a t  th e  n u m era to r  w i l l  a lw ays be

p o s i t i v e  ( a f t e r  summing) and th e  d enom inato r a lw ays n e g a t iv e  r e s u l t i n g  i n

A ra  c o n s ta n t  s ig n  o f  th e  o u tp u t f u n c t io n  T.eg a s  k  . *
Sr+1 - r  ’

S ig n  c o n t r o l  o f  th e  i n t e g r a t o r  o u tp u t v o l ta g e s  i s  e x e rc is e d  by 

r e l a y s  RB1 p RB2& RB3 and RB4 a c t in g  i n  c o n ju n c tio n  w ith  a m p l i f i e r s  6 9 7 

and 8 r e s p e c t iv e ly *  C o rre c t  s ig n a l  .d i r e c t io n  to  th e  + lo g  u n i t  and th e  -  lo g  

u n i t  i s  perfo rm ed  by th e  doub le  ch an g e -o v e r r e la y  RC*

The RB s e t  o f  r e l a y s  and RC a re  c o n tr o l le d  by lo g ic  u n it,.

2 , /  F ig u re  5<>€|)w hich c o n s i s t s  o f  th r e e  b i s t a b l e s  and o n ly  th r e e  r e la y  

t r i g g e r  c i r c u i t s  a s  i t  i s  p o s s ib le  to  p a i r  r e la y s  RB1 and RB3 and r e la y s  

RB2 and RB4* The b i s t a b l e  BS6 i s  o p e ra te d  by a  p o s i t i v e  g o in g  edge and 

b i s t a b l e  BS7 by a  n e g a t iv e  g o in g  ed g es b o th  u n i t s  b e in g  t r ig g e r e d  d i r e c t l y  

from  b i s t a b l e  BS5o I t  i s  assum ed t h a t  th e  r e la y  t r i g g e r  c i r c u i t s  a re  

a c t iv a t e d  by p o s i t i v e  g o in g  edges from, th e  b i s t a b l e  o u tp u ts*  The change­

o v e r  r e la y  RC i s  o p e ra te d  d i r e c t l y  from  b is ta b le ,  B0S 05o The i n i t i a l

s e t  c o n d it io n s  f o r  th e  b i s t a b l e s  a r e  shown i n  F ig u re  3*6* and th e  

i n i t i a l  p o s i t io n s  o f  th e  r e la y  c o n ta c ts  i n  F ig u re  5..T.

The o p e ra t io n  o f  th e  r e s e t  r e l a y s  RA c a u se s  momentary o v e rlo a d  o f  

th e  a m p l i f i e r s  9 & 10 and 11 u n t i l  new s te a d y  v o l ta g e s  a r e  e s t a b l i s h e d  on 

th e  i n t e g r a t o r s .  R e la y s  RS19 RS2 and RS3 a re  in c lu d e d  i n  th e  c o n f ig u ra t io n s  

to  i s o l a t e  th e s e  a m p l i f i e r s  d u r in g  t r a n s i e n t  c o n d it io n s  and th u s  e n su re  

s a t i s f a c t o r y  o p e ra tio n ^ o f-J jh e  com puter* These r e l a y s  a r e  c o n t r o l le d  by 

lo g ic  u n i t  3 F ig u re  3*8*
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I n i t i a l l y  AND g a te  AG6 i s  h e ld  c lo s e d  and th e  t r i g g e r  c i r c u i t

in a c t i v a te d  le a v in g  RS19 RS2 and ES3 open c i r c u i t e d 0 The f i r s t  o u tp u t 

from  AG4 opens AG5 t r i g g e r in g  b i s t a b l e  BS8 th e  o u tp u t  o f  w hich a g a in  

c lo s e s  AG5 e n a b lin g  BS8 to  rem ain  i n  t h i s  new s t a t e  f o r  th e  d u r a t io n  o f  

th e  system  opera tion* ,

AND g a te  AG6 can  now open and th e  r e la y s  c lo s e  a f t e r  a  p e r io d  o f

tim e e q u a l to  th e  d u r a t io n  o f  th e  o u tp u t p u ls e  from  nsonostab le  M.N C 

w hich i s  o f  s u f f i c i e n t  le n g th  to  a llo w  I n t e g r a to r  4 to  com plete  i t s  

c o m p u ta tio n 0

S ubsequen t n e g a t iv e  g o in g  edges from  th e  m a s te r  o s c i l l a t o r  a g a in

i s o l a t e  th e  a m p l i f i e r s  f o r  th e  r e q u ir e d  p e r io d  o f  tim e  and s a t i s f a c t o i y  

com puter o p e ra t io n  i s  th u s  p o s s ib le  * RS3 was found  n e c e s s a ry  to  

e l im in a te  h ig h  v o l ta g e  s p ik e s  on th e  o u tp u t v o l ta g e  l e v e l  caused  by a 

f i n i t e  d i f f e r e n c e  i n  sw itc h in g  tim e s  betw een HS1 and KS20

3o202 0 Com puter C o n f ig u ra tio n  f o r  th e  d e te rm in a tio n  o f  Vmo

where t  i s  th e  tim e  i n t e r v a l  betw een  t=0 and th e  mid p o in t  o f  th e  r t h  

sam p ling  p e r io d  and T i s  th e  v a lu e  o f T which h a s  been  d e r iv e d  from

R e a rra n g in g  e q u a tio n  (6 ) f o r  r e p e t i t i v e  s o lu t io n  we have

Ymr ANTILOG lo g  r*1 n°1 + lo g  I  *  r

(7)

AHTILOG l o g  ( 7 r+ 1 -V r _1 ) -  l o g  +

mr
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th e  sam pled v a lu e s  o f  , V^ 9 ^r+1 an^ ^ r f 2 ’

tr = rtd +Ca+ tt )

”  where ^ a .  83 ^d *  —  *  ^ t°
4* ^t  +  _a +  t

g iv in g  P =5 2______ j

*d

F o r  any v a lu e  o f  r 0 l /T  i s  e a s i l y  found and u s in g  a  m u l t i p l i e r  th emr
tfu n c t io n  r  can  he e v a lu a te d ^  summed w ith  th e  o th e r  com ponents o f  V

Tmr t
and averaged*  An a v e rag e d  v a lu e  o f  —- — can  he a c h ie v e d , h o w e v er,w ith o u t

mr
th e  u se  o f  a  m u l t i p l i e r  hy w r i t in g

t  P t ,  k = r
 E_ = __£. + t ,  "v-  1
T T , 4 2 -  m----mr ml k=2 l mk

The l a t t e r  f u n c t io n  can  he fo rm u la te d  hy u s in g  lo g ic  e lem en ts

from  lo g ic  u n i t  1 and lo g ic  u n i t  3 a s  shown i n  F ig u re  3*9* A pprox im ate ly

1*3 seconds a f t e r  AND g a te  AG4 i s  opened f o r  th e  f i r s t  tim e  hy th e  a r r i v a l

o f  a  n e g a t iv e  g o in g  edge from  th e  m a s te r  o s c i l l a t o r  th e  o u tp u t p u ls e  from

m o n o stah le  M U G  te rm in a te s  op en in g  AM) g a te  AG6 and c lo s in g  r e l a y s  RSI 9 
t \ \  vis

RS2 and RS3Ap ro d u c in g  a  v o l ta g e  p r o p o r t io n a l  to  t ^  a t  th e  o u tp u t o f  th e  

com puter* I f  m on o stah le  MM) i s  a ls o  t r ig g e r e d  a t  t h i s  i n s t a n t  c lo s in g

RLB f o r  a  p e r io d  o f ,  say, 0*2 seconds*, th e n  a t  th e  end o f  t h i s  i n t e r v a l  th e

' £t  Po u tp u t v o l ta g e  o f  th e  i n t e g r a t o r  i s  p r o p o r t io n a l  to  d when th e  c o n ta c t
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o f  r e l a y  RLA i s  a t  P o s i t io n  1 a s  shown i n  F ig u re  5 .9 .

As m entioned, p r e v io u s ly  th e  o u tp u t from  AG4 a l t e r s  th e  s t a t e  

o f  b i s t a b l e  BS8 w hich i s  a ls o  co n n ec ted  to  th e  in p u t  o f  AND g a te  AG7.

BS9 i s  so s e t  t h a t  th e  n e x t n e g a t iv e  go ing  edge from  th e  m a s te r  

o s c i l l a t o r  w hich opens AG1 and p a s s e s  th ro u g h  a ls o  opens AG7 o p e ra t in g  

BS9 and t r i g g e r i n g  r e la y  RLA in to  P o s i t io n  2 C

T h is  n e g a t iv e  g o in g  edge a ls o  t r i g g e r s  m onostab le  MND a f t e r  a  

d e la y  o f  1*3 seconds and hence a f t e r  a  f u r t h e r  p e r io d  o f  0*2 seconds th e  

i n t e g r a t o r  o u tp u t v o l ta g e  i s  p r o p o r t io n a l  to

F t ,  t   a  d
m + m

ml m2

The o p e r a t io n  o f  BS9 c lo s e s  AG7 lo c k in g  RLA i n  P o s i t i o n  2 D and

th e  su b seq u en t i n t e g r a t o r  o u tp u t  i s  g iv e n  by th e  f u n c t io n

P k = r£td + t y
T d Z_ T ,

hh k=2 mk

The f u n c t io n  lo g  ̂ - V .^  ) can o b ta in e d  m ost eco n o m ica lly

v i a  a  lo g  u n i t  from  th e  in p u t  te rm in a l  o f  th e  p o s i t iv e  lo g  u n i t  o f

tF ig u re  5o5o and d i s  a v a i la b le  a t  th e  o u tp u t o f  th e  computer,* The
Tmr

com puter c o n f ig u r a t io n  f o r  r e p e t i t i v e  s o lu t io n  o f  Vm i s  shown i n  F ig u re

5 .10.

3o2o5o Time s c a l i n g ,

The n a tu r e  o f  th e  tim e s c a l in g  u sed  w i l l  depend on th e  m agnitudei
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o f  th e  tim e  c o n s ta n ts  a s s o c ia te d  w ith  th e  p la n t  t r a n s f e r  f u n c t io n  and 

hence on th e  s p e c i f i c  a p p l i c a t io n  env isaged*  I n  t h i s  s tu d y  we w i l l  

c o n s id e r  thfe a p p l i c a t io n  to  a  power s t a t i o n  b o i l e r  w here v(t) r e p r e s e n tsII
th e  m easured v a lu e  o f  th e  h e a t  f lu x  tim e f u n c t io n  and T^ th e  g r in d in g  

m i l l  tim e c o n s ta n t*

As T i s  o f  th e  o r d e r  o f  40 seconds f o r  a  l a r g e  b o i l e r  m
i n s t a l l a t i o n  c o m p u ta tio n  can e a s i l y  be perfo rm ed  i n  r e a l  t im e . The u p p e r

l i m i t  o f  th e  sam p ling  f re q u e n c y  i s  d e te rm in ed  by th e  s e t t l i n g  tim e  o f  th e

a d a p tiv e  mechanism w hich a d ju s t s  th e  p la n t  m odel, a  s e t t l i n g  tim e  o f  l e s s  th a n

300 m il l is e c o n d ^  b e in g  p o s s ib le /w i th  the^ ,type  o f  cadnium  su lp h id e  e lem ent 
d is c u s s e d  i n  c h a p te r  2 *

I t  was found  t h a t  a r a t i o  % /T m a p p ro x im a te ly  e q u a l to  0*1 

r e s u l t e d  i n  an  e a s i l y  c o n t r o l le d  system  which was i d e a l  f o r  e x p e rim e n ta l 

pu rposes*

To m in im ise  any e r r o r  due to  r e la y  c o n ta c t  bounce th e  i n t e g r a t i o n  

p e r io d  t g was chosen  to  be 1 seco n d . The r e s e t  p e r io d  t ^  i s  a  f u n c t io n  

o f  th e  maximum i n t e g r a t o r  v o l ta g e  and th e  maximum d e v ia t io n  from  zero  

t o l e r a b l e  a f t e r  th e  r e s e t  p e rio d *  A v a lu e  o f t ^  o f  th e  o rd e r  0 o2 seconds 

was found  to  g iv e  an  a c c u ra c y  c o m p a tib le  w ith  th e  o v e r a l l  sy stem  accuracy*

The p u ls e  d u r a t io n  o f  m onostab le  M H B i s  d e te rm in ed  by th e  sum o f  t 0 

and t .  and i s  th u s  a p p ro x im a te ly  1*2 seconds f i x in g  th e  d u r a t io n  o f
v

I 1 C .  a t  a  s l i g h t l y  h ig h e r  v a lu e  say  1*3 seconds*
i

3 o2*4o A m plitude S c a l in g .

The a m p l i f i e r s  u sed  have a  r a te d  maximum sw ing o f  + 10 v o l t s  

and a s  10^ o v e r -v o l ta g e  was p o s s ib le  a  f u l l  e x c u rs io n  o f  + 10 v o l t s  co u ld
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be used* The in p u t  s ig n a l  to  th e  com puter was o f th e  form

v(t) = vm(i-s m)

where V i s  10 v o l t s  and T i s  o f  th e  o rd e r  o f  40 seconds* m m

Thus an  i n t e g r a t o r  tim e c o n s ta n t  o f  one second gave maximum i n t e g r a t o r

o u tp u t v o l t s  w ith  no p o s s i b i l i t y  o f  overload*  The maximum s lo p e  o f  an

e x p o n e n tia l  f u n c t io n  o c c u rs  a t  th e  o r i g in  and th u s  th e  maximum d i f f e r e n t i a l

v o l ta g e  w i l l  a p p e a r  a t  th e  o u tp u t o f  a m p l i f i e r  9 a f t e r  th e  co m p u ta tio n  o f

V2 (F ig u re  5*4*) f o r  a  Vm o f  10 v o l t s  and t^ /T m e q u a l to  0*1* T h is

maximum v o l ta g e  can  e a s i l y  be c a lc u la te d  and i s  o f  th e  o r d e r  o f  2 v o l ts *

I n  o rd e r  to  l i m i t  th e  in p u t  to  th e  lo g  u n i t s  to  10 v o l t s  th e  maximum g a in

p o s s ib le  on summing a m p l i f i e r s  9 and 10 was th u s  A m p lif ie r  11 was

a rra n g e d  to  g iv e  a  g a in  o f  4 i n  a s s o c i a t io n  w ith  th e  lo g  u n i t s  r e s u l t i n g  i n

an  o u tp u t v o l ta g e  o f  th e  o rd e r  o f  0*4 v o l ts *  T h is g a in  can  be in c re a s e d

i f  re q u ire d *

As th e  g a in  o f  a m p l i f i e r s  9 and 10 was made e q u a l to  5 e q u a tio n  

(7 ) can  be w r i t t e n  a s

Maximum v a lu e  f o r  g a in  o f  lo g  u n i t s  i n  t h i s  e x p re s s io n  i s  a g a in  4o

The p u ls e  d u r a t io n  o f  m onostab le  MUD was chosen  to  be 0*2 seconds

V = A n t i lo g  lo g  5 (v  , , -V  . )  -  lo g

mr mr

\  = A n t i lo g  I  lo g  5 ( 7 ^ )  -  l o g  l ^ d  + *

mr  mr

y ie ld in g  a  tim e  c o n s ta n t  f o r  th e  i n t e g r a t o r  d e te rm in in g  ^ r  a s  0*2 to
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4-tproduce  th e  r e q u ir e d  o u tp u t v a lu e  o f  r ,
Tmr

3o3<> E le c t r o n ic  C i r c u i t  T ec h n iq u e s ,

3o3o1o A m p lif ie r s ,

The c o n f ig u r a t io n  was s im u la te d  on a PACE TRIO m ach ine , th e  

a m p l i f i e r s  b e in g  chopper s t a b i l i s e d  s o l id  s t a t e  d e v ic e s .  The a b i l i t y  o f  th e  

i n t e g r a t o r  a m p l i f i e r s  to  m a in ta in  t h e i r  v o l ta g e s  a c c u ra te ly  i n  th e  HOLD mode 

f o r  a  p e r io d  o f  th e  o rd e r  o f  i s o f prim e im p o rtan c e  to  e n su re  system

a c c u ra c y . I t  was found t h a t ,  by c o r r e c t  a d ju s tm e n t o f  th e  a m p l i f i e r  b a la n c e  

p o te n t io m e te r s ,  th e  i n t e g r a t o r s  co u ld  m a in ta in  a v o l ta g e  i n  th e  HOLD mode to  

an  a c c u ra c y  o f  0 ,0 5 $  f o r  a  p e r io d  i n  ex ce ss  o f  30 se c o n d s . T h is  perfo rm ance 

was more th a n  s u f f i c i e n t  to  m eet th e  re q u ire d  s p e c i f i c a t i o n s .  P u l l  d e t a i l s  

o f  th e  a m p l i f i e r  s p e c i f i c a t i o n s  a r e  g iv e n  i n  R e fe ren c e  ( 1 0 ) ,

3e3o2, R e la y s ,

G la ss  e n c a p s u la te d  re e d  r e la y s  were u sed  th ro u g h o u t. The s e t t i n g  

tim e o f  th e s e  r e l a y s  i s  o f  th e  o r d e r  o f  1 m il l is e c o n d , t h e i r  o p e ra t io n  b e in g  

c o n t r o l le d  by h ig h  speed  t r a n s i s t o r  t r i g g e r  c i r c u i t s .  The g la s s  envelope  

p ro v id e s  a  h ig h  r e s i s t a n c e  le a k a g e  p a th  and th e  f ig u r e  o b ta in e d  above f o r  

th e  i n t e g r a t o r  d r i f t  r a t e  was m easured  w ith  b o th  i n t e g r a t o r  r e l a y s  i n  c i r c u i t ,

3o3o3<» T r ig g e r  C i r c u i t *

The r e la y  c o i l s  a r e  3 v o l t  o p e ra t io n  r e q u i r in g  30 mA f o r  th e  s in g le  

p o le  and 100 mA f o r  th e  doub le  p o le  s w itc h e s ,  A t y p i c a l  t r i g g e r  c i r c u i t  

o p e ra te d  by a  b i s t a b l e  i s  shown i n  F ig u re  3 ,1 1 , A m p lif ic a t io n  o f  th e  

b i s t a b l e  o u tp u t i s  n e c e s s a ry  f o r  s a t i s f a c t o r y  o p e ra t io n  o f  th e  2T82 t r i g g e r
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t r a n s i s t o r  and th e  a d d i t i o n a l  OC 200 p ro v id e s  th e  n e c e s s a ry  s ig n  r e v e r s a l  

to  o p e ra te  th e  r e la y s  from  a  p o s i t iv e  g o in g  in p u t  s t e p .

3.3o4» B is t a b le  C i r c u i t *

A t y p ic a l  b i s t a b l e  c i r c u i t  i s  shown i n  F ig u re  5 .1 2 . and i t  i s  

o f  th e  s ta n d a rd  form o u t l in e d  by H urley  ( 1 1 ) .  The o u tp u t v a r i e s  betw een 

0 and -1 2  v o l t s  s t a t e  t r a n s i t i o n  b e in g  i n i t i a t e d  by a  p o s i t i v e  go ing  edge 

w ith  s t e e r i n g  d io d e s  g u id in g  th e  p u ls e  to  th e  a p p ro p r ia te  OFF t r a n s i s t o r .  

Two s e t s  o f  s t e e r i n g  d io d e s  a r e  p ro v id ed  to  en ab le  th e  b i s t a b l e  to  be 

t r ig g e r e d  from  two i s o l a t e d  s o u rc e s .  A d d i t io n a l  d io d e s  can  be in c lu d e d  

to  p e rfo rm  SET and BESET f u n c t io n s 0

3o3o5<> M onostab le  C i r c u i t

Two ty p e s  o f  m onostab le  c i r c u i t  a r e  u se d ? one w ith  a p u lse  

d u r a t io n  o f  th e  o rd e r  o f  1 .2  seconds and th e  o th e r  w ith  a  p u ls e  d u r a t io n  

o f  0 .2  se c o n d s . The c i r c u i t  d iagram  o f  th e  form er^ to g e th e r  w ith  i t s  

t r i g g e r  c i r c u i t  i s  shown i n  F ig u re  5 .1 3  and o f  th e  l a t t e r  i n  F ig u re  5 .1 4 . 

The p r i n c i p le  o f  o p e ra t io n  i s  s i m i l a r  i n  b o th  c i r c u i t s  and i s  d e s c r ib e d  

by H urley  (11 ) P .423* F o r a  g iv e n  v a lu e  o f  t^  th e  i n t e g r a t i o n  i n t e r v a l  

and hence th e  i n t e g r a t i o n  a c c u ra c y  i s  dependen t on th e  p u ls e  w id th  o f  

m onostab le  A and i t s  c o r r e c t  a d ju s tm e n t i s  th u s  v i t a l .  I n  F ig u re  3 .1 5  

th e  p o te n t io m e te r  VB i s  u sed  to  a d ju s t  th e  w id th  o f  th e  o u tp u t p u ls e .

The s e t  up p ro ce d u re  i s  a s  fo l lo w s .

t^  i s  f i r s t  d e te rm in e d  by a d ju s t in g  m o n o stab les  MNB F ig u re  3 .1 4  

by a d ju s tm e n t o f  VR* The p u ls e  d u ra t io n  o f  th e  f o u r  m o n o stab les  compared
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w ith in  an a c c u ra c y  o f  0*5$, A known v o l ta g e  i s  now a p p lie d  to  th e  in p u t  

c o n ta c ts  o f  r e l a y  R and "both m o n o stab les  MNA and OT3 a re  t r ig g e r e d ,  th e  

f i n a l  v o l ta g e  o f  th e  i n t e g r a t o r  b e in g  m easured , The o p e ra t io n  i s  re p e a te d  

w ith  a d ju s tm e n t o f  VR u n t i l  th e  o u tp u t v o l ta g e  o f  th e  i n t e g r a t o r  e q u a ls  

th e  a p p lie d  v o l ta g e .  The v o l ta g e s  were m easured on a  S o la r t r o n  1420 d i g i t a l  

v o l tm e te r  to  an  a c c u ra c y  o f  0*05$, T h is  s e t  up p ro c e d u re  te n d s  to  

com pensate f o r  ( a )  V a r ia t io n s  i n  th e  s e t  up v a lu e  o f t^  (b )  E r ro r s  i n  th e  

a m p l i f i e r  o p e r a t io n a l  com ponents w hich a r e  a  nom inal 0 ,1 $  and (c )  E r ro r s  

due to  th e  f i n i t e  s w itc h in g  tim e  o f th e  r e l a y .

Once s e t  up b o th  m o n o stab les  a r e  l i a b l e  to  be a f f e c t e d  by te m p e ra tu re  

v a r i a t i o n s .  I f  th e  b a se  e m i t te r  ju n c t io n  v o l ta g e  o f  th e  l e f t  hand t r a n s i s t o r  

i n  b o th  c i r c u i t s  i s  c o n s id e re d  c o n s ta n t ,  th e  p u ls e  w id th  d u r a t io n  i s  

d e te rm in ed  by th e  p ro d u c t o f  VR and C and i t  i s  e s s e n t i a l  t h a t  h ig h  

s t a b i l i t y  cpm ponents be u se d  i f  c o n s ta n t  a d ju s tm e n t i s  to  be a v o id e d .

W ire wound r e s i s t o r s  have a te m p e ra tu re  s t a b i l i t y  o f  th e  o r d e r  o f  + ,002$  

p e r  deg ree  c e n t ig r a d e  and h ig h  g rade  p o ly s ty r e n te  c a p a c i to r s  can  be 

o b ta in e d  w ith  te m p e ra tu re  c o e f f i c i e n t s  o f  th e  o rd e r  -  ,015 ±  ,006$  p e r  

d eg ree  c e n t ig r a d e .  The e m i t te r  b ase  ju n c t io n  o f  a  s i l i c o n  t r a n s i s t o r  

h a s  a  n e g a t iv e  te m p e ra tu re  c o e f f i c i e n t  o f  2 ,5  mV/°C w hich v a r i e s  l i t t l e  

a t  d i f f e r e n t  c u r r e n ts  and from  one d e v ic e  to  an o th e r,. ( G r i f f i n  ( 1 2 ) ) 0 

The l a t t e r  e f f e c t  can  u s u a l ly  be n e g a te d  by s u i t a b l e  c i r c u i t  com pensa tion .

The te m p e ra tu re  c o e f f i c i e n t  o f  th e  c a p a c i to r  w i l l  th u s  l i m i t  th e  te m p e ra tu re  

v a r i a t i o n  p o s s ib le  to  m a in ta in  a  g iv e n  p u ls e  w id th  a c c u ra c y .



B oth m o n o stab les  a re  t r ig g e r e d  by a n e g a t iv e  g o in g  edge a p p lie d  

to  th e  b ase  o f  th e  l e f t  hand t r a n s i s t o r  tu r n in g  i t  o f f  and d ro p p in g  th e  

l e v e l  o f  t h e ' r i g h t  hand c o l l e c t o r  from  +12 v o l t s  to  a p p ro x im a te ly  zero  

v o l t s .  To o b ta in  a d eq u a te  p u ls e  w id th  an  a d d i t io n a l  e m i t t e r  fo l lo w e r  

b u f f e r  e lem en t was in c lu d e d  i n  th e  c i r c u i t  o f  MM F ig u re  5 ,1 5 ,

3«3«6, AM) G a te s ,

A two in p u t  AND g a te  i s  shown i n  F ig u re  5 , 1 5 ( a ) , The g a te  i s  

opened by th e  s im u lta n e o u s  a p p l i c a t io n  o f  a  -1 0  v o l t  l e v e l  to  b o th  in p u t  

te rm in a ls  tu r n in g  b o th  t r a n s i s t o r s  on and tu r n in g  o f f  th e  r i g h t  hand 00 

200 ̂  th e  c o l l e c t o r  o f  w hich d ro p s  to  -1 2  v o l t s .  The g a te  w i l l  c lo s e  on 

th e  rem oval o f  one o f  th e  n e g a t iv e  i n p u t s ,  The th r e e  in p u t  AM) g a te  

AG7 i s  shown i n  F ig u re  3 ,1 5 ( b ) , AMD g a te  6 and i t s  t r i g g e r  c i r c u i t  

have been  combined i n  a  s in g le  c i r c u i t  th e  ZT 82 t r a n s i s t o r s  p e rfo rm in g  

a  d u a l f u n c t io n  a s  shown i n  F ig u re  3 ,1 5 c .

3 p3<>7. Log U n i t s ,

The g e n e ra l  la y o u t  o f  th e  lo g  u n i t s  i s  shown i n  F ig u re  3 ,1 6 . 

d io d e  b re a k  p o in ts  and  segm ent number b e in g  d e te rm in ed  by th e  a n a l y t i c a l  

m ethods o f  Hamer (13)* As th e  s o lu t io n  i s  o b ta in e d  a s  a d i f f e r e n c e  

betw een th e  o u tp u ts  o f  two lo g  u n i t s  th e  in d iv id u a l  a c c u ra c y  o f  each  

u n i t  m ust be h ig h  to  e n su re  a  re a so n a b le  a c c u ra c y  i n  th e  d i f f e r e n t i a l  

r e s u l t .  The maximum o u tp u t  from  e a c h  lo g  u n i t  w i l l  be o f th e  o rd e r  o f  

2 v o l t s  and th e  d i f f e r e n t i a l  v o l ta g e  o f  th e  o rd e r  o f  0,1 v o l t s .  Thus 

to  o b ta in  an  a c c u ra c y  o f  1$ i n  th e  o u tp u t an  i n d iv id u a l  u n i t  a cc u ra c y
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o f  ,05?£ i s  t h e o r e t i c a l l y  re q u ire d ,,

The lo g  u n i t s  w ere i n i t i a l l y  d e s ig n ed  to  an  a c c u ra c y  o f  0„1^

a s  i t  was rea so n e d  t h a t  i f  each  u n i t  i s  h u i l t  to  an  i d e n t i c a l  

s p e c i f i c a t i o n  some com pensa tion  m ust r e s u l t  and th e  d i f f e r e n t i a l  e r r o r  

a t  l e a s t  ha lved*  T h is i n  f a c t  p roved  to  be th e  c a se  and a  f i n a l  

d i f f e r e n t i a l  a c c u ra c y  o f  b e t t e r  th a n  was e a s i l y  a c h ie v e d .

an  optimum l i n e a r  a p p ro x im a tio n  to  an  a r b i t r a r y  f u n c t io n  h a s  been  g iv e n  

by Hamer a s

where E i s  th e  g r e a t e s t  d i f f e r e n c e  betw een th e  f u n c t io n  and th e  s t r a i g h t  

l i n e  sgem ent and i s  c a l le d  th e  e r r o r ,

S  „  i s  th e  second  d i f f e r e n c e  o f  th e  f u n c t io n  i n  th e  k th  r e g io n .

F o r  th e  f u n c t io n  y = Log x th e  RHS o f  th e  above e l a t i o n  can  be 

o b ta in e d  from  t a b u la t i o n  a s

EN2 = 0 o106 when x l i e s  betw een  4 and 10 ,

F o r any g iv e n  number o f  segm ents th e  t h e o r e t i c a l  e r r o r  c a n  be h a lv e d  by 

a  method known a s  e r r o r  s p l i t t i n g  where th e  ap p ro x im a tin g  l i n e a r  segm ent 

i s  moved v e r t i c a l l y  by h a l f  th e  t h e o r e t i c a l  e r r o r .  Thus to  a c h ie v e  a  

t h e o r e t i c a l  a c c u ra c y  o f  Q 0 ,1 ^  we can  u se  seven  seg m en ts .

The r e l a t i o n s h i p  betw een  e r r o r  and th e  number o f  segm ents f o r

k«n
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r= .106 X 100 = 0 .216
49

w ith, e r r o r  s p l i t t i n g

$E = P*2 1̂6 = 0 .1 0 8
2

The v a r io u s  b re a k  p o in ts  and s lo p e s  a re  now d e te rm in ed  and th e  r e s u l t i n g  

s e t t i n g  v o l ta g e s  a r e  shown i n  F ig u re  5 ,1 7 , Thus s e t  up o f  th e  lo g  u n i t s  

w ere t h e o r e t i c a l l y  a c c u r a te  to  w i th in  0,1 f o r  in p u t  v a lu e s  i n  th e  range  

4 v o l t s  to  10 v o l ts *  W ith m inor a d ju s tm e n ts  th e  f i n a l  a c c u ra c y  was g r e a t ly  

im proved y ie ld in g  a  d i f f e r e n t i c a l  o u tp u t v o l ta g e  c o r r e c t  to  w i t h in  0 , 05$ ,

35o4o System  A ccu racy *

t h a t  th e  p re c e d in g  com puter s ta g e s  be a s  a c c u ra te  a s  p o s s ib le  and th e  

a c c u ra c ie s  o f  th e  in d iv id u a l  s ta g e s  w i l l  now be c o n s id e re d ,

3o4,1o A ccuracy  o f  I n t e g r a t i o n *

d e te rm in e d  by th e  a c c u ra c y  o f  th e  p u lse  w id th  o f  HNA, w hich h a s  a lr e a d y  

b een  d isc u sse d *  We w i l l  now in v e s t i g a t e  th e  a c c u ra c y  o f  th e  a p p ro x im a tio n  

made i n  p a ra g ra p h  4o20 Namely t h a t  th e  V-t o f  F ig u re  4 ,2 * i s  g iv e n  by

Due to  th e  s e n s i t i v i t y  o f  th e  f i n a l  lo g  f u n c t io n  i t  was im p e ra tiv e

U sing  h ig h  g a in  a m p l i f i e r s  th e  i n t e g r a t i o n  a c c u ra c y  w i l l  be

t/T
a re a  u n d e r
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6 6 0

Vm t+T em

'i t ,  i

^ 1 0

- t i / T
=  T  (  t n + T  sm l m

m ■ t ,o /T
-  { t 10+Tme m

t n / T  - t , 0/Tm m
jn

o0 o ? 1 a v (1 + Tm jc 
m t  I

- t n / T  - t 10/Tm m

where

E xact v a lu e  o f  Vi i s  g iv en  hy

- t i / T
y , = y  (1 _ 8 -  » ) = yn d _ 0

t i i - t i o )  / T
- ^ t n -  x— ‘ m)

e r r o r  i n  th e  a p p ro x im a tio n

t i i /^ i  “t i 0/T

e r r o r

—t i  j ( - t s
T T t ,

c = « V e  m < g m 11- gm ““

•t As' nr

s

tf o r  a  g iv e n  r a t i o  o f
Tm

e r r o r  =

w here s
T m » t  /T

e = < s m -  p —* ( l “  g s  )
a■ [

-G
m



The r a t i o  & 2 by

F o r  - « 2 t  
2 ’d

Hence any e r r o r  te n d s  to  c a n c e l o u t  i n  th e  c a l c u l a t i o n  o f  th e

fu n c t io n  t  -,/T * d ' m

F o r  t  - 1  second and T = 4 0  seconds e can  be d e te rm in e d  from  s m

t a b le s  ( 14 ) a s

e = -  *0000262*

The e r r o r  i n  th e  f i r s t  r e a d in g  VQ i s  g iv e n  by

e r r o r  = V e m x *0000262 where t 0 i i s  1*2 secondsm ui

= V x  *0000254 m

$  e r r o r  = 0 o1470$

$  e r r o r  i n  f i r s t  d i f f e r e n t i a l  v o l ta g e  V2 -  V0

= 00*00256$ assum ing  a  t ^  o f  4 seconds*

T h is  t h e o r e t i c a l  e r r o r  i s  more th a n  one o rd e r  l e s s  th a n  any  m easu rab le

-*01
3L
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system  e r r o r  and th u s  th e  o r i g in a l  a p p ro x im a tio n  can  he ta k e n  a s  v a l i d ,

3 , 4 , Si gn  C hangers,

The g a in  o f  th e  s ig n  chang ing  a m p l i f i e r s  5 ,6 ,7  and 8 and o f th e  

summing a m p l i f i e r s  9 and 10 h as  b een  c lo s e ly  d e f in e d  by u s in g  0 ,0 1 ^  h ig h  

s t a b i l i t y  r e s i s t o r s  a s  o p e ra t io n a l  e le m e n ts ,

3 ,5 ,  E x p e rim e n ta l R e s u l t s ,

3 ,5 ,1 ,  M easurem ent o f  t , / T  ,a  m

A la g  o f  35 seconds was s im u la te d  to  an  accuracy o f  b e t t e r  th a n  one

p e rc e n t  on a  ...S d la r tro n  SCD 10 an a lo g u e  com puter, The o u tp u t o f  th e  la g

was co n n ec ted  to  th e  p a ra m e te r  e s t im a to r ,  A s te p  waveform o f  10 v o l t s

was a p p lie d  to  th e  in p u t  o f  th e  l a g  and s im u lta n e o u s ly  th e  e s t im a to r^

o s c i l l a t o r  was t r ig g e r e d .  The o s c i l l a t o r  u se d  was a  Servomex low

freq u e n c y  o s c i l l a t o r ^ t h e  p e r io d  o f  th e  o u tp u t waveform b e in g  u s e d ' was

3 ,6  se co n d s . A f te r  a  p e r io d  o f  12,1 seconds a re a d in g  was o b ta in e d

from  th e  e s t im a to r  o u tp u t which was m o n ito red  on a d i g i t a l  v o l tm e te r .

S ubsequen t re a d in g s  a p p ea re d  a t  th e  end o f  e v e iy  3 ,6  seco n d s i n t e r v a l .

Each re a d in g  v a r ie d  by a p p ro x im a te ly  ±  1$  around  a  mean v a lu e  o f  0 ,410

tv o l t s  to  g iv e  an  o u tp u t v a lu e  o f  = 0 ,1205 g iv in g  a v a lu e  o f T «
T mm

35,1 se co n d s .

A f te r  a  tim e  a p p ro x im a te ly  e q u a l to  th e  tim e  c o n s ta n t  Tm la r g e  

d e v ia t io n s  o c c u rre d  i n  th e  o u tp u t re a d in g s  due to  th e  l i m i t a t i o n s  o f  th e  

lo g  u n i t s , t h e  a c c u ra c y  o f  w hich d e te r io r a te d  r a p id ly  below  in p u ts  o f  th e



69,

o r d e r  o f  4 v o l t s . .

tThe r a t i o  —d was v a r ie d  i n  the  range  + 20$ and th e  r e s u l t i n g  
T

re sp o n se  o f  th e  e s t im a to r  o u tp u t v o l ta g e  i s  shown i n  F ig u re  3 .1 8 .

5*2. M easurem ent cfV *m

F o r a  s te p  v o l ta g e  o f  m agnitude + 10 v o l t s  + .0 5 $  in to  t h e ^ l a g

u n i t  w hich had a  g a in  o f  u n i ty  w i th in  an  a cc u ra c y  o f  ±  0 .1  $  th e

sequential!'** p a ra m e te r  e s t im a to r  o u tp u t v o l ta g e s  w ere w i th in  + 2$ o f

10 v o l t s  f o r  a  p e r io d  p f  tim e  a p p ro x im a te ly  e q u a l to  th e  tim e c o n s ta n t

T ^. V a r ia t io n s  i n  th e  e s t im a to r  av e rag e  o u tp u t v o l ta g e  were th e n  m o n ito red

f o r  a  + 20$ sw ing i n  th e  in p u t  s te p  v o l ta g e  around a  l e v e l  o f  8 v o l t s .

The r e s u l t s  a r e  shown i n  F ig u re  5 .1 9 . V a r ia t io n  o f  th e  s te p  v o lta g e

m agnitude had no s i g n i f i c a n t  e f f e c t  on th e  m easured v a lu e  o f  T^ and

l ik e w is e  th e  v a r i a t i o n  o f  th e  r a t i o  no s i g n i f i c a n t  e f f e c t  on

th e  m easured  V 6 m

3*5o3e N o ise  M easurem ents.

The n o is e  e r r o r  i n  any sam pled v a lu e  o f th e  in p u t  w i l l  be 

e q u iv a le n t  to  th e  n o is e  s ig n a l  on th e  o u tp u t o f  an  i n t e g r a t o r  o f  u n i ty  

tim e  c o n s ta n t  a f t e r  a  co m p u ta tio n  p e i io d  o f  one seco n d . A ^ o la r t r o n  

Random S ig n a l  g e n e r a to r  was a v a i la b le  w ith  a  s p e c i f i e d  s p e c t r a l  d e n s i ty  

(15)*

G-(x) = G(o) ( s ^§e where x -  itf
f c
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70 „

where 0 (0 )  i s  a  c o n s ta n t  s e t  by th e  in s tru m e n t c o n t r o l s  and th e  c u t o f f

fre q u e n c y  f  i s  a d ju s ta b le  i n  sem idecade s te p s  from  0 .032  c / s  to  10 K c /s . o

A c r e s t  f a c t o r  (Peak to  R.M .S. R a tio )  o f  9 .8  was u se d  to  g iv e  n e a r  

g a u s s ia n  d i s t r i b u t i o n .  The peak l e v e l  was s e t  a t  1 v o l t ?th e  r e s u l t i n g  

R.M.S* o u tp u t b e in g  a p p ro x im a te ly  100 mV. Gare was ta k e n  to  a v o id  th e  

p re se n c e  o f  any D.C. s ig n a l  b a is  l e v e l .

An i n t e g r a t o r  was sw itc h ed  to  r e p e t i t i v e  o p e ra t io n  w ith  a  compute

p e r io d  o f  one seco n d . The s ig n a l  from  th e  n o is e  g e n e r a to r  was fe d  to

th e  i n t e g r a t o r  and th e  v a lu e  o f  th e  i n t e g r a t o r  v o l ta g e  m easured  a t  tjhe end o f  each

co m p u ta tio n  f o r  a b o u t 30 c o m p u ta tio n s . The maximum v a lu e  o f  t h i s  s e r i e s

o f  re a d in g s  was th e n  ta b u la te d  and th e  o p e ra t io n  re p e a te d  f o r  v a r io u s

v a lu e s  o f  f  . The t a b u l a t i o n  i s  shown below , c

F Max. I n t e g r a to r  F Max. I n t e g r a t o r
0 O utput V o ltag e  0 O utput V o ltag e

10 K c /s  0 .0 0 4  32 o / s  0 .3 0
3 .2  K c/s 0 .005  10 c / s  0 .5 0
1 .0  K c/s 0 .0 7  3*2 c / s  Q.80
320 c / s  0 .1 0  1 .0  c / s  1 .0
100 c / s  0 .2 0

Though t h i s  t e s t  was n o t r ig o ro u s  th e  r e s u l t s  do in d ic a t e  th a t

above a n  f  o f  320 c / s  th e  maximum n o is e  e r r o r  i s  l e s s  th a n  1 %9 assum ing c
a s ig n a l  l e v e l  o f  10 v o l t s ,  f o r  a  peak  n o is e  v o l ta g e  o f  10^ . From th e  

p o in t  o f  view  o f  b o i l e r  a p p l i c a t io n  i t  sh o u ld  be n o ted  h e re  t h a t  th e  

maximum n o is e  c o n te n t  o f  th e  o u tp u t s ig n a l  from  th e  h e a t  f lu x  m e te r  

d e s c r ib e d  i n  c h a p te r  4 i s  o f  th e  o r d e r  o f  1^ and c o n fin e d  to  th e  h ig h  

end o f  th e  fre q u e n c y  sp ec tru m . 3-̂  i s  th u s  re a so n a b le  to  suppose t h a t  

th e  r e s u l t i n g  n o is e  e r r o r  u s in g  t h i s  te c h n iq u e  w i l l  be i n s i g n i f i c a n t .



F u r th e r  p r o t e c t io n  a g a in s t  th e  e f f e c t  o f  s p u r io u s  n o is e  s ig n a ls  

i s  a f fo rd e d  by th e  n a tu re  o f  th e  system  s w itc h in g  lo g ic  w hich w i l l  c a n c e l 

o u t any la r g e  d e v ia t io n  from  th e  a v e rag e  o u tp u t v a lu e .

The g e n e ra l  la y o u t  o f  th e  p a ra m e te r  e s t im a t io n  sw itc h in g  l o g ic ,  

c o n tr o l  com puters and model a d a p ta t io n  ne tw orks i s  shown i u

3 .6 .  P a ram e te r E s t im a tio n  o f  Second O rder System .

I f  th e  t r a n s f e r  f u n c t io n  o f  th e  p la n t  i s  o f  th e  form

<* (s )  *  _ ! _ _ _ _  *SL -T s
1 + Tf s ( T + T ^ sT*

where T and a re  k now n ,param ete r e s t im a t io n  can  p ro ceed  i n  th e  m anner

o u t l in e d  above i f  th e  p ro p e r  com pensation  netw ork  i s  u s e d . F ig u re  3 .2 1 (a )

shows th e  r e l a t i o n s h i p  betw een  f u e l  flow  s ig n a l  and h e a t  f l u x  o f  a  b o i l e r  

where th e  h e a t  f l u x  tim e fu n c t io n  H (t)  i s  second o r d e r .  I f  a  p ro c e s s o r  

o f  th e  fo rm

P (s )  -  (1 + T»s)
w  v f   ̂ i s  u sed

th e n  " a  f i r s t  o rd e r  tim e  f u n c t io n  H * (t)  can  be d ev e lo p ed  F ig u re  5 .2 1 (b) 

w here H! ( t )  i s  o f  a  form  s u i t a b l e  f o r  p a ra m e te r  e s t im a t io n .

P ro c e s s o r  r e a l i s a t i o n  depends on th e  m agnitude o f  th e  c o n s ta n t  

and i n  th e  p a r t i c u l a r  c a se  o f  b o i l e r  a p p l i c a t io n ,  w here i s  o f  th e  

o rd e r  o f  4 to  5 se co n d s , i t  i s  e a s i l y  accom plished  i n  e l e c t r o n i c  

an a lo g u e  form .

3.7* P a ram e te r  E s tim a tio n  i n  th e  P re sen ce  o f  One Unknown.

I f  G(s ) i n  th e  e q u a tio n
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GENERAL LAYOUT OF PARAMETER ESTIMATION AND MODEL ADAPTIVE SYSTEM

F ig u re  3*20.



4ST
F u el flow  
s ig n a l  o

Heat TPlnx

(&)

P ro c e s s o r

F igu re 3* 21„ S ig n a l P ro cessin g  <,
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C (s) = H (b ) G(s )

i s  o f  th e  form  A and i f  M (t) and C ( t)  a r e  c o n tin u o u s  f u n c t io n s  o f
1 + sB

tim e  C orb in  h a s  shown t h a t  A can  be d e te rm in e d  by s im p le  an a lo g u e  

m ethods *

C (s) = ■ M (s) A
1 + sB

AM(s) -  C (s) + sB C (s)

M (t) A = C ( t)  + _d  B C ( t ) .
a t

t  t
A J  H ( t)  = j  C ( t)  + B  C ( t)  + C (o ).

0 o
F o r  C(o) s= 0 .

/*
A = '  q C ( t)  + B 0 ( t )

j  M(t)
o

t  t

B = A o / n ( t )  -  o /  C ( t)

C ( t ) 7 '

3*7*1* E x p e rim e n ta l P ro c e d u re ,

(a )

I n  th e  p a r t i c u l a r  c a se  o f  a  b o i l e r ,  in c re m e n ta l  h e a t  f lu x  and 

b o i l e r  p r e s s u re  a r e  r e l a t e d  by th e  t r a n s f e r  fu n c t io n

P ( s )  = _______ Ki________  H (s)
(1 + sTi ) ( l  + ST-,}



w here i s  a  v a r i a b le  and T̂  and Tg a r e  known, Tg b e in g  e q u a l to  

10Tj I t  i s  r e q u ir e d  to  e s t im a te  from  th e  m easured v a lu e s  o f  

P ( t )  and E ( t ) .

Ki can be d e r iv e d  by th e  method shown i n  F ig u re  3 .2 2 , The 

sim p le  b o i l e r  model o f  F ig u re  4*11 w ith  th e  e x c e p tio n  o f  th e  d is ta n c e  

v e lo c i t y  l a g  was s im u la te d  on a n  an a lo g u e  com puter w ith & H , th e  

in c re m e n ta l  h e a t  f l u x ,  a n d & P , th e  in c re m e n ta l  p re s s u re  s i g n a l ^ b e i n g  

p ro c e sse d  a s  show n ,com puta tion  b e in g  perfo rm ed  i n  r e a l  tim e* The 

i n c lu s io n  o f  th e  l a g  T  ̂ i n  th e  &H c i r c u i t  com pensates f o r  th e  second 

o rd e r  n a tu re  o f  th e  steam  g e n e ra t io n  response*  U sing  t h i s  app roach  

Ki was d e te rm in e d  w i th in  1 fo o f  i t s  known value*  The com puter o u tp u t 

was a l s o  m o n ito red  a s  K-j was v a r ie d  w i th in  + 20f> o f  i t s  m edian value*  

The r e s u l t i n g  l i n e a r  re sp o n se  o f  th e  com puter o u tp u t i s  shown i n  

F ig u re  3*23*

o>).
To i l l u s t r a t e  th e  g e n e ra l  u se  o f  th e  method i n  d e te rm in in g  an  

unknown p la n t  tim e  c o n s ta n t  th e  above experim ent was re p e a te d  w ith  th e  

com pu ter c o n f ig u r a t io n  a r ra n g e d  to  e s t im a te  Tg, now b e in g  assumed 

in v a r i a n t  f o r  th e  p u rp o se  o f  t h i s  experim en t o n ly - The a p p ro p r ia te
s '

com puter c o n f ig u r a t io n  i s  shown i n  F ig u re  3 .2 4 . and th e  c o rre sp o n d in g  

r e s u l t s  i n  F ig u re  3*25*

3*8* Summary.

I f  th e  dom inant p l a n t  t r a n s f e r  f u n c t io n  i s  o f  th e  form  assum ed
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Es t im a t io n  T



7 4  o

i n  -paragraph 1 » 3 .3 * th e n  i t  h a s  been  shown t h a t  on l i n e  d e r iv a t io n  o f  

th e  unknown t r a n s f e r  f u n c t io n  p a ra m e te rs  can  be a ch iev e d  by* th e  m ethods 

o u t l in e d  -above i n  a  m anner w hich i s  b o th  a c c u ra te  and l i n e a r ,

V a r ia t io n s  i n  th e  p a ra m e te r  v a lu e s  have been  tra n s fo rm e d  in to  v a r i a t i o n s  

ab o u t f ix e d  b ia s  v o l ta g e  l e v e l s  w hich a re  fe d  d i r e c t l y ,  o r  i n  th e  c ase  

o f  T ,, v i a  a n  in v e r s e  f u n c t io n  g e n e ra to r  to  th e  a d a p t iv e  mechanism w hich 

them fo rm u la te s  th e  p la n t  model and any o th e r  v a r i a b le s  w i th in  th§  

dynamic c o n tr o l  com puter.
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CHAPTER 4 

BOILER DYNAMICS

4.1# I n t r o d u c t io n ,

A steam  g e n e r a to r  i s  b a s i c a l l y  a  h e a t  ex ch an g er where an  

in p u t  fe e d  w a te r  flo w  i s  co n v e rted  by h e a t  energy  in to  o u tp u t steam  

flow  a t  a  d e te rm in ed  p r e s s u re  and te m p e ra tu re . H eat i s  s u p p lie d  by 

th e  b u rn in g  o f  f u e l  -  o i l ,  gas o r  c o a l  -  i n  a  fu rn a c e  and t r a n s f e r r e d  

by a  p ro c e s s  o f  r a d i a t i o n ,  c o n d u c tio n  and c o n v e c tio n  f i r s t  to  th e  w a te r  

w a l l s , w here th e  com plex mechanism o f  n u c le a te  b o i l i n g  p ro d u ces  steam  

a t  s a t u r a t i o n  te m p e ra tu re , and th e n c e  to  the  s u p e rh e a te r  banks w here 

th e  steam  i s  r a i s e d  to  th e  d e s i r e d  d eg ree  o f  s u p e rh e a t .

Steam  g e n e ra t io n  i s  a  dynamic p ro c e s s  b o th  th e  s te a d y  s t a t e  

and t r a n s i e n t  b e h a v io u r  o f  a  p a r t i c u l a r  p la n t  c o n f ig u r a t io n  b e in g  

d e te rm in e d  by th e  law s o f  therm odynam ics and hydrodynam ics. Because 

o f  th e  d i f f i c u l t y  in h e r e n t  i n  th e  r ig o ro u s  a p p l i c a t io n  o f  th e s e  

d i s c i p l i n e s  to  a dynamic p o ly p h ase  sy stem , p la n t  d e s ig n  h a s  b e en , u n t i l  

q u i te  r e c e n t ly ,  l a r g e ly  an  e m p ir ic a l  e x e r c is e  and p l a n t  c o n tro l  p u re ly  

e m p ir ic a l .  However two v a l id  s im p l i c ia t io n s  can be made,

F i r s t l y  though  a  w ide d i v e r s i t y  i n  d e s ig n  o f  steam  g e n e ra to r s  

e x i s t ,  i n  any steam  p la n t  th e r e  a r e  two m ain flo w  p a th s ?one b e in g  th e  

p a th  a s s o c ia te d  w ith  h e a t  g e n e ra t io n  co m p ris in g  f u e l ,  com bustion  a i r  

and com bustion  p ro d u c ts  and th e  o th e r  th e  steam  g e n e r a t io n  p a th  

c o m p ris in g  th e  w a te r  and steam  c i r c u i t .  Thus x*e have a  f i r i n g  and 

com bustion  s ta g e  and a  steam  g e n e ra t io n  s ta g e .  T h is  d iv i s io n  i s



g e n e r a l ly  a c c e p te d  by a u th o r s  and though sim p le  i n  co n cep t i t s  e f f e c t  

i s  & r re a c h in g ^ e n a b lin g , f o r  exam ple, th e  knowledge o b ta in e d  o f w a te r  -  

steam  dynam ics i n  n u c le a r  and e x p e rim e n ta l e l e c t r i c  b o i l e r s  to^be  

d i r e c t l y  a p p lie d  to  f o s s i l  f i r e d  i n d u s t r i a l  u n i t s .

S econd ly  to  a  la r g e  e x te n t  th e  u se  o f  s u p e r h e a te r s  e n a b le s  

th e  steam  p re s s u re  and te m p e ra tu re  to  be re g a rd ed  a s  two s e p a ra te  

p a ra m e te rs  o v e r  w hich in d ep e n d en t c o n tro l  can be e x e r c is e d .  F o r a

c o n s ta n t  p r e s s u r e  th e  d e g re e  o f su p e rh e a t  can be a l t e r e d  by v a r i a t i o n

o f  th e  g as  damper a n g le  o r  o f  th e  d e s u p e rh e a te r  sp ra y  w a te r  mass flow

w ith  a  minimum o f  system  i n t e r a c t i o n ,

4 .2 ,  F i r i n g  and Com bustion S ta g e .

4 .2 .1 o Gas and O i l .

Due to  th e  ab sen ce  o f  f u e l  t r a n s p o r t  o r  com bustion  la g s  th e  

re sp o n se  o f  a  gas f i r e d  fu rn a c e  i s  p r a c t i c a l l y  in s ta n ta n e o u s .  The 

i g n i t i o n  tim e  o f  a to m ised  o i l  p a r t i c l e s  though lo n g e r  th a n  t h a t  o f 

c o a l  g as  s t i l l  c o n s t i t u t e s  no m ean in g fu l d e la y  and th e  h e a t  r e l e a s e  i n  

an  o i l  f i r e d  fu rn a c e  i s  dom inated  by th e  f u e l  pump re s p o n se . E rg in  ( l )  

h a s  c h a r a c te r i s e d  th e  o i l  pump re sp o n se  by a  s in g le  l a g ,  a  r e s u l t  

su b se q u e n tly  con firm ed  e x p e r im e n ta lly  by F e r r i e r  ( 2 ) .

4 .2 .2 .  P u lv e r is e d  C o a l.

I n  th e  U n ite d  Kingdom th e  m a jo r i ty  o f  steam  p la n t s  above

300 ,000  lb s  p e r  h o u r  a r e  f i r e d  w ith  p u lv e r is e d  f u e l ,  A t y p ic a l  

la y o u t  o f  th e  f u e l  fe e d  system  i s  shown i n  F ig u re  4 .1 . Raw c o a l - f e d
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from  a  b u n k e r-p a ss e s  th ro u g h  th e  f e e d e r  to  th e  g r in d in g  m i l l  where a  

s tream  o f  h o t  a i r  blow s th e  f i n e l y  ground p a r t i c l e s  th ro u g h  a  s ie v e  

to  r e g u la te  f in e n e s s  and th e n c e  v ia  p ipew ork to  th e  b u rn e r s  i n  th e  

fu rn ace*  The c o a l  d u s t  i s  i g n i t e d  i n  th e  flam e sp ace  and th e  h o t  

p ro d u c ts  o f  com bustion  p a ss  up th e  fu rn a c e , t r a n s m i t t i n g  h e a t  to  th e  

w a te r-s te a m  c i r c u i t *  What i s  re q u ire d  i s  a  r e l a t i o n s h i p  betw een a 

s ig n a l  in p u t  to  th e  c o a l  f e e d e r  and th e  consequen t h e a t  r e l e a s e  i n  

th e  fu rn ace*

V ario u s  dynam ic phenomena a r e  in v o lv e d  i n  th e  l i n k  betw een 

th e s e  two f a c t o r s :  f r e e  f a l l  o f  c o a l  from  f e e d e r  to  m i l l ,  m i l l  g r in d in g

c h a r a c t e r i s t i c s ,  s e p a r a t io n  o f  c o a rse  and f in e  g ra in e d  m a te r ia l  i n  th e
L

s i f t e r ,  pneum atic  t r a n s p o r t  to  th e  b u rn e rs  and f i n a l  m ix in g  and 

com bustion  i n  th e  f u r n a c e .  The l a s t  two phenomena a r e  m ost e a s i l y  

d e a l t  w i th .  H azard ( 3 ) h a s  shown t h a t  th e  mechanism o f  m ix ing  and 

com bustion  can  be re p re s e n te d  by a  s in g le  la g  o f  th e  o r d e r  o f  

40 m il l is e c o n d s  a n d ,a s  a  re a so n a b le  a p p ro x im a tio n , th e  mechanism o f  

pneum atic  t r a n s p o r t  i s  an a lo g o u s to  a  s im p le  dead t im e .

L i t t l e  i s  known t h e o r e t i c a l l y  abou t th e  dynam ics o f  th e  

g r in d in g  m i l l  w hich do m in a tes  th e  f u e l  re sp o n se . Some s t a t i c  

c h a r a c t e r i s t i c s  have been  g iv e n  by H io rn s (10) and F re n sc h  ( 4 ) and 

S c h n e id e r  ( 5 ) have u n d e rta k e n  some t h e o r e t i c a l  a n a ly s i s  b u t  t h e i r  work 

i s  u n o b ta in a b le  a t  th e  tim e  o f  w r it in g *  P ro fo s  (6 ) e s t a b l i s h e d  

e m p ir ic a l  r e l a t i o n s h i p s  f o r  th r e e  d i f f e r e n t  ty p e s  o f  f i r i n g  sy stem .
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-T  s
(a )  F = 'g Cp. D ir e c t  i n j e c t i o n  slow  r e g u la t io n

(b ) F = (l+ T a s ) ( l* T 3s )  CF* D ire c t  i n j e c t i o n  f a s t  r e g u la t io n

(c )  F r= Bunker fe e d  sy s tem ,

w here F i s  d e f in e d  a s  th e  i n t e n s i t y  o f  th e  fu rn a c e  f i r e  and i s  th e

s ig n a l  f o r  a d ju s t in g  th e  f i r i n g  r a t e .  The r e l a t i o n s h i p s  w ere developed

f o r  a S u lz e r  monotube b o i l e r  w here:

Ti fl ,  50 seconds

Ta = T* £  . 60 seconds

Tj «  *2 .

T^ Q 20 se c o n d s .

The r e s u l t s  f o r  a b unker system  were su b s e q u e n tly  con firm ed  by 

F re n sc h  i n  1961 (L o v erid g e  ( 7 ) ) ,  B unker f i r i n g  i s  u s u a l ly  a s s o c ia te d  

w ith  s m a lle r  u n i t s  w here p reg round  c o a l  i s  s to r e d  i n  a  bu n k er c lo s e  to  

th e  fu rn a c e  and fe d  v ia  a  pneum atic  pump to  th e  b u r n e r s .  The tim e 

re sp o n se  o f  such  a system  i s  dependen t o n ly  on th e  pump dynam ics and i s  

th u s  q u i te  f a s t .

The p h y s ic a l  d i f f e r e n c e  betw een  th e  te rm s slow  r e g u la t io n  an d  

f a s t  r e g u la t io n  i s  n o t im m ed ia te ly  obv ious and P ro fo s  does n o t e la b o r a te .

However an  e x p la n a t io n  m ust l i e  i n  th e  ty p e  o f  c o n tr o l  e x e rc is e d  o v e r th e

com ponents o f  th e  f i r i n g  sy s tem . L overidge  ( 7 ) h a s  su g g e s te d  t h a t  one 

o f  th e  l a g s  i n  e x p re s s io n  (b ) may be due to  th e  f u e l  d i s t r i b u t i o n  netw ork
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and f la m e /fu rn a c e  geom etvy  e f f e c t s .  The la c k  o f  t r a n s i t  d e la y  i n  t h i s  

e x p re s s io n  i s  i n t e r e s t i n g  and a  p a r t i a l  e x p la n a t io n  may l i e  i n  th e  q u a s i 

f l u i d  c h a r a c t e r i s t i c s  o f  th e  tu r b u le n t  a i r  d u s t  m ix tu re ,

A d e t a i l e d  acc o u n t o f  th e  m easurem ent o f  a  p u lv e r i s e d  f u e l

system  t r a n s f e r  f u n c t io n  h as  been  g iv d n  by Quack (B ) , A c o n s ta n t  flow

o f  w a te r  was pumped th ro u g h  a  tu b e  p r o je c t in g  ab o u t 6 f e e t  i n to  th e

fu rn a c e  g as s tre a m , h e a t  in p u t  to  th e  tu b e  b e in g  e s t im a te d  by m easurem ent

o f  e n try  and e x i t  w a te r  te m p e ra tu re . The i n i t i a l  t r a n s f e r  fu n c t io n

o b ta in e d  was o f  th e  form 

-sT
 ----------------------     w here T = 25 seconds*
(1 + T 1 s ) ( 1 + T 2 s )

T2 >> Ti

T2 =• 60 seco n d s .

As th e  tim e re sp o n se  o f  b o th  th e  c o a l  f e e d e r  and  th e  h e a t  

m easu rin g  system  were known th e  t r a n s f e r  f u n c t io n  o f  th e  m i l l  c o u ld  be 

d e r iv e d  and was found  to  be o f  th e  form

-sT - .sy  ■ 1 —■ where T* Q 5 seconds

T3 Q 60 seconds

U sing  r a d io  a c t i v e  t r a c e r  e lem en ts  B ishop (11 ) conducted  t e s t s  

on th e  f i r i n g  system  o f  a  100,000 lb  p e r  h o u r u n i t  i n  th e  U.K, and h i s  

r e s u l t s  c o n firm  th o se  o f  o th e r  workers^' The m easured dead  tim e was o f  

th e  o rd e r  o f  35 seconds and th e  m i l l  tim e la g  45 seconds*
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4 .2 ,3 #  V a r ia t io n  i n  C a lo r i f i c  V a lu e .

U n lik e  o i l  o r  gas w hich have f a i r l y  c o n s ta n t  c a l o r i f i c  v a lu e s  

th e  c a l o r i f i c  v a lu e  o f  c o a l  v a r i e s  w id e ly , R e s u l ts  p u b lis h e d  by 

S ta f f o r d  ( 9 ) show th e  v a r i a t i o n  i n  c a l o r i f i c  v a lu e  o f  c o a l  s u p p lie d  to  a  

t y p i c a l  power s t a t i o n .  The v a lu e s  o f  c o n se c u tiv e  8 cwt l o t s  o f  c o a l ,  

c o rre sp o n d in g  to  a  1 m inu te  su p p ly  f o r  a  120 mw u n i t ,  were m easured and a  

v a r i a t i o n  o f  betw een  4070 to  10 ,000  B th u /lb  o b ta in e d .

4 .2 ,4 #  F u rnace  E f f i c ie n c y .

The e f f i c i e n c y  o f  any fu rn a c e  c o n f ig u r a t io n  i s  dependen t on th e  

mass flow  o f  c o m b u s tib le s  and te n d s  to  f a l l  a s  th e  mass flow  in c r e a s e s ,

A d e t a i l e d  d e s c r ip t io n  o f  th e  p ro c e ss  i s  g iv en  i n  A ppendix  1 .

4 .2 ,5 .  H eat F lu x  M easurem ent.

^Direct m easurem ent o f  h e a t  f l u x  i n  b o i l e r  tu b e s  can  now be 

acco m p lish ed  a c c u r a te ly  by a  th e rm o -co u p le  method d ev e lo p ed  by 

H o rth o v er ( 1 2 ) .  The therm ocoup le  m e te r  shown i n  F ig u re  4 .2 . c o n s i s t s  o f  

a  h o llow  c y l in d e r ,  one end o f  which i s  c lo s e d  by a  d i s c  o f  therm o 

e l e c t r i c a l l y  d i s s i m i l a r  m a te r i a l .  The w a lls  o f  th e  c y l in d e r  a re  w elded 

to  th e  b o i l e r  tu b e .

H eat f lo w in g  i n to  th e  d is c  d i s t r i b u t e s . r a d i a l l y  to  th e  

c y l in d e r  w a l l s f th e  th e rm a l r e s i s t a n c e  o f  th e  d is c  c r e a t in g  a  r a d i a l  

te m p e ra tu re  g r a d i e n t .  The emf d eveloped  betw een th e  c e n t r e  o f  th e  d is c  

and th e  c y l in d e r  w a ll  i s  p ro p o r t io n a l  to  th e  m agnitude o f  th e  d is c  r a d i a l



81 *

te m p e ra tu re  d i f f e r e n c e  and th e r e f o r e  to  th e  h e a t  f lu x *  The d e v ic e  i s  

sim ple# ro b u s t  and in e x p e n s iv e  and th e  a v e rag e  o u tp u t o f  a m a tr ix  o f  

such  m e te rs  w i l l  y i e l d  th e  a v e rag e  v a lu e  o f  th e  h e a t  f l u x  in to  th e  

r i s e r  tubes*

N o rth o v er h a s  s t a t e d  ( 42 ) t h a t  th e  tim e  re sp o n se  o f  th e  m e te r  

i s  o f  th e  o rd e r  o f  one second and t h a t  th e  n o is e  c o n te n t  o f  th e  o u tp u t 

s ig n a l  i s  a p p ro x im a te ly  one p e r c e n t .  I f  s h o r t  term  v a r i a t i o n s  i n  th e  

flam e shape a re  a v erag ed  o u t by a  m a tr ix  o f m e te rs  th e  rem a in in g  n o ise  

c o n s i s t s  o f  v e ry  h ig h  fre q u e n c y  com ponents which can  be e a s i l y  f i l t e r e d *

An in s tru m e n t  w hich can  m easure b o i l e r  h e a t  f l u x  q u ic k ly  and 

d i r e c t l y  o b v io u s ly  p ro v id e s  th e  b o i l e r  c o n tro l  e n g in e e r  w ith  a  new 

ap p ro ach  to  b o i l e r  c o n t r o l  ph ilo sophy*

4*2*6. Summary*

I t  i s  a p p a re n t  t h a t  th e  t r a n s f e r  fu n c t io n  o f  th e  f i r i n g  and 

com bustion  s ta g e  o f  a  p u lv e r is e d  c o a l  u n i t  i s  o f th e  form

F = (1+TfsXl+Tms) f

where F i s  h e a t  r e le a s e d  i n  th e  fu rn a c e  and i s  t h e  s ig n a l  a d ju s t in g  

th e  f u e l  ra te *  T i s  a  dead tim e a s s o c ia te d  w ith  th e  m i l l  and p ipew ork 

c o n f ig u r a t io n  and i s  hence  c o n s ta n t .  i s  d ep en d en t on f u e l  c a l o r i f i c

v a lu e ,  d ry n e ss  and fu rn a c e  e f f i c ie n c y  and  i s  a  v a r i a b l e .  T, i s  th e



g r in d in g  m i l l  tim e la g  and  i s  a f u n c t io n  o f  c o a l  h a rd n e s s  and dampness 

and w i l l  be assum ed to  be a  v a r i a b l e .  i s  th e  l a g  a s s o c ia te d  w ith  th e

c o a l  f e e d e r  w hich can be c o n s id e re d  c o n s ta n t ,  and i s  o f  th e  o rd e r  o f  4 

to  5 seconds f o r  a  la r g e  u n i t .

4*5* Steam  G e n e ra tio n .

4.5*1* The B o i l in g  P ro c e s s *

The a d v e n t o f  n u c le a r  r e a c to r s  a s  h e a t  s o u rc e s  i n  steam  

g e n e r a to r s  h a s  le d  to  i n te n s iv e  r e s e a rc h  i n to  th e  dynam ics o f  b o i l i n g  

steam  w a te r  m ix tu re s .  Much e x p e rim e n ta l work h a s  b een  u n d e r ta k e n  and 

s e v e r a l  t h e o r i e s  ad v an ced . I t  i s  r e le v a n t  to  rev iew  t h i s  work b r i e f l y  

b e fo re  p ro c e e d in g  to  s tu d y  th e  dynam ics o f  la r g e  b o i l i n g  w a te r  sy s te m s.

4*5*2. Regimes i n  B o i l in g .

, I f  th e  w a l l  te m p e ra tu re  o f  a submerged h e a t in g  e lem en t i s  

r a i s e d  above s a t u r a t i o n  te m p e ra tu re  c o n v e c tio n  c u r r e n t s  c i r c u l a t e  th e  

su p e rh e a te d  l i q u i d  and steam  i s  e v a p o ra te d  from  th e  f r e e  l i q u i d  s u r f a c e .  

When th e  w a ll  te m p e ra tu re  i s  in c r e a s e d  b u b b les  o f  v ap o u r form  on th e  

m e ta l s u r f a c e  a t  fa v o u re d  s p o ts ,  grow, and f i n a l l y  r i s e  from  th e  w a ll  

b u t condense b e fo re  re a c h in g  th e  f r e e  l i q u i d  s u r f a c e .  A f u r t h e r  r i s e  

i n  w a ll  te m p e ra tu re  p ro d u ces  l a r g e r  and more numerous b u b b le s  w hich 

t r a n s m i t  steam  d i r e c t l y  to  th e  f r e e  s u r f a c e .

W ith th e  o n s e t  o f v ap o u r bubb le  fo rm a tio n  th e  r a t e  o f  h e a t  

t r a n s f e r  to  th e  l i q u i d  i n c r e a s e s .  A c c e le ra te d  b o i l i n g  c a u se s  th e  h e a t in g  

e lem en t to  become co v ered  w ith  a  t h i n  l a y e r  o f  v ap o u r w hich h a s  a  p oo r
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c o e f f i c i e n t  o f  h e a t  t r a n s f e r  and f o r  a  g iv e n  d i s s i p a t i o n  i n  th e  e lem en t 

h ig h  w a ll  t e m p e r a tu r e  r e s u l t*

The- e x a c t  mechanism o f  n u c le a t io n  o r  bu b b le  fo rm a tio n  i s '  

unknown though Rohsenow (13) h a s  shown q u a n t i t a t i v e l y  t h a t  o n ly  a  sm a ll 

f r a c t i o n  o f  th e  h e a t  i s  t r a n s f e r r e d  to  th e  v ap o u r i n  th e  bu b b le  and th a t  

th e  r i s e  i n  h e a t  t r a n s f e r  r a t e  a s s o c ia te d  w ith  n u c le a te  b o i l i n g  o c cu rs  

due to  th e  l o c a l  a g i t a t i o n  o r  m ix ing  i n  th e  l i q u i d  caused  by b u b b le  m otion* 

B ubbles te n d  to  form  a t  s p e c ia l  p o in ts  on th e  h e a te d  s u r f a c e  and th e  

b o i l i n g  p ro c e s s  i s  g r e a t ly  in f lu e n c e d  by s u r f a c e  c o n d it io n s*  Q u a n t i ta t iv e  

r e s u l t s  have b een  g iv e n  by Jack o b s ( 14)* A h ig h  d eg ree  o f  l o c a l  s u p e rh e a t 

i s  e s s e n t i a l  -  o f  th e  o rd e r  o f  one to  two hundred  d e g re e s  ~ b e fo re  b u b b le  

fo rm a tio n  can  o c c u r , th e  e x a c t d e g re e  o f  su p e rh e a t b e in g  dependen t on 

s u r f a c e  c o n d i t io n s .  The l i q u i d  a g i t a t i o n  caused  by su b seq u en t bubb le  

m otion  im m ed ia te ly  re d u c e s  l o c a l  su p e rh e a t  to  th e  o r d e r  o f  a  few d e g re e s .

B o i l in g  i n  V e r t i c a l  T ubes.

Of p a r t i c u l a r  i n t e r e s t  to  th e  b o i l e r  e n g in e e r  i s  th e  s tu d y  o f 

b o i l i n g  i n  v e r t i c a l  h e a te d  tu b e s .  Subcooled  w a te r  e n te r s  th e  bo ttom  o f  

th e  tu b e  and a  m ix tu re  o f  steam  and w a te r  e x ib s  from  th e  to p .  The 

v a r io u s  reg im es o f  b o i l i n g  e x i s t  a lo n g  th e  le n g th  o f  th e  p ipe#  some id e a  

o f  t h e i r  r e l a t i v e  p o s i t io n  b e in g  p o s s ib le  by l o c a l  m easurem ent o f  h e a t  

t r a n s f e r  c o e f f i c i e n t s *

Rohsenow (15) h a s  shown t h a t  th e  h e a t  t r a n s f e r  r a t e  i n  th e
/  °P  N

n o n « b o ilin g  and su b co o led  ( i ° e ,  no n e t  g e n e ra t io n  ^vapour; b o i l i n g  reg im es



i s  d e te rm in e d  by t  where►2C

"  ( t w -  * l )

t  ss tube  w a ll te m p e ra tu re  

t ^  sb l i q u i d  te m p e ra tu re

T here  i s  some dependence on l iq u id  v e lo c i t y  i n  th e  n o n -b o i l in g  

zone b u t a t  th e  o n s e t  o f  n u c le a te  b o i l i n g  bubb le  a g i t a t i o n  l a r g e ly  

d e te rm in e s  th e  h e a t  t r a n s f e r  r a t e  and th e  e f f e c t  o f  f l u i d  v e l o c i t y ' i s  n o t 

g r e a t .

E m p ir ic a l c o r r e l a t i o n s  by Je n s  (16.) f o r  s u r f a c e  b o i l i n g  o f  upward 

f lo w in g  w a te r  i n  e l e c t r i c a l l y  h e a te d  s t a i n l e s s  s t e e l  tu b e s  p roduced  an  

e q u a tio n  f o r  h e a t  t r a n s f e r  i n  th e  b o i l in g  zone w hich h a s  been  u se d , i n  a  

m o d if ied  fo rm , by su b seq u e n t w ork e rs  i n  th e  s tu d y  o f  b o i l e r  dynam ics

H eat flo w  = C (t where C = f e  F /900
x | 1 .9  J

P i s  th e  a b s o lu te  p r e s s u re  and e th e  e x p o n e n tia l  fu n c tio n *

R ecen t r e s e a r c h  work i n t o  th e  b e h a v io u r  o f  b o i l i n g  f l u i d s  i n

h e a te d  tu b e s  h as  b een  c a r r i e d  o u t by s e v e ra l  g roups o f w o rk e rs . The

a p p a ra tu s  u s u a l ly  c o n s i s t s  o f  a  v e r t i c a l  tu b e  h e a te d  u n ifo rm ly  by
by

e l e c t r i c a l  m eans, o r  i n  th e  case  o f  D en g le r (1?) •  e x te r n a l  steam  j a c k e t s ,  

th ro u g h  w hich i s  fo rc e d  w a te r  a t  h ig h  p r e s s u r e .  E x i t  q u a l i t i e s  o f  up 

to  10C$ have b een  o b ta in e d  f o r  th e  c o r r e c t  s im u la t io n  o f  once th ro u g h  

b o i l e r s .  F a c i l i t i e s  w ere a v a i la b le  to  m easure steam  q u a l i t y  and w a ll
f

f l u i d  te m p e ra tu re s  and th e  steam  v o id  f r a c t i o n  a t  v a ric ju s  p o s i t io n s  i n  th e
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p ip e  h as  been  m o n ito red  by s e v e ra l  a u th o r s « D e n g le r u sed  s o lu b le  

r a d io a c t iv e  t r a c e r  e lem en ts  w ith  c o u n te r  u n i t s  on th e  tu b e  w all*  L a ird  

(18) and Haywood (19 ) have p ro p o sed  system s w hereby th e  a t t e n u a t io n  

s u f f e r e d  by gamma ra y s  p a s s in g  th ro u g h  th e  two phase  f u i l d  g iv e s  an  

i n d i c a t i o n  o f  th e  w a te r  c o n te n t  o f  th e  m ix tu re*

D e ta i le d  p h o to g ra p h ic  e v id e n ce  o f th e  two phase  flow  p a t t e r n s  

h a s  been  p ro v id e d  by G un ther (20) f o r  h o r i z o n ta l  c h a n n e ls , by T ip p e ts  (21) 

f o r  v e r t i c a l  p ip e s  and Zahn (22) f o r  h o r iz o n ta l  tubes*

The g e n e ra l  flow  p a t t e r n  e x p e rie n c e d  i s  sum m arised by B ecker ( 23 ) 

and shown i n  F ig u re  4*3* The p ip e  can be d iv id e d  in to  s e v e r a l  reg io n s*

1 0 S ubcoo led  R eg ion*

Cool w a te r  e n te r s  th e  bo ttom  o f th e  p ip e  and th e  upward 

f lo w in g  l i q u i d  i s  b ro u g h t to  s a t u r a t i o n  c o n d it io n  by two mechanisms*

( a )  te m p e ra tu re  o f  th e  l i q u i d  in c r e a s e s  due to  h e a t  t r a n s f e r  from  th e  w a lls

(b ) th e  l o c a l  s a t u r a t i o n  te m p e ra tu re  d e c re a se s  b ecau se  o f  p r e s s u r e  d e c re a se  

owing to  w a ll  f r i c t i o n  e f f e c t s  and r e d u c t io n  i n  s t a t i c  head*

2* Subcoo led  B o i l in g *

B ubbles form  on th e  tu b e  w a ll  d e ta c h  th em se lv e s  b u t l a t e r  

condense i n  th e  m ain f l u i d  stream * Ho n e t  v apou r i s  g e n e ra te d  though  

th e  r e s u l t i n g  b u bb le  a g i t a t i o n  r e s u l t s  i n  in c re a s e d  h e a t  t r a n s f e r  ra te *

3* B ulk N u c lea te  B o i l in g *

I n  t h i s  r e g io n  th e r e  i s  a  r a p id  in c r e a s e  i n  th e  number and s iz e  

o f  th e  b u b b le s  g e n e ra te d  and hydrodynam ic e f f e c t s  te n d  to  c o n c e n tra te
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th e  upward f lo w in g  v ap o u r i n  th e  c e n tr e  o f  th e  f l u i d  stream *

4« S lu g  f lo w *

S lu g s  o f  a  f i n e l y  d iv id e d  f r o t h  o f  v ap o u r and l i q u i d  a l t e r n a t e  

p e r i o d i c a l ly  w ith  a  c o n f ig u r a t io n  w hich c o n s i s t s  o f  a  t h ic k  calm  l a y e r  o f 

l i q u i d  a g a in s t  th e  w a ll  f a c e  and a  c e n t r a l  zone o f  h ig h  vap o u r 

c o n c e n tr a t io n .  The p e r i o d i c i t y  o f  a l t e r a t i o n  h as  been  m easured by T ip p e ts  

and found  to  be o f  th e  o r d e r  o f  0.1 seconds f o r  one c o n f ig u r a t io n .

A cco rd in g  to  D en g le r h e a t  t r a n s f e r  i n  t h i s  zone i s  l a r g e ly  

c o n v e c tiv e  th e  n u c le a te  b o i l in g  p ro c e s s e s  b e in g  su p p re sse d  by in c re a s e d  

l i q u i d  v e lo c i t y  caused  by th e  in c r e a s e d  k i n e t i c  en erg y  o f  th e  vap o u r 

p h a se . D e p a rtu re  from  n u c le a te  b o i l i n g  i s  in d ic a te d  by a  r a p id ly  

r i s i n g  w a l l / f l u i d  te m p e ra tu re  d i f f e r e n t i a l .  H eat t r a n s f e r  r a t e  i s  l a r g e ly  

dependen t on b u lk  f l u i d  v e lo c i t y .

5° Two P hase A n n u la r F low ,

I n  t h i s  re g io n  th e  w a lls  o f  the  tu b e  a re  co v ered  w ith  a  f i n e  

l a y e r  o f  b o i l i n g  l i q u i d  and th e  b u lk  o f  th e  tu b e  volume b e in g  o ccu p ied  a t  

low mass v e l o c i t i e s  and h ig h  steam  q u a l i t i e s  by a  d i s p e r s io n  o f  d r o p le t s  i n  

a  c o n tin u o u s  v ap o u r phase  and a t  h ig h  mass v e l o c i t i e s  and low steam  q u a l i ty  

by an  em u lsio n  o f  l i q u i d  and v a p o u r . Y igorous b o i l i n g  ta k e s  p la c e  i n  th e  

t h i n  m te r  l a y e r  and w a te r  e v a p o ra te s  i n to  th e  v ap o u r c o re ,  th e r e  b e in g  a 

s im u lta n e o u s  d i f f u s i o n  o f  d r o p le t s  to  th e  w a te r  f i lm .

The n e t  e f f e c t  i s  a  d e c re a s e  i n  th e  w a te r  l a y e r  th ic k n e s s  i n  

th e  d i r e c t i o n  o f  f lo w . The in c r e a s in g  v e lo c i ty  o f  th e  v ap o u r c au se s  a
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s h e a r  s t r e s s  to  o c c u r  a t  th e  phase  boundary , th e  r e s u l t i n g  r i p p le  

fo rm a tio n  te n d in g  to  d e s tro y  th e  w a te r  l a y e r  c o n t in u i ty  and le a d in g  & 

h ig h  steam  v e l o c i t i e s  to  d ry  w a ll  c o n d it io n s  w ith  a s s o c ia te d  b u rn  o u t 

d a n g e rs  above c r i t i c a l  h e a t  f lu x  l e v e l s .

A , th in  f i lm  o f  v apou r e f f e c t i v e l y  e x i s t s  be tw een  th e  w a ll  and 

l i q u i d  l a y e r  r e s u l t i n g  i n  p o o r h e a t  t r a n s f e r  and v e ry  h ig h  w a ll  te m p e ra tu re s . 

Swenson ( 24 ) h a s  d e r iv e d  e m p ir ic a l  h e a t  t r a n s f e r  r e l a t i o n s h i p s  f o r  t h i s  

re g io n  where th e  e v a p o ra t io n  p ro c e s s  i s  som etim es term ed  f i lm  b o i l i n g .

6 . Fog o r  S pray  Flow .

W ith th e  f i n a l  c o l la p s e  o f  th e  w a ll  l i q u i d  l a y e r  th e  flow  

resem b les  a  low d e n s ity  m is t  o r  s p ra y . S u rfa c e  b o i l i n g  no lo n g e r  e x i s t s  

and h e a t  t r a n s f e r  r a t e  i s  in f lu e n c e d  m ain ly  by th e  v ap o u r v e lo c i t y .

4o3<>3* The e f f e c t  o f  flow  r a t e ,  h e a t  in p u t  and p r e s s u r e  v a r i a t i o n s .

The o b se rv ed  e f f e c t  o f  in c r e a s in g  th e  e n t r y  l i q u i d  v e lo c i ty  o r  

in c r e a s in g  e n t r y  l i q u i d  su b c o o lin g  i s  to  su p p re ss  th e  i n i t i a t i o n  o f  

b o i l i n g ,  le n g th e n  th e  l i q u i d  le g  and move th e  v a r io u s  b o i l i n g  reg im es 

f u r t h e r  u p s tre a m . The r e s u l t i n g  lo s s  o f  h y d r o s ta t i c  head  i n  th e  

n u c le a te  b o i l i n g  zone a d v e rs e ly  ^ f e c t s  vapou r v e lo c i ty  and su b seq u en t 

h e a t  t r a n s f e r  r a t e s  i n  th e  u p s tre am  re g io n s  which more th a n  c o u n te r a c ts  

th e  s l i g h t  in c r e a s e  o f  h e a t  t r a n s f e r r e d  i p  th e  su b co o led  zone. The n e t  

r e s u l t  i s  a  d e c re a se  i n  th e  e x i t  f l u i d  d ry n e ss  f o r  a  g iv e n  h e a t  i n p u t .

I
A r i s e  i s  h e a t  in p u t  f o r  a  g iv en  l i q u i d  v e lo c i t y  h a s  th e  r e v e r s e  

e f f e c t  w h ile  a  p r e s s u re  .in c re a s e , by r a i s in g  s a t u r a t i o n  te m p e ra tu re , a g a in
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su p p re s s e s  n u c le a te  b o i l in g  and le n g th e n s  th e  tu b e  w a te r  l e g .

4*3o4* T h e o r e t ic a l  S tu d ie s .

The d i f f i c u l t y  o f  e s t im a t in g  a  R eynolds number to  d e te rm in e  

th e  f r i c t i o n a l  p r e s s u re  d rop  o f  a  two phase  f l u i d  i s  one o f  th e  f a c t o r s  

h in d e r in g  th e  t h e o r e t i c a l  s o lu t io n  o f  th e  a n n u la r  b o i l i n g  p rob lem .

T e n ta t iv e  e m p ir ic a l  r e l a t i o n s h i p s  advanced by M a r t in e l l i  (2 5 ) ,  w hich were 

b ased  on a com parison  o f  s in g le  and two phase flow  p re s s u re  d ro p s , a re  

q u i te  w id e ly  u se d  and have had a  f a i r  m easure o f  s u c c e s s .  S e v e ra l  

r e c e n t  t h e o r e t i c a l  m odels have been  p u b lis h e d , th e  two l i m i t i n g  c a se s  o f  

homogenuous flow  (c o m p le te ly  m ixed) and a n n u la r  f lo w  (c o m p le te ly  

s e p a ra te d )  b e in g  n o rm ally  c o n s id e re d .

The homogeneous model i s  r e l a t i v e l y  easy  to  a n a ly s e  a s  th e  two 

phase  m ix tu re  i s  c o n s id e re d  a s  a  s in g le  f l u i d  w ith  ze ro  s te a m /w a te r  

s l i p  v e lo c i ty *  The s tu d y  o f  a n n u la r  flo w  system s h as  been  u n d e rta k e n  by 

H i l l i e r  ( 27 ) and Chisholm  ( 2 8 ) ,  The l a t t e r s 1 t h e o r e t i c a l  model b e in g  

su b se q u e n tly  su p p o r te d  e x p e r im e n ta l ly  by L a ird ,

The dynam ics o f  th e  in te r m e d ia te  bubb le  flow  reg im e ( p a r t i a l l y  

m ixed) w hich dom inate  a  la r g e  p o r t io n  o f  th e  b o i l i n g  volume have p roved  

d i f f i c u l t  to  a n a ly s e .  Levy (26) h a s  p roposed  a momentum exchange model 

w hich assum es t h a t  th e  l i q u i d  and v a p o u r  p h ases  have e q u a l f r i c t i o n  and 

head  l o s s e s .  Such an  a ssu m p tio n  im p lie s  a  d i f f e r i n g  flow  s t r u c t u r e  

betw een  v e r t i c a l  and  h o r i z o n ta l  f lo w  w hich h as  l i t t l e  s u p p o r t from  the 

l i t e r a t u r e .  However f a i r  c o r r e l a t i o n  h a s  been  o b ta in e d  by t h i s  model
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w ith  th e  e a r l i e r  e m p ir ic a l  r e s u l t s  o f  M a r t in e l l i .

A v a r i a b le  d e n s i ty  s in g le  f l u i d  model w ith  ze ro  phase  s l i p  

h a s  b een  p ro p o sed  by B ankoff (29 ) i n  w hich he assum es t h a t  th e  vap o u r 

b u b b le s  have a f ix e d  d i s t r i b u t i o n  a c ro s s  th e  tu b e  d ia m e te r , th e  d i s t r i b u t i o n  

b e in g  a  maximum a t  th e  tu b e  c e n t r e .  Though f a i r  c o r r e l a t i o n  h as  been  

o b ta in e d  w ith  e a r l i e r  w ork e rs  th e  model a p p e a rs  u n r e a l i s t i c  b e o au se , a s  

ze ro  v o id  f r i c t i o n  i s  assum ed a t  th e  tu b e  w a l l s ,  a d d i t i o n a l  f r i c t i o n  due 

to  w a l l  bu b b le  fo rm a t io n .h a s  b e e n .n e g le c te d ,

4°4o B o i l in g  W ater S ystem s.

Some e a r ly  work by Haywood (30) on th e  dynam ics o f  a  s im p le  

n a tu r a l  c i r c u l a t i o n  down comer r i s e r  drum loop  d e m o n s tra te d  th e  t h e o r e t i c a l  

e q u iv a le n c e  o f  th e  hydrodynam ic and therm odynam ic c i r c u l a t i o n  t h e o r i e s ,

A homogeneous r i s e r  f l u i d  was assum ed and th u s  p o o r c o r r e l a t i o n  was 

o b ta in e d  betw een  p r a c t i c a l  and t h e o r e t i c a l  r e s u l t s  due to  th e  n e g le c t  o f  

th e  steam  s l i p  e f f e c t .

When steam  s l i p  e x i s t s  th e  steam  v e lo c i ty  i s  g r e a t e r  and th e  

w a te r  v e lo c i ty  l e s s  th a n  u n d e r  c o rre sp o n d in g  c o n d it io n s  i n  homogeneous 

flow  and s in c e  th e  w a te r  form s th e  m ain mass o f  th e  m ix tu re  u n d e r  norm al 

c o n d it io n s  th e  in c r e a s e  of momentum o f  th e  r i s e r  m ix tu re  i s  l e s s  i n  s l i p  

f lo w . The e f f e c t  o f  s l i p  i s  c o n se q u e n tly  to  red u ce  th e  a c c e l e r a t i o n  

p r e s s u re  d rop  below  t h a t  p roduced  by th e  homogeneous th e o r y .  A lso , s in c e  

th e  w a te r  v e lo c i ty  i s  reduced  by s l i p  f lo w , th e  w a te r  o c c u p ie s  a  g r e a t e r  

p e rc e n ta g e  o f  th e  tu b e  volume i n  s l i p  flow  th a n  u n d e r  c o rre sp o n d in g  

c o n d it io n s  i n  homogeneous flo w , so t h a t  th e  e f f e c t  o f s l i p  i s  to  in c r e a s e
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th e  g r a v i t a t i o n a l  p re s s u re  d rop  above t h a t  p r e d ic te d  by th e  homogeneous 

th eo ry *

L a te r  e x p e r im e n ta l work in c o r p o r a t in g  t h i s  e f f e c t  was u n d e rta k e n  

by L a ird  and A nderson  (31) <►

B oth u se d  an  e l e c t r i c a l l y  h e a te d  r i s e r  s e c t i o n , in v e s t i g a t e d  th e  

r e l a t i o n s h i p  be tw een  flow  r a t e  and in p u t  power and th e  c o n d it io n s  w hich le d  

to  c i r c u i t  i n s t a b i l i t y *  Though th e  r e s u l t s  o f  L a ird  a r e  by f a r  th e  more 

com prehensive , A nderson*s work i s  i n t e r e s t i n g  b ecau se  a  com puter 

s im u la t io n  o f  th e  t h e o r e t i c a l  model was made and d i r e c t  com parison  

o b ta in e d  betw een  th e  model and th e  p h y s ic a l  sy stem .

As e x p ec te d  th e  m odel was s e n s i t iv e  to  th e  v a lu e  chosen  f o r  th e  

steam  s l ip *  E x p erim e n ta l work was c a r r i e d  o u t u s in g  a  v a r i e ty  o f  p ip e  

d ia m e te rs  *

The e f f e c t  o f  p re s s u re  v a r i a t i o n s  on s te a d y  s t a t e  down comer 

and hence r i s e r  mass flo w  r a t e s  h as  b een  h ig h l ig h te d  by L a ird  and h i s  

r e s u l t s  a r e  sum m arised i n  F ig u re  4*4* I t  i s  obv io u s t h a t  f o r  p re s s u re  

changes o f  th e  o rd e r  o f  200 lb s /sq o in ... th e  o p e ra t in g  r e g io n  o f  1000 lb s /s q * in *  

mass flow  changes a r e  s m a ll ,  th e  l a r g e s t  b e in g  a p p ro x im a te ly  5f° f o r  a  

1 1 /4 M d ia m e te r  p ip e  a t  \00% o f  maximum h e a t  in p u t*

I n s t a b i l i t y  o r  c i r c u i t  breakdow n was i n v e s t i g a t e d  by b o th  

s e t s  o f  a u th o rs*  P a ram e te r  p e r tu r b a t io n  on A nderson*s com puter model 

showed t h a t  th e  r i s e r  tim e d e la y  was a  key f a c t o r  and i t s  rem oval enhanced 

s t a b i l i t y  a t  a l l  power le v e ls *  T h is  r e s u l t  i s  i n  k e e p in g  w ith  th e
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a ssu m p tio n  t h a t  p r e s s u re  change r e s u l t i n g  from  in c re m e n ta l  r i s e r  steam  

flo w  i s  th e  dom inant f a c t o r  i n  th e  system  s t a b i l i t y .

T e s ts  perfo rm ed  by L a ird  show th a ts

(a )  A t any p r e s s u r e , f o r  each  tu b e  d ia m e te r  th e r e  i s  a  l im i t i n g

r a t e  o f  p re s s u re  f a l l  beyond w hich n a tu r a l  c i r c u l a t i o n  f a i l s ,

(b )  T here  e x i s t s  f o r  any b o i l e r  p re s s u re  a  c i r c u l a t i o n  v e lo c i ty  

beyond w hich c i r c u l a t i o n  f a i l u r e  can n o t be produced  by p r e s s u re  d ro p . T h is  

r e s u l t  i s  i l l u s t r a t e d  i n  F ig u re  4*5*

R e s u lt  (a )  i s  w e ll  known and i s  a  consequence o f down-comer e b u l l i t i o n

which le a d s  to  a  l o s s  o f  h y d r o s ta t i c  h e ad , c i r c u i t  f a i l u r e  and p o s s ib le  

tu b e  b u rn  o u t .  The r a m if ic a t io n s  o f  r e s u l t  (b ) a p p e a r  to  have been  

o v e rlo o k ed  by some l a t e r  w orkers ( 33) and ( 34 ) ,  i n  th e  f i e l d  o f ,b o i l e r  

w a te r  l e v e l  c o n t r o l .  Drum p re s s u re  f a l l  due to  in c r e a s e d  steam  lo a d  i s  

accom panied by a  r a p id  in c r e a s e  i n  e v a p o ra tio n  r a t e  w ith  co n seq u en t drop 

i n  th e  le n g th  o f  th e  w a te r  l e g  and su rg e  i n  drum w a te r  le v e l*

Drum l e v e l  can be r e s to r e d  by a r e d u c t io n  i n  f e e d -w a te r  flow

ra te *  However th e  d e c re a se  i n  flow  o f  th e  r e l a t i v e l y  low e n th a lp y

fe e d -w a te r  i n c r e a s e s  a v e rag e  drum and down-comer e n th a lp y  w hich f o r  a  

g iv e n  r a t e  o f  p r e s s u re  f a l l  h a s te n s  th e  o n se t  o f  down-comer e b u l l i t i o n *

I f  by c o r r e c t  b o i l e r  d e s ig n  th e  d a n g e r o f  e b u l l i t i o n  can  be removed o r

a t  l e a s t  m in im ised  a  w id e r  tu r n  down o f  fe e d  flo w  i s  o b v io u s ly  p o s s ib le  

and g r e a t e r  c o n tr o l  can  th u s  be e x e rc is e d  o v e r  b o i l e r  w a te r  l e v e l  

t r a n s ie n ts *  C le a r ly  t h i s  i s  a  c a se  where c o n t r o l l a b i l i t y  can  be 

d e s ig n e d  i n t o  th e  b o i l e r  system *
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The d i r e c t  re le v a n c e  o f  th e  r e s u l t s  o u t l in e d  from  uniform ly- 

h e a te d  sy s te m s, such  a s  th o se  u se d  by L a ird  and A nderson , to  fu rn a c e  

f i r e d  w a te rw a lls  w ith  n o n -un ifo rm  h e a t in g  was d e m o n s tra te d  by L a i r d $ 

who showed e x p e r im e n ta l ly  t h a t  th e  system  b e h a v io u r  was dependen t o n ly  

on th e  h e a t  in p u t  and n o t on th e  m anner o f i t s  d i s t r i b u t i o n  around  th e  

tu b e ,

4 ,5 ,  T h e o r e t ic a l  B o i le r  M odels.

Some e le m e n ta ry  work on b o i l e r  m o d e llin g  h a s  been  u n d e rta k e n  

by P ro fo s  (6 ) f o r  a  once th ro u g h  b o i l e r  and by Thomas (35) f o r  a  s h e l l  

ty p e  b o i l e r .  A lthough  th e s e  b o i l e r s  d i f f e r  w id e ly  i n  s t r u c tu r e  b o th  

a u th o r s  r e l a t e d  th e  dynamic re sp o n se  o f th e  h e a t  o u tp u t (s team  s e c t io n )  

to  changes i n  th e  h e a t  in p u t  (com bustion ) by a  s im p le  f i r s t  o rd e r  l a g .

The i i r s t  com prehensive dynamic model o f  a  b o i l e r  co m p ris in g  

drum down-comer r i s e r  and s u p e rh e a te r  s e c t io n s  was p ro p o sed  by C hien (3 6 ) ,  

H is a n a ly s i s  was b ased  on an  o i l e d  f i r e d  n a v a l u n i t  and from  th e  

tw en ty -o n e  l i n e a r  d i f f e r e n t i a l  system  e q u a tio n s  w hich he d ev e lo p ed  s ix  

t r a n s f e r  f u n c t io n s ,  r e l a t i n g  th e  in p u t  v a r i a b le s  o f  steam  flo w , fe e d  

flow  and h e a t ,  to  th e  o u tp u t v a r i a b le s  o f  w a te r  l e v e l  and drum p r e s s u r e ,  

w ere d e r iv e d .  The method o f  a n a ly s i s  u sed  i n  t h i s  work which was l a t e r  

supp lem ented  (37 ) h a s  form ed th e  b a s i s  o f  much su b seq u e n t work on 

b o i l e r  dynam ics,

4o5o1« The C hien  M odel,

The b o i l e r  was d iv id e d  i n to  fo u r  s e c t io n s  ( a )  th e  g as  p a th

(b ) r i s e r  down-comer lo o p  (c )  drum and (d ) s u p e r h e a te r .  The tim e  la g



a s s o c ia te d  w ith  th e  econom iser was c o n s id e re d  to  be o f  s u f f i c i e n t  

m agnitude to  j u s t i f y  i t s  e x c lu s io n  from  th e  dynamic a n a l y s i s .  An 

o u t l in e  o f  th e  f lo w  p ro c e s s  i s  shown i n  F ig u re  4 ,6 ,

The system  e q u a tio n s  o f  f lo w , h e a t  t r a n s f e r  and s t a t e  can  

^ g en e ra lly  be d e s c r ib e d  by s e t s  o f  n o n l in e a r  p a r t i a l  d i f f e r e n t i a l  e q u a t io n s ,  

th e  s o lu t io n  o f  w hich can  be o b ta in e d  e i t h e r  by n u m e ric a l m ethods o f  by 

l i n e a r i s i n g  ab o u t a  s te a d y  o p e ra t in g  p o in t  i n  th e  s t a t e  space* To 

a v o id  p r o h ib i t i v e  c o m p u ta tio n a l d i f f i c u l t i e s  C hien o p ted  f o r  th e  l a t t e r  

a p p ro a ch . W hile in t r o d u c in g  e s s e n t i a l  m a th em a tica l s i m p l i c i t y ,  l i n e a r -  

i s a t i o n  a ls o  p ro d u ces  e r r o r s  w hich a r e  dependen t n o t o n ly  on th e  

in c re m e n ta l  d e v ia t io n  from  th e  o p e ra t in g  p o in t  b u t  a ls o  on th e  d eg ree  o f 

n o n l in e a r i ty  in v o lv e d  and a re  th u s  p a r t i c u l a r l y  m aniffest i n  th e  h ig h  

o r d e r  n o n l in e a r  r e l a t i o n s h i p s  a s s o c ia te d  w ith  h e a t  t r a n s f e r *

C o n tin u i ty  momentum and energy  e q u a tio n s  w ere d e r iv e d  f o r  th e  

v a r io u s  s e c t io n s  an d , where n e c e s s a ry , e m p ir ic a l  r e l a t i o n s h i p s  u t i l i s e d *

A summary o f  th e  a ssu m p tio n s  made and o f th e  g e n e ra l  method o f  app roach  

i n  th e  v a r io u s  s e c t io n s  w i l l  now be given*

(a )  Down-comer R i s e r  Loon*

Sim ple in c o m p re s s ib le  f l u i d  flow  was assum ed to  e x i s t  i n  th e  

down-comer w ith  no h e a t  t r a n s f e r ,  te m p e ra tu re  everyw here  b e in g  eq u a l to  

drum tem p era tu re *  E n try  and head  lo s s e s  w ere acc o u n te d  f o r  and down-comer 

l i q u i d  k i n e t i c  en erg y  was assum ed c o m p le te ly  d i s s ip a te d  i n  a  mud drum 

w hich te rm in a te d  th e  down-com er. T h is  p a r t  o f  th e  lo o p  was th u s  

r e p re s e n te d  by a  s im p le  dead tim e .
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The r i s e r  dynam ics w ere d e s c r ib e d  by c o n t i n u i ty , momentum and 

energy  e q u a tio n s#  E n tra n c e  lo s s*  f r i c t i o n a l ,  g r a v i t a t i o n a l  and i n e r t i a l  

te rm s were in c lu d e d  though th e  r a t e  o f  change o f k i n e t i c  energy  o f  th e  

r i s e r  f l u i d  was assum ed n e g l ig ib le  i n  com parison  w ith  th e  h e a t  energy  

in v o lv ed #  The l i q u i d  v apou r m ix tu re  was assumed to  be a t  th e  drum l iq u i d  

te m p e ra tu re , steam  s l i p  to  be ze ro  and steam  q u a l i t y  c o n s ta n t  th ro u g h o u t 

th e  r i s e r  le n g th .  H eat t r a n s f e r  from  th e  w a l ls  to  th e  b o i l in g  m ix tu re  

was based  on th e  e m p ir ic a l  r e l a t i o n s h i p  developed  by Je n s  m o d ified  by 

th e  a ssu m p tio n  t h a t  o f  th e  t o t a l  h e a t  t r a n s f e r r e d  one q u a r t e r  i s  u sed  to  

b r in g  th e  w a te r  to  s a t u r a t i o n  te m p e ra tu re  and th e  rem a in d e r u sed  i n  

e v a p o ra tio n #  The m o d ified  b o i l i n g  h e a t  t r a n s f e r  e q u a t io n  u sed  was

H eat t r a n s f e r r e d  = K ( t  ) 3g v 2/

where t  i s  th e  d i f f e r e n c e  betw een  w a ll  and drum s a t u r a t i o n  te m p e ra tu re s  

and Kg th e  h e a t  t r a n s f e r  c o e f f i c i e n t  ^ h ic h  i s  d e r iv e d  from  s te a d y  s t a t e  

c o n d itio n s#

(b ) Drum

H eat and mass b a la n c e  e q u a tio n s  were s e t  up to  d e s c r ib e  th e  . 

drum dynam ics# The v ap o u r phase  i s  assumed to  be a t  th e  s a t u r a t i o n  

te m p e ra tu re  and th e  l i q u i d  te m p e ra tu re  to  be u n ifo rm  ex ce p t f o r  a  t h in  

s u r f a c e  l a y e r  w here- a  te m p e ra tu re  g r a d ie n t  e x is te d  due to  tu rb u le n c e #

I t  was p o s tu la te d  t h a t  th e  in te 3 > p h a se  mass t r a n s f e r  r a t e  was p r o p o r t io n a l  

to  t h i s  l iq u id /v a p o u r  te m p e ra tu re  d i f f e r e n t i a l  w hich c o u ld  be 

e x p e r im e n ta l ly  d e r iv e d  from  b o i l e r  m easurem ents and was o f  th e  o r d e r  o f  

10°!’.
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(c )  Gas Path,

Gas te m p e ra tu re  was ta k e n  a s  p r o p o r t io n a l  to  f u e l  flo w  and th e  

h e a t  t r a n s f e r  mechanism  was assum ed to  he p u re ly  c o n v e c tiv e . I n  a  

modern b o i l e r  a  f a i r  p r o p o r t io n  o f  th e  h e a t  t r a n s f e r  i s  r a d i a t i v e  and t h i s  

l a t t e r  a ssu m p tio n  i s  n o t q u i te  a c c u r a te ,  a  p o in t  w hich h a s  b een  made by
t

M arkson (38)*
I

As th e  gas flow  p a th  was from  th e  s u p e r h e a te r  to  th e  r i s e r  bahks3 

th e  h e a t  t r a n s f e r r e d  to  th e  s u p e rh e a te r  was f i r s t  c a l c u la te d  to  o b ta in  

c o r r e c t  v a lu e s  f o r  th e  gas te m p e ra tu re  a t  th e  e n tra n c e  to  th e  r i s e r  s e c t io n .

System  e q u a t io n s .

The r e le v a n t  system  e q u a tio n s  w i l l  now be l i s t e d  f o r  t h e  v a r io u s  

b o i l e r  s e c t io n s ,  A n o m en c la tu re  i s  in c lu d e d  a t  th e  end o f  t h i s  c h a p te r ,

Down Oomer,

Momentum e q u a tio n

- ( P w -  V  =  f r  _ j b £  i 2 t L  - t *  Lr  +  Ww

+ Lr  dWw
s^d a t

6n th e  RHS o f  t h i s  e q u a t io n  th e  f i r s t  term  r e p r e s e n ts  f r i c t i o n ,  th e

second  g r a v i t a t i o n a l  h e ad , th e  t h i r d  e n tra n c e  lo s s e s  and th e  f o u r th  

i n e r t i a ,  i s  th e  drum p re s s u re  and P th e  p r e s s u re  i n  th e  mud drum

a t  th e  bo ttom  o f  th e  down com er.
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H is e r p

s ta te  equation

continu ity  equation

W -  V =  L r  Ar  d j f
w at

.momentum equation

( pw “ PB) "  + f r  i s  ; r - ? ™  + L* /  + . . . y  £gAr  a t  g  2gA£  />

+ I W*  _  W»r2
f  w A |g

E nergy .

QB +  Ww h wb -  x  h f g  -  ( 1 - X )hwb
V

-  i L  Ar Lr ^ / >-
dt

where h ^  i s  the enthalpy of evaporation and h i s  the enthalpy o f the 

mixture»

Heat Innut to R i s e r  Tuhes0

Heat transfer from r is e r  tube w all in to  h o ilin g  liq u id  i s  given hy

%  -  \  ( *WB -  V 3

Thus heat input to r is e r  tubes

QgB “  %  “  ^  CB dlJWB
dt



where and a r e  r e s p e c t iv e ly  th e  mass and h e a t  c a p a c i ta n c e  o f  th e  

r i s e r  tu b e  h an k .

Drum*

L iq u id  h e a t  balance.*

w here W i s  th e  r a t e  o f  e v a p o ra t io n  from  th e  drum l iq u i d  and M i s  th e  e
mass o f  th e  l i q u i d  phase,,

L iq u id  m ass b a la n c e

W. +  (1 -  x)W -  W -  W =  dM .
1 w e d t

Steam  mass b a lan ce*

w here VU i s  th e  Volume o f  th e  steam  phase* b

a ls o

SVB = -A £ y  

S M  = A

w here A i s  th e  l i q u i d  s u r f a c e  a r e a  and y  th e  w a te r  le v e l*

S ta te  e q u a t io n s

The f o l lo w in g  s t a t e  equations a r e  assumed*
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%  = Ke (Tw -  Tb )

w here K̂ , and  Kg a r e  d e r iv e d  from  steam  t a b l e s  f o r  th e  ran g e  o f  s te a d y  s t a t e  

v a lu e s  c o n s id e re d .

Gas P a th ,

6 * 0  =  W

w here Tq i s  th e  com bustion  gas te m p e ra tu re  e n te r in g  th e  s u p e r  h e a t e r  b a n ts ,

( s e e  F ig u re  4 , 6 , ) qand th e  f u e l  flow  r a t e .

A verage g as te m p e ra tu re  a t  s u p e rh e a te r  hank i s  g iv e n  by

T? s= T -» 1 Q 
‘ S» c -  g s

0 W.S f

where i s  th e  h e a t  in p u t  i n to  th e  s u p e rh e a te r  w a l ls  and i s  r e l a t e d  

to  th e  h e a t  c a p a c i ta n c e  o f  the , com bustion  g a se s

c = c J 1 + WAg c l  .JL
^ Wf

THe*»e th e  f u n c t io n  Wa r e p r e s e n ts  th e  a i r  f u e l  r a t i o  and  C i s  th e  h e a t
%

c a p a c i ta n c e  o f  th e  com bustion  g a se s  w hich i s  assum ed to  be c o n s ta n t .

H eat t r a n s f e r  r a t e  from  th e  h o t  g a se s  to  th e  s u p e rh e a te r  w a ll  i s  assum ed



given by

Q„„ = K (W*)0 *6 ( t  -  T ) .gs gs ' gs ws

Kgs being determined from steady s ta te  conditions. 

Gas temperature at entrance to r is e r  i s  thus

-  T -  Q OB O ga
C W.e  f

Average gas temperature a t  r is e r  banks.

TgB " T0B " QgB = Tc " Qgs -  QgB
V f  ° g Wf  21 Cg W*

Heat tran sfer rate to r ise r  bank

i0o6
\ b  = °«6 KgB < V  (. TgB -  T«B )gB ° gB

4o5*2o The Stafford  Sim ulation.

In 1962 Stafford  ( 9 ) programmed the Chien equations on a d ig ita l  

compitter using p hysical data obtained from a natural c ircu la tio n  power 

s ta tio n  boiler* The b o ile r  physical parameters are l i s t e d  in  APPENDIX £; 

and the simulated tran sien t responses obtained are shown in  Figure 4 .7.f 
4o8» and 4 .9 . The responses are seen to be o f a quite simple nature and 

correspond c lo se ly  to the e a r lie r  published r e su lts  o f Chien fo r  a naval 

boiler*

These tran sien t responses oan be approximated c lo se ly  by a ser ie s
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o f  l i n e a r  t r a n s f e r  fu n c tio n s *  I f  Ep^,p ®pj* Eys an^

r e p r e s e n t  th e  b o i l e r  t r a n s f e r  f u n c t io n s  r e l a t i n g  p re s s u re  and w a te r  

l e v e l  v a r i a t i o n s  to  changes i n  th e  h e a t  in p u t  r a t e  from  th e  fu rn a c e  j> 

steam  flow  r a t e  and w a te r  flo w  r a t e  we have

E™ -     p£ l

w here

1 4- 20S

" (1 + 2 5 S )( l  + 250s)

ps -  (1 + 250s )

EPI -  ....  ,~k t....
(1 + 250S)

e y s  -  — - K£ ....— - ------ - — 2 Z-----
(1 + 20s) (250s + 1)

Eyrr — K8
s

= 4.625 = 0.5451
hg K rj

and

= 0 o404s

Kq = 0o00009%

The tim e  re sp o n se s  o f  th e  above t r a n s f e r  f u n c t io n s  a r e  shown f o r  

com parison  i n  F ig u re s  4o7<,» 4*8 and 4*9* and can  be se e n  to  app ro x im ate  

c lo s e ly  to  th e  computed re sp o n ses*  Thus i n  t h i s  o p e ra t in g  ran g e  th e  

steam  g e n e ra t io n  s e c t io n  can be re p re s e n te d  by th e  l i n e a r  b lo c k  d iagram
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f i g u r e  4* 10* The com plete  "block d iagram  r e l a t i n g  p re s su re , w ith  steam  

flo w  and f u e l  demand i s  shown i n  F ig u re  4«11 » T h is  diagram.^which i s  

d e r iv e d  d i r e c t l y  from  F ig u re s  .4*10 and th e  e q u a t io n  .d e r iv e d  i n  p a ra g ra p h  

4o2e6^ r e p r e s e n t s ’ th e  model s t r u c tu r e  w hich w i l l  form  th e  "basis o f  t h i s  

study*

4<>5o3o P a ram e te r  V a r ia t io n *

The "behaviour o f  th e  p a ra m e te rs  Kq?T^ and T^ o f  F ig u re  4*41 * 

have a lr e a d y  b een  d is c u s s e d  i n  s e c t io n  4 .2*  and we w i l l  d e a l  h e re  

e x c lu s iv e ly  w ith  th e  b e h a v io u r  o f  th e  p a ra m e te rs  K* 9 Kj$ T-j and Tj* These 

p a ra m e te rs  have been  d e r iv e d  from  a  sm a ll s ig n a l  l i n e a r  a n a ly s i s  o f a  complex 

n o n l in e a r  system  ab o u t a f ix e d  o p e ra t in g  p o in t  i n  th e  s t a t e  sp ace  and t h e i r  

v a r i a t i o n  a t  d i f f e r e n t  o p e ra t in g  p o in ts  must now be examined*

I f  T;> i s  re g a rd e d  a s  b e in g  a s s o c ia te d  e n t i r e l y  w ith  th e  steam  

c a p a c i ta n c e  o f  th e  b o i l e r  a  c l e a r e r  i n s i g h t  may be o b ta in e d  by red raw in g  

th e  steam  g e n e r a t io n  s e c t io n  o f  F ig u re  4*11 . i n  th e  form  shown i n  F ig u re  4*12* 

H ere K i s  th e  f a c t o r  o f  p r o p o r t io n a l i t y  r e l a t i n g  p re s s u re  to  th e  e v a p o ra t io n  

r a t e  Fn _ur

and (a )  T£ = T2K. (b ) K* =‘ V k .

( c )  K« = K, K.

The t r a n s f e r  f u n c t io n  r e l a t i n g  h e a t  flow  in to  th e  w a l ls  o f  th e  

r i s e r  and b o i l i n g  s e c t io n  and th e  e v a p o ra t io n  r a t e  i s  th u s  o f  th e  form

1 + ST,



&tecugi jKIoe. P re s s u re

(1+2503)
Water Level

B lock  Diagram  o f  Steam*, G e n e ra tio n  S e c tio n *  

F ig u re  4*10*
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The l a g  T1 i s  r e l a t e d  to  th e  tim e  re q u ire d  to  e s t a b l i s h  th e  new 

w a ll  te m p e ra tu re  c o n d it io n s  w hich d e te rm in e  th e  h e a t  t r a n s f e r  r a t e  to  th e  

b o i l i n g  w a te r  m ix tu re s  and to  th e  tim e r e q u ir e d  to  e s t a b l i s h  th e  new 

s team in g  c o n d i t io n s «

The f i r s t  tim e  i n t e r v a l  is- r e l a t e d  to  th e  th e rm a l i n e r t i a  o f ; th e  

h e a te d  w a te r  w a ll  i r o n  mass and i s  c o n s ta n t  f o r  c o n f ig u r a t io n .  As

we have se e n  e a r l i e r  ( p a ra g ra p h  4 o 5 o 2 .) th e  p ro c e s s  o f  n u c le a te  b o i l i n g  

te n d s  to  dom inate  th e  n jix ing  and h e a t  t r a n s f e r  r a t e s  i n  th e  b o i l i n g  zone 

and th u s  l i t t l e  e r r o r  seems to  be in c u r r e d  i n  assum ing  t h a t  th e  second 

time i n t e r v a l  i s  a l s o  c o n s ta n t<> T-j can  th e r e f o r e  be re g a rd e d  a s

in v a r ia n to

i s  p r o p o r t io n a l  to  th e  h e a t  t r a n s f e r  c o e f f i c i e n t s  e x i s t i n g  

a t  th e  v a r io u s  s e c t io n s  o f th e  r i s e r  tu b e  w a lls  c o rre sp o n d in g  to  th e  

d i f f e r e n t  b o i l i n g  reg im es and i s  th u s  dependen t o n 'th e  e v a p o ra t io n  ra te *

In  th e  b o i l e r  model K*1 and hence  K* w i l l  be re g a rd ed  a s  a  v a r i a b le  and 

i t s  v a r i a t i o n  m ust be ta k e n  in to  a cc o u n t i n  th e  a d a p t iv e  c o n t r o l  p r o c e s s «

F o r  any h e a t  in p u t  r a t e  th e  e v a p o ra t io n  r a t e  F~ i s  p r o p o r t io n a lIt

to  th e  drum p r e s s u r e .  The f a c t o r  o f  p r o p o r t io n a l i t y  K i s  a  f u n c t io n  o f  

th e  b o i l e r  p h y s ic a l  c o n s ta n ts  and steam  t a b l e s  i n d i c a t e  t h a t  i t  i s  

i n v a r i a n t  o v e r  a  f a i r l y  w ide range  o f  p re s s u re  v a r ia t io n , ,

M orton h a s  d e r iv e d  a  v a lu e  o f  K f o r  a  n a v a l b o i l e r  w hich 

in d ic a t e s  th e  o rd e r  o f  m agnitude o f  t h i s  c o n s ta n t*

K -  5o?1 l b s  o f  steam  p e r  s e c . p e r  lb /g " *



i o j

A f te r  le a v in g  th e  r i s e r  steam  e n te r s  th e  s e p a r a to r  and a  mass

■balance may he perfo rm ed  betw een  e n tra n c e  and e x i t  steam  flow * Any 

im b a lan ce  h a s  a  d i r e c t  e f f e c t  on th e  drum p re s s u re  v ia  th e  b o i l e r  

in c re m e n ta l  c a p a c i ty ,  T£ w hich i s  a  f u n c t io n  o f  p r e s s u re  and th e  b o i l e r  

s team  volume 0

T hus9f o r  a  steam  sp ace  o f  volume V c u b ic  f e e t  c o n ta in in g  w l i b  

o f  s te a m ?th e  steam  s p e c i f i c  volume i s  g iv e n  by

I f  a  f u r t h e r  m assfcw i s  accum ulated  i n  th e  steam  sp ace  th e
V

change i n  s p e c i f i c  volume i s  g iv en  by

v B +by-B = _ v

, * ,  vVs +&w V0 + w SV s + Sw«bVs  = V = V #

& w V s  + w & V;s  =  0

. 1  * 4LZf =  ”  £  v
v s  w

Now f o r  steam  a t  p r e s s u re  P

PVN c o n s ta n t  = Kv

o
o  o
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SO

w here F^ = g e n e ra t io n  r a t e  o f  steam  

Fg =5 s team  flow  r a t e p

P = N P Vs ({PG -  Ps ) dt

= N P Kv P"N / ( P a -  Pg ) dt

O

V p 0 .1 3  

„ Tj = V'P Oo15

(Fq -  Fg ) d t  f o r  N = 1 015 (L e w itt  (4 1 ))

143-Xy

I t  i s  th u s  se e n  t h a t  T2 i s  r e l a t i v e l y  in d e p e n d e n t o f m odera te  

p r e s s u re  changes and can th u s  he re g a rd e d  a s  c o n s ta n t„

Of th e  f o u r  p a ra m e te rs  and I 2 c o n s id e re d  th e r e f o r e  o n ly

K-j need by re g a rd e d  a s  v a r i a b le  and hence a p p ro p r ia te  changes i n  i t s  

m agnitude w i l l  r e n d e r  th e  steam  g e n e ra t io n  s e c t io n  o f  F ig u re  4<>11 v a l id  

o v e r  a  w ide ran g e  o f  s team in g  c o n d i t io n s 0

4o60 W ater C i r c u i t s

I f  the . Arum i s  ,assumed, to  be a  p u re  c a p a c i ta n c e  th e n  w a te r  l e v e l  

i s  dependen t on a  mass b a la n c e  o f  down corner^ fe e d  and s e p a r a to r  mass 

flow so F o llo w in g  E s tra d a  ( 3 2 ) we can  th u s  pe rfo rm  a  s te a d y  s t a t e  mass 

b a la n c e  a t  th e  drum end s e p a r a t o r

Drum mass b a la n c e 0

d Mt „  F + F “  F„
_ ± L  =  F  D  X

d t
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S e p a ra to r  mass b a lan ce ,,

w here Mt = drum w a te r  mass

Fp = fe e d  l i q u i d  flo w  lb / s e c  

F = down comer l iq u i d  flow  l b / s e c

F^ = l i q u i d  flow  o u t o f  s e p a r a to r  l b / s e c

Fp = r i s e r  mass mass flow  i n t o  s e p a r a to r  l b / s e c „

I t  h a s  b een  shown by L a ird  ( p a ra g ra p h  4 . 4 . ) t h a t  l a r g e  p r e s s u r e

v a r i a t i o n s  have l i t t l e  e f f e c t  on th e  down comer and hence  r i s e r  s te a d y

s t a t e  mass flow  r a t e s  and* a t  a  g iv e n  v a lu e  o f  h e a t  in p u t*  F^ can  be

ta k e n  a s  c o n s ta n t  and v i r t u a l l y  in d e p e n d e n t o f p re s su re ,. A t r a n s i e n t

change i n  F^ w hich a l t e r s  drum p re s s u re  and su b s e q u e n tly  F^ h a s  no e f f e c t

th e r e f o r e  on F - and any t r a n s i e n t  change i n  F^ w i l l  depend s o l e ly  on a  
Jx XJ

change i n  th e  g e n e ra te d  steam  ra te *

Thus

w here y  i s  th e  w a te r  l e v e l  and L* a  tim e  c o n s ta n t  r e l a t e d  to  th e  drum 

p h y s ic a l  c o n s ta n t s 0

and



A com plete  t r a n s i e n t  r e l a t i o n s h i p  betw een  steam  flow  r a t e  and 

drum w a te r  l e v e l  m ust in c lu d e  one o th e r  - f a c to r  and t h i s  w i l l  now be 

d is c u s s e d .

The q u a n t i ty  o f  w a te r  i n  th e  e n t i r e  h e a t  a d d i t io n  s e c t io n  i s  

dependen t on th e  e v a p o ra t io n  r a t e 5b e in g  l e s s  a t  h ig h  v a lu e s  th a n  a t  low ,

A change i n  steam  e v a p o ra t io n  r a t e  th e r e f o r e  r e s u l t s  i n  a  mass t r a n s f e r  

o f  w a te r  betw een th e  down comer drum s e c t io n  and th e  h e a t  a d d i t io n  s e c t io n  

w hich i s  acco m p lish ed  i n  th e  t r a n s i e n t  by a  change i n  down comer mass flow  

r a t e .  The m agn itude  o f  t h i s  phenomenon* w hich i s  d i r e c t l y  r e s p o n s ib le  

f o r  th e  e x p e rie n c e d  non minimum phase  re sp o n se  o f  b o i l e r  w a te r  le v e l*  i s  

p ro p o r t io n a l  to  th e  r e l a t i v e  w a te r  mass s to re d  i n  th e  h e a t  a d d i t io n  

s e c t io n  a t  h ig h  and low r a t e s  o f  e v a p o ra t io n .

An e m p ir ic a l  r e l a t i o n s h i p  h a s  been  d e r iv e d  by M orton (33) f o r  

a  n a v a l b o i l e r  and shown i n  F ig u re  4 .1 3 ,  U n less a d e q u a te ly  c o n t r o l le d  

t h i s  e f f e c t  s e t s  an  u p p e r  l i m i t  to  th e  maximum r a t e  o f  change o f  steam  

g e n e ra t io n  o b ta in a b le .  M ortons r e l a t io n s h ip f ( F ^ )  w hich can e a s i l y  be 

o b ta in e d  e x p e r im e n ta l ly  f o r  any b o i l e r  system* i s  v a l id  on ly  a t  c o n s ta n t  

p r e s s u re  and d ir in g  t r a n s i e n t  c o n d it io n s  a  p re s s u re  c o n n e c tio n  f a c t o r  

m u s t 'b e  ad d ed .

As th e  m ass t r a n s f e r  o f  w a te r  i s  e q u a l to  th e  change i n  v o id  

f r a c t i o n  o f  th e  h e a t  a d d i t io n  s e c t io n  we have th e  p r e s s u r e  volume 

r e l a t i o n s h i p
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LOG V 

V

I f  W = mass of w a te r  t r a n s f e r r e d  th e n

W = PG f(P g) f , ( p )

w here *
f i ( p )  = A n ti lo g  |  0»885 lo g  Ky J

As ¥  i s  p r o p o r t io n a l  to  F ,̂ th e n  ¥ ( s )  m ust he p r o p o r t io n a l  to  

F ^ (s )  and th u s  th e  t r a n s i e n t  n a tu re  o f  t h i s  phenomenon can  e a s i l y  he 

e s tim a te d o

A b lo c k  d iag ram  show ing th e  com plete  t r a n s i e n t  r e l a t i o n s h i p  

betw een  steam  flo w  and w a te r  l e v e l  i s  i l l u s t r a t e d  i n  F ig u re  4<.14» I n  

t h i s  d iagram  Lg i s  a  c o n s ta n t  r e l a t i n g  th e  in c h  change i n  w a te r  l e v e l  

p e r  pound o f  w a te r  t r a n s f e r r e d  from  th e  h o i l in g  s e c t io n  i n to  th e  down 

comer loop*

Ky = c o n s ta n t

= 0 o885 Log Ky 

P

ss A n ti  lo g  ^ 0 o885 lo g  Ky ^
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C hien  E q u a tio n s  -» N om enclative

drum p re s s u re  

mud drum p re s s u re

s a tu r a t e d  v ap o u r d e n s i ty  c o rre sp o n d in g  to  P^ 

s a tu r a t e d  l i q u i d  d e n s i ty  c o rre sp o n d in g  to  P-.15

q u a l i t y  o f  m ix tu re  le a v in g  r i s e r

d e n s i ty  o f  l i q u i d  v ap o u r m ix tu re  le a v in g  r i s e r

fe e d  w a te r  te m p e ra tu re

s a t u r a t i o n  te m p e ra tu re  c o rre sp o n d in g  to  Eg

drum and down comer l i q u i d  te m p e ra tu re  

s u p e r h e a te r  tu b e  w a ll  te m p e ra tu re

r i s e r  tu b e  w a ll  te m p e ra tu re

a v e rag e  g as  te m p e ra tu re  o f  s u p e rh e a te r  banks

a v e ra g e  gas te m p e ra tu re  a t  r i s e r  banks

com bustion  g as  te m p e ra tu re  e n te r in g  s u p e r  h e a t e r  banks

e n th a lp y  o f  r i s e r  m ix tu re

e n th a lp y  o f  s a tu r a te d  v a p o u r c o rre sp o n d in g  to  Eg

e n th a lp y  o f  s a tu r a te d  l i q u i d  c o rre sp o n d in g  to  P^

e n th a lp y  o f  drum and down comer l iq u i d  

e n th a lp y  o f  e v a p o ra t io n  c o rre sp o n d in g  to  Eg

h e a t  in p u t  r a t e  from  h o t  g a se s  to  i n to  su p e r  h e a t e r  tu b e  w a l l s 0



h e a t  in p u t  r a t e  from  r i s e r  tu b e  w a lls  i n to  b o i l i n g  l i q u i d

h e a t  in p u t  r a t e  from  h o t  g a se s  i n to  r i s e r  tu b e  w a lls

f u e l  m ass flo w  r a t e

a i r  mass flow  r a t e

fe e d  w a te r  mass flow  r a t e

down comer mass flow  r a t e

r i s e r  mass flow  r a t e

mass e v a p o ra t io n  r a t e  from  drum l i q u i d  s u r f a c e

steam  mass f lo w  r a t e  from  drum i n to  s u p e r  h e a t e r

mass o f  drum l i q u i d

mass o f  r i s e r  tu b e s

volume o f  v ap o u r phase  i n  drum

drum l i q u i d  l e v e l

r i s e r  tu b e  le n g th

down comer and r i s e r  c ro s s  s e c t io n a l  a r e a s  r e s p e c t iv e ly  

down" comer and r i s e r  d ia m e te r  r e s p e c t iv e ly  

h e a t  c a p a c i ta n c e  o f  r i s e r  tu b e s  

h e a t^ c a p a c i ta n c e  o f com bustion  gases-

h e a t  t r a n s f e r  c o e f f i c i e n t  from  h o t g a se s  to  su p e r  h e a t e r  w a ll  

h e a t  t r a n s f e r  c o e f f i c i e n t s  from  com bustion  to  r i s e r  tu b e s  and 

from  r i s e r  tu b e s  to  b o i l i n g  l i q u i d  r e s p e c t iv e ly  

e v a p o ra t io n  r a t e  c o n s ta n t  o f  drum l iq u i d  

f r i c t i o n  c o e f f i c i e n t  o f  r i s e r  and down comer tu b e s  

c o n s ta n ts  f o r  s t a t e  e q u a tio n s  o f  s a tu r a te d  steam .



CONTROLLER APPLICATION

5oio  I n t r o d u c t io n .

The norm al form  o f  b o i l e r  com bustion  c o n tr o l  i s  shown i n  

.figttgg.J5.o.l o where th e  th r e e  te rm  c o n t r o l l e r  can  be  r e a l i z e d  e i t h e r

p n e u m a tic a l ly  o r  e l e c t r o n i c a l l y  ( l ) ff I n  p r a c t i c e  c o n t r o l l e r  s e t  up i s
\

g e n e r a l ly  a  p u re ly  e m p i r i c a l ^  e x e i 'c is e  th o u g h , when p ro p e r ly  a d ju s te d ,  

such  a  c o n t r o l  sy stem  p ro d u ces s a t i s f a c t o r y  c o n t r o l  c h a r a c t e r i s t i c s  f o r  

s te a d y  s t a t e  o p e ra tio n ,, T hree te rm  c o n tr o l  i s ,  how ever, l e s s  th a n  i d e a l  

f o r  t o g e  t r a n s i e n t  lo a d  changes due m ain ly  to  th e  l a r g e  th e rm a l la g s  

a s s o c ia te d  w ith  th e  com bustion  and b o i l in g  p r o c e s s e s *

A d e c re a s e  i n  b o i l e r  re sp o n se  tim e would o b v io u s ly  be d e s i r a b le  

a s  i t  would enhance th e  s t a b i l i t y  o f  th e  o v e r a l l  sy stem  d u r in g  lo a d  

t r a n s i e n t  c o n d i t io n s « Dual mode o p e ra t io n  o f  a b o i l e r  th u s  seems 

a t t r a c t i v e ^  th e  norm al c o n tr o l  te rm s b e in g  o p e ra t iv e  u n d e r s te a d y  

s team in g  c o n d it io n s  and , a t  th e  o n s e t  o f  a  t r a n s i e n t , t h e  system  c o n tr o l  

b e in g  sw itc h ed  to  a  dynam ic mode* The o b je c t  o f  th e  dynamic c o n t r o l l e r  

would be  to  r e s t o r e  the b o i l e r  p r e s s u r e  i n  th e  minimum p o s s ib le  tim e  i n  

a  m anner c o m p a tib le  w ith  th e  norm al system  c o n s t r a in ts *

Dynamic O p tim iz a t io n ,

The r e l a t i v e l y  s im p le  m onotonic tim e  f u n c t io n  r e l a t i n g  f u e l  

demand in p u t  and steam  p re s s u re  w hich was d e r iv e d  i n  c h a p te r  4 p e rm its  

th e  r e a l i z a t i o n  o f  th e  dynamic o p t im iz a t io n  scheme o f  chanter. 1 in



t i l 0

an a lo g u e  r a t h e r  th a n  d i g i t a l  fo rn u  The g e n e ra l  o u t l i n e  o f  such  a  c o n tr o l  

scheme w i l l  now he g iv e n 0

A s c h e m a tic  d iagram  o f  a  b o i l e r  d u a l mode c o n tr o l  system  i s  

shown i n  f ig u r e  5 02 „ th e  c o n tr o l  com puter p e rfo rm in g  th e  f o u r  d i s t i n c t

(a )  mode s w itc h in g

(b )  sw itc h in g  f u n c t io n  g e n e ra t io n

(c )  p a ra m e te r  e s t im a t io n

(d ) model a d a p ta t io n

I n  th e  p roposed  b o i l e r  a d a p tiv e  c o n tr o l  system  p a ra m e te r

e s t im a t io n  w i l l  t a k e  p la c e  o n ly  a f t e r  th e  i n i t i a t i o n  o f a  t r a n s i e n t  w ith  

model fo rm u la tio n  and sw itc h in g  f u n c t io n  g e n e r a t io n  b e in g  com pleted  

b e fo re  th e  end o f  th e  f i r s t  p o s s ib le  sw itc h in g  i n t e r v a l 0 The e le m e n ts  

o f  th e  c o n t r o l  com puter a re  shown s c h e m a tic a l ly  i n  f i g u r e  5°5o

502^10 Mode S w ltc h ln g 0

I n  a  d u a l mode c o n t r o l  scheme mode s w itc h in g  i s  i n i t i a t e d  by

a  sudden  lo a d  change o f  e i t h e r  p o l a r i t y  which i s  g r e a t e r  th a n  a  s p e c i f i e d  

minimum v a lu e 0 I n  a  b o i l e r  th e  lo a d  change F can  be a s c e r ta in e d  a t

any lo a d  v a lu e  by m easu rin g  th e  r e s u l t i n g  d e v ia t io n  o f  th e  b o i l e r  

p r e s s u r e  P. from  i t s  s e t  p o in t  c o n d itio n ,,

8
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The a rran g em en t i s  shown i n  F ig u re  5o4o th e  r e a l ia a tx L li ty  o f  

th e  d i f f e r e n t i a l  te rm  b e in g  due to  th e  e x tre m e ly  low n o is e  l e v e l  

a s s o c ia te d  w ith  drum pressxvre m easurem ent0 As th e  lo a d  change can  

e i t h e r  be p o s i t iv e  o r  n e g a t iv e  two co m para to rs  a r e  n e c e s s a ry  to  i n d ic a t e  

th e  c o r r e c t  p o l a r i t y  to  su b seq u en t sw itc h in g  l o g i c s Mode sw itc h in g  i s  

e f f e c te d  by an  o u tp u t from  n e ith e r  com parator*

The minimum v a lu e  o f  lo a d  change o v e r  w hich  th e  dynamic 

c o n t r o l l e r  can  e x e r c i s e  a d eq u a te  c o n t r o l  i s  a  f u n c t io n  o f  th e  combined 

b o i l e r  and c o n t r o l l e r  c h a r a c t e r i s t i c s  and w i l l  be d is c u s s e d  i n  ch a p e r  6 0 

To a v o id  i n s t a b i l i t y  a t  th e  mode s w itc h in g  boundary  th e  com puter m ust 

be  a rra n g e d  to  r e v e r t  to  norm al feed b ack  c o n tr o l s  o n ly  on th e  co m p le tio n  

o f  th e  f u l l  sw itc h in g  p rogram „

5 c2u2o S w itc h in g  F u n c tio n  G enera tion*
tKtfaTrT.Mi—rr.-gn Tru— --n ■‘TT-Jr;» r? rami—t-3"t..VT.r; ajit »wcjn.T.3avwa3

U sing  th e  s im p l i f i e d  b o i l e r  model d e r iv e d  from  ehapt_er_4 we 

can  r e l a t e  th e  in c re m e n ta l  f u e l  flow  s ig n a l  to  th e  b o i l e r  p r e s s u re  

change by th e  b lo c k  d iagram  shown i n  f i g u r e  5^  I f ; due to  an

in c re m e n ta l  change &F .w hich h a s  o c c u rre d  i n  th e  steam  f lo w ,a n  e r r o rs i  )

&P e x i s t s  be tw een  th e  s e t  p o in t  b o i l e r  p re s s u re  and th e  m easured

b o i l e r  p r e s s u r e p th e n  th e  d e s i r e d  e q u il ib r iu m  v a lu e  can  be re g a in e d  i n  

minimum tim e  by a p p ly in g  th e  maximum c o n tr o l  e f f o r t  a v a i la b le  i n  th e  

f u e l  su p p ly  m echanism  i n  a  maimer d e te rm in ed  by a p re v io u s ly  d e r iv e d  

s w itc h in g  f u n c t io n 0

I n  F ig u re  5 *5* I  i s  th e  maximum tu r n  up a v a i la b le  a t  th e
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o r i g i n a l  lo a d  l e v e l  c, Ag i s  th e  f i n a l  in c re m e n ta l  p o s i t io n  o f  th e

f u e l  su p p ly  a c t u a t o r  and and i$  a r e  th e  c a lc i l ia te d  s w itc h in g  

tim e s  for* minimum tim e  re sp o n se  o f  th e  b o i l e r  p r e s s u r e  w ith  no o v e rs h o o t ,  

i’f  th e  p la n t  p a ra m e te rs  were tim e  i n v a r i a n t  th e  sw itc h in g  f u n c t io n  co u ld  

d e r iv e d  f o r  an  in c re m e n ta l  s te p  i n  steara flow  demand by th e  m anner 

shown i n  I P ! j jo j5 *1 o )*

F i r s t l y  th e  mode p i t c h i n g '  lo g ic  w i l l  d e te rm in e  th e  i n s t a n t  o f

o p e ra t io n  o f  th e  c o n t r o l l e r  and w h e th e r i s  p o s i t iv e  o r  n e g a t iv e <,s

F o r  c o r r e c t  o p e ra t io n  th e  com puter m ust know th e  in c re m e n ta l  v a lu e  o f  F *

and hence S ? 9 and th e  v a lu e  o f  1  a v a i la b le  a t  th e  c u r r e n t  o p e ra t in g  le v e l*

In c re m e n ta l v a lu e s  o f  th e  system  v a r i a b le s  can o n ly  be m easured i f  th e

i n i t i a l  ze ro  tim e  v a lu e s  a r e  known* T h is  r e q u i r e s  memory e lem en ts

which a r e  fo rm u la te d  i n  an  a n a lo g u e  system  by t r a c k  and h o ld 'a m p l i f ie r s *

Hence i f  we re g a rd  F ( t )  i n  F ig u re  !:po,6o(a) a s  a tim e  v a ry in g  param eter*

i t s  v a lu e  a t  any tim e  i s  g iv e n  by th e  o u tp u t o f  th e  a m p l i f i e r  1 w here

EG i s  sm a ll i n  com parison  w ith  any p o s s ib le  r a t e  o f  F ( t ) «  A m p lif ie rs
1 i s  s a id  to  t r a c k  F ( t ) *  I f  a t  any tim e th e  s w itc h  i s  open c i r c u i t e ds

th e  a m p l i f i e r  w i l l  h o ld  th e  v a lu e  o f  F , ( t ) a t  th e  i n s t a n t  o f  sw itc h in gs

and th e  in c re m e n ta l  v a lu e  o f  &F 'w il l  a p p e a r  a t  th e  o u tp u t o fs

a m p l i f i e r  2 0 M can  a ls o  be d e te rm in ed  by a  t r a c k  and h o ld  a m p l i f i e r  

m o n ito r in g  th e  f u e l  a c tu a to r  p o s i t i o n  a s  shown i n  F ig u re  5 06 o ( b ) o

I n  F ig u r e B -6P(e )  we have  assumed t h a t  &F_ d e te rm in e s  S3?I”  — SO I

and Ag d i r e c t ly *  As a  d i r e s t  r e l a t i o n s h i p  e x i s t s  betw een  th e  f u e l



a c t u a t o r  p o s i t i o n  and th e  new lo a d  v a lu e  d e te rm in e d  b y ^ P  * th e  l a t t e r£>

assu m p tio n  i s  obv iox isly  tru e *  The v a lu e  o f  d e te rm in e d  byfiiF i s

th e  f i n a l  s te a d y  s t a t e  v a lu e  o f  th e  p re s s u re  e r r o r ? i t  b e in g  assum ed

i n i t i a l l y *  f o r  e a se  o f  p r e s e n ta t io n *  t h a t  th e  in c re m e n ta l  p r e s s u re

oh.t.vge due t o i> P  a lo n e  w i l l  have  reach ed  a  s te a d y  s t a t e  v a lu e  b e fo res
i n t e r v a l  tg* The r e l a t i o n s h i p  betw een  &F and &P and i t s  e f f e c t  on 

th e  c o m p u ta tio n  a re  d is c u s s e d  i n  c h a p te r  6*

I f  th e  t r a n s i e n t  c h a r a c t e r i s t i c s  o f  th e  b o i l e r  a r e  n o t c o n s ta n t  

and i f  any v a r i a t i o n  can be r e p re s e n te d  by p a ra m e te r  v a r i a t i o n s  w i th in  a  

r i g i d  model s t r u c tu r e *  th e n  optimum s w itc h in g  can  be perfo rm ed  by th e  

m ethod i l l u s t r a t e d  i n  FIgure_J5„Q_6ojjgl ' .. w here th e  p a ra m e te rs  o f  t h e 1 

p la n t  an a lo g u e  m odel a re  a d ap ted  to  fo rc e  a  b e s t  f i t  betw een th e  model 

and th e  system * Model p a ra m e te r  a d ju s tm e n t w i l l  be b ased  on th e  

e s t im a te d  v a lu e s  o f  th e  c o rre sp o n d in g  p la n t  v a r i a b le  c o e f f ic ie n t s *  which 

i n  acc o rd a n c e  w ith  c h a p te r  4* a re  assum ed to  be (a  f u n c t io n  o f  th e  

f u e l  c a l o r i f i c  v a lu e  and th ro u g h p u t)* T (a  f u n c t io n  o f  c o a l  h a rd n ess*  

dam pness and g e n e ra l  m i l l  re sp o n se )  and w hich i s  a  f u n c t io n  o f  b o i l e r

load*

The a c t u a l  sw itc h in g  f u n c t io n  i s  p roduced  by th e  t r a j e c t o r y  

com puter f o r  s p e c i f i c  v a lu e s  o f  bp* As and model o u tp u t  tim e fu n c tio n s*  

I n  t h i s  s tu d y  th e  t r a j e c t o r y  com puter h as  b een  fo rm u la te d  i n  e l e c t r o n i c  

an a lo g u e  t e r n s  and a f u l l  d e s c r ip t io n  o f  i t s  r e a l i z a t i o n  i s  g iv e n  i n



F

F ig u re  5 s 6 (a )  $ ra c k  and Hold A m p lif ie r*

A c tu a to r
P o s i t io n

l a x  A c tu a to r

Minimum A c tu a to r; 
S ig n a l

Mode S w itc h in g  
Logic*

F ig*  5*6(1})o D e te rm in a tio n  o f  M*

i— it-

P la n t  A nalogue Model S w itc h in g  F u n c tio n  
to  F u e l 
A c tu a to r

Ig u r a ' 5 c 6 (e )  * S w itc h in g  F u n c tio n  Com putation*



5 o2 o3 o Param eter E stim a tio n *

System param eter e s tim a tio n  can be c a rr ie d  out by d ir e c t  

measurements o f  the system  ou tp u ts o f  h ea t f lu x  and p res sure ? know!ng 

the  m agnitudes o f  the increm en tal steam flow  and f u e l  demand s ig n a ls*  

h it id in g  th e  system  in to  two p a r ts  we have

(a )  The r e l a t i o n s h i p  betw een in c re m e n ta l  f u e l  demand and

increm ents,1 h ea t flu x*

(b) The r e la t io n s h ip  between increm en ta l change in  h ea t f lu x

and the r e s u lt in g  in crem en tal change in  b o i le r  pressure*

From (a ) we can determ ine th e  v a lu e s  o f  K and T and from (h) th e  v a lu e  v / c m

o f  The gen era l o u t l in e  o f  th e  param eter e s t im a to r s  i s  shown in

m ,m v ^ 5 o lo

b P° rep re sen ts  th e  t o t a l  measured v a r ia t io n  i n  the drum p ressu re  

due to  th e  combined e f f e c t  o f  v a r ia t io n s  In  h eat flu x*  steam flo w  and 

w ater flow* The increm en tal p ressu re  change due t o  h e a t  f lu x  a lon e  

can be determ ined by su b tr a c tin g  the added e f f e c t  o f  the o th er  two fa c to r s  

from th e t o t a l  p ressu re  v a r ia tio n *  Ep^ and Ep^ rep resen t the re lev a n t  

tr a n s fe r  fu n c tio n s  which have been d efin ed  in  ch ap ter  4 * Ep^ i s  load  

v a r ia n t  hut a s i t s  e f f e c t  i n  t h i s  case  i s  second order i t  can be regarded  

a s constant*

The r e a l iz a t io n  o f  s u ita b le  lo g ic  c o n tr o lle d  parameter 

e stim a to r s  has a lrea d y  been d escrib ed  in  eh aptt
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I f  th e  p la n t  model 1 b fo rm u la te d  by a n a lo g u e  com puter e lem en ts  

adap tion  can e a s i l y  be perfo rm ed  by one o f  th e  a d a p t iv e  e lem en ts  d e s c r ib e d  

i n  .chap te ^ jL o, The model h a s  two modes * nam ely an  a d a p t iv e  mode and a 

c,;'im putation m o d e ;it  b e in g  sw itc h ed  to  th e  fo rm er i n  sequence- w ith  th e  

o u tp u ts  o f  th e  p a ra m e te r  e s t im a to r s  to  o b ta in  th e  c o r r e c t  d eg ree  o f  model 

up d a tin g *  A f te r  a  b r i e f  i n t e r v a l  o f  tim e to  a llo w  th e  s o l id  s t a t e  

c o n t r o l  c i r c u i t r y  to  s e t t l e  a t  th© new s te a d y  s t a t e  v a lu e  th e  model i s  . 

sw itc h ed  to  th e  compute m o d e ,en ab lin g  the* t r a j e c t o r y  com puter to  compute 

th e  c o r r e c t  sw itc h in g  fu n c tio n *  The tim e re sp o n se  o f  th e  L u x is to r  

a d a p tiv e  mechanism i s  more th a n  a d eq u a te  to  e n su re  o o m p a ta b il i ty  w ith  th e  

lo g ic  c o n t r o l le d  p a ra m e te r  e s t im a to r s 0

The o p e ra t io n s  o f  payameiex* e s f im a t io n ?m odel a d a p ta t io n  and 

co m p u ta tio n  can  be c a r r i e d  o u t r e p e a te d ly  u s in g  th e  l a t e s t  m easured  v a lu e s  

o f  & F and SF* u n t i l  j u s t  b e fo re  th e  end o f  th e  f i r s t  sw itc h in g  i n t e r v a l  a t
S3 X

t  = t-j a s  shown i n  F ig u re  5* 5*

5o5o 51 a te x ^ J L e v e lC o n tro lle r*

I
A m ajo r c o n s t r a i n t  on th e  c o n tr o l le d  perfo rm ance  o f  a b o i l e r  i n  

th e  t r a n s i e n t  mode i s  th e  b e h a v io u r  o f  th e  drjim w a te r  le v e l*  Drum w a te r  

s h r in k  o r  sw e ll  i n i t i a t e d  by r a p id  v a r i a t i o n s ,  o f  steam  flow  o r  h e a t  

a d d i t io n  can  d r iv e  th e  w a te r  l e v e l  o u ts id e  th e  b o u n d a rie s  o f  s a f e ty  and 

n e c e s s i t a t e  com p lete  p la n t  ahut-down* hon~m±m.mum phase  c h a r a c t e r i s t i c s



1 1 7 .

h in d e r  th e  c o r r e c t  perfo rm ance  o f  th e  n o rm ally  u se d  two o r  th r e e  term  

c o n t r o l le r s o  A n tie ip a to x y  p ro p o r t io n a l  s ig n a l s  from  th e  steam flow

m e te r  f r e q u e n t ly  u s e d 9 though  i n d i c a t i v e  o f  th e  u l t im a te  fe e d  flo w  

n e c e s s a ry p c o n f l i c t  w ith  th e  s h o r t  term  o r  t r a n s i e n t  re q u ire m e n ts „

N o rto n  ( 3 )  h a s  compared th e  t r a n s i e n t  perfo rm ance  o f  th e  com m onm ter 

l e v e l  c o n t r o l l e r s  and h i s  r e s u l t s  i n d ic a t e  th e  o b v io u s  ad v an tag e s  o b ta in e d  

by u sin g '* s  n e g a t iv e  d e r iv a t iv e  f u n c t io n  o f  steam  f lo w .

The a p p l i c a t io n  o f  optimum sw itc h in g  te c h n iq u e s  to  w a te r  

l e v e l  c o n tr o l  would make th e  b e s t  u se  o f  th e  i n s t a l l e d  pump c a p a c i ty  to  

s u p p re s s  drum l e v e l  s u rg e . A n t ic ip a to r y  s ig n a ls  d e r iv e d  from  a  f a s t  

tim e  a d a p t iv e  model c o u ld  he u sed  to  d e te rm in e  th e  sw itc h in g  fu n c t io n  

f o r  th e  fee d  flow  c o n t r o l s  i n  th e  m anner a l r e a d y  o u t l in e d  f o r  f u e l  f lo w 0

I n  | t lg u r e .5 ^ 8 ( a ) ' th e  sw e ll  r e s u l t i n g  from  ait in c r e a s e  i n  s te a m  

flow  i s  shown. T h is  sw e ll  can  he su p p re sse d  i n  th e  minimum p o s s ib le  tim e  

by u s in g  th e  maximum p o s s ib le  c o n t r o l  e f f o r t  w hich r e p r e s e n ts  th e  

maximum tu r n  down a v a i la b le  i n  th e  fe e d  pump c o n t r o l l e r  a t  t h i s  lo a d  

l e v e l 9 f o r  a  p re d e te rm in e d  tim e  t  and th e n  e s t a b l i s h i n g  th e  new s te a d y
q

s t a t e  fe e d  flow  l e v e l .  The im provem ent b ro u g h t a b o u t by t h i s  method 

o f  c o n tr o l  e n a b le s  th e  b o i l e r  to  be s u b je c te d  to  l a r g e r  lo a d  t r a n s i e n t s  

w ith o u t d a n g e r o f  e x ce ed in g  th e  s a f e t y  l i m i t s  on th e  w a te r  l e v e l  e x c u rs io n .

O b v io u sly  th e  d e g re e  o f  c o n tr o l  e x e rc is e d  by th e  pump i s  

dependen t on th e  i n i t i a l  s te a d y  s t a t e  v a lu e 9 g r e a t e r  t u r n  down b e in g  

p o s s ib le  a t  h a l f  lo a d  th a n ,  sa y 9 a t  f i f t h  lo a d p and th e  w o rs t c a se



\

Water L evel
I -time seconds
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Y t im e

(e )

H

-feq.

-  New fe e d  flo w  l e v e l  - 
correspond ing to  new 
load  l e v e l

S w itch in g  F unction

(a)

F igu re 5 «8 « S w itch in g  fu n c tio n  f o r  fe e d  w a ter  c o n tr o lle r *



o ccu rr in g  a t  th e  two c o n d itio n s  o f  maximum and minimum lo a d 0 I f  we 

assume th a t  th e  l a t t e r  i s  10$ f u l l  lo a d & then a fa ir 'd e g r e e  o f  turn  

down i s  p o s s ib le 9 the l im i t  b e in g  th e  danger o f  down comer e b u l l i t io n  

due to  in c r e a se d  downcomer en th a lp y  under th e  c o n d it io n s  o f  f a l l i n g  

p ressu re  as d isc u sse d  in  chapter 4 o I f  the p o s s i b i l i t y  o f  downcomer 

e b u l l i t i o n  can be avoided by c o r r e c t  b o i le r  d e s ig n  th en  the t o t a l  turn  

down a v a ila b le  can "be used and the tr a n s ie n t  perform ance enhanced«

To cope w ith  drum shrink  due to  a sudden drop in  steam output 

a t  the m&ximroi ra ted  load  some pump overload  capacity  must be a v a ila b le  

and i t  i s  reason ab le  to  assume th a t  t h i s  i s  o f  th e  order 10-^20$ o f

ra.ted e&pacltyo

C ontrol a t  the two l im it in g  c o n d it io n s  mentioned above could  

perhaps be improved by the p r o v is io n  o f  a sm all ( o f  th e  order o f  10$ 

main pump c a p a c ity )  h igh  speed r e v e r s ib le  pump a c t iv a te d  and su p erv ised  

by the 'tran sien t c o n tr o lle r *

In  Fig u r e  ?lo 8 (b ) i s  shown, the e f f e c t  o f  the c o n tro l e f f o r t  N 

a c t in g  a lo n e  on th e  water l e v e l  and in  F igu re 5 08 0 ( a ) the e f f e c t  o f  the

sim ultaneous a p p lic a t io n  o f  N on th e  i n i t i a t i o n  o f  a  transient* , The

w ater l e v e l  should  retu rn  to  i t s  o r ig in a l  va lu e  i n  a tim e equal to

t  where t  >  t  due to  the la g s  a s s o c ia te d  w ith  th e  w ater pump* 
p  p  q

A diagram o f  a p o s s ib le  computer c o n fig u r a tio n  s u ita b le  fo r  

th e  p r e d ic t iv e  com putation o f  the sw itc h in g  fu n c t io n  i s  shown in



F ign re J5,Q.9„Q t  l a  estim ated  by summing th e  combined e f f e c t s  o f  the  

in crem en ta l steam flo w  and th e  maximum pump response* A comparator w i l l  

t r ig g e r  when zero l e v e l  i s  reached and i t s  o u tp u t? by sw itc h in g  an 

in te g r a to r  which had been su p p lied  w ith  an in p u t d 0e ? l e v e l  from 

oWl'OfB to  HOLBj, can giner&te an analogue va lu e  o f  t  0 Compensation f o r  

th e  pump tr a n s fe r  fu n c t io n  can su b seq u en tly  be determ ined0

The computer i s  b a s ic a l ly  a f a s t  tim e model o f  the a c tu a l
by

system ythe model b e in g  rendered ad ap tive  M  the form u la tion  o f th e  f u n c t io n  

f ( f ^ )  f ? ( P )  ( s e e  Paragraph 4 o6 o an d „Figure..,„4 <Jt f o r  a l l  load  v a lu e s 0 In  ' 

th e  diagram (0 ) r ep re sen ts  the i n i t i a l  stead y  s t a t e  v a lu e  o f  the steam  

flo w  determ ined by the track  and h o ld  a m p lif ie r  from which the in crem en ta l 

change in  f  (p *) can be determ ined*  The in crem en ta l p ressu re  change S Pw

due to  S F , has been generated  to  o b ta in  f  <3 (? ) and a ls o  to  rep resen t th e  

e f f e c t  o f  p ressu re  on th e  pump tr a n s fe r  fu n ction *  T h is l a t t e r  e f f e c t

has been d isc u sse d  by se v e r a l authors (j?) 9 (4 )  0

The f i n a l  tim e response o f  the w ater l e v e l  y ( t )  i s  the sum o f  

( t ) 9 the in h eren t b o i le r  w ater l e v e l  response to  8F 9 and y-g(t) which  

r ep re sen ts  th e  w ater l e v e l  resp onse to  th e  c o n tr o lle d  fe e d  w ater flow*

As w ith  th e  d e r iv a t io n  o f  M i s  F igu re b060(b) th e  maximum or minimum 

a c tu a t io n  s ig n a l  w i l l  be determ ined by the mode sw itc h in g  lo g ic *
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Off THIS SWITCHING FUNCTION

6 o 1 a

In  th e  proposed dynamic c o n tr o l le r  o f  C hapter,^  th e  c o n tr o lle d  

sw itc h in g  fu n c tio n  i s  d er iv ed  on a p r e d ic t iv e  b a s is  by the tr a je c to r y  

computer u s in g  s ig n a ls  from both the p rocess  and the f a s t  tim e ad a p tiv e  

mod e l  o Our concern here w i l l  be w ith  the r e a l iz a t io n  o f  a  s u ita b le  

c o n fig u r a tio n  f o r  t h i s  computer and to  stu d y  th e  sim u lated  behaviour o f  

the p la n t under the in f lu e n c e  o f  the derived sw itc h in g  fu n c t io n 0

C ontrol sw itch in g  fu n c tio n s  f o r  o n -o f f  c o n tr o l system s have been  

developed by se v e r a l authors ( l ) & ( 2 ) p ( 3 ) 9 the form u lation  b e in g  more or  

l e s s  complex depending on the nature o f  the p la n t and the performance 

in d ex  chosen*, I t  w i l l  be shown th a t the form o f the b o i le r  p la n t len d s  

i t s e l f  to  a radical red u ctio n  in  th e  com putation p ro cess  a llo w in g  the  

sw itch in g  fu n c tio n  to  be d er ived  by a sim ple e le c t r o n ic  analogue  

eo n i l  gura tio iio

6 o2 o S ta t ement o f  th ^  Px^M_em0

The r e la tio n sh ip  between steam flow* a c tu a to r  p o s i t io n  and b o i le r  

p ressu re  i s  shown in  f ig u r e  6 a1 <. On the occurrence o f  a tr a n s ie n t  change 

in  F's the t r a je c to r y  computer must develop a sw itch in g  fu n c t io n  to  c o n tr o l C. 

return in g’ th e  b o i le r  p ressu re  to  th e  s e t  p o in t c o n d it io n  in  minimum tim e0 

Some degree o f  p ressu re  oversh oot i s  o b v io u sly  p o ss ib le *  but t h i s  w i l l  be



k e p t to  a  minimum c o n s i s t e n t  w ith  a  f a s t  tim e  o f  resp o n se*  B ecause o f  th e  

co m p lex ity  o f  th e  prob lem  th e  s o lu t io n  was d e r iv e d  i n  two s ta g es*

I n i t i a l l y  a  com puter c o n f ig u r a t io n  ms d ev e lo p ed  which* f o r  any 

v a lu e  o f  M -  th e  maximum i n i t i a l  in c re m e n ta l  v a lu e  o f  -  and p r e s s u re  

W  com puted th e  z e ro  o v e rsh o o t tim e  o p tim a l s w itc h in g  fu n c tio n , f o r  

tn e  f o u r th  o r d e r  sy s tem  o f  F ig u re  I f  th e  <bP u se d  i n  t h i s  c o m p u ta tio n

i s  r e l a t e d  to  th e  in c re m e n ta l  steam  flow  change by th e  r e l a t i o n s h ip

S*P =  K a& F ,

and th e  l a g  T^ i s  ig n o re d  th e n  a  l a r g e  d eg ree  o f  p r e s s u re  o v e rsh o o t w i l l  

r e s u l t  d u e 'f O r th i^  l a g  u n le s s  th e  i n i t i a l l y  d e r iv e d  s w itc h in g  f u n c t io n  i s  

s u i t a b l y  m odified*, An i t e r a t i v e  co m p u ta tio n  p ro c e d u re  h a s  th u s  

su b s e q u e n tly  b een  d ev e lo p ed  which red u c es  o v e rsh o o t to  a  n e g l ig ib le  v a lu e*

The d ev e lo p m en t'O f a  tim e o p tim a l s w itc h in g  f u n c t io n  f o r  a  f o u r th  

o r d e r  system  though ' n o t d i f f i c u l t  i n  th e o ry  r e s u l t s  i n  th e  u se  o f  a  la r g e  

q u a n t i ty  o f  an a lo g u e  equipm ent ( 4 ) and i n  o rd e r  to  red u ce  th e  y s te m  

c o m p lex ity  some s im p lify in g  a ssu m p tio n  must be made* B ecause o f  th e  

r e l a t i v e  m agn itudes o f  the- l a g s  in v o lv e d  i t  was p o s tu la te d  t h a t  th e  f o u r th  

o r d e r  system  c o u ld  be  app rox im ated  to  second o rd e r  f o r  th e  p u rp o se s  o f 

sw itc h in g  f u n c t io n  com putation*  The a p p ro p r ia te  second  o rd e r  f u n c t io n  was 

th u s  d ev e lo p ed  and i t s  pe rfo rm ance  checked on a  second  o rd e r  system  b e fo re  

b e in g  a p p lie d  d i r e c t l y  to  th e  f o u r th  o rd e r  system *

S03o D evelopm ent o f  a  S w itc h in g  F u n c tio n  f o r  a  Second O rder System*

F o r th e  second  o rd e r  system  shown i n  F ig u re  6*2* i t  i s  r e q u ir e d



m

F ig u re  6^1s B o i le r  Model

t ,

t®

Swi to ilin g  ftm e t i o n

F ig u re  6*2..,
2nd O rder A pprox im ation
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to  d ev e lo p  a  com puter c o n f ig u r a t io n  f o r  th e  ze ro  ovex^shoot t im e ; o p tim a l 

sw itc h in g ’ v a lu e s  t^  and t £ i n  te rm s o f  th e  maximum c o n tr o l  e f f o r t  Mp th e  

f i n a l  in p u t  in c re m e n ta l  A2 and th e  f i n a l  o u tp u t in c re m e n ta l  A3 . To 

i l l u s t r a t e  th e  m ethod o f  ap p ro ach  a units'* g a in  sy stem  h as "been 

SQtusideved and hence  i n  t h i s  in s ta n c e  Aa -  A30

o
a a

I t  can  he shown. ( 5 ) t h a t  f o r  t  >t<j

T a ( t )  = +
T

1 up
Tx

where Â  » 

a t  t  s  t 2
A f t%«=>t̂  tg ^ t^  tg=«t^

T . ( t a )  -   9 ” ®7 * _  “ 5 “  j  + y  (* )
/A s  y J  : i(1- -X)

Tx

•T8 ' «$*
rrrz-zs :^  I 'r s ’r ' J  1 .

A. ) ^  I -

Te • 3

y

e y

^  e 32 _  c y  f + Vft( t i )
( 1 - ^ )

Tx

w here A3 =s V2 ( f 2 ) and Ta «  t s - t j

«.Tf/T  Aa ( ju  - om/T
o°o A3 «  Va ( t i )  e J  m4™

(1-^s:)
X

w r i t in g  e“ T1//,Ty  = ( j ^ )  y  we have

A3 -  T a ( t , ) ( A a . )  ^  „ - U l -  f ± t  _  Aj.
A< ( l i ) J ^  A<

T V
X
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As Ai ^  V^(tvj) and Ag and A3 a r e  known t h i s  e q u a t io n  can  be so lv e d  f o r

t i  i f  th e  f u n c t io n s  Ta ( t )  and V i ( t )  a r e  a v a i l a b l e *

R e a rra n g in g  th e  above e q u a t io n  i n  a  m anner more s u i t a b l e  f o r

com puter a p p l i c a t i o n  we have

E Ag 1 T
A3 -  AHTILOG (  Log V s ( t)  + ™  Log ” ) ' ( l ,=r )

y  1 j  x

= A a -  AOTILOG (Log A, + f x  Log )
T A .

y

A s u i t a b l e  com puter c o n f ig u r a t io n  f o r  th e  s o lu t io n  o f  t h i s  e q u a tio n  i s  

shown i n  F ig u re  6 a5„

The second o rd e r  system  o f  F ig u re  6o20 and th e  sw itc h in g  f u n c t io n

com puter w ere s e t  up on a  SjoX artron 272 m achine 0 The in p u ts  to  th e

s w itc h in g  f u n c t io n  o r  t r a j e c t o r y  com puter a r e  d e te rm in ed  a s  fo l lo w s 0

Vi ( t )  and V g (t)  a r e  o b ta in e d  d i r e c t l y  from  th e  second  o rd e r  model o u tpu ts*

A$ r e p r e s e n ts  th e  i n i t i a l  e r r o r  e x i s t i n g  a t  th e  o u tp u t  o f  th e  second

o r d e r  system  and A£ th e  f i n a l  v a lu e  o f  th e  in p u t  to  be a p p lie d  a t  t 2o

As a  u n i ty  g a in  system  h a s  been  assum ed f o r  e a se  o f  s e a l in g  A2 ~ k 3o

I t  sh o u ld  be n o te d  t h a t  th e  sw itc h in g  f u n c t io n  com puter c o n f ig u r a t io n

ean  be re n d e red  v a l i d  f o r  a l l  v a lu e s  o f  T i f  t h i s  sh o u ld  be a  v a r i a b le .x  * /

by in c o r p o r a t in g  s u i t a b l e  a d a p tiv e  e lem en ts  i n  th e  a m p l i f i e r s  D and E0

Mien th e  o u tp u ts  o f  a m p l i f i e r s  A and B a r e  e q u a l th e  co m p ara to r 

t r i g g e r s  s w itc h in g  th e  com puter to  th e  HOLD mode,, The o u tp u t o f
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I n t e g r a t o r  G th e n  g iv e s  th e  an a lo g u e  v a lu e  o f  t-j f o r  any v a lu e  o f  A3 o r  

Mo T° can  he o b ta in e d  a s  fo llo w s

605o2o ..Com puter He s u i t s  Q

As th e  com puter c o n f ig u r a t io n  was to  he u se d  f i n a l l y  to  c o n tr o l

c o rre sp o n d  to  th e  r e l a t i o n s h i p  e s ta b l i s h e d  i n  C h a p te r  4 betw een Tg and 

T o  The maximum c o n tr o l  s ig n a l  a p p lie d  to  th e  f u e l  su p p ly  a c t u a t o r  i s  

l im i te d  i n  p r a c t i c e  i n  th e  p o s i t iv e  se n se  by th e  o v e r lo a d  c a p a b i l i t i e s  o f  

th e  fu rn a c e  and i n  th e  n e g a t iv e  se n se  by th e  maximum tu r n  down p o s s ib le  

w h ile  s t i l l  m a in ta in in g  a d eq u a te  flam e s ta b i l i ty * ,  To comply w ith  th e

x

4>1!

Go o
X

oo o

T h e re fo re  i n  th e  HOLD mode the o u tp u t o f  a m p l i f i e r  D i s  e q u a l to

j .
y

tim e  o f  th e  second  sw itc h in g  f u n c t io n  t j  can  th u s  be  o b ta in e d  a s

jjM from  w hich T 8 can  e a s i l y  be o b ta in e d  i f  T i s  assum ed c o n s ta n t

t a ^  t-j+T®

th e  f u l l  b o i l e r  m odel T and T were a rra n g e d  i n  th e  r a t i o  9s 1 to



1 2 5 .

l a t t e r  r e s t r i c t i o n  th e  nxlidmim v a lu e  o f  was f ix e d  a t  10fo f u l l  lo a d  

r a t in g s

? i g u r e„„6?„4,o shows th e  computed v a lu e s  o f  t-j f o r  th r e e  v a lu e s  

o f  th e  o v e r lo a d  r a t i n g  L nam ely (a )  L sa 10^ (b )  L = 20$  and (e )  L ~ 30$>o 

Vh'r. i n i t i a l  s te a d y  s t a t e  v a lu e  o f  th e  p la n t  was ta k e n  a s  30fo o f  f u l l  lo a d  

(tO 0$) r a t in g ^ w ith  t ^ a s  re a d  a lo n g  th e  a b o is sa ^  b e in g  th e  f i r s t  sw lh liing  

tim e to  a c h ie v e  any  lo a d  v a lu e  in d ic a te d  on th e  o r d i n a t e 0 The c o rre sp o n d in g  

v a lu e s  o f  T0 a r e  shown i n

As th e  e q u a tio n s  g o v e rn in g  th e  s w itc h in g  f u n c t io n  f o r  a  n e g a t iv e  

lo a d  change a r e  s i m i l a r  to  th o se  f o r  a  p o s i t iv e  lo a d  change due to  th e  

symmetry o f  th e  system  th e  com puter c o n f ig u r a t io n  o f  F ig u re  JjolU w i l l  a ls o  

compute th e  n e g a t iv e  s w itc h in g  f u n c t io n  p iw id e d  t h a t  th e  c o r r e c t  v a lu e s  

a r e  u se d  f o r  th e  te rm s A3 p A a and Mc The minimum lo a d  v a r i a t i o n  

c o n t r o l l a b l e  by th e  c o n t r o l l e r  i s  a  d i r e c t  f u n c t io n  o f  th e  combined 

dead tim e T and th e  tim e re q u ir e d  f o r  p a ra m e te r  e s f im a t io n 0 T h is  combined 

tim e m ust be l e s s  th a n  th e  f i r s t  sw itc h in g  tim e i n t e r v a l  d e r iv e d  i n  

F ig u re  6o4.

&®4o A p p llca M o n  yqf th e  Switch in g :  Funct io n  to  a Second O rder System ,

The re sp o n se  o f  th e  second o rd e r  system  o f  F ig u re  &«20 u n d e r  th e  

1 n f lu e n e e  o f  th e  sw itc h in g  f u n c t io n  was now s tu d ied  u s in g  a 17" d is p la y  

o s c i l l o s c o p e p O sc illo g ra m s were o b ta in e d  u s in g  a  5" C osso r o s c i l lo s c o p e  

and a re  .shown i n  th e  fo llo w in g  s e r i e s  o f  p l a t e s 0 The n e c e s sa ry
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r e d u c t io n  i n  o s c i l lo g ra m  s i ze  n e c e s s i t a t e d  by  th e  p h o to g ra p h ic  

r e p ro d u c t io n  p ro c e s s  h a s  r e s u l t e d  i n  some lo s s  o f  c l a r i t y  h u t  s u f f i c i e n t  

rem ains to  i n d ic a t e  th e  g e n e ra l  n a tu re  o f  th e  resp o n ses*  The o u tp u t 

v o l ta g e  o f  th e  system  Y g (t) h a s  been  ta k e n  a s  d i r e c t l y  p r o p o r t io n a l  to  

t i i JUj&do

A ll  p e rc e n ta g e  lo a d  changes m entioned  below  r e f e r  to  lo a d  changes

a s  a  p e rc e n ta g e  o f  f u l l  lo a d  v a lu e  above an  i n i t i a l  o p e ra t in g  p o in t  o f  30fo

f u l l  lo a d  v a lu eo  T was made e q u a l to  4 seco n d s and T 20 se c o n d s0 Inx  y
a l l  cases th e  u p p e r  t r a c e  r e p r e s e n ts  Y -j(t) and th e  lo w er t r a c e  Yjg(t)o 

H A TE ,1

T h is  p l a t e  shows th e  re sp o n se  o f  th e  system  to  a  60% lo a d  change 

i n  th e  ab sen ce  o f  any sw itc h in g  function .,, The s e t t l i n g  tim e i s  o f  th e  

o r d e r  o f  100 se c o n d sQ

PMTE 2

The optimum sw itc h in g  f u n c t io n  h as  now h een  a p p lie d ,L o a d  

in c r e a s e  i s  60$ and th e  o v e rlo a d  r a t i n g  L = 10$o 

As PLATE 2 w ith  L »  20$„

fiTin!r j ,̂y i i lfBri.Ti>ilu r7T. vb~~»̂^T?

As PLATE 2 w ith  h  = 50$„

As can be se e n  th e s e  r e s u l t s  a r e  q u i te  s a t i s f a c t o r y  and th e  

im provem ent i n  th e  re sp o n se  i s  q u i te  m arked* E x ac t sw itc h in g  tim e s  f o r



P L A T E  1

P L A T E  2

P L A T E  3





th e  l a s t  t h r e e  p l a t e s  oan he o b ta in e d  d i r e c t l y  from  F i gur esw6o4o and 6 05o

6 05 o A p p l ic a t io n  o f  Second O rd er S w itch in g  F u n c tio n  to  F o u rth  O rd er Syetem 0

The f o u r th  o rd e r  system  o f  f i g u re  6 06 ® was now s im u la te d  w ith  th e  

v a r io u s  c o n s ta n ts  ta lc in g  th e  fo l lo w in g  v a lu e s*

T ss 4 seconds m

T s  0 o4 seconds 

ks 2 o0 seconds 

Ta m 20 seconds 

Kc «

A p p l ic a t io n  o f  th e  second o r d e r  sw itc h in g  f u n c t io n  r e s u l te d  i n  an  u n d e rsh o o t

a t  a l l  l e v e l s  o f  in p u t  s ig n a l  w ith  V g (t)  re a c h in g  i t s  s te a d y  s t a t e  v a lu e  a.

p e r io d  o f  be tw een  T and 2 T seconds a f t e r  th e  second  s w itc h in g  tim e
m m

tgo The r e s u l t s  in d ic a te d  t h a t  an  im proved response* c o u ld  be o b ta in e d  

by in c r e a s in g  t* by an  i n t e r v a l  e q u a l to  T^/do W ith t h i s  m o d if ic a t io n  

th e  o u tp u t rea ch e d  s te a d y  s t a t e  v a lu e  w i th in  T ^/2  second  a f t e r  th e  f i r s t  

sw itc h in g  tim e  t a „ l?o r  an  i n i t i a l  in p u t  l e v e l  o f  50cfo no p e r c e p t ib le  

o v e rsh o o t was n o t ic e d  f o r  lo a d  changes g r e a t e r  th a n  40$, b u t o v e rsh o o t 

now d id  o c c u r  f o r  s m a lle r  lo a d  ch an g es , th e  maximum b e in g  5f° f o r  a  10$ 

change® As w ith  th e  second o rd e r  system  th e  o u tp u t v o l ta g e  Va ( t )  h a s  

been  ta k e n  as  d i r e c t l y  p ro p o r t io n a l  to  th e  load®

M M 1

Shows th e  re s p o n se  o f  th e  f o u r th  o r d e r  sy stem  f o r  a  60$ lo a d  

change w ith  L ™ 10$*> The u n m o d ified  second o r d e r  sw itc h in g  f u n c t io n
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was u sed  i n  t h i s  ease<>

A P^iogLtA ojL-^._Sjriit^i33^ Func t i o n to  Complete B o i le r  M odelQ

The b o i l e r  model o f  F ig u re  6 01Q was now s im u la te d  w ith  th e  same 

s e a l in g  As in d ic a te d  i n  P a rag ra p h  & So  The dead  tim e T was in c lu d e d  

&;a!& made e q u a l i n  m agnitude to  T 0 Steam  flow  Fq now c o n s t i t u t e s  th e  

lo a d  and hence  th e  o u tp tit  v o l ta g e  Ta ( t )  o f  th e  f o u r th  o rd e r  system ,, which 

can  now r e p r e s e n t  th e  o u tp u t p re s su re ^  i s  no lo n g e r  d i r e c t l y  p r o p o r t io n a l  

to  lo a d  b u t  l a g s  i t  by Ts se c o n d s0

I n  r e p ly  to  a  s te p  change i n  F th e  second o rd e r  sw itc h in gs

f u n c t io n  was a p p l ie d  d i r e c t l y  to  c o n tr o l  th e  p r e s s u re  s ig n a l  VgCtJo 

The re sp o n se  o f  th e  p re s s u re  s ig n a l  i s  shown i n  th e  fo llo w in g  p l a t e s  f o r  

v a r io u s  lo a d  changes from  an  i n i t i a l  s te a d y  s t a t e  v a lu e  o f  30f° iimximtm 

lo ad  0 Fox* com parison  th e  system  re sp o n se s  i n  th e  ab sen ce  o f  th e  

s w itc h in g  f u n c t io n  a re  f i r s t  given*

No s w itc h in g  f u n c t io n  used* F in a l  s te a d y  s t a t e  v a lu e  o f  th e  

in p u t  a p p lie d  in s ta n ta n e o u s ly  a t  o n s e t  o f  lo a d  change0 The lo a d  change

h e re  i s  2Qj£0

f M TJLT

As PLATS 6 b u t w ith  lo a d  change o f  40$o

| M 8

As PI ATE 6 b u t w ith  lo a d  change o f  60foo
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KjATE.3-

Load change o f  20fo0 Second o rd e r  s w itc h in g  f u n c t io n  a p p lie d

w ith  1L- bs W /oo 

P M L i O

Load change o f  40fo second o x d er s w itc h in g  f u n c t io n  now a p p lie d

Load change o f  60% second o rd e r  sw itc h in g  f u n c t io n  now a p p lie d

L ~ 10^0

A h ig h  d e g re e  o f  o v e rsh o o t i s  e v id e n t  i n  th e  l a s t  th r e e  re sp o n se s  

and  i n  o rd e r  to  c o r r e c t  t h i s  th e  fo llo w in g  i t e r a t i v e  p ro ce d u re  was 

developedo

6 o 6* The I t e r a t i v e  C om putation *

I f  th e  f i n a l  u n o o r re e te d  p re s s u re  e r r o r  due to  a  change i n  lo a d  

can  he r e p re s e n te d  by k 3 w hereb

A? —

and k 3 i s  u se d  a s  th e  b a s is  o f  com pu ta tion  o f  th e  sw itc h in g  f u n c t io n  th e n  

an  o v e rsh o o t w i l l  o c c u r  when t h i s  f u n c t io n  i s  a p p l ie d  to  th e  system  b ecau se  

a t  th e  f i n a l  sw itc h  p o in t  tg  th e  a c tu a l  p r e s s u r e  exxror i s  n o t A3 b u t  

k 3~% where 2 i s  d e f in e d  i n  F ig u re  6o,7(a) o

F o r  any lo a d  change S F  Z w ^ b e  known a t  th e  end o f  th e  co m p u ta tio ns
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F ig u re  6C60 4'tk o rd e r  system  with, dead tim e,

I t e r a t i v e  P ro ced u re

F i r s t  co m p u ta tio n  
d e te rm in e  Z0

3

f

2nd C om putation 
d e te rm in e  t | „

?

# a p p lie d  a t  t j
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and i t s  v a lu e  can  be h e ld  i n  a  t r a c k  and h o ld  a m p lif ie r*  I f  a  second 

co m p u ta tio n  i s  now tm d e ria k e n  w ith  a  p ressx ire  e r r o r  o f  ( A ^ z )  a s  t h e  

ixiiii& X  c o n d i t io n  th e n  a  new v a lu e  f o r  say  t£ 9 w i l l  be d e r iv e d  a s  

sh o rn  i n  .^ ig tv re_6^o .(b ) and th e  o v e rsh o o t w i l l  be q u i te  sm a ll i f  a t  

V% th e  in p u t  l e v e l  i s  f ix e d  a t  a  v a lu e  p r o p o r t io n a l  to  (A3- z ) 0

Due to  th e  u n c o rre c te d  e r r o r  2 }how ever^ the  o u tp u t  f u n c t io n  

\ra ( t )  w i l l  n o t s t a y  a t  th e  c o r r e c t  l e v e l  b u t w i l l  decay  g ra d u a l ly  to  a  

f i n a l  s te a d y  s t a t e  e r r o r  ZQ T h is  e f f e c t  i s  shown i n  th e  fo llo w in g  two

p la te s o

HATE J.R

F i r s t  i t e r a t i o n  w ith  an  in p u t  s ig n a l  e q u a l to  (A ^ Z ) a p p l ie d  

a t  tim e  t |  20fo lo a d  change L -  100/qo

PLATE 11

As PLATE 12 b u t w ith  a  lo a d  change o f  GOfo0

The f i n a l  droop i n  th e  resp o n se  c h a r a c t e r i s t i c  cou ld  be removed 

by a p p ly in g  th e  f u l l  c o r r e c t io n  Ay a t  t |*  Some d e g re e  o f  o v e rsh o o t 

was now to  be e x p ec ted  due to  in e x a c t  c a n c e l l a t io n  o f  th e  d x w p  b u t i t  

was th o u g h t t h a t  t h i s  would be minimal* The co m p u ta tio n  th u s  p ro ce ed s  

a s  fo llo w s*

(i.) . t$  i s  f i r s t  d e te rm in ed  on th e  b a s i s  o f  th e  e r r o r  A3 where 

A9 -  k a 8





(b )  The v a lu e  o f  Z i s  de te rm ined*

(e )  A second co m p u ta tio n  i s  perfo rm ed  on th e  b a s i s  o f  an  e r r o r  (A3~ 2 )0 

(d )  A f i n a l  in p u t  l e v e l  eq u a l to  k 3 i s  now a p p l ie d  to  th e  system  a t

I t  can  be seen  t h a t  one i t e r a t i o n  o n ly  i s  re q u ire d *

system  re sp o n se  f o r  two v a lu e s  o f  lo a d  in c r e a s e  i s  i l l u s t r a t e d  i n

th e  fo llo w in g ’ p la te s *

F i r s t  i t e r a t i o n  w ith  in p u t  s ig n a l  e q u a l to  A3 a p p lie d  a t  t$*  

20$ Load change L =- 10fao

PLATE 153-**. f!-.

As PLATE 14 b u t w ith  a  lo a d  change o f  60J$*

Ho o v e rsh o o t i s  e v id e n t  i n  PLATE 14 and th e  maximum o v e rsh o o t shown i n  

PLATE 15 r e p r e s e n ts  J>°fo o f  th e  a p p l ie d  lo a d  c h an g e0

So?© -S^EESZ,0

A s u i t a b l e  i t e r a t i v e  co m p u ta tio n  p ro c e d u re  h as been  d e r iv e d  to

produce  a sw itc h in g  f u n c t io n  c a p a b le  o f  c o n t r o l l i n g  th e  b o i l e r  model

dev e lo p ed  i n  C h a p te r 4 i n  a  tim e  o p tim a l f a s h io n  w ith  l i t t l e  o v e rsh o o t 

o v e r  a  w ide ra n g e  o f  b o i l e r  lo ad s*  The r e l a t i v e  s im p l i c i ty  o f  th e  

c o m p u ta tio n  i s  due; i n  th e  m a in ;to  th e  r e l a t i v e  m agn itudes o f  th e  b o i l e r  

tim e  c o n s ta n ts  w hich en ab le  a  s w itc h in g  f u n c t io n  d e r iv e d  f o r  a  second  

o rd e r  system  to  be a p p lie d  s u c c e s s f u l ly  to  th e  h ig h e r  o rd e r  model*





COMLUSIQNS

The i n i t i a l  part o f  th e  t h e s i s  hae d e a lt  w ith  th e  s o lu t io n  

o f  the a c tu a t io n  and i d e n t i f i c a t i o n  problem  i n  a  model a d a p tiv e  

c o n tr o l scheme fo§? a  p a r t i c u l a r  ty p e  o f p la n t  and s t r u c tu r e *  The p l a n t  

s tr u c tu r e  chosen  was o f  a  form  which was v e ry  s u i t a b l e  f o r  analogue  

s im u la t io n  and th e  a c tu a t io n  and i d e n t i f i c a t i o n  e lem en ts  have th u s
. .  4 . , 'r —

b een  fo rm u la te d  i n  an a lo g u e  com puter term s* The f u e l  su p p ly  p re s s u re  

lo o p  o f  a  p u lv e r i s e d  c o a l  f i r e d  power s t a t i o n  b o i l e r  model was su b s e q u e n tly  

ta k e n  a s  a n  exam ple o f th e  a p p l i c a t io n  o f  th e  model a d a p t iv e  sy stem  and 

th e  fo rm u la tio n  o f  a  s u i t a b l e  d e c is io n  com puter to  g e n e ra te  a  sub o p tim a l 

c o n tr o l  f o r c in g  f u n c t io n  f o r  t h i s  model h a s  been  d e sc r ib e d *

The a c tu a t io n  o r  a d a p t iv e  e lem ent b a sed  on th e  L uxL sto r was 

shown to  be s im p le  i n  c o n f i g u r a t i o n  f a s t  a c t i n g 9 a c c u ra te  and l i n e a r  

w ith  th e  p o t e n t i a l  to  be p roduced  u l t im a te ly  a s  a  f u l l y  s o l i d  s t a t e  u n i t*  

I n  th e  a d ju s tm e n t o f  a d a p tiv e  model l a g  p a ra m e te rs  i t  h a s  s e v e r a l  

a d v a n ta g e s  o v e r  th e  c o n v e n tio n a l sGrvo p o te n tio m e te rs

(1 ) The a d a p tiv e  m echanism h a s  no m ec h an ica l moving p a r t s  and 

th e  o n ly  h ig h  q u a l i t y  component r e q u i r e d  i n  i t s  

c o n s t r u c t io n  i s  a  h ig h  perfo rm ance  o p e r a t io n a l  in te g r a to r *

(2 ) N o is e - f r e e  r e s i s t a n c e  v a r i a t i o n  w ith  a  s e t t l i n g  tim e 

a p p ro x im a te ly  s i x  tim e s  s h o r t e r  th a n  th e  b e s t  a v a i la b l e  

se rv o  p o te n tio m e te r*  T h is l a t t e r  p ro p e r ty  g r e a t ly
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i n c r e a s e s  th e  r e p i t i t i o n  r a t e  o b ta in a b le  i n  th e  

su b seq u en t e x p lo r a t io n  o f  th e  system  perfo rm ance  

c o n to u rso

( 3 ) The p r e s e n t  c i r c u i t  i s  r e l a t i v e l y  i n s e n s i t i v e  to

te m p e ra tu re  v a r i a t i o n  and i n  i t s  u l t im a te  d eve loped  

form  i t  w i l l  be o f  v e ry  sm a ll p h y s ic a l  d im ensions apd 

c a p a b le  o f  c o r r e c t  o p e ra t io n  i n  ex trem e e n v iro n m en ta l 

c o n d it io n s*  1 '

c

The L u x is to r  c o n t r o l  system  sh o u ld  f in d  a  wide ran g e  o f  u se  n o t o n ly  i n  

th e  a n a lo g u e  and h y b r id  com puter f i e l d  b u t a l s o  i n  many o th e r  a p p l i c a t io n s  

where th e  a d a p t iv e  fu n c t io n  i s  a t  p re s e n t  b e in g  perfo rm ed  by slow  a c t in g

se rv o  p o te n t io m e te r s *

The f i n a l  s e t t l i n g  tim e  o f  th e  L u x is to r  c o n tr o l  c i r c u i t  was 

d e te rm in e d  by th e  r e l a t i v e l y  la r g e  la g s  a s s o c ia te d  w ith  th e  f i la m e n t  

lamp and cadmium s u lp h id e  c u r r e n t  r i s e  tim e o f  th e  L u x is to r  u n it*

Oompllete e l im in a t io n  o f th e s e  lagSj, though o b v io u s ly  n o t p o s s ib l e 9 

would r e s u l t  i n  a  speed  o f a d a p ta t io n  l im i te d  o n ly  fey o p e ra t io n a l  

a m p l i f i e r  c a p a b i l i t i e s *  I n  an  e f f o r t  to  ap p ro ach  t h i s  i d e a l  c o n d it io n  

th e  L u x is to r  was re p la c e d  by a  new s o l id  s t a t e  lamp d e te c to r  u n i t*

T h is  new co m b in a tio n  had a  re sp o n se  tim e o f  s e v e r a l  o rd e r s  o f  m agnitude 

l a s s  th a n  th e  L u x is to r  and* u t i l i s i n g  th e  same c i r c u i t  ph ilo sophy*
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th e  s e t t l i n g  tim e  o f  th e  com plete  a d a p tiv e  system  was reduced  to  

a p p ro x im a te ly  160 m icro seconds w ith  no lo s s  o f  l i n e a r i t y .  T h is  

s e t t l i n g  tim e was l e s s  th a n  th e  s e t t l i n g  tim e o f  th e  L u x is to r  system

lay & f a c t o r  o f  15000

B e s id e s  d e c re a s in g  th e  system  re sp o n se  t im e , two o th e r  

a d v an tag e s  r e s u l t  from  th e  u se  o f  th e  g a lliu m  a r s e n id e  -  duo d io d e  

com binations F i r s t l y ,  th e  c r y s t a l  lamp h a s  a v e ry  lo n g  l i f e  tim e  and i s  

c o m p le te ly  immune from  th e  dan g er o f f i la m e n t  f a i l u r e  and s e c o n d ly , 

th e  p h y s ic a l  s i s e  o f  th e  new co m b in a tio n  i s  much l e s s  th a n  t h a t  o f  th e  

L u x is to r , r e n d e r in g  even  s m a lle r  u n i t  p ack ag in g  p o s s ib l e .

So f a r  a s  i s  known to  th e  a u th o r  t h i s  i s  th e  f i r s t  tim e  t h a t  

a n  a d a p t iv e  m echanism h a s  been  d e v ise d  f o r  a d a p t iv e  model l a g  p a ra m e te r  

a d ju s tm e n t w hich h a s  a  speed  o f  re sp o n se  c o m p a tib le  w ith  th e  l i m i t  speed  

o f  p a r a l l e l  an a lo g u e  co m p u ta tio n . The a d a p tiv e  mechanism can a ls o  be 

u se d  f o r  chang ing  a d a p tiv e  model g a in  p a ra m e te rs  p ro v id e d  t h a t  th e  

maximum p a ra m e te r  v a r i a t i o n  i s  l e s s  th a n  one o r d e r .  W hile p o s s e s s in g  

a  bandw id th  c o m p a tib le  w ith  th e  b e s t  a v a i la b le  e l e c t r o n i c  m u l t i p l i e r  

w hich ©ould be u se d  f o r  such  an  a p p l i c a t io n  th e  a d a p t iv e  mechanism h as  

th e  added a d v a n ta g e s  o f c o n s t r u c t io n a l  s im p l i c i ty  and th e  f l e x i b i l i t y  ■  

in h e r e n t  i n  i t s  a b i l i t y  to  p e rfo rm  th e  d u a l r o l e  o f  a d ju s t in g  b o th  

ty p e s  o f  p a ra m e te r .
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P roposed  f u r t h e r  developm ent work h e re  w i l l  in v o lv e  r e p la c in g  

the computer o p e r a t io n a l  a m p l i f i e r s  i n  th e  c i r c u i t  by s o l id  s t a t e  

in te g r a te d  a m p l i f i e r s  and r e la y s  b y  f i e l d  e f f e c t  t r a n s i s t o r  sw itc h in g  

m i i a  w ith  a  v iew  to  p ro d u c in g  a  compact,, in e x $ b |is iv e  co m p le te ly  s o l i d  

s t a t e  ad ap tive  m echanism w hich would be s u i t a b l e  f o r  u se  i n  a  m odern 

h ig h  speed h y b r id  com puting sy s tem . Due to  th e  s im p l i c i t y  o f  th e  c i r c u i t  

c o n s tr u c tio n  th e  c o s t  o f th e  f i n a l l y  developed  a d a p t iv e  u n i t  sh o u ld  be 

l e s s  than 20°/o th e  c o s t  o f  a  s ta n d a rd  com puter m u l t i p l i e r .

F o r th e  p a r t i c u l a r  p la n t  model s t r u c tu r e  ch o sen  th e  l o g ic  

c o n t r o l le d  p a ra m e te r  e s t im a t io n  system  d is c u s s e d  i n  C h ap te r 3 p ro v id e s  

a  f a s t  and a c c u ra te  method f o r  th e  s im u lta n e o u s  o n - l in e  i d e n t i f i c a t i o n  

o f  two unknown p a ra m e te rs  w ith  th e  minimum o f  co m p u ta tio n  c a p a c i ty .  The 

output o f  th e  p a ra m e te r  e s t im a to r  tfas co m p a tib le  w ith  th e  in p u t  s ig n a l  

re q u ire m e n ts  o f  th e  a d a p t iv e  mechanism and* l i k e  t h i s  d e v ic e 8 i s  

c a p a b le  o f  b e in g  dev elo p ed  a s s a  c o m p le te ly . ,r e l ia b le  s o l i d  s t a t e  u n i t ,  

t h i s  co m b in a tio n  o f  a c tu a t io n  and i d e n t i f i c a t i o n  e le m e n ts  sh o u ld  c o n s t i t u t e  

a  u s e fu l  c o n t r ib u t io n  to  a d a p tiv e  c o n tr o l  te c h n o lo g y  e s p e c ia l ly  i n  th o se  

•a p p lic a tio n s  w here th e  p la n t  can  be s t r u c tu r e d  by a  s e r i e s  o f  la g  

e le m e n ts .

The a p p l i c a t io n  o f  C o rb in 11 s method to  th e  i d e n t i f i c a t i o n  

problem  found i n  th e  b o i l e r  c o m b u s tio n -p re s su re  lo o p  h a s  a ls o  been  

d is c u s s e d  i n  C h a p te r  3 and th e  a cc u ra c y  o f  th e  m ethod d em o n s tra ted  i n
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a  com puter s im u la t io n  where com pensation  was p ro v id e d  f o r  th e  second  

o rd e r  n a tu re  o f  th e  p re s s u re  o u tp u t tim e f u n c t io n .  I t  w i l l  he seen  

t h a t  th e  ad v an tag e  o f  C orb in*s method l i e s  i n  th e  s im p l i c i t y  o f  th e  

i d e n t i f i c a t i o n  c o n f ig u r a t io n  and t h a t  i t s  a p p l i c a t io n  i s  p a r t i c u l a r l y  

r e le v a n t  to  th e  p la n t  s t r u c tu r e  d is jcu ssed  i n  t h i s  t h e s i s  *

I n  C h ap te r 4 S t a f f o r d 0s s im u la t io n  o f  C h ie n 's  b o i l e r  model 

d e m o n s tra te d  th a tth o u g h  b o i l e r  p h y s ic a l  p ro c e s s e s  a r e  governed  by 

com plex hydrodynam ic and therm odynam ic phenomena th e  o v e r a l l  p l a n t  

c h a r a c t e r i s t i c s *  w h ile  b e in g  tim e vary in g *  w ere o f r e l a t i v e l y  sim p le  

form  and can  be c lo s e ly  r e p re s e n te d  by th e  ty p e  o f  g e n e ra l i s e d  model 

chosen  ixx C h a p te r  1 f o r  th e  model, a d a p tiv e  c o n tr o l  schem e, The b o i l e r  

m odel d e r iv e d  h e re  can  th u s  be re g a rd e d  a s  a  s u i t a b l e  exam ple o f  th e  

u t i l i z a t i o n  o f  th e  a c tu a t io n  and i d e n t i f i c a t i o n  te c h n iq u e  developed  

e a r l i e r ,

A d is c u s s io n  o f  th e  p h y s ic a l  b e h a v io u r  o f  th e  b o i l e r  p l a n t  

i s o l a t e s  th e  tim e  v a ry in g  p a ra m e te rs  which w ere found  to  be th r e e  i n  

num ber, Two w ere g a in  f a c t o r s  one o f  th e s e  b e in g  a s s o c ia te d  w ith  th e  

com bustion  s e c t io n  and th e  o th e r  w ith  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  i n  

th e  r i s e r  s e c t io n .  The t h i r d  v a r i a b le  p a ra m e te r  was th e  l a g  c o e f f i c i e n t  

o f  th e  c o a l  g r in d in g  m i l l  t r a n s f e r  f u n c t io n  which was a  f u n c t io n  o f  

fu e 1 c ond i t i  on 0 1

D ir e c t  a p p l i c a t io n  o f  th e  model a d a p tiv e  c o n t r o l  scheme to  th e
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b o i l e r  com bustion  p re s s u re  lo o p  depended on th e  a v a i l a b i l i t y  o f  th e  

h e a t  f l u x  tim e f u n c t io n  f o r  a  p l a n t  i d e n t i f i c a t i o n ,  A s u i t a b l e  h e a t  

f l u x  m easu ring  in s tru m e n t  p o s s e s s in g  th e  c o r r e c t  dynamic c h a r a c t e r i s t i c s  

h a s  o n ly  r e c e n t ly  been  developed  and i t  i s  th o u g h t t h a t  th is -  i s  the* f i r s t  

tim s t h a t  such  an in s tru m e n t h a s  been  p roposed  a s  an  i n t e g r a l  p a r t  o f  a 

b o i l e r  c o n t r o l  lo o p . I n  t h i s  in s ta n c e  i t  was shown t h a t  a d a p tiv e  

c o n t r o l l e r  a p p l i c a t io n  r e q u i r e s  o n ly  th e  u se  o f  s ta n d a rd  o p e r a t io n a l  

e le m e n ts  and p ro ce d u re  and th e  f e a s i b i l i t y  o f  e x te n d in g  fe e d  fo rw ard  

p r e d ic t iv e  c o n t r o l  te c h n iq u e s  to  a c h ie v e  im proved b o i l e r  w a te r  t r a n s i e n t  

behavious? h a s  a ls o  been  d is c u s s e d .

The g e n e r a t io n  o f  an  o p tim a l sw itc h in g  f u n c t io n  f o r  a  f o u r th  

o rd e r  system  can  r e s u l t  i n  a  q u i te  complex c o m p u ta tio n  p ro c e d u re . Due 

to  th e  r e l a t i v e  m agn itudes o f  th e  d e r iv e d  bo ile r*  l a g  p a ra m e te rs  i t  

seemed re a s o n a b le  to  assume t h a t  a, sw itc h in g  f u n c t io n  d e r iv e d  f o r  a  

second o rd e r  system  co u ld  be a p p lie d  s u c c e s s f u l ly  to  th e  f o u r th  o rd e r  

b o i l e r  m odel. The v a l i d i t y  o f  t h i s  a ssu m p tio n  h a s  been  d em o n stra ted  

i n  C h ap te r 6 and a  sim p le  i t e r a t i v e  co m p u ta tio n  p ro c e d u re  o u t l in e d  w hich 

d e a ls  w ith  th e  added co m p lex ity  o f  th e  steam  flow  p re s s u re  t r a n s f e r  

f u n c t io n .
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The h e a t  b a la n c e  e q u a tio n  l o r  a  fu rn a c e  i s  g iv e n  belowj

H eat
t r a n s f e r r e d

H eat i n
com bustion  p ro d u c ts

w nere

Q *ss f u e l  flow

Ĝ sa c a l o r i f i c  v a lu e  o f  f u e l  

E ™ h e a t  t r a n s f e r  c o e f f i c i e n t  

c o e f f i c i e n t  

A =s h e a te d  s u r f a c e  a re a  

T ™ l i b s  com bustion  p ro d u c ts  

P i= R M l  l i b  o f  f u e l

= gas te m p e ra tu re  ~ K^Q
N

where i s  a  c o n s ta n t  a *̂cV H
& fc 0-tA t  „

I £ -= e n th a lp y  o f  f l u e  gas 

t F

where K© i s  a  c o n s ta n t

F o r tu r b u le n t  flo w

H B KoQ0 ° 6 (McAdams 4 3 ))

K i s  a  p r o p o r t io n a l i t y  f a c t o r

a  = K Q °°6 Q 4* Q x Y x t.

assum ing  th a t
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H eat H eat i n
t r a n s f e r r e d  com bustion  p ro d u c ts

H + o t
e f f e c t i v e  h e a t  t r a n s f e r r e d  i s  p r o p o r t io n a l  to

lA +■ 4
h e a t  l o s t  i n  com bustion  p ro d u c ts  i s  p ro p o r t io n a l  to

Thus fu rn a c e  e f f ic ie n c y ,w h ic h  depends on th e  r a t i o  o f  f l u e  gas 

o ss  to  u s e f u l  h e a t  t r a n s f e r r e d ,  d e c re a s e s  a s  f u ^ l  th ro u g h p u t i n c r e a s e s 0
7
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PQffiH sm^XOR BOILBE. 

h e  g e n e ra l s p e c i f i c a t i o n s  o f  the p la n t  was d e l iv e r y  o f

66©-tin o.^o o o  i y  h-r  o f  steam  a t  a  t h r o t t l e  te m p e ra tu re  o f  1010 E and 

1100 Po^olo w ith  r e h e a t  a t  a  te m p e ra tu re  o f  10C5 ^ o

B o i le r ^ d a ta

S l S .  66" <̂*a  46® lo n g  c i r c u l a r  s e c t io n  w ith  a  volum e o f  1228 f t s ,

5 o f f  143/ 8 n I .D .  t . _  ,  . .  .
133“ lo n g  1« M .S. Velocity 1 2 V sec o n d .

i s e r s  524 o f f  3" O.D. F lu id . V e lo c i t i e s  4 —5 " /s e c .

I ta d ia n t  P rim ary  S u p e rh e a te r  E f f e c t iv e  S u rfa c e  a r e a  1443 f t 2 * w a te r
E q u i'v a len t 3330 l b s 0

R a d ia n t S econdary  S u p e rh e a te r  E f f e c t iv e  S u rfa c e  a r e a  235 f to
W ater e q u iv a le n t  7760 lbs<>

C onvection  P rim ary  S u p e rh e a te r  E f f e c t iv e  S u rfa c e  a r e a  752 £ t%
W ater E q u iv a le n t 25000 l b s c

Jfuel, 124500 lb s /h r  o f  g ro ss  ChV* 9600 BTIJ/l.b0
n o i s tu r e  c o n te n t  1 A°/°o

M r*  1 9 030 p 000 l b s / * V

M r  T em pera tu re  502°E a t  ^ n try *  355°E a t  m i l l s  90° P a t  i n l e t

Gas T em pera tu re  A t Ihm m ee e x i t  2Q30°F
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