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In thic study, a rule-based fuzzy logic controller 

for a F U R  nuclear power plant has been oeveloped in order to 

reguiate the power around z full power setpoint. 

In this srtificial intelligence a~plicatlor. 

knowledge acquisition wan performed through numer lcsl 

slmuiation using a vzlioated linear model ot the h . E .  

Robinson power plant and production rules were used T C T  

k n o ~ i e d g ~  reFresentation. For comparison purposes broken-line 

and S-shsped fuzzy sets were investigated and broken-line 

fuzzy sets were preferred. T ~ . E  regu!ator was l m p ~ ~ n e n t e d  c n  

an ISM-coa~atibie PC using the PASCAL language. 

The performance of the rule-t~sed controller was 

compbred to t h ~ t  of an optimal controller and was tound to be 

better iri the sense thzt the cv~rshoots w ~ r e  !ess. Also, rtte 

eftect ot noise in sensor d ~ t a  and variation in rfacrcr 

parameters were investigated artd their ei iect on t t.e 

p~riornance of the controller was found to be slgriificazt 

inpliing that the designed r~gblator 1s sufr1c1ent!, r ~ b u s t .  



Eu Call$mzda F k 5  tipi klii rukiesi gut santr~il i ~ l n  

tam g u c  etraflncg regaiasyon gbrevi yapacak ,kural zabanll, 

kuianlk mantlk kul!anzn t,ir a~netleyici geligtiri1ni~:ir. 

Eu yapzy zeka uyfulamaslnda bi lgi, H. E. hoblnson g u ~  

santral lnrn dogrulanmi~ 1 ineer bir i~~odel inin sayisa 1 

eixLilasyonu yapllarak derlenmi5 ve tilgi tisviri i ~ i n  uretim 

kurailarl ku! lanllrnlstri. Kar~llaFtlrrna amaclyla kirik qizgi 

ve S-bi~imli bulanlk kumeler incelenmi~ V E  kirlk-~izgi 

t i p i n d e  olanlar tercih ediirnigtir. Reguiatsr, bir 1BC-uyumlu 

PC de P A S C A L  dili kullanliarak yazllml~tlr. 

Kurai-tabanll denetleyicinin performansi bir optimal 

den~tleyicininkiyle k a r ~ l i z ~ t i r l l m l ~  v o  sapm&iarln azl;gl 

a~islr~dan daha iyi oidugu tespit edi lmi~ti~.. Ayrlca 

algl la:yrlcl lardski gGrul t u  ve reaktbr par&metreie;indeki 

degisi~!erin pertormans uzerindeki etkisi d e  ara~tlrllmlg v e  

GO]: a z  oldugu gsrulmug, dolaylslyia denetleyicinin yeterince 

robust ci IEugu sonucuna var i lmrgtlr. 
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ciuosy. l n t r o c i u c t l o n  o r  n z ! t l b & r l & t ! e  c c n t r o i  m e t h o d s  h l t h  

t h ~  alfi  c: 1 m ~ 1  UL :a; t r . ~  r r a b l  1 r t y  cT ~ n t e r z c t l n ~  s y s t e l ~ s ,  

t h u s  per1111 t t1 !7g  $ 1  I gb 1115 a n 3  bet1 e r  c o r l t r  o I ,  w e r e  

initiated, m a l n l  y t c ~ r  t t , e  LAiJC1LI type I J F F s ' "  w l t t r  a b e t t e r  

c h a n c e  o r  i m F l e m e n t a t i o f i  d u e  t o  p r e v i o u s  experience w i t h  
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digital control. For PWR type plants, tr~e mbin line o? 

researctd has oeen alrectea toisrds load r c l  ioclr~g 2onLrcl 

using z~proxlmate nonlnterbctlve controi") , o~tlnibi tori- 

tro: ' 7 ,  ) , adaptlve contic1 " ' . There hss blso ~ E E I - I  oktim&i 

conticl appllcatlons tor dlcturbance ~ u n t r o l ' ~ ~ ' ~ ~ " ~ " ~ ' ,  

wlth rurther recent researct~ on such ~ n t ~ r e s t i n g  m e ~ h o a s  as 

nor!! l-ne&r mill tlvbr lab I e col~tr G l based on the ui~l;n~h~i~-Lut- 

uounci~c alsxur uance mode i " ' . ~ I I E  " r  e.5ct.1\'i 1.) COI!E t; .& 1 i i ~ o  

~ P F T  ~ s c r ~ " '  ) whlch wss succ~ssrul 4 y appl led to r esear ctl 

reacrorc is siso worth mentioning ; s  a piomlsln& automatic 

conirr 1 methoc. The rule-basea cor~trol lers have been d e c l  g n e a  

and i ~ ~ i ~ m ~ n t ~ d  :or research  reactor^'^' , aild r ~ h i  E GEE.II 

d ~ s i g n e d  tor load t o 1  lowing cperztlon roi h FwE;"~', a110 r ~ 1  

E k h  rE,l;culation t low c o n t ~ o l  s y ~ t e n " ~ ' .  

in thls study, a rule-bas~a fuzz; logic reguisrci i ~ , r  

s F h h  Type l i F F  is a e ~ e l o p ~ d  17 ,  o r a ~ r  to show the bener 11s o !  

ti-tis z ~ p l  iCStl~r1 during normal operstlon. 11-1 the case 61 

nolse ii: senscr data, and dr lits 112 prclcess var ianles su~ii as 

tile n ; o i z t o r  teeaback coer i lclenr. 

!n c h z p t ~ r  Z tne mztheirl&tlcal model ot t i  I .  t. 

5 o b i r - . ~ o ; - ~  nnciear power plznt is c iesor l  b e s .  F>ule-Lases ruzry 

logic p r ~ c e s s  contrel is ieviewed in chapter L t irlc! ~ r ,  ckizptei 

i & - 4, c t i s  develapz~nt ~ j f  the regclator c o ~ ~ t r u ~ t e f i  dui ing this 

work is aescr i t l e d .  Final i y ,  tti~ resuj ts O r  this stua:,. arlo the 

cc:-;c!zs;cfis ae2ived are p~esented I E   chap?^: 5. 



In khls work, a sirnpie. rasr zna v h l  lozrea 

m&thernatic&l m o d ~ l  of a PdF, t y p s  nucl~ar power ~ . l & l , t  h & s  

chosen. Slnce the knowledge acquls~tion, oeve~cprnent %ria 

testlng stages or the know ledgtz-bksed control i ~ r  ~ ~ e o ~ s s i  rates 

extensl~e sinulatlons' " due to the fact that ~ t s  structure 

1s nor sultea to rriathe~at;cal r~chniques usea roi conc~iving 

the znaiytzc;l control iers"" , s simple a n d  tast r;ltsaei I S  

necessary. On the other hano, tt~e dlfrlcuity rn obtslning 

reiev&nt and most of the time props iersry plant d a r ~  z n d  niore 

over tesxir~g ~ t s  perrormance alctates the cnolce or a moue1 

alresdy p r o v ~ n  to be valla whlch was d e r l c ~ a  tiam tt!~ rlrst 

prlnclpies and tested by using actual opersring a a t a .  Thus, 

the multl-lnput math~matlcal model ~ ~ r m u l a t e d  &nd villazted 

against Xu1 i power exper l~ental results b 7  her 1 : : - t  E L  - 1 .  
( 1 0 )  

for preoicting the dj/namlc response 01 the h.b.fioblnsori power 

piant iYER,. aurlng rul 1 pclwsr operstlon 1s used. 

2. i Moael or the H.E. fioblrtsar~ F U 5  Nuclear Eoder F iant 

T ~ E  model 1s based  on t n ~  baslc conserv&tic8r-~ i a ; s  l o r  

neurrons, mast ana er,er gy. it includes t h e  representztlon ror 

point klnetrcs, core heat trans1 er , pr essur IZEI, piping z n d  

the steam generator coKponents shown 1~ F1g.L.f. 



- Iaput S f w l  

s t e r  Heaten 

Indicates bkasu-nt 
1 = neutron dcnsl ty  

2.1.1 k s a c r o r  C o r e  

. 1.1. 1. h e u t r o n l c c .  ? h e  r ~ ~ u r r o n  p z p u ~ a t l o n  ~ n  a  ~ ~ u c i e z r  

r e a c t o r  is a r ~ r ~ c t i o r ~  o t  t l r r i ~ ,  p o l t i o n .  € 1 1 ~ 1  g I .  5116 a l r e c -  

t l o n  G I  & a t l o r x ,  & n o  11s r ros t  c o r ~ p l e t e  o e s z r l ~ r l o n  1s g:ven b y  

t h e  E o l  t i n ~ ~ n  t r h n s p c i  r ~ q u & t  l o r '  " '  . i h l s  n : o ~ i i  i s  e r t ; e m e l * /  

c l u m s y  r o  l m g l e m e n t  l o r  s ; m u l z t l o n  p u r p o s e c  a l ~ c  1s ] t o t  used  

T O T  models a e v e  i o p e a  t o  s l n u i a t ~  o p e r a t l ~ r ~ a l  T I G I I ~ I E ~ I ~ ~ '  '" . 
From c h e  Eo I i zmar ,n  e q u a t l o n  :he  p o r n t  k l n e r l c s  

equaT_lC;-.s C;;n 5 E  U E I  I L E C i  k l T , l C f !  C i T l  b €  iiS=CI h h € ,  ti!& C O I F  1s 

t i g h t l y  c o c ~ ! ~ d  a n d  s p a t l z l  d e p e n z e n c l e c  a r e  not 

i m p o r  t s r l t '  * ' . 



E 

in the h.b.hoblnson model, the reactcr p ~ k e r  was 

modeled uslng the polnt klnetlcs equations wlth six groups o r  

ae layed neutrons SnG re&ctlvl tj xeedbacks due tc c : ~ b r i g e s  i r ~  

t u e l  temperature, coolant temperature, ana prlrn~x\~ coclki-~t 

system pressure. 

Since our study 1s concerned wlth a regulstor a ~ s l g n ,  

the tlme sczles &re c t  t h ~  oraer ot seconds, her ice  G oescr :p- 

tion oi xenon-135 b u l l d - u p  and decsy 1s not nEcessars. 

The feedback due to ct~anges in n o u e r . a t u r  irid 1 u f 1  

temperature and pressure o r  the primary coolant is handleo 

using reactivity feedback coetricients. These coerrlclents 

give the proportionality that exists between tempsrature or 

pressure and reaztivlxy. A s  these reiationshlps &re Eeneral1:f 

nonlinear, it i s  common tc use the 1 inear approx~matlon 

around an oper~iirng polfit khlct~ was 112 our c & s e  tTre l u l  ! 

power. 

The linearized point kinetics equations, va:lu rc l r  

small variations in r~activity and power. are: 

d & F  c at Fo 3'p E o  

-= - L ~ F  + x ; , a c ,  + - E F , ,  T + - L F ,  
A d t  

f 
,**I 

s o e e l  

F. 0 s c  p.z 
+ - A;, , ,  + 7 Z F,, AT,, 

1 
S l * l . S t  

e t a * %  

where & F  is the deviaticn of reactor power tros i n i t i s i  



steady-state value, F ,  initial steady state poker [eve i ,  5 , 

1s the delayed neutron constant Tor the i'the aelsy~d i-a~~tioi~ 

group. b C ,  devlzt lon or  n a r m a  1 ired precursor conce~ntr gtioi; 

rrom ~ t s  stead), state \slue, F, primary pressure, a, rue1 

temperature coettlcienr c r  rssctivit~, a, coolant temc,erzture 

coef f:clent o r  reactlvlt\, a, coolant pressure coet r i c i ~ r , ;  of 

I eactsvl ty, AT,  devl&tlon or rue1 t e m p c r s t ~ i ~  l i - ,  1' L: 

fuel ;rcde trorn ~ t s  ~nit:~l s:eac. state ~ a l u e .  eT,, a s , i s L ~ c - ~  

G I  coolant t e m p ~ r a t u r ~  ln the l'th coolant i-~Gce ~ r ~ i - ~  i ~ s  

~nltlzl steauy state v s l ~ e ,  t, Pro, reacrlvltv a u e  to C O X - ~ ~ C I I  

rod movement. delayed neutron tractlon r o r  tk,e l'rt, 

delayed neuIron group, 5 zotai delayed neutron r rhcrlori.,' 
! 

neutron generation rime, F,, reactlv1t.y ~rnporrsnce tor 

temperature changes ln tne l'th rue1 n o d & ,  F , ,  I E S C L I V L ~ Y  

D a t b  ~ r o m  Tgtles 2. and i . L  were usea tc ev&:uate 

the ccett lclent-s. For E. muCel with orie rue l lloa~ 6r ,a tw; 

coolant nodes, the r~suitin; equations t ~ k l n g  F,, = a n d  

F C i  = 0.5 are: 

d e F  
- 4Vu b F  + G . i i L 5  A i l  + t j . u . 3 G S  LC, +O. 111 o ~ ,  - -  - 

0 'i 

+ b.331 c C ,  t i.14, &L5 + 3.01 L C ,  - l T 5 l  tT, 

dC5, 
- -  - i3.125 bF - U . u f ; 5  LC, 
d t  



d a i ,  
- -  - 156.125 &F - 6.301 L C ,  

d t  

dac ,  
- -  - 16.i275 ti - 3.G1 LC, 

d t  

T A B L E  2.1. 5eactcr  Lesl g n  Data.  

I hcrinal coo:ant o b t ! e t  t e ~ p e r a t u : ~ ,  'f  t i )  
Active heat t ranrtfr  surface are;, t t '  cs:, 
Average near f l u & ,  btui ih  t i ' )  ( 9 , ~ ' )  
f w  I -to-cooiant hsac t r ~ n s l e r  coerf icient 

( i n c l u d ~ s  rec~stance In ruel i btu: i h  i t ' - F ~  tU, ci-i 

Core Ther~a l  and Hydraulic i h a r a c t e r i s r ~ r s  

I 
kinetic Characteristics 

I 

Tcrai primaiy heat o u i p ~ t ,  RJ ittit 
hcnina! p:iEary s y s i e ~  pressure, psi (MFa, 

2200 
ii53 i i5 .Ei)  

fctal  coola-it r l o z  ra te ,  I b / h  thgls) I 1~11.5 x !kt ( 1 . ~ 7 ~  x 10'1 
Average coo:ant velocity along tuel rods, f t l sec  ' e t s ~  I 14.5 i4 .35Bl  
?cia1 E ~ S S  ~f cooiant 1~ prlea:) foop, t a  t k 6 '  4ub u 5 ~  (164 j a y )  

lve~inai c r ~ i a r i t  ~ r ~ l e t  t e ~ p e r s t u r e ,  "F t C )  1 5 4 t . i  (ic5.bbl 

L I C ~ ~ I E I  co~ i f ic ie f i t ,  Gk.:k.jfDF ( L b / h ) l ° C :  

ncjerato; reeperarure coe;rlclent, Ck,L,/"F t t i k  k ~ : ' i j  

Wcderator pressgre coeff ic lent ,  Lh:/I~:psi 1 C h i k  ,hPa)  
F I D F ~ ~  neu:ron l irerime, sec 
belayee neulron rraction 

t 

-1.3 13-3 ,-i.& ;p-s 
-;.a 15'' t-2.b x fc-" I i  
t3.v r Is-' 14.27 z IV-' 

i 
i . b  I I t - "  
it. 2 5 0 ~  

i i 



T A B L E  2.2. Delayed Neutron Constants. 

T. 1. i.;. C o r ~  Heat Transier. The core hear transrer mode! 

includes conduction in the fuel and h ~ a t  transr~r ln t h e  

coolant. 

Dynamlc analysis o: s power reactor must Include 

calculation ot rue1 element Temperature in tne c.,<l lndiical 

rods. For this purpose the heat conduction equation mgst be 

used' > 

where 'T is the temperature, Q hekt generation r h t s .  an2 k 1 5  

rhe thermal conductivity. 

Genera1 l ) . ,  radikl conduction aoininates o9ver a x : ~ a l  or 

azimuthal conduction in a fuel rod, so that tor consrani k, 

Eq. $ 2 .  9 3 )  can b~ written as 



1 0  

For modeling purposes, nooai approach is t n e  most 

common method. In this Gpproach, a single node can be usea to 

represent the averzge condition rn the fu21, g s p ,  clzo a ~ -  

sembl y. f f a better representation i s  desired, the zuei can 

be divided into several sections. ?tie ciaa is or ten 

represented by a separate noaz, ~ u t  t h e  g s p  IS u s u ~ l i y  t r e a ~ -  

ed as a simple resistance (no heat c ~ p a c 1 t . v ) .  however. g s p  

conauctanc~ 1s very hard to det~rmlne, ana depends cioselv o:, 

t n e  0peratlr.g conditions. in t h i s  w o r k ,  t n e  tuel 1s represen- 

ted by a srngie node. 

For ttie core heat tranrrer model, a hekt b & i a n e ~  

equation for the coolant I S  &!so necessary. ~ssumlng constant 

coolant density, one need not wrlte a mass balance equzrlon. 

Slnce, tn normal Fdk operation tf,e t low is constant, a t omen- 

turn baisnce 1s also not required. The h e z t  baiance t s r  a 

sing;e-phzst, incompressible tluid tiswing rn one-drmens;onzi 

slug tiow 1s 

where T 15 1 l u i d  temperature, U rluid ve!oclty, x ,  distknce 

ai ong charinel, 'I, Il~e 1 r.oa 5urTbCt temperaiur~. 9, V G  I u n ; ~ t ~  i t  

Fteat generation rate in the f i u l d ,  P i iuid densrty, L, specif- 

ic beak capacity of t h e  f luid, h f iln heat transfer cuffti- 

cierlt, f.,, h ~ & t e a  per l m e l e r  or e h s  Channel. ana A, r iod a r ~ a  

o r  t h e  cr ianne  l . 

The ncoai model for the cooiant is 



where, F , , ,  is the ti-actlon or toral power released in cctols- 

nt noaE 1 tassumea constant), PI mzss or ccolant 11-1 noae 1 .  L 

speclrlc heat or coolanr, j? tue!-to-coclant h e a l  rransl~r 

resistance, 7 ,  average coolant temperature i r ~  1ic~Je 1 ,  ? ,  

outlet coolant temperature in noae 1 ,  and 7 resrd~nce time 

01 t lui3 In r9ae 1. It I S  necessary at this stage to proViGe 

an equatlon relatlng T a w ,  2nd T ,  tor t h e  sysrem to be cun- 

pletely deflned. kltr,ough thls relatlon berween t h e  node 

aversg~ tetripe~aturz snd the noae outlet temperature wlli vary 

aur lng a LCr.z~~sleni, the r r  iation betweet, these \zr 1st ies 15 

usuai 1 )  a s s u n s d  to be constant a v a  or the rorm 

where F is a weighing ractor. 

T k > e  csrnrnon assumptions used ror F are zis rollous: 

a, krltrjmetlc a v ~ r ~ g ~ ,  I F  = h ,  

7,.1 = T ,  (i.16i 

A l s o  , sornetrc~s a choice for F based on sready state t e m p e r -  

ature d~stribction 1s made. 



The algebraic relation thus obtalned car1 be suustltu- 

ted lnto Eq. t i .  1.3) to elsmlnate 7' ,  or T i  , glvrng 

The model thus obtained has no explicit terms ror nodal 

outlet temperature, ther~tore I ,  - ,  chri only be W I  lttert as 

It can esslly he seen that unless F = O trie 1r11et teiilyexarur~ 

~n each noae G T  the seiles of tlula n o d ~ s  1s ~ m ~ e d l a t e l \  

affected by a1 1 upstxe&rn nodes. ?tils 1s art unreal istic result 

born out or t h e  assumptlcns made ln der lvlr-ig the model, r lso. 

ror- F = ari~tner ur~r~alistlc resuit , 1 . .  a l11lt161 

decress~ ~n outlet tecperztures when inlet temperatures 

undergo a s t ~ p  ~ r t c ;  e z s e .  1s 1n;pr led b ~ ,  t h ~  moaei. because of 

these dericiencles the ~€11-mrxed assuniprlon was useo ~ l d e i y .  

nowever, thls cholce has the draiciback Gr lmplylng tne equall- 

tg or averags and outlet conditrons in a rlnlte-slze reglon. 

i n  older to ov€ic3m€ itxlS I I & % ,  t30 CCrOlblt rlCjCiEs are 

used ?or each rue1 node iD obtain a Eooa approxrmstion to tne 

a v e r a g e  coo!ant tempera~ure ~ r i  htF. model. i n  the rnclael w:th 



two coolant noaes for each ruel node, coolant node conrlders- 

tlons are baseo on a we1 i-rrlxe3 approxlmatlon. The s k ' e ~ a k t  

temperature o: t F t e  I irst s~ctlol: 1s t ~ k e n  as the 1 i u i d  t € n ' p € -  

r a t ~ r e  to derermlne the heat trznsrer drlvlng rorcf 

and half oi thls heat 1s ~ransrerred to eacri f l u l u  sectlor;. 

The out let temperature is taken as the average ot t h e  secor ld  

- - 
section (see F~E.L.-I. Although tt,e rnoael accuracy is I F -  

creksed t h ~  number or equations a r ~  also i n z r e a ~ e t i  2 s  a 

result or using more iiuid sections. The resuiting 

equations a r ~ :  

where k T f i  is the average iuel temperature. ST,, , aver;lge 

coolant temperature ir, t h e  i ' t h  t u ~ l   nod^, a , ,  rractlcn o? 

total reactor pcuer g ~ n r r a r e a  1-1 ?gel nooe 1. 1 tctsi 

heat cgpacity ror i'xh r u ~ i   nod^, i , toxbl hest chpzclty 

of soth coolzint nGdes acsocizred wlth l ' t h  fuel naoe. U 

overail iuel-to-coolant h e a t  tr-ansser coerriclfnr?includes 



1 4  

resistance in fuel as weii as film reslsttncei, A, h ~ ; . t  

transfer area, r esiaence timet both coola1-!t nodes J . A?,,, 

devlatlon rn lniet t e m p e r k t u r e  or the rirst coolant none r r o n .  

its initiai steady state b7alue. 

heat transrer model  kith 3 he31 transrer nodes ( 1  :or rue1 

&ria 1 tor cuol&r~t) has a t e r , h : l o r  slmilsr to ttikt or & r i l o r ~  

detal led one.  thererore ~t Las usea ror x h r  core 1r1 r h ~  

complete sbstem model. 

D r i v i n g  Force 
Heat Transfer  

Heat Transfer Heat Transfer 

Primary 
Cool a n t  Er; 

31 

f o r  

FIGUF,E 2 . 2 .  S c h e m a ~ l c  c: rue!-to-coolsnt heat transrer 
mocie i 



+ i t ? i c u g t i  t h ~  p r e s s u r  l z ? r  1s a r a t h e r  simple d e v l c ~  

z o n s l r t l n g  G T  z h e a t ~ d  t a n k  c o n r a l n l n g  steam &no ~ i t e r .  

t o r r n u l a t l o n  ~r a a y n a r , ; ; : ~  m o a e l  c a n  b e  q u r t e  complicated I T  

a e t a i  l e d  p e r  l o r r n a n c e  an5 l y s l n  i s  r e q u l r  ed. k s p e c l z l  1 y r o r  t t t ~  

S n a l y s l s  ot s m a l l  D r e a L  L ~ L H ' S  a n d  e l r c l l a r  a c c l d e n t s .  r e i l -  

a b l e  p n y s i c z l  m o d e l s  r o r  a i  1 o r  t n e  c o ~ , p o r , ~ n t s  1 1 1  t h e  l o o p s  

a r e  n e c e s s a r y  s o  t h a t  c o m p u t ~ r  e x p e r l r n e n t s  c a n  b e  r u n  a n d  t h t  

b e s t  strategies b e  a o o p r e d  f o r  h a n a i i n g  a c c l d e n t s , , , , , , , .  

S u c h  m o d e i s  r e q u i l r e  r n u l r l p l e  r ~ g l ~ n  m o a e l s  k h e : ~  ttic p r e s -  

s u r r z e r  n o d e l  i s  d l v i d e d  intc r e g l o n s  a c c o r d i n g  t o  p h a s s  

c o n d ;  t lon a n d  enor g y ,  a n o  n o n e q u r  i i b r  ium cortdi  t i o r ~ s  are 

a s s u i p e u  t a  prevail. H o w e v e r ,  r o i  n o r m a l  operation. a n d  espe- 

c i a l  I y  r o r  o u r  case w h e r e  o n l y  smal 1 o e v l a t l o n s  l r o m  a n  

operating p o i n t  a r e  c o r i s l d e r c d ,  a p i ~ s s u r l z e r  m o d e l  b s s e d  on 

m & s s .  ~ n e ~ g ) ,  and v o  l urrie b a l a n c e s  w l  t h  t r l &  t i s s u r ~ ~ p t  iorr t h i i t  

s a t u r a r l o n  c o n d l t l o n s  aiways z ~ p l y  Tor the steam w a r e r  m l x -  

t u r f  ~ n  t r e  p r e s s u r i z e r ,  car, n e s s r  r b e  t h e  ~ . h . ~ s l c s  1 p r  o c e s e s s  

a d ~ q u a t e l ? .  And  s o m e  a u r k l o r s  n e g l e c t  t h e  p r e s s u r l z e r  d y n a m i c s  

c o m p l e t e l g  b y  a s s u r n l n g  t h s t  t r ~ e  s i z e  oT t h e  p r e s s i l r  l i e r  1s 

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

v o l u m e  s u r g e s .  i \ r e v e r t h e i e s s ,  ~ n  r n i s  s t i la ,>, ,  a m a d e l  o r  t h e  

~ ~ E S S U T ~ Z E F ,  h o g e v e r  c r u d e ,  n a s  c o n s l z e r e a  n e c e s s a r y ,  anai 

t h e r E r c r e  ~ n c o ~ p o r a t e d .  

T h a  Basic e q u a t i o n s  f o r  t h e  p r e s s u r i z e r  modei a r e :  



1. Water. iriass b a l a n c e  

li. c;oi~ip~ essl l2l  l I ty-cor rec te iA pel rect i ( a s  I ~ w  

w t ~ e ~ . e  1,1, 1s t t l e  mass ot w a t . e r .  ~n tire pr.essui L , Z ~ : L  , I \ ,  I I I I - A S S  c ~ t  

s leh i r i  11.1 tkie pr e s s u r l z e r . ,  W,, i~iass l low 01 w a t e r  ~ril.o c c r ~ r .  t r ~ c i t  

0 1  ) p l . e s s ~ 1 1 . 1  z e r ,  W, 1 a t  condens1. i - i t ;  i .ht  e )  1 1 . 1  . t i le  

p r e s s u r  ~ . - ' c - : r .  , ,., ~ ~ ~ t e r i ~ a l  erierg:y oI w a  t e i '  1 1 1  t h e  p i . e s s u r . 1 ~ e r . ~  

11, , eirl . l ld 1 p y  o r  water. e i i L e r l n g  t i - 1 ~  1 ~ 1 ~ s s u l . l  ' .c.~; , 1 1  e r ~ t h a i p y  

o r  t  -.. j i l l  1 17 (; 1.1 p 1. e  S U 1 ':' u i '  p 1. t2 5 5 IJ 1~ 12 1 1.1 \, 1-1 t? 1. I2 5 5, U 1, 1 2 e 1. , 
- 3 p  

44 l . , j t a  : I a d i l l C l 1 3 n  t 0  t l i e  1 - ~ i . ~ S 5 U l ~ ' l z e i .  with ( : . i L . C t , r l c  

h e a t e x . ,  g a s  co~-rstsnt., 'I, s a t u r  ; * t , ~ o r i  t.eIiipti1 d t  I.li e ,  v, v u l ~ ~ i r r e  

c r t  i d d t c r .  11-i  t , he  pi  esS l J i  1 Z e l .  
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T h e  e q u z r i o n s  are i l n e a r  i z e d  a n d  rn&nlpu lsted ~ C J  

o b t a l n  

T h e  v a l u e s  o r  E ,  , E 2 ,  s n d  ti, r o r  t h e  H.6. Fcoblnsun r % u c i e a r  

p i a n t  c a r e u l a t e a  b y  using t h e  a a r a  g ~ v e n  ~ n  TaOie i.3 s r e :  

- - 
T h E L k  ,.; F r ~ s s u r l z e r  D e s i g n  b a t a .  

Water voiume, f u !  1 power, f t3 (12') 

Steam volume, full power, f t 3  (12 ' )  

Eiectric hezrsr capaciry, kW ( t o t a l i  

T h e  c h a n g e  :n mass l n  t h e  pressurizer i s  o b t a l n e o  b y  

s u m n l n g  t h e  c@!- , t r  l o i j t l o n  d u e  t o  ~ x p ~ r i s l a r ,  o r  c u n t r a c t l c r ~  G1 

t h e  w a t ~ r  r n  eacr, c o o l ~ n t  n o d e  ~ n  t h e  p r l r n a r y  i o o p  a s  r o i -  

l ows: 

w h e r e  V, is t h e  v o l g m ~  ~f t n e  i *  t h  cooient n o d e ,  $ : s  t h e  

s i o p e  o f  t h e  coolant density versus t e m p e r a r t i r ~  c u r v ~ ,  T,, is 



the t e m p e r a t u r e  of t h e  i ' t h  c o o l s n t  n o d e .  

E v a i u a t l o n  o f  t h e  c o e r r l c l e n i s  T O T  t h e  h . 8 . k o ~ l n s o n  

!\IFF g i v e s  

dz~,, ccs~,,  ~ L I ~ ~  
- -  - -  L '  = t?;. S :  - + 25. ti; - + 2 5 - 8 3  - 

d t  o t  a t  

w h e r e  6TLP i s  t h e  r e a c t o r  l o w e r  p i e n u m  t e m p s r a t u l ~ .  & T , ,  

c o o l a n t  t e m p e r a t u r e  ~ n  n o d e  1 ,  &I,, c o o l s n t  t e m p o r a t u r ~  ~ n  

n o a e  2 ,  6 T , ,  r e a c t o r  u p p e r  p i e n u m  t e m p e a r t u r e ,  al,, h o t  l ~ g  

t e m p e r a t u r e .  7 ~ e m ~ ~ r a t u r e  or p r  l m a r y  c o o l a l - ~ t  l n  t r ~ z  s t e r ; x l  

g e n e r b t c r ,  c T ,  t e m p e r a t u r ?  o r  prlnarj c o o l a n t  n o a e  11-1 t h e  

stsar g e n e r a t o r ,  & T a p  t e m p e r a t u r e  o r  p r l m a r y  coolant 11-1 t r l e  

s t e a r !  ~ ~ n e r z t o r  o u t  l e t  p l e n u m ,  T c o l d  l e g  t e m p e r s r u r e .  

! n  o r d ~ r  to s v o l d  d l s c r e p a n c l e s  G e t w ~ s n  r h e o r v  & n  

e x p f r  ~ m ~ n r  a p r e s s u r  l z e r  c u t ? t r o l  s y s t e m  1s a d o e d .  I he c o n -  

t r o l i e r  p a r a m e t e r s  u s e d  b e i o r l g  t o  s e q u o v a h ,  a I b t e r - g e n e r a -  

t l o n  L ! e s i i r i g h o u s e  Fdk a n d  this w a s  n e c e s n l s t e d  D Y  t t ~ ~  a l w a > / s  

r e l u r r l n g  p r a b l e m  o f  l a c k  or su:rl:ent d a t a .  

7 n e  p r e s s u r s z e r  c o n t r o l l e r  u s e s  a h e a t e r  tc c o m p e n -  

s a t e  r ~ i .  stead;. s t a t e  heat i o r - c e s .  i t  i s  S ~ S O  used f o r  p r e s -  

s u r e  conlroi & g a i n s t  n o r m a l  p r e s s u r e  v a r l e t l o n s  s o  t h a t  h e a t  

i n p u t  i n c r e a s e s  l o r  i o u  p r e s s u r e  a n d  d e c r e a s e s  r o r  h l g h  
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p r e s s u r e .  When t b t e  p r e s s u r e  g o e s  a u o v e  r h e  c o n x r o l  r a n g e .  

s p r a : '  flab 1 s  u s e o  t o  o e c r e z s e  the p r e s s u r e .  I h e  m o u e 1  u s e s  

~ r ,  r h l s  w o r k  l r , z i u a e s  c i i e a t e r  o p e r h r i n g  u n a e r  r icrrr iai  c o l r d l -  

t l o n c  cn!y. 

T h e  zlloch: d d r a g r a ~ r  f o r  the p r e s s u r e  co l - IT  r o i  1e1 zs  

- - 
s h o w n  i n  F l g . ~ . s .  T h e  t r & n s r ~ r  functions z r e  u s e d  t o  r o r m u -  

l a t e  a i r r e r e n t i s  e q u a i l o n s  r o r  1 n c ! u s i o n  i n  t r ie  s r a i ~  v a r l -  

sb!e r r , c d ~  I .  1 r 1 e  I E S U ~  t: rig ~ q u s t  ~ G ~ I S  a r e :  

d a F ,  
- -  - C:. SZC.7 ST, - 0 . 7  T + c j . O f O . 3  LT, ;. 

d t  

w h e r e  7 ,  1 5  t f ~  s t s a m  g ~ n e r a ~ o r  t u o e  r n e t ~ !  t e m p e r a c u r e  a n d  >. 

1s t k , ~  1 i - , t c : ~ r z l  c 0 n t r 3 4  a z ~ l ? n  I .  I ~ D Y E  - h ~ t  t h s  

1 n c i i i s 1 c i ,  o r  ; h ~  p r ~ ; ~ s i ; r ; z e r  c o ~ i t r o l  1 e r  6 1 ~ ~ t i ~  ' i t ie  n ~ z t r  l h  G .  

m a r  :tie c : i e r r l c i e n t s  ~n t r ~ e  d l r l e r e n t l a l  e y : ~ z ~ l o n  r o r  

p r e s f - c r  : ;er  ~ r e c S u i e  z n a  r e q u i r  11;; a n  &aai t i @ i - i & l  e q ~ d a t ?  o n  t c r  

~ ~ O V ~ Z E  1 2 ; .  t t e  - n + . e g r s . j  a c t r o n .  



F [ S U R E  2.3. F r e s s u r  l z e r  c o n t r o l  s y s t e m .  

1 I L. ,. S i e k r n  G ~ n e r ~ t ~ r  

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

t n E  r e s c t o r  c o r e  a n d  t h e  r u r b l n e  g e n e r s t o r  FWk t k p ~  1 4 f F c  

a n 0  t h e r e i o r e  plays ar? ~ m p o r t a r ~ t  r o l e  r n  the s a r e  ans F E I  1 -  

a b l e  o p e r ~ t l o r ,  or  t i i e s e  p i a n t c .  ~ \ I E X L  t o   RE r e i ~ t ~ r .  r h e  

=teain g e n e r a t o r s  &re t m o s r  ~ r n p ~ r r z n t  c o m p o n e n r s  x l r h  

r e s p e c t  t c  L r s n s l e n t  p h e n c r n e n a .  

I k ~ s  ~ t ~ v s l c a  i p r o c e s s e s  c h a r  d e t e r m ~ n e  t t i ~  t h e r r n a  i 

s e r f o r n l h n c e  z n d  o p e r a t ~ o r ~ z  1 t e r : a ;  l o r  cjt t h ~  S L E ~ K I  ge i i e :  i t t o r  

UnGer s t ~ ~ a ; - s t a t e  a n a  t r s n s z e ~ t  c o n d r t i ~ n s  l n c i u a e  c o t i p t e u  

t w o - p h a s e  r l o w ,  n a t u r a l  c l r c u i a t r o n ,  a n d  h e a t  t r s r t s i e r  p r i e n o -  

rner~a. h g o c d  u r b a e r s t a n d r n g  o r ,  a n d  t h e  cap&D:I?ty o r  p r e d i c t -  



2 I. 

~ n g  t h e  n o r m a l  a n d  o f r - n o r m a l  b e h a v l o r  o r  a s t e h m  g e n e r a t o r  

t i l e  e s s e n t l a !  t o r  evaluating t h e  l o a d  f o l  l o w l n g  m E c h a n l s m .  

t h e  operational and a c c l a e n t  c c ~ n d l t r o n s  11-1 F u k c .  I t  1s t h e r e -  

r o r e  g e n e r ~  1 l \  n e c e s s a r y  t o  n a o e l  t h e  s t e a a y - s t a t e  a r i a  t r a ~ - I -  

s i e n t  t w o - ~ ~ I H S E  f low a1-ia v e l a  d 1 s t 1  1 t tu t1o t - I  1 i r  t b r ~  S t E i i n  

g e n e r a t o r  t o  a c c u r a t e  l J p r  e a l c t  t h ~  P k  p l a n t  

r eS  e ( " S . z 6 . 2 7 r  

T h e  b e h s d l o r  o r  s t e a m  g e n e r a t o r s  1s e s s e n r  l l v 

n o n i  l n e a r  b e c a u s e  o r  t h e  n o n  l l n e ~ r  c o u p i  l r ~ g  t e t w ~ f n  e n e r  g:, 

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

t r a n s p o r t  a s  determined by v e l o c l t l e s .  k l t h o u g i - I  l l n e & r l z ; i t : o ~ i  

1s c u r  or  t h e  q u e s t l o r ,  r o r  ~ n v ~ s t l g a t l n g  t n e  I s r g e  d l s t r u b ~ ~ ~ -  

c e ~  t h a t  s r e  c t , a r a c t e r  l s t i c  o t  s a f e t y  a s s e s i n e r t ?  s t u d l e s ,  ~t 

1s z c c e p t a b l ~  r u r  s t u n y l n g  t h e  c o n t r o l  c y s r e i ~  c!es:gi-i u n a e r  

n o r r a !  operating c o n u l r l G r i s ' 2 7 r .  

r h ~  s t e g n  g e n e r a t o r  model u s e d  1r1 t t 2 r s  wol t, i s  a 

s r m p l l r l e a  o n e .  f t  u s e s  or114 t h r e e  r e g l o i - i s  tc. I E F I I E S E T I ~  ? t i€  

w h o l e  steam g e n e r a t o r :  primary : 1 u l d .  t u b e  m e t & ]  ? a n a  secoi-2- 

oclr:~, r l u l d .  T h e  model  l n c l u d e s  n o  c o n t r o l  ~ c " l o 1 1 .  1 ~ ~ 1 s  is 

e q u l v & i ~ f i t  to a s z u m l n g  t h z t  t h e  roodel a p p i l e s  s n l ;  l o r  s m s l l  

u p s ~ t s  I n  ~ h l c h  L ~ J P  c ~ n t r o i i e r  a e s d  bands o r  l c l n g  t:ir$e GUYI- 

s t a n ~ s  p r e v e n t  s r g n l P l c a n t  c h a n g e s  ~ n  t h e  t e e o ~ a t e r  z l o w .  

T h e  equations & r e :  

1. F r i m ~ r y  w a t e r  e n e r g y  b a i a n c ~  

d6Tp 1 c h ~ ! ~ ,  1 
- - - -  S T , ,  - (6'1, - 61,) - - 61, 12.57) --- 

d t  T~ 6 M, c, ' 6  6 



2. P i e t s i  e n e r g y  balance 

3. S e c o n d a r y  waterr llquld p h a s e )  mass b a l a n c e  

4 .  S e c o n o a r y  w a t e r  Cste&n, mass b a i a n c e  

5. s e c a n d a r y  tluid {steam and l i q u i d  p h a s e )  e n e r g ) ,  

6 .  e q u z t i o n  o r  s t a t e  

w h e r e  ,, is t h r  residence t i m ~  01 coolant t e m p e r a t u r e  in t h e  



~ i ~ a i v  gonerstor. h , ,  1s rrle h e a t  t r s n s l ~ r  G ~ I I  IL . ,  

secor.dary coolant i ins1 u a e s  a p o r t l o n  o t  t r t e  ~ s t a l  reslstzntr 

as G e l  i 2 s  t h e  ti!n r ~ s r s r a n c e l ,  M, mass 01 tube met;:, i, 

mass o? water ~n the steam generator, UF, 1s the reeduste: 

? low rate, PI, 1s rne rr.ass of stesm in the stezm g e n e r ~ t o r .  

U s ,  is the steam r l o u  rate to the turbine, E 1l-1ter1-1~1 e n e r  g ?  

or s ~ c o n d a r y  coolant, ' .  steam volume, T, steam temprratt-lre. 

' J ,  L a t e r  v o l u m e .  

~ . t  ter I l r i e a r  l z a t l c n  and appruprlate ai gebralc s u ~ -  

stltutlons the t o 1  lc,inz e q u ~ ~ t l o n s  are obt&ined: 

w e  L, are t h e  cceriicients obtalned f r o m  algebrslc sub- 

s t i  tutions. 



;i: 

h s n e i  i c s l  v a  i u e s  t e r  t n ~  c o e :  i iclents z r  E obtalnea 

using t h e  H.E. k o b l i ' s c ~ ~ ~  h ~ c ~ e a r  F lanr design a a t a  given i n  

T z b l e  2.4. T h e  resu!tirg eq:aticr,s r o r  t h ~  srean, g ~ l i e ; ~ . t o i  

a r e  : 

d & T r  
- -  - - - i r . - ~ 3 a  a;,, - + u.53519 LT, ( - . . + ,  
d t  

T k b L E  2 . ~ .  Steam G e n ~ ~ a t o r  b a t a  ( f o r  each unltt 

Steaa, Generator I 

I 

3:fa~ f lob, I b , h  ( k g l s )  i : . l b ~ x  lob 14oU) 
S t e a ~  res;erature, f t i ,  Elb (253.69~ 

-- 
Steam presiur~, pslg (HF'a, i i u  i 5 . 3 ~  

Friozry Side icoiar: 

L 

kdnbe? of J-tsoes I zit3 

Fe?dtia:~r :eepe;a:ure, F cC1  
Sezonaary side water voiu~e. t u l i  p:mEi, it' ~ E ' J  

Sconciary side s t e a ~  voiuec, r u ~ i  p;~Er, rt' ( E ' J  

l-tubf di;@Etfr, I T # .  ( c e )  
P ~ e r a g e  t ~ b e  ha1 1 thickness. IT!. iczl  
Pzss oi U-tube metal, It [ k g ,  
Total heat transrer area ,  t t 2  IE'J 

u.t;5 ri.;Ll 
L . U ~ U  t 0 . 1 3 ~  
91 tiL1~4 ( 4 1  671) 
44 43u 14127.7) 

Sieae ionditions 2: Fc.1 ~ 1 2 :  



2 . 1 . ~ .  Fip:ng ana p l e n u ~ s  

c + l i  piping s ~ z t i a n s  a r e  p l e n u ~ s  a r s  modellec & S  Lei i -  

w h e r ~  T : s  t h e  t e ~ p e r a t ~ r ~  c,; riuid in t h ~  s e c t ~ ~ n t e q u & i  to 

- .- o u t l ~ t  .t€inper&tUr~.!, I,, i =  t r j e  ~ l u i d  iempertitur~ a t  enritir-ICE 

and 7 I S  t k i e  r I ~ 1 a  resiasnce time.There a r e  two p i p l z g  

sections; hor-leg and cola-leg and rour plenums: re6ctcr 

upper, reactor lobier, stesr. generator in1 et, and steam 

generato; out 1 et pienurns IF! t h ~   ode I .  

S ubstitution u t  r~urnerical values Tor each one oi 

these equatlor's y i ~ i d s :  

t i .  51 



2.1.5.  O v e r s l  i S y s t e m  

T h e  nod&! s t r u c t ~ r e  r o r  t h e  complete s y s t e m  1 s  s r ioun  

~ n  F l g . i . 4 .  

T h e  1 l n e s r  moue1 c c t a l r > e c i  hjr a s s u r n l n g  ~ ; e g l  I g l b l e  

c h a n g e  ~ r t  r e e d  w a t e r  t e r n p e r s r u r E  a n d  f e e d  I I C ! ~ .  : I  c ~ n ,  t t r ~  

s t e s a y - s t z t e  i a l u e s  1s o n e  o ;  a t ~ o  l n p u t  o n e  : 

1 ;  7 he r e & c t l v l t \ i  o u e  t o  c o r , t r ~ l  r c l c i  nlo\,em€rtr,  

2 )  T h e  d e v i a t l o r !  l n  t h e  s t e a m  r l o w  r a t e  f r o m  ~ t s  s r e a d j r  

s t a t e  v a l u e  G s o .  

Reactor 
Upper 
P l e n s  

Reactor 
Lwer 
Flm~a 

FIGUEE -.a. haaal s t r u c t u r e  t o r  c o m F l ~ t e  modsi. 

T h g  r n u d ~ l  c a n  b~ r e p r e s e n t e d  1r1 t h e  s t k r i a a i a  s t a t e -  

space  r c r m  Z E  



w h e r e  i s  t h e  ( 2 1  x 1 )  s t a t e  v e c t c r  g l v e n  b y  

x - = ( b F ,  ai, . kc,. GC,, , tC., L Z ~ ,  a<, . LT, .  A I ~ , ,  

- - L C  2 9 bF, . k *  t T ,  . T iF,, a ! , ,  , d T H L  . c - r , ,  , 
a ~ , , ~ .  1 ,  &T,. ti. 55, 

i n  o r d e r  t o  CGmpEire t h e  c e s u ~ t s  o r  tt-11s i ~ r L  ~ i : r ~  

p r e v l o a s l y  G e s l g n e d  a n & l y t l c s I  c o n t r o l l e r s  t n e  r o l l o k i n g  

s r n p i l r ~ e d  moue1 u s e d  b y  o t h e r  a ~ t  rioi S (  ) i s  a I s o  

c o n s l a s r e d .  

T h G  s i x  g r o u p s  o r  delsyea n e u t r o n s  a r ~  r e u u c e a  t o  a - ~ e  

g r o u p  ~y e v a i u a t l n g  a s i r i g l e  aecEiy c o n s t a n t  r rom t h e  we1 g n r & o  

h a r m o n l c  mGan o r  t h e  S I X  g r o u p  d ~ c s )  c o n s t a r i t s :  

f r ~ e  o t h e r  & s s u r n p r l o n  i s  t h a t  t h e  s l = e  G I  r h ~  ~ r ~ s -  

s u r  : r e :  i s  l a r g e  e n o u g n  r o  2 c c o m n c G & t e  t h e  ste&ril ~ E ~ I E I ~ ~ C ~  

p r i s s r .  v o i  i m s  s u r g e s ,  t h u s  l n c l u s l o n  o r  p r ~ s s u i  l z e r  t ~ ~ n a r n l r s  

l r ,  t t . e  s g s x e m  m o o e l  c a n  b~ a v c l c e c .  

? h : s  moue! t ~ o .  car? b e  r e p i e s e n r e d  l n  t h e  s r h r ~  s p a = €  

or E q .  i 2 . 5 7 )  t P r i s  t l m E  5 b e l r l g  t h e  C 1 4 x i )  S ~ S L E  , ~ ~ t : i  



arid h e n c e  w i l  1 be  ca l  i e a  a s  t i l e  i 4  b a r l k b i e  r noos l .  I h e  s i  s t ~ n ,  

. - ! r u ~ e r  i c a l  s l r n u l ~ t i o n  or t h e  I t E t  

T ~ I E  r e k c t o r  k i n € ;  l c -5  e q u s r  i a n s  t i a - ze  t h ~  ! , e i ; ~ ' i  

stlrrness arlslng r r g ~ ,  xrre a ~ i T e r e : - ~ c e s  ln o r - d e i s  (1.T r n s < n l r u d e  

between t h e  p r o m p t  k1-15 U G  I a,;ec: i - l ~ ~ t . r  tit-I gel-ter 1 5  I oi-I 7 1 1 1 1 ~ s  i+ t t i  C ! I  

p u t s  & r e s t r  i c t  i c e  upper  Loo l~ i>u  CR!-I t i l e  tirile r e ~ s  L O  b~ U E E ~  

ior r r t e  nume? its 1 s ~ l u t ; c . , - , ~ "  " . ' ,a1 i u u s  n i s t t i c . J ~  t - , ~ .  E t;eei-i 

d e v i s e d  t o  u i r ~ r c o r i i ~  s t 1  1 ; i - i e s  : G I  t r i e  g e l - I S I  b I i1c .1.11 I ~r~tl--ri 31 G I  - 

3 d . l T r E 1 e t i t i c i  E f q ~ a r l ~ ) - i S  5 ~ : : t k l  ~ S i . i - l l , < ;  f i t ? g i e E 5  O T  S U C Z -  

e 5 5 (  2 4 ' 2 0 ' " " . H u i j ~ . e y ,  tl-15 1 l n ~ a r  lzeci forr;: or L ~ I E  t F ! e  m a t h e -  

m s t ~ c s  1 m c . c j e  1 01 i j F F  g l v e n  t;:. k q .  i - .  5 ;  ) I l o...s  ti^^ use u'f 

i 1 7 )  
L ~ E  i ~ ! ~ t f r ~ d  5 U g g E C L E C  t: h . 1 2 1  i 1 l . l  i j -  ? ! .  



s l r i c e  t u t t )  c a n  t?e ~ s s u m e d  t s  tle p i e c e . ~ l s e  c o n s t 6 r i t .  t h e  

~ n t e g r a l  i n  Eq.(i.fl~ c a n  be e v ~ i u a t e o  ano  

car! b~ o b r a l n e d  as  t h e  s o i u t i o n .  T h e  t ~ r m s  l n v o i v l n g  m a t r l x  

e ~ p o n e r ~ t i ~ l s  c a n  be  e v a l u & t e o  as r o l l o w s :  

w h e r e  L i s  t f t s  i a e n t l t y  m&rr  l x .  - 

? t i e  r e a r ~ r e s  o r  t h l s  m ~ t b s u  t h a t  maite l t  s u l t a O i e  r o r  

nUmEi l c & l  s l m u l s t l o n s  or1 m l c r  o c o m p u t e r  s a r e  as lo1 lows: 

(a) Expansion in E q .  ( 2 . 6 4 )  a v c l d s  t h e  nee0 r o r  a m a t r  l x  

I n v E i  sl01-I  b h i c ~ i  1s  zri o p ~ i a t l 0 1 3  kith h e 1  ! - k n o w 1 1  p i ~ 1 & 1  1 s: 

- 
t t ,  I FIE m a t r l c e s  15  E q s .  <;.65) a n 3  r l . 0 4 )  n e e a  t o  b e  c o m p u t e d  

O r f l y  o r i c e ,  zt L t i E  beg i r ! ; i ?g  uT t r . €  S l E U f & t l G l i ,  6Ttd t t t e  o i l t p c r t  

a t  an-,, t c a n  b e  o t t a l n e d  b y  s l n F i e  r n a t r l x - L e c t o r  n u l t i p i i c a -  

t l o r , s ;  r c )  h n y  nurn'cer of t ~ r n s  1r1 t h e  e x p & r l s l o n  car, be t a k e n  

w h i c h  u l ! t  a1 l o w  t n e  u s e r  t o  h a i e  a c o r n F r o m l s e  o n  a c c u r a c y  

a n d  s i r n u I ~ t l o r ,  r l a e .  h s i j e ~ e i .  t f i ~  t i t r e  s t e p  caii ~ J E  e ~ i h r i g e a  

o n i y  by c a i c u t a r i r g  t h e  matrices l n  E q s .  ( 2 . 6 4 )  a n a  i L .65 ,  

w i t h  t h e  new v a l u e  or r .  k e v e r t h e l e s s .  e \ , ~ n  t h l s  I S  n o t  a 
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severe r e s t r  lction because other m ~ t h o d s  requlre c&lculztion 

o f  t h e  J a c o t 8 1 & n  m z r r i x  at t l m e  step a n a  a m a r r  

lnversrcn as we1 ! ' 2 S " 0 * 3 " .  



i r ~ s u s c r  1s 1 p r o e e s s  c c n t ~ . v l  1s b a s e d  ori e r  r e c r l v e  

an& 1 y i ~  ca I o ~ e i t t o a s  a e v e  i o p e a  U S i T i g  c o r - t t r o i  i r , e o i , ?  T G I  

de~lg i - i1r -ag '  a c - o n t r ~  i l e i .  i 1-IE i ~ v e  I 01 t e c . h n 2  log: ,  s c r l l e \ ~ e c  1s 

art  1 1 - r a : s p u t & b l e  e i . i a e r l , e  o r   it,^ success 01 I T I E S E .  n l t l  F , c ; ~ s .  

i e t .  t t : e r e  %re s € \ . ' e r a  l & s s i ~ m p t ~ o n c  rhst a r e  o r r s r l  alrr l e u :  t 

t~ j t i ~ t l I , \ ~  u l l t  ~ I C , ; - I E ~ _ ~ I ~ ~ E . S S  nisoe ]TI L I S I T - ~ ~  t r , &  - 1 y t 1 ~ ~ 1  

m e r h o a s .  ' T h e  r 1 ;.st z s s u m p r l c ~ i ?  1s r r ia r .  P ~ ~ E . c . ~ c E  m a c h e m a ~ l c ~  I 

m o c e l  o r  t h e  p r o c e s s  t~ tje c ~ l ' i t r ~ l  l e d  C ~ I - I  b~ r o r m u l a t e o .  h i s o  

l n h e r e r - ~ t  11-1 c o r r t r o i  t k ~ e o r - i  1s i t l e  z c s u ~ p t i o n  t t l a t  a precise 

m o d e l  C.7 ? t ! E  C O T T E C t l V E  FTOCE55 1 5  8 b i r l  l i * C i l E .  H C > > & < ' . e I ,  msst 

o t  t h e  i n c i u s T r  1 2  i P I  o c e s s e s  , 1.  e . .  i h o s e  t t ia t  h & v s  n o n l  i n e a r  

r  E ~ a t : ; i ' ~ ;  b ~ x w e e i ;  t r ~ e  sjFstsnl state &iird t h ~  C O I - I C I  0 1  v a 1  ~ ~ . G I E ; s  

do n o t  pe rm:  t t h e  r e q u i r e d  p r e c l r e  m a t h e m a t l c a  l model l n g .  !'he 

o t k t c r  & s s u r n ~ i t i o i - ~  1s  t t i z t  ~t 1 5  & l ~ z \ * s  p o s s i b l t  t o  m e a s u r e  t r l e  

. . -. 
i cT.12  t i O 3 S  l i ;  t t ! E  C O l ? C l  L 1 O i - 1 5  l i ~ , ' . ' i ,  I i f  d l i - r  t T I E .  i , c E s S  ' '  . 
A:-,GT h e r  t u n a o m s i - ~ t a  i b u r  fiat. k:e I l 1 o u n a e d  a s s u m p 1  1 0 1 - 1  1 5  t f i a t  

t t i e  c c , r r r ; E p t  be I K i j j l I 3 i T ; E i ~ r ~ E i )  is I t 1s d k S I  gI IEc .  ~ C b k 1 f z ' : Z l .  

this 1 5  i ~ o t  the c a s e :  t c ~  o b t c l r i  55,. 6 ,good i - i i '  ~ S ~ U I B L O ~  I L  

1 5  ~ I S G  I ~ E C ~ C  5 & 1  :,: L G  C : C , ~ - ~ C  IUE! o p e r s r o r  11.11ei I a c e s ,  

p j  1 :  1 1 s s i - l ~ ~  i 1 hs ss^il i c r l l r - i t j  s i i ; oo t t i i  y b e t i . ; e e i ?  msnua! alici 

g ~ t o m ~ t l ;  o p e r & r l c r i .  t r a l - ! s l e i - r ? s  a U E  t o  p a r & n l € l f S  C h h i - I ~ E S .  eti? 

e i r e z t s  z r  n o ; - ~ i l n e s r  a c t u a t o r s .  kinJ-uF 0 1  t n e  lntegral t e r m  

e r e .  .L;-, o p e r a t r o n s  i i r ~ d u s t r  is 1 f I L J  r e g i i i ~ t - o r  e o r - r s i s t s  Q I  ZI-I 

e i i i , l - l  t h e  i;as i c  ccrirr  G 1 l a k  ar,a heur  l s t i z  o ~ l c  

t b & t  t a / ; ~ ~  ~ 5 r . c  ~f t i re  i r b ~ ' , ' ~  E1'1tiliier & tE-0 I s s V I 3 s .  s l r r l l  1 ax i y ,  

a u r l n g  t e s t l r i g  a n o  c o n x l s 5 l o l t l n g ,  l t  1s fit?c€ssary to 
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t u n e  t h e  r e g u l a t o r  p s r a m e t e r s  o r  h F F  z o n r r c l  s )  s r ~ s s .  k t l l c t ~  

1s a time C o i i S U i i ~ l i ~ ~  ar2d t e o i o u s  u o r k  t z h l n ; :  a ~ s u r  1- d & \ S  t o  

c c l n p i e t e  kt11 1~ ttle p l a l i r  :~I~~E=~C~ES ot .~~, ; t  t i L J  ~ C J ~ C E C ,  - 

1 3 2 '  I I I l s t u r  t ) a r ~ C E s  T I E .  l r ig  b a t t i  S & I E t ,  a 1 1 0  c - c i ~ r j i i , ~  ic I i r r i p & Z t s  

L G I T , ~  1 e x  l n d u s t r  l a1  k l - u c + s s ~ s  a: E s u z c e s s r  u l  I .  

c o ~ i t r o l  l e a  O ~ C F  I t~ t r i e  ~ I G :  E n i e ~ ~ t l c ~ ~ ~ e ~  s tgu i  T - L O ~ ~ I I ~ ~  i i ~  L ~ I E  

c a r ~ r r  u I t h e 2 1  \ . I ~ E Y  a r e  c o l - ~ t r o i  l e o  r,ume~-, o p e r a r o l  5 w t i c  

&re & L I E  t o  c o p e  ~ l t h  t tr& l r n p r ~ c l s ~ o r ~  ~ I , ' . D I ~ Y E C I  L, d ~ i ~ ~ l o f  i l r g  

new s l . ~ !  1s o r  h e u r l s t l c s  ~ n  r 1 rrre. U r i t  1 I r e c e n t I T r  a  

t h e 0 1  e t l c a i  s p p : o a c t i  r o w s r c  a c c i i s l o ~ r & t l o r ~  or t t ~ ~  h ~ u i  I S ~ ~ C  

r h c t o r  s I r ~ h ~ r  ~ n i  l r ?  t h e  Imp  I e n , e i - ~ ~ a t  l o ] )  hzs n o t   mad^ e; ei? 

t t i o u g t ~  thslr s t r o n g  11-11 I u e r ~ c e  o r l  t h e  o p e 1  i i r l o n  O T  t h e  

c o n ~ r  G l 1 er hs5 ~e 1 1  a p p r e c l a t e a .  i n s t e z d  t h e \  & e r e  h l a a e t i  ln 

p r a c t i c a  1 designs. Due t o  b o t h  t h e  d l  t I 1 c u 1  t-. i r l  4 t i eo r  ~ t l c b !  

a r i a  I % s I E 3 lid ~ i r d l r r e r e n c e  1 1 2  t r 1 1 s  r ~ s p e c f  o r  m a n -  

1 ssed i  ctiei s '  " ' . I r ~ e  i d e ~  o r  r n z k l r 1 g  r t ~ e  l m p l  i c ~  r u s e  o r  

kieur i s t l c s  e x p i  l c l  t t i a s  l e d  t o  L ~ I E  I 1 1  61 e x p ~ r  

s y s t e a l  t e c h n o l a , - Y  to t h e  n  1 .  I h e  I : e y  l d e a  b e n l n u  

t h e s e  a e V e  ~ o y ; m e r ~ t s  1 s  t h a t  i t  s r t ou l c r  bt p o s s l t l e  r u  I ~ I I F  I ~ I I I ~ I ~ ~  

iuzz; I c g l c  c o n t r o l  \ r l t h l i ;  t i le  iJornz;i1 1 1 1  \ ; t ~ l c h  t h e  P I O C ~ E E  

C&n b E  C D I I L I  0 1 1 E J  S U C C € S S I  U L  1 )' L 6 TiUTTlZll GPE1 5 i ~ i  . ~ I G W E .  € 1  , 

t h e  \ < a l u ~  o r  t t j l s  t e c h n o L o g \  t o  t h e  o ~ e r a t l o i ~  o r  w e 1  I -  

c t l a r  c t f r  lzeit  s:{st€ms T I ~ S  i ? O t  b€&i i  2 1Ez1 l , d ~ l r i ~ l ~ s t r b t e d  b r ~ d  

t n l s  r e m a l r i s  t h e  issue t o  b e  s d d r e s s e d  b; t h e  n u c l e & r  

c o m m u n l  t~ " "  ' . 

I n  g e n e ~ z l  t h e  s a m e  steps & r e  u s e d  Tor d e s l g n l n g  an 

a r i a l y t l c a l  c c i n t ~ o l  l e r  & n u  s; I u z r ~ ~ ,  i u l e  bksec i  a r i e  ~ i h r n e i ~ , ) ,  t h e  
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p l a n t  p r o c e s s  1s l a e n t l r l e d ,  a n 3  & c o n r r o i  r n e t t i o a o l ~ g :  1s 

u ~ ~ e ~ o p ~ d .  H o ~ e ~ e : .  t t ~ e r ~  i s  & K T ; ;  L e u  d l r r e r ? n c ~  b e t b e e 1 1  t t i e  

a e t s l  1 s o: t h e  t h o  b p p r  O S C ~ I E S '  ' '  . 

1 1 1  t t ~ e  d ~ s l ~ 1 1  o r  bi i  a i , &  1 * t i c a l  c c i ~ t l  ol lei . t h e  pr a111 

d ~ s l k i l  €1- ig ineer  s c o n s t i  u c t  b s b ~ i i t b  be r in l i ? t t i r r i~ ; . t  i ,a 1 riivae 1 

w h l c t ,  1 s  u s e d  t o g e t l - ! e l  h r  t h  t h e  ~ s r r o r m a n c e  s p e c 1  r i c a r l o i l s  b .  

t h e  c o r t t r o l  s p ~ c i i l  1 s t  I c .  ac. :rkr & c t u s I  o ~ s l ' i ~ .  H G W ~ . E I ,  

s l n c e  t n ~ i  e 1s I?G s u c h  ns t h ~ l i i 6 t l c z l  mode l  ~ n  t h e  c a s e  G I  

r u l e - u a s ~ s  c ~ i i t 1 0 1  L e r s .  S ?  t u a t ~ o ~ ~  s c t l o n  r u l e s  a r e  usecl  w t l l c h  

necessitates t f i ~  c ~ i i t l o i  d e s i g i i t i  t o  b e  l n t r m a t e l y  ran11 1 l s r  

w l  t h  t t ~ e  p l a n t ' s  o p e r a t l o l l .  1 heiet o r e ,  t r ~ e  p l & i i t  e r r g l r r e ~  1 

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

r r ~ e t h o d o l o g v  t ~ l m s e l  i .  

~ l s o  U U ~  to l a c k  0 1  a m ~ t n e n i a t i c a l  m o d e l  s u l t a b i e  T o r  

d e s i  gri. i ~ e w  r n e t r ~ o o s  1 car  a c q u l  l r ~ g  t h e  r r e , e s s h )  , 1 , 1 ~ 5 ~  I E ~ & E  

n:us t  b e  e m p l c , e d .  I r 2 r o r i i l & t l o n  3 . 1  a p e i z t l n g  L u i e s  a; E o b t a l n e l i  

i 1  om t w o  s o u r c e s :  D ,  G L 5 E . I ' .  11,s p I a 1 1 t  G p ~ l i t t i C i l ~  -1iC.J t:ie 

o p e r & t o l  s t t i e m s e l  b e s .  h c q u l ~  l l i h  L l 1 0 w  l e d g e  1r1 t h l S  k s )  1s h 

t e d i o u s  a l ? d  a r t e i l  i r u s i i s t l i ~ t  .;i G ~ E S S  L E C ~ U S E -  ~JI  t ~ i i  t t ~ e  

o p e r a t c r  r i l m s e i  1 1s i i o r  d k i a r f  O r  tj15 E L C t l O l 3 S  G I  Cali 1 1 G t  

~ o r n r r ~ u ~ - ~ l c s t e  then ,  ETIeet ~ L E  i i I D 1  Sfifire 1 eiisui-I 01 G t t l t i  . 6 1 S O ,  

d l s t l r r g u ~ s t ! l r r g  t s e ~ ~ ~ e i t  t h e  . E I e b d l - ~ t  a i l 3  l r l  e l e v a n t  

1 n r o ; n & t 1 o n  & v e r  ,, C I ~ K ~ Z I I C ! ~  i?j t a 5 ~ +  Wtt~ri  FIG E > p e i  t 1s 

a b a 1  i & t ; j e .  t h s  ~r i ~ & i . -  L C ,  o r  ZC;IUl: l n g  k n O w l e o k e  b e c e i n e s  

~ l r n g i s t ;  ail i I ?.t1& p l  ; . ' ~ E s s  s h e f  f :?S h t ~ t i i L  I G Z  UilaGr 1 1 0 1  IT,= Zil-ib 

t r ans le r l t  o p e r a t 1 l . g  c o n J l t ~ o n s  1s o S s e r v e u  as  1s t h e  case ~ n  

t h l s  s t u d y .  
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hl I the control lers ale expected r o  sailsl., S U I I I ~  

pei-rorrnai-~c~ ~1 1 ter 1 6  kt~ich I n r  1 uei-8c.e t design and 

: F ~ I  ementatlori process. 'i he most impor tr5.11t or~es & I T ~ O I I ~  t ties€ 

are that the plant snolird respstiu 19 mlnlnium time, therefore 

:k1e iii&xlnum stress l~vels uiii b e  observea durlng rrhnsi~nts, 

and that IT  should be  stsLie etc. In t h e  case o~ rule-taseu 

cor.:roliers there is no G ~ I E C ~  L ~ Y  to USE these crlterla. T ~ E  

cor,xro I l er msst be constr uctea ariu rheln restea t o  u s t e ~  mlr,e 

i ~ s  perrorrnance. however, thls process, b y  no meant 

e x h a ~ s t l v ~ ,  rs never s&t:sr&ctory, l.e., ~t I S  not possiLle 

io establiskl with c~rtainty th&t ; I  I tne posslbre 

eonclngencles have oeen antlclpated and En &ppropr 1 s t ~  

corrective action has been ~mplemented. 

As already mentioned before, all t h e  controlifrs must 

pe tuned berore they are used. Unlike analytical controllers 

the-e i s  no standard technique ror calibrztion or rule-based 

controilers &nd instead they require tedlous iterative 

closed- Loop tr la 1 s, tsl determine the membci.st~lf' 1u1-1ctluris and 

the ~ii~ctiver!ess of rules. 

L e s ~ l r e  these disadvantages tnele &re cases where rhe 

ru!e-based cor~troi i ~ r c  & Y E .  s u p t ~  :OI O u t  LO t r l e l i  I I & >  lL11 1 J L ,  

- 
&r.u TULUSXJ-~~SS. ~ h e s e  Pact01 s are esFecl21 1 v importsnt uhen 

the r n o G e l  IS ~naccurare, slgnais are nolsy, or some 

parzirnerers assumed ta be constant are reaiiv a runctlon of 

t i .  O f  cou;sg when no model or the proc~ss 1s a v a l  labie 

then rhey are the cnly automatic controliers Svaliable. 
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T h e  h i s t c r i c a ~  a e v e t o p m ~ r i t  G I  t t r e  S ~ ~ Z Z >  logic 

c G n t r o i  l e r s  u s e d  i i l  l ) ; a u s t l  l a 1  p i  u c e s s e s  starrlng w i ? t 8  t h e  

p i o r i e e r i r r g  w o r k  c t  t ,&rr,aanl s t i d  , + s s i l i a r i  i s  r e i 1 i + w e d  1 1 1  

ieTt?TenCe - .  k l  t t10ugt1  t h e  c o r ~ c r p t  01 ~ U ; Z \ I  1 o g l c  ~ o i n t -  0 1  W d S  

o e .  l c e d  n e a r  t s r l  . - . E & ~ S  & & o ,  m;lnl\ ,  d u e  t o  t t l e  reluctenc€ 0 1  

t h e  f i u c l e s r  ~ n o u c t r ~  ro u s e  a i g i t a l  c o n t r o l  m e r h o u s .  r u z r l  

l o g i c  c o n t r o i  a p ; i r c z t : o r , s  % r e  v e r k  r e c e n t  s i i o  i n  t t i ~ l l  e b r  1 - 

S t & g E S '  " ' . 

k u ~ e - B a s e a  c o n t r o l l e r s  IF .EC)  a r e  a S U D S S ~  o? 

k n ~ ~ l e d g e - b a s e d  s , s t e m s c h b s i .  1 u l  E S  b ~ 1 1 1 g  s ~ I I G W  1 ~ d g ~  

i e p l  e a e n t a t i o n  niaIr!od. 

H k n o w i e a g s - b a s s o  s y s t e m  1 s ti 1-1 a r t i r i c l a l  

i r r t ~ i  1 l g e r i c e i k  l ) pr ogr.am wticrse p ~ r  I o r m ~ i - i c e  u ~ p e i - ~ c i s  1Iia1.e o r ,  

t h e  E X P !  l c l t  p r s s e i - ~ z e  o r  a l a r g e  b o d y  o r  knowiedgs t r i z n  01-1 

t h e  O s s e s s l G i - ~  01 l7 lgenlOlJs  c o r n p u t s t  l o r 1 6  I ? I  3 c ~ ; c i ~ i  c s .  ~ > : F , E I .  T- 

S:, steals iu.hicii a r c ;  a scrtjset o r  ki-toi; l e d g e - b - i s e d  c - >  s te i?~s  seek iij 

aioae 1 ttie know 1 ecrge ar ,d  F;r c c € d i ~ i  Es  U S E d  Fs'). s, I ~ L l i r i & l ~  E X p E T  t 1 l . I  

sol i i i i g  p r c b j  ~ i ; j c  ~ 1 t h l i - i  a  w e  j 1 - d e r  lr.:ed d o n i & i n .  l - I 3 u ~ . v s . ~  . 1 o r  

- I - ; j r ;pl  j ~ z i l ~ i - , ~  t t , e r e  &:  e 1 - 1 0  u 1 1 ; q U E :  i 1,. q U 2  1 1  I I€ , : ;  t ~ l J i i # & ~ t  

e i ( i ; . e ; t ~ . ( ~ ~ '  ;;s 1s t r l ~  ~ 5 5 ~  11; t h i s  s t u d y  d u e  t o  t h e  t a c ~  t h a t -  

i t i f  p r o c e s s  to t~ c o n t i c i  i e d  I S  t o o  1 6 5 t  f 0 1  & 1 i i J i l i k i - 1  hE211g. 

I n  kE2s, c ~ t i i p u t a t ; o n s i  s t e p s  a r e  s e p a r a t e  i r o n  t h e  

c o i ; t r o  1 f 1 o ~ l  2 5  ~ p ~ o s e d  to t t t e  co!-t\iei-~t lor !& 1 c o n , p u t e r  p : .ogr .ams 

i t h e  i r , r o i n ~ , r l o r . ,  1s s ~ s t t c r e d  t t i r o u g h c t u t  t h e  caoe. T ~ E  

,-lF ,.jrr,z:_n s p e c l i i c  ~ i - i ~ ~ l e $ g ~  s u c r l  is T & c ' ~ s  a1-1d l u l e s  or oiher 

r e p ; e s e n t a t i o n s  t y j & c  U ~ E  t h ; s e  i b ~ C s  2 s  t h e  b s s l c  r c r  

a e c l s l o n  m & k l r l g t  1 s s l d e s  Irt tkge PSI t C &  1 1 €!d ----- k l ~ C i t .  i ed$: . e  



st; 

b a s € .  whereas :he  g ~ n e r a l  p r o o 1 ~ - m - s o l v l n g  L i ~ o w I e d t t .  c a l l ~ d  

tkle 1 n S e r e n C E  E F E I ~ S E  c d i ~ t a i n s  a,-I i n t e r p r ~ t e r  t h a t  d e c i d e s  t h e  

o r a e r  11-1 cii-llcr2  FIE r u l e s  s r t c u l a  be a p p l  ~ & d .  - 1 1  a d d l  t l o r r b i  

t a c l  i it-., cal  I S 2  me u s e r  i n t s r  race i s  d f s u  n e c e s s a r y  t o 1  

meal; 1 2 a t l G r t  2 -  L E r p 1 & 6 ? i r t o r >  p ~ l ?  p 0 s t . 5 ( ' ~  ) . 1 t,e 01 g & I i I  ZC L 1 0 1 1  

0 1  2 b .E>  1s S i , Z -  , 1 1 - 1  F I;.;. 1. 

t,rioi; i e d g e  b s s g  

i 

11-ire1 r a c e  

F l G i - l E E  z .  i .-. b l o c ! .  d l & g r a i n  o r  a n  e>cl:$el t s.yster i i .  

I . i m a u e  l GI I ~ , E  P I  ~ C E S S  1 5  I ebb !  ~ S E I , ~  e d  i 

u s 1 i l ,  ; u l e s  r z  r r s i  t t , z ~ - ~  rnath-cnst i c a l  e q u & t l ; ~ i > s .  Hokrecer . a s  

an s x p e r  t 5. S ' . E K  a ~ p \  icst ion k b ~ s  6 1  e 1 3 1  s l m p l r  

zoi s i i u c t s .  O J  t~ t h e  racr that t h e l r  k n u h l e d g e  base  I S  

I i n l t ~ ; ;  & n o  I L . E  ~ o t !  be  g 1 ~ ~ p e 3  i t 1  l o c u i ~ - ~ g  T Ire u s e  C I I  1 c i C h e 1  

s i i r p i ~  l n r e r ~ - - . : ~  r z e ~ f ~ z n l s r n s .  1 1 1  t h e  case  or  fuzzy i o g l c  

c ~ n t r o i ,  D L  Ch&lr , i i - ig  I S  S U f  1 1 C l E i i t .  5r!d l i F t  g f i l f l  bl 

c o n ;  f i c t  ~cr;~i r:~,, s t ~ a t e g l c s  a, e i n h e r e n t  i i - I  fuzz; .  i o g i c  as 



s l l rcs  1 ct Ies E I  E. u s e d  r o ,  k,lluw 1 e a g c  r e p i  e s r n t a t  1 0 1 7 :  

or11 y ar l  e rnp l r  ; c&i  r e p t e s e n t o t ~ o n  1s p o s s ~ b l e .  Eecbuse cvne CIT 

t h e  mzin r e a s o n s  r o r  u s r n g  t h l s  k l n d  o r  c o n t r o l  1s the rack 

01 & V a l  l b t j l  i l i y  ~t a e e p  r e p r  e s e n t ; t t l o n s  o r  t , s r  d n ~ s s  t r r e i  e o l .  

this 1s e n t l r e l  j &ppl  c p r i a t ~ .  

1Fte s u c c e s s  or a n  ~i p r o g r a m  u e p e i - ~ d s  ofi e r r e e ~ l b . e  

know1 ecige r e p r e s e i - i t a t l c s n  t ind ~ n t e g r s t l i - i g  d i  t r e r . e i ~ t  r c l  I-ids o r  

k n o w i e d g e  i l s k o  a c o h e r e l i t  k , n o ~ l e c i g e  b a s e  t o  s u p p o r . ~  ttie 

s y s t e m ' s  a c t ~ v l t i e s ' ~ ' '  { s e e  F l g .  J. ,, . A r e p r e s e n t a t l o r t  ~n 

t h l s  c o n t e x i  c a r ,  be u ~ i  l n e d  h s  5 s e t  o r  s y l - i t & c t l c  a n d  

s f n i a n t  l c  co i - tven t  lor-is ? ; n i c h  t e  l l a c o n i p u t e i -  h o ~  t o  1 1 - l t e l -  p r f t  

symbol s t r u z r u r e s .  'itie S ~ I - I L ~ X  s p e z i  t l e s  i h e  s:ylilGo I s t r t a i -  ma., 

b e  u s e d  ant! t h e  a=:;= t o  a r r a j - , g &  ti,erri ~ f , e r e & s .  t h e  s e m & : ? r i c s  

S p f C l T  l € S  t t12w nieai-kll-ig I S  €!fii.bL)dled l T i  'r  IF S , ? t l i b C - i  5 aI!d i r i E -  

symijo i a r r i i n g e n i e n i s  b l 1 owed b:, t t i e  s,, ,r-liar, '  3 6  ' . 

kal l , & t t e r r p r s  a t  lsul 1 dl r ig  l j i t ~  l i 1 g e r ~ t  s .  siems : - ' C ~ L <  

r r r s t - o r d e ~  - p r e c i c i t ~  c ~ I c u I ~ ~ ~  h5 t f 1 ~ 1 i  I e k  I E S t r t  L C ?  1 O L I  

larlZl>a;;t?.  ! l ie  iaE:cs i iiptl oac=tl IISS t h e  i i - t ~ u i ~ l ~ ~ !  d / - p e =  i r s r  

k n o u i e d g ~  r e p 1  ~ ~ ~ 7 1 ~ 4 t l o i - 1  G e z b u s e  i t  r t & s  ~ e a  , k e i i t 7  l 

e x p r e s s i d e  p o k e r  a n c  m a t h e r n s t l c a l  a e d u c t ~ o n  c a n  be u s e d  t o  

a e r l v e  n e b  ii;-ith 1 ~ 3 g e  : r a m  old. h~ t h o u g t i  I c g l c  1s u i l n i h t e r i e ~  

f o r  t h ~  ~ r o t l e i r , ~  l t  1s s u i t e d  T o r .  r t i € l c  a r e  C.&sis u t t e r s  t h e  

f 0 1  I o u l l n g  ~ e a k . ~ - ~ e s s e s  r u s t  LE ~ e l ~ t l e d  a g b l l - 1 s t  o t h e r  s v a l  i z b i e  

methods: Since theorem p r o , f l ~ - ~ g  p r u g r s m s  r e q u l r e  s e a r c n ,  



s c  

solution mav t a b e  t o o  l o n g  ra t& r o u n d .  S o m ~  k n o w l e a g e  C&I-I 

i la t  t-2 r e p i e s e f i t e d  as Z ~ 1 3 m 5 .  1 3 ~ 1 1 1 U 1 5 t 1 3 n  Of t i i E  j 1 G L i S i i 1  1 3  

I o g l c  may r e y u l r  e u r r ~ ~ e c e s s & r ,  ~r l o r  t k t 1 1  Ie su1 ~1 tie 7 i - ! ~  

p r o b l e m  r o r m u l s t e a  ~n a ] - i o t h e l  u a v  may be  s l r n p l e .  h l s o .  l o g i c  

d o e s  n o t  a i i o w  r h e  e x p r e . ; s i o r l  G: s o m e  o b v i o u s  r i e u r r c L i c  

K n O W i e d & ~ " ~ ' ~ ~ ' .  

r a c t s  

I 

a e s c r i p i l o n  S ~ t u t i t l o n  F r  o c ~ s s e s  

I I I I 
Q I vocabu la ry  

i 
I 

a e : l n i t l o n s  
kl4Clc LEbuE !- I1 

li i o n s t r a i n r s  
I 

I' /I 
u o j e c t s  

r e l a t i o n s h i p s  t i eu i . ; s r l c s  

! 
I ~ \ p a t r , e s l s  
i 

bec  1 s i on  
r u l e s  i 

F I E  3 .  T h e  k l n d s  o r  h n o i u l e d g e  t h a t  c a n  g o  l i i t o  a 
k n o u  i & d k e  base. 

F s y c h o i o g l c a i  r f s e a r c n  s u g g e s t s  t n a t  h u m a r t s  c o  n c t  

exhibit t r ~ e  kinds o r  reasoning b e h a d l o r  t t t a t  I S  a s s o e l a t e d  

~ l r h  t h ~ o r e n  p r o u l n g  ~ : ~ s t e r n s ,  r a t h ~ r  p e o p l e  p r e f e r  r e a s c n ~ r g  

r r a m  s ~ t u z t  l o n s  t o  a c t l o ~ - i s .  ? i l e  K j L 5 t  p G p u  l a r  aria e t ~ e c t l  r~ 

r e p r e s ~ n t a t l o n a l  form Tor declarative d e s c r l p t l o n s  o r  d o i z a l n  

a f ? f n d f n i  b e h a v l o r a f  knowledge ~n 3 k n C W i e 3 g e - b a s e d  system 
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therefore has been patte~ri/actlGn uecis1011 I U ~ E S ,  Z E ~  I lec 

P I  odur;t1011 r u l ~ s " ~ '  " '  . ts-h r u l e  conslsrs 01 a,, 1: pa.. t k n d  

a tt~el-I part. 1. E .  

1 r anteCedertXther? consequenr. 

~ ~ V E T I  the &l?tecraent ;IS a :act i t  1s co~;cli~ded b ;  tht. s l T s t e m  

ttrg the cclnsequent 1 s  I aiici IS adaelj ts tb,e L i , a ~ l e d g ~  

b a s e  as a r ~ e ~  tact. i-ioour-tlol; rules &re, 1r1 t h 1 5  sense, 

errectlv~ly a subset o r  the pre~lcate calculus wlth ari added 

prescrlptlve component lnalcatlrig how the rnrormatlon ~n the 

rules is t o  be useu ourrng reasunlng. The dirrerenee i ~ e s  ln 

the rack trra t tne conriectlcn between the ariteced~nt &nd the 

consequent 1s r a the r .  emp~rical, 1 ,  lt 1 s  orren not 

possibie re p r o v ~  t h h i  certain acrlons &re Iuglcal 

consequences ~r certain slt~atlons"~' . Froauctlon rules can 

easlly be unoersiood b y  acnaln experrs and havc surrlclent 

expressive pokier to r a ~ r ~ s s n t  a usfrul rsrige or dc!naln- 

dependent 1nr erence r u i ~ s  a n d  behavlor spec1 r 1catroi-is. 

however, tnelr expressive power 1s ~n&aequate ror derrnlng 

terms anc ror ceecrlOing dcmaln objects and statlc 

re l&tlonsh~ps among objects. 1r1 tnls respect they a1 lob on 1 y 

;j. surTace 1 epresenzatlon. 

k-io~ever, a rule-based system can e a ~ l l y  explaln t h e  

w h v  an3 o r  rts inrerence processes w h ~ c h  1 s  z very 
A- 

l m p o r r a n r  ~ S S E ~  O U ~  IG the :act t h & t  somatlmes the u s e r  may 

d o u ~ t  r n E  conclusr~ns reacr.eo and may want to check trte I ine 

of interence so that he ma:, use the result or reJect it. Such 

a querk m a y  h e i p  to improve the rule base; the necessity of 
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adding new rules- modifying or even de1e;ion of some existing 

ones may become apparent. 

Semantic nets and frames are also used for knowledge 

r e p r e ~ o n t a t i o n ' ~ " ' ~ ' ' ~ ~ * ' ~ ) .  

k sernan:ic net consists of nodes which stand for 

concepts or objects or events and are connected b y  arcs 

describing the relations between the ncdes. It is a useiul 

way to represent knowledg~ in domair~s that use well- 

established taxunomies to simplify problem solving. 

A frame is a structured repres~ntation of an object 

or a class of objects. Like a semantic net it is a network or 

nodes and relations organized in a hierarchy, where the 

topmost nodes represent general concepts and the lower nodes 

more specific ixstances of these concepts. The difterenc~ 

lies i n  t h ~  fact that in a frame system the concept &t each 

node is defined by a collection of attributes and v&lues Tor 

those attributes that are called slots. Each slot can have 

procedures attached to it which are executed w h e n  the 

information in the slot is changed. 

The con;rsl strategy in RBCs is represented 2 s  

production rules which model the operator actions. The 

antecedent generai!~ consists o f  the deviation of t h ~  

observ~d variables from the setpoint and their rates of 

c b a - n g e .  Tht cocsequent part of the rale zppl ies to the 

manipulated process variables which can be stated in terms of 

the change to the level of input, or ths absolute level of 



i n p u t .  I h e  1 0 l i o i ~ l i 1 ~  i s  h i i  e x h r n p l e  l u i ~ :  

I r  pressure e r r c r  1s negative smal l  a n d  c h a n g e  I ;  p r e s s u r e  

e r i o r  I S  negatlvf s m & l l ,  t h e n  hekt  cp~ange i s  p o s i t ~ v ~  nea lum.  

fi c l o s e r  l o o k  a t  t h l s  r u i f  k l l i  r e v e a l  t h e  l r n p o r t a n t  r e a t v r e s  

c c l n c e r r i l r i &  t h e  s l m i  l a r  i r l e s  a n d  a1 1  r e r  e r t c e s  t j ~ r w ~ e n  t h e  

c o n L e r t t i o n a l  and r u l e - c a s e d  c o n t r o l  l e r s .  k l r s t  l y ,  t h e  t e r m  

" P T E . S ~ U I . ~  e r r o r "  rnesrts t h z t  t h i s  r u l e  1s  ro rn iu~ ; l t t e r r f  w l t h  

r e s p e c t  t o  a p i e s s u r ~  s e t ~ o l n t  h t  ~ t 1 1 c t 1  ttte p r e s s u r e  s t ~ o u l d  

b e  h e i d .  k l s o .  t t t e  s n r e c e a e n t  o r  t h e  r u l e  h a s  ]-lot G r i l ~  t h e  

d e v i ~ t i o n  r r o r ~ i  t h e  s s t p o l n t  b u t  i t s  rate ana d i r e c t l o 1 2  o r  

c r i a n g e .  Irt t h i s  i e s p s c t  t i t e r e  i s  b v e x \ /  ~ E T ~ I I I ~ E  S i m i  la1 i t 's  

b e t w e e r )  t h e  p r o p o r t ; o n ? l  a n d  d e r i b h t l v e  t e r m s  o r  a 

c o n v e n t ~ o n a i  F ILJ  c u i ~ t r o l l e r ' ~ ~ * ~ ~ '  . F i n a l l y ,  t h e  r u l e s  a r e  

e x p r e s s e d  u s i r ~ g  I i r l E u i s t ; c  .,ELI lables s u ~ h  6 s  " P I  e S s U x  E 

e r r  G " c h a r , e  113 p: e s s u ~ e  e i r o r  a n d  ' ' h e a t  c h a n g e  W h l ~ t t  

c z n  t a k e  t h ~  r u z z , .  v b  IUES ' f - t e g ~ t l ~ ~  s m a !  1 '  , ' k.35 1 t 1 . t t 18' 

erc. h i t h o u g h  tl~ecre a i e  t h e  t e r m s  tiurnan b a r n 5 s  caii 

c o m r c t r t ; l o l q  w a r h  w l t r ,  ~t 1s  d l l l l c u l t  t o  ~ r i ~ p i e m e f ~ r  ~ r ~ f t r r  0 1 1  

~ l b l t & i  c o n ~ p u t e r s .  U h s n  r r y l n g  t o  c o n t ~ r o l  h l g t t l  n o n l  l n e a l  

3.1. 1 h e p r  e s e n t  ri-rg ~ n e x h c t  L I - I U ~  t e a g f  

Unr o r  t h e  d l r r i c u : r r e s  ot i m p l e m e n t i n g  kESs rs that 

a comp e t e  u r ~ a ~ r  ~ t & l - , d : ~ - ~ g  G I  t h e  cornpi E X  acrns  1x1 e ~ t c o u r ~ ~ ~ ;  e d  11- i  

a r e a i  w;r:a situation i s  g a n e r a l  l y  n o t  a v a i  iabie. Much h u m a n  

know l e d ~ e  i s  v a g u e  hikg 1mp1 E G ~ S ~ .  H u I T ~ ~ ! ~  t h l  i l k 1  i l g  a n d  
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r  e a s o r r l n g  I i  e q t i e l ~ t  1 ;  1 n ~ o  1 v e  l l l c x & c t  11-11  G I  r ~ t ~ l ~ l o ~ ~ .  

b 4 e v e r t h s l e s s .  t h e  e x p e r t s  n & v e  h e u r  i s r l c s  t r ~ s r  & r e  r o r r r l e d  l n  

t l m f  1 r o n  e x p e r  l e n c e  o r  s o m e  & b s r r & c t  se1-1tb i m o S ~ 1 s  t h b t  

a1 l o r  t h e m  t o  p f r r o r n  e r r l c l e r - * t l )  i n  their par t l r u l r l  

U O I T L ~  i 1?S. 

I f  z n  E x p e r t  S \ S ~ E , T Z  1 s  t c  e x h l b l t  e x p e l  i L S ~ I C .  ~ E I  

t h e 1 1  I t  m u s t   ISLE k T t D h  I E U ~ E  I ~ ~ i r e s ~ i i t z t i o ~ r  s c t l e r n e s  t h a l  c b i l  

e n c c a e  u n c e r  t a l n  ki-lob 1 € a g e  r roi;, t h e  p a s s 1  t l e s ~ u i  zes: 1 I 

~ n h e r  e n t  hunisn T u r z y  c G r r c e p L s :  < b )  u n r e l  i a G 1 ~  I I ? ~  D I I T ~ ~ L ~ U I I :  

cc) m k t c h l n d  0 1  s l m l l s r  r z t h e r  t h a n  l d e n t l c a l  e x p 2 r l e n c e s :  

c d )  ~ n c ~ r n p : e t - ?  1 1 t 1 o :  itrrd t e )  d l 1  lei l n g  ( e x p e r  t i  

o p 1 1 ; l o n s .  

i n  c l a s s l c a i  logic a 1  I t h e  p r c p o s l t l o i - , s  E T . ~  elthri. 

true(T: or I & l z e l F  i .  i n  o r  a e r -  t o  e x p r e s s  uncer tsli-I k ~ - ~ o , ~ , l r ; t g e .  

a s c h e i n e  u h l c r ~  a l  106s a p r o p o s i t i o n  to h a v e  a t r u t h  v ; ; i u e  

C S ~ ~ E I  01 F 15  ~ - I E . c E - ' ~ . s ~ I : + .  L J T ~ ~  i t ~ ~ l  0 i t ~ t 1  1s ~ c t l . 1 ~ 1  O E . ~  5. 

r a i ; g t  0 1  t r ~ 1 t . h  v =  I U S S  e x  ~ E I I ~ ~ I - I ~  f r olii ~ E : I  1 1 - 1 1  te ~ I U L : - I  L O  

b e 1  3 r 1 1 i e  ~ h l s i t y  wl t k ~  ; . a i u ~ s  a1 i o w e d  1 I S  i . .  1 1 ~ 1 5  

new i i u t h  v a l u e  c a l l  e i t h e r  b e  a  I ? u ~ ~ T . ~ c ; I I  v a l u e  L~P*-L:ES:I il or-10 

1, r e p r e s e n t ~ n g  a c i e g r . e e :  or i q u a ! ~ t & r ~ . , e  I .  s u i - i ~  , c  

: ' a i n r o s t  t r u e ' ! ,  k ~ h l ~ . h  1s 6pT l f l g a  ss a p h i  t l t l o . ! ? l  C J ~  t t i ~  L i ~ t i ~ :  

5pace (  6 Q ' 

I l - *e  u s ~ s  l . s p p r c a c h e s  t o  i n e x a c t  k n o k l e u g e  ~ r t  e x p e r t  

s y s t ~ n s  a l e :  + a )  b s ) e S l a r l  & p p I  C J Z J C ~ I ;  i t ~ l  i E I  t o l i ~ t :  I i c i i i 1  5 :  

cc) b e n i p s t e r - z r - a r e r  t h e c r y  o r  eb l u e n c e :  1 d : t u z z ~  l og l : .  
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5. i. 1.  l b s y e s l a r ?  ~ F , P T O & C ~ I .  b a s ~ u  GI-, F~~ a b k a l  ; 1 1 ,  t t . t h~ 

b a . ~ € s l a ! - ~  a p p i  OaCh C s l ?  dEiL I O n l y  w l  I f !  I J I ! : ~ E ,  ~ 2 :  1 ; t .  . i i ! - : c i -  t a l l ?  t :  
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FIGURE 4.4 Response SP, to -1 percent step change in steam 
flow rate 

The regulator development process started with 

testing the accuracy of the model and its implementation and 

comparing the solution method with other  solution^"^' 1 2 . 1 9 )  

It was found that within the restrictions a1 lowed for while 

conceiving the model, the accuracy of the numerical method 

described in section 2.2 was equivalent to a fourth order 

Runge-Kutta method'56' , Bul irsch and Stoer's method" , 

LSTIFF'31' and GENDY"" and it was considerably faster hence 

better suited for simulations that are to be run on 

microcomputers, Later, the response of the NPP to various 

inputs were investigated some of which are given in Figs.4.1- 

4.4. These tests were made possible by the interactive 

software developed specifically for this study that a1 lows 

the user to stop the simulation and observe each and all of 
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s m a  i 1 e r  hn1.i c z p a c i  t y .  

4 . ,  Format ic : ,  o r  t h e  h n o w l e c i g e  b a s e  

I h s  l r r o r m a t i o n  & > o u t  p l & l i t  t s ~ r 1 a ~ 1 o r  t r r u s  g c  trie~eCi 

m u s t  b e  s t r u c r u r e d  ~ o i  r u l  l o k l i t g  r e a s o n s :  ca) tcz 

determine t h e  m a n i p u l a t e i l t  z r la  c o r ~ r r  0 1  l e d  l b t l  E S :  i r ~ i  tc 

a e c i u c e  t h e  i i n g u i s t l c  i a P e ~ s  t r i a t  c a n  b e  u s e d  t o  d e c r l b e  t h s  

m e a s u r e d  v a r  l a b  ~ E S  61-ri S E ~ S I  1 ~ 1 1 - I E  t t i ~  I ~ I - I ~ E  G I  ~ c i t i  1 ate i 

w n l c h  w l f  i :zr!i ,  the b & g l c  C I  T U Z Z )  s e t s  tfi ti2 USSO: i ~ !  L C  

a e t ~ r n l n e  t h e  rules t f r & r  i l l !  r e l b r e  t t l e  I I I I ~ U I S ~ ~ C  iat&ls I .I$ 

s p e c 1  r l c  c o ~ i t r o  1 a ~ t l o r i - c .  i .5 b h ~  m e l i t l o n e o  ~ n  c l i a t  1 . e~  t t t r r  c 

are t h o  v a r  l a t i l e s  11-1 t t ! f  a e . 6 I ~ p e O :  math61lii.t ~ L i r i  niodel o i  l a .  

k. f?ablnEo;-i ttrsr 122,-I i. P s i  I p u i a r e d  t o  a p f  I ,  t h e  d e ~ 1 , s d  

c o r i t r  01 a c t  1 0 1 - 1 :  i o n  fnover r i~ i , t  &:;u S t € & n l  1 1 O h  I St€. h c - 1 ~ .  € 1  . b S  

t h e  c o j - ~ t r o l  r o a s  are g e n e r ~ !  i y  usea r u r  power  l e v e l  c h a r k g r .  

o n l y  s tean ,  r 10% was m a u . l ~ u i a t e J  f o r  p o k e r  i ~ g u l h i , l o t ~  1 1 1  
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T h e  m E a s u r a b l e  \ s r r z t . ! e s  t h a t  a r e  available t o  t h e  

operztor are p o k ; e r c n e u r : s n  : k u x ~ ,  h o t  arid c o l d  l e g  p i  i r i i i t r  y 
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water temperature, primary loop pressure, feedwater flow 

rate, steam pressure, core outlet temperature, steam 

generator level, steam flow rate and rod positionu9' . Of 

these, power is the variable to be controlled. During the 

simulation runs it was seen that a sufficiently effective 

manual control of NPP was possible by only acting on the 

deviation of power from its steady state value, it was also 

determined in this process that the rate and direction of the 

deviation is also considered by the human controller. Based 

on these observations and simulation runs it was decided to 

choose power error(PE> corresponding to gP in the model and 

change in power error(CPE) which is actually the time 

derivative of PE as the linguistic variables. This choice 

also follows from the decision to make the rules as simple as 

possible both for purposes of implementation and development 

and hence more suitable for practical applications. 

The allowable range for power variation that can be 

the subject of regulation was chosen to be + / -  6 percent 

since the steady state operation point is full power with 

only 8 percent overshoot allowed by the safety regulations. 

The 2 percent margin was arbitrarily determined upon in order 

not to challenge the safety system. In order to decrease 

chattering a + / -  0.25 percent band was taken as the deadband 

where no control action would be applied. The ranges thus 

selected were spanned with a set of eight fuzzy sets each 

comprising the range of values of the linguistic variable PE, 

and another two set of seven fuzzy sets for CPE and change in 

steam flow rate(CSFR). The fuzzy sets are "negative large", 
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'1 rr e zonciiticn&l rules t i l s t  w e 1  e sonie t ~ ~ t +  

su&conscious I >  applied b r  t h e  a u L h o l  d u r  l n g  t h e  rcanuai  

c o n i i o l  trla:s w e r e  ~ r  l t X E i t  S O L T I  i?T~d 1 r t l 1 e 5 t l g s t e d  & S  t'3 

physical c o r r e c t n e s s  a n d  t h e  r u i e  base w a s  l o r r n e d  a r t ~ r  an 

l t e r a t l v e  p r a c s s s  in w h l c h  new rules w e r e  a d d e d ,  prevlous 

ones deleted GI ct,al-.ges were m a 3 2  ~n t h e  e x r s ~ l n g  o n e s .  T h l s  

process was t+y no g e a n s  s t r  l v l z l  t a s k  slrice tt~e m&r~ipulaterj 

varlsale 1s o n e  or the s e c o n a ~ r v  l o o p  w h l l e  t h e  c o n t r o l l e d  



v a r l a b l e  1s t h a t  0 1  t h e  ~i ln ia r ,b  or-re. Ljue to t h e  Tieat  C S ~ ~ C I  t) 

u: t h e  s team g e n e r a r c r s .  a n y  a c t l o l l  l n  one s r  t h s  l o u p s  1s  

t ~ l t  i n  t r i ~  0 i h e l  a l t e r  2 c o i - t s l d e i s t t i e  r ~ t ? i ~  aeib\ t t i u s  

hindering t h e  e r ~ d i t  a s s i g n m e n t  t o  t h e  a p p l l e o  r u l e s .  I t  1s 

w e r e  u s e o  c o n s e c ~ ~ l v e l ~ .  H r t e r  long & n o  t ~ a l o u s  s ~ m u l & r l u n  

i U l - I S  t r t e  151  iOWlnE t U P r : t -  t w o  r u l e s  W E I E  1 ~ e i ? t l l  l e g .  I 1  i i 1 1 ~ 5 t  

b&  a d d 2 0  t n o x  r r ia l , l~ ;g  a n a  iogres t ; l t h  p ~ e v l o u c  r u = ; \  c o i - , t ~  0 1  1 e r  

w r t t i  as  was t h e  c a s e .  & I  1 o r  t h e  to1 lowing r u l e s  2, iz based 

ox- t h e  InrtGr & ) - i t  r r e g i t l ,  e  ' t e m p e r a r u r  e r e e o b a c k  11-1 F k F ,  t ~ P T  

n u c  1 es  r i e s z t o r  s :  arc I ~ C T E ~ S E  11-1 t ~ & d  d e c ~  e a s e s  t h e  

t e m p e r a t u r e  Irt  t t ie  p: l n l i r y  l o  I l rkcr  etises ~ C I ~ ~ E I  arid 

e s c h  r u l e  1s art e x p e r t  a t t ~ m p t  a t  r ~ v ~ r t l n g  t h e   ad..?^ sp 

a ~ v e  l o p m e n i s  b a c k  t~ t t i ~  Ope r ; t i i - i k  I .  I L hir a p p ~  I ~ I  l a t e  

11 pJher e l  i o r  i s  r ~ e ; s t i v e  b l g  o r  n ~ g a t i v e  mediuiz &nd 
c h s n g ~  ~ i - I  P G k e r  e r r o r  1s n e g a t ~ v r  srrib-1 1 

t h e n  c t ~ a n g s  i n  stesiii r iok r a t e  i s  p o s l t l v e  mealum. 

I r  power e r r o r  1s r l e g a t ~ v e  sKall a n d  
change ~n power e i r o r  1s p o s i t l r ; e  snial l 

t t i ~ i t  c h a r , g ~  ln sreirn, I lo* r a t e  1 s  pos i  t l  ,le meaiunt. 

I r  p o ~ e l  e r r v r  ;s n e g s t l u e  i e i o  & n o  
cha r~ge  i n  power E i r O I  i s  ~ C . S I ~ I ~ J E  b l g  01 p o ~ l t ~  w e  liied~bin 

tt.=it cnh11ge 111 s team i loci r s t s  1 s  p S s l t l v +  i i i e d i ~ f f i .  

i 1  power e r r o r  1s n e E & t l i / e  ; ~ I O  aria 
change i n  power e r r o r  1s n e g a t i v e  t i g  o r  n e g & t l v e  mearum 

ttten C h a n g e  i n  s r e a n  I iow r a t e  1 s  n ~ g b t l + r  ceoium. 

! K  pogtr E r r o r  15 nSgECIYS Z E T O  Cr p a s l t l v e  z e r o ,  ano 
c h a t i g ~  lr! P O L ~ E Z  e r r 3 1  I S  Z E I G  

ttter! cp13nge I n  s team 1 l a w  i & C S  1 5  Ze ic .  

1 1  powEr e r r o r  1 s  p e s i t i l ~ e  z e r o ,  and 
cha:,ge 1r8 poder e r r ~ r  1s n€gaCit.'e b l g  or  n e g a t l i e  rn?al-s 

then  c:iar?ge i n  s t e~rn  t i o h  1 s t ~  1s ~ G S I ~ ~ J E :  r n f ~ l t ? ~ ~ .  



I 1  power e r r o r  1s p o s l t l v e  z e r o .  a n d  
c h a n g e  ~ n  p a h e r  e r r o i  1 s  p ~ s l t l i s  big ~ r  p o s l : l - e  m e c i ~ m  

r h e i i  c t i znge  ~ n  s t ~ s ~  110; 1 s t ~  1s T~E$i . t l  , E  K E C I I U I I , .  

I1 p o d s r  e r r o r  i s  p o s l c l v e  s i x a l l .  a r lo  
cri.&rige 1r1 pO*ei  E r r o r  15  p c s l t l v ~  s m ; l  I G J  Z e r o  

 the^, c h a ~ i g s  l n  s t f a r ; ~  1 l o h  i a t s  i s  i l s g a t l  e  m ~ ~ 1 ~ u i i i .  

I f  pGWfI E T I O I  1 5  PGS1t l .E b 1 g  G i  G G S l t l l E  IIjeZiUE. i r td  
c h a n g e  l;? p s b e r  E T T G !  i s  neEstl . e  - s I I , ~ !  I 

t h f r r  c h s n g e  I n  S i E s i ; '  I l ~ r  1 s t ~  is r , e t a l ~  .,e ~ i s i i l ~ i l .  

I t  powel e r r o l  1s n e g & t l . e  smal  I ,  s i , c  
e t i h r ~ g e  l i b  ~ G W E I  E i  1 6 1  i s  2 6 1  D 

t h € t i  CtrjrigE 1r1 S t e & o ~  I l G *  r s r e  I s  p G s ? t i \ s  ~ E C I U P .  

I f  pOLEi E r r 0 1  1s p 0 5 1 t 1 3 e  l i l E C l i U K 2  O I  p 0 S i t l . e  C l g ,  bi- ,d  

c h a n g e  lr i  power e r r o r  1 s  z e r o  s~ p o s 1 t i . e  s ~ ~ j l  l 
t h e r ,  c h a n g e  i n  steam l i o ~  r a t e  1 s  I I E & & ~ ~ , E  t i ? & .  

I f  power e r r o r  1s n e g a t l v e  big o r  n e g a t l v e  meoluir,, and 
c t ~ s n g ~  i n  power e r r ~ r  1s z e i 0  G I  ~ G S I ~ I V E  sm611 

t h e n  c h & n g e  i n  s t e a o ,  T i o d  r a t e  1s p o s l r i Y e  b i g .  

I T  podex e r r o r  i s  n e g ~ t l v e  big o r  n e g 6 t l i f e  m i a i u ~ .  a n d  
c n a n g e  i n  p o u e i  e r r o r  i s  p u s l t i v e  b l g  

t h e ~ i  c h a n g e  l n  s t e s m  r i o u  Is:& 1s  ~ D S ~ ~ I I ~ E  bit. 

i f  p u d e i  e r r o r  1s p o s l t l \ o  b i g  or  p ~ s l t l ~ e  medium, a i id  

e r ~ a r i g e  i n  pow€' € 1  r i r  1s p o s l t l ~ e  t 1 ~  

t h e n  c t ~ a l i g e  1i-1 s t e l i i  1 l o v  r g t e  i s  n e g a t i ~ e  b l g .  

I 1  pokier e r r o r  i s  I I E - ~ ~ I : E  S m a l  ! ,  aiid 
c t ~ ~ n g e  i n  p o h ~ i  e r r 0 1  1s p o s l t l  . E  b l g  O r  p G S l t l v e  medium 

t h e n  c t i a r ~ g ~  i n  s t f a .  : I O N  rdte  1s J J S S I ~ I ~ E  t i&.  

1t  power e r r o r  i s  p o s l  t l t r e  smai  1 .  a n d  
c h s n g e  ~ n  o o ~ e r  E X  101 1s p o s i t i v e  m e d ~ u m  or p o s l t l v ~  t ~ k  

t h e t i  c h a n g e  l r l  s t e a m  t l o *  r s t ~  1s n e & a t l v E  b i g .  

I 1  priwer e r r o r  1s p o s ~ t l v e  s n ~ a l l .  &$lo 
c h a n g :  ~ n  p o w e r  ~ r r o i  i s  p o s l t l i e  m ~ d ~ u m  o r  p o s l t l v e  h i k  

t h e n  c h a n g e  :ri s t e a x  1 1 o d  r j t e  i s  r i c g a r l \ ~  b i ~ ,  

I f  p a k e r  el r o r  I S  n e g a t l v o  smal  I ,  a n d  
c t i s n g e  i n  power e r r o r  1s negative b l g  o r  r ~ e g a t l v e  mealum 

t h e n  c h a n g e  13 s r ~ a c  r l o d  r a t e  1 s  n e g a r l v e  s m a f l .  

i t  pscer ~ r r o r  1 s  p c s i  t i ve  smal 1 ,  k n d  
c h a n g e  II-I pc \ i s r  e r r c i  1s r # e k a t l ~ t i  b i g  o r  n e g a t i v e  medlun 

t h e n  c h s n g e  ~n s tearr ,  ? I G W  T a r €  1s  p o s l t i i t  s n ~ d :  1 .  



I t  poke:  erxc; 1 s  I ~ e g S t l v ~  z e r o .  a n d  
C h i t n g i .  1 1 ,  F O a f I  E I i ' O i  15  n e & & t l v E  S i r ; !  1 

t h ~ . l i  change  : i t  S t G S i i  f l C *  r a t e  i s  i i e , s r l .  e sni- l I ,  

I r  po&r e r i c r  1s p o s i t i v e  z e r o .  a n a  
cilingf= l i  FC-Ei E K J O I  1s  rtEg2tlVe sii15l r 

t t 1 ~ 1 1  c;trai-~ge A I I  s t ~ ~ . l r ;  110,. r a t e  is ~ 1 3 3 1  t i  .e ~ m d l  1 ,  

1 1  e : i G i  1s p2S l t l ve  SKi2i  1,  &rid 
change  ii-!  pamer  e i i s i -  I S  n e g k i l v e  sn;l i 

i t ~ e r i  c i ihi ' ig~ ?i; ctecli; : l ~ i ;  r a t e  1 s  z e i o .  

T h s  n i i g s i  l n l p o r t a n t  r a c t o i  r h b t .  m u s r  b e  Lep-1-I i i : l l l sd  

i s  t t 1 6  c o n ; p l 6 t e r t e s s  ot t h e  r u l e  b a s e .  ' I h i s  ar lses ~ i o n i  t t ~ ~  

1 l m i  t e d  n a t u r e  o r  t i ie  a1 l o w a b l e  a r i a  c o n c e i v a b ~ r  t e s t  casss .  

U n z r i t l c l p a t e U  t r b n s i e n t s  c a n  b e  o v e i  1ooL.ea a r id  l t  1s r i o t  

p o s s l G l e  t o  g u a r a i - ! t e e  t h e  e x h a u s t i u e r i e s s  o r  t h e  r u l e s .  

I f ~ r  ~ u l e s  t f ~ u s  s e l e c t e d  n i i u s t  b e  r r p i e s s e d  1 1 1  a ~ o r a ,  

s u l t i b t e  ?:I o l g l t & I  p r o c e s s i r l g .  r r ~ r t l a l  1 > l u l  b u  k ulo~'"'' 

h a s  c t i o s ~ - ~  zs t h e  g a n r  l a n g u a g e  r o r  k n o b  l e u p c  

r e p r  e s e n t s r l o l i  S l l t i e  r : l - i o k l e d ~ ~  i e p ~  E S E I I L ~ T  I C I I  ~ I I C ~  1111  & I  E I ~ L , ~  l ib 

cart b e  d o n e  s e p & i i ; t ~ l , .  b u t  t h l s  a p p r o a c h  ~ s s  l a t e r  a ~ s ~ ~ a u n ~ d  

t o r  t t , e  1 0 1  l O h 1 1 1 b  I E E I S O I I S :  ( a >  I r e q u l l  E U  I 111 € 1  I = I I L I I , L  

r a e c h z i i l s n l  1s f o r ~ i i i r d  c h a 1 1 i l n g  k h i l e  t h a t  c , r  F r o i o ;  1s 

r s s e n t  l r j . 1  I .  t r a c r ; L a r a  c h a l ~ ~ l ~ i g  i i ~ a  t t i l s  i o u l a  i ~ e c ~ s s  I rate 

special p r i g r a r n n l i ~ g  :n v l o l a t l o ~ ~  or t h e  s e p a r a b i l l t t  CIT 

r ~ p r ~ s ~ n t & % r o r i  a n d  ~ n r e r  e n c l n ~ ;  (t!  it)^ c o n t r  0 1  lrr t e s t s  

r e q ~ ~ l r e  n u r e r l c a l  s i m u l a t i o n .  h o w e v e r  F r o l o g  i s  n o t  s u l t e d  t o  

n u m e r i c & l  c~iculations a n d  thus interfacing t o  another 

l a n g u a g e  s u c h  a s  C i s  n e c e s s a r y ,  w h i c h  i s  g e n e r a l l y  a n  

a w k w a r d  p r o c e s s  w i t h  many  p i t f a i l s  a n d  w h i c h  a l s o  m e a n s  

recoding tne i i L i m E i l C a i  Z l K ~ U l a t l f i l i  5 f i f t W S i E  k h l c r a  was aliesay 
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coded in T U R a O  PASCAL 4.0 since i t  is not possible to 

interface Turbo Frolog to Turbo Pascal; tc; execution or a 

compiled Prolog program is essentially slower while 

regulation requires faster than one second responses and also 

the number of :est cases thzt must bs run which are necessary 

for forming the rule base dictates a fast response; c d )  the 

necessary forwzrd chaining inferencing is essentially slmple 

because any of all rules may be fired at the same time 

without resorting to any additional confiict resolution 

strategy. This approach is in !ine with the general trend in 

the industrial A 1  applications where there is an increasing 

use of more ccnventional languages such as C and Pascal'60'. 

Thsre are also efforts to prepare rn~thods for converting AI 

programs to c"" . 

DOF[%! : =iND(power-error~osi tive-smal 1 ,  

f-OK(change-inqower-error~ositive~smail, 

change-ind~ouer-error-zero) ) ; 

ACT I O b E 8 1 :  = chznge-in-steam-f 1 ow-rate-negative-medium (DOF[%I) ; 

FIGURE 4.6 A sample rule coded in Pascal. 

A sample rule which is coded in Pascal is given in 

F i g . 4 . O .  Here f-AND(.) and f - O R ( . )  are the fuzzy XNLl and 

fuzzy OR operators implemented as functions while the 

assignment "DOFil:=" is the antecedent and "ACTIONC3:=w i c 

the consequent parts of each rule respectiveiy and 

"power-errorgositive-smal l t i  E ~ C .  are the fuzzy sets given in 

functional forms(see Tables 4.L and 4.2). 



TABLE 4.1 'roken-Line Fuzzy Subsets Used in this Study. 

Subset Ranp DO F Subset Range 

Power Error [#I : 
posi t ive  zero 0.0 5 x < 5.5 1.0 negative zero -5.5 < x 5 0 

5 . 5 < ~ < 4 4  1 . 1 -  1/55 -44 < x 5 -5.5 
44 I x ( 66 0.9 - 3 ~ / 2 2 0  -66 < r 5 -44 
other i i se  0.0 otherwise 

Change in  Fower Errorti?E) ffllr'tsl : 
zero 0.0 5 x ( 22 1.0 - 3x1220 

22 5 x ( 4c 1.1 - x / 5 5  
44 < x ( 66 0.9 - 31/22; 

-22 ( x  5 0 1.0 t 3x1220 
-4: < x < - 2 2  l . i +  xi55 
-66 ( x 5 -44 0.9 + 3x/225 
otherbise 0.0 

Power Error fnul and Chnge in Povsr Error(CPE) [Hulsl : 
posi t ive  s s a l l  0.0 < r' < 5.5 3x155 negative m a l l  -5.5 ( x I 0 

5.5 5 x < 22 116 + 4x1165 -22 ( x  5 -5.5 
22 5 x ( 44 0.4 + 3 ~ / 2 2 0  -44 ( x 5 -22 
44 1 x < 66 1.6 - 3x1220 -66 < x l -44 

66 5 x ( 88 1.9 - xl55 -88 < x 5 -66 
88 S x ( 1 1 0  1 . 5 - 3 x i 2 2 0  -110( x 5 -88 
o t herei s e  0.0 otherwise 

posi t ive  eediua 22 < x ( 44 -0.3 + 3x1220 negative ~ e d i u n  -44 ( x I -22 
44 I x < 66 -0.5 t x155 -E6 < x I -44 
66 i x ( 8 S  - 0 . 2 + 3 ~ / 2 2 0  -83 < x 5 -66 
88 < x ( i10 2.2 - 3x1223 -110 < x 5 -68 

110 5 K ( 132 2.7 - xi55 -132 ( x 5 -110 
132 I x ( 15t 2.1 - 3x1228 -154 < x 5 - 1 3 2  
otheroise 0.0 otherwise 

pos i t ive  big 66 5 x < 8E -0.9 + 3xJ2.22 negative b i g  -44 < x < -22 
88 l a ( 110 -1.3 + x/55 -66 < x 5 -44 

110 5 : ( 132 -0.8 t ~ 1 2 2 3  -88 ( x 5 -66 
132 S x 1.0 -110 ( x 5 -86 
o t h e r ~ i s e  0.0 otherwise 

Change i n  S t e a  Flow Rate 
pos i t i vesnz : l  0 S x ( 1 6  x / l E  negative s e a l l  -16 ( x 5 0 

otheniiise 0 otherwise 

pos i t i ve  oediua 16 5 x < 32 -1 t r / i 6  negative mediua -32 ( x 5 -16 
o t h e ~ g i s e  0 otherwise 

p s i k i u e  b ig  32 5 r ( 49 -2 + x / lC f i sgs t iveb ig  -48 < x S - 3 2  

DOF 

zero VH C: 

" x is either PE or CPE.  



TABLE 4.2 S-Shaped Fuzzy Sets Used in this Study. 

Subset flange D'IF Subset Range DOF 

Power Error IKnI : 
positive zero x < O  0 negative zero 0 < x 0 

O S x ( 5 . 5  1 -5.5 < x 5 0 1 
othervise (iti2/55tx-5.5~ otherwise tlti-2!55tx+5.5!!'~-' 

Change in Fovsr Error(CPE1 LHYisj : 
zero V x  (1+(ii32j2 )-I 

Power Error [ n i l  an3 Change in P o k e r  irror(CPij IHY/sl : 
positive srral! x' 5 5.5 D negative saall -5.5 < x 0 

oth~rvis~ (1+(-4ii21(~-44)i')-* otherwise (ltt4:lillx+4411~ 

positive ~ e d i u ~  x < 5.5 Ci negative medium -5.5 < x O 
otherwise (I+(-1/33(x-68)j21-I otheruise (lt(li3ij;xt88i)')-' 

positife big x 5 5.5 5 negative big -5.5 S x G 
5.5 < x < 13; (1+~-1~35(~-1321~~)-' -132 5 x  ( -5.5 t1+tl/33ix-13i)!2)-' 

i3i ( x  i X S - 1 3 2  1 

x is either P E  or CPE. 

The initial functional representation for iuzzy sets 

were obtsineo by dividing the allowable positive &rid negatlve 

ranges into intervals of 2 percent of power where -smai 1 ,  

medium &nd -large fuzzy sets have rn&ximum mernbershlp values - 

at + / -  2 ,  4 and 6 percent of power and adjustments were maoe 

to tne ~~rnbership v z l u e s  of intermediate values. It ~ u s t  be 

stressed here that the selection ot these functions and 

ranges zre highly arbitrary. The final fuzzy sets aeelded 

upon a f t ~ r  test T U ~ E  e r e  or the broken-line type. 

4.4 I n f  erencing 

The nexx s t e ~  is ths generation of the controller 

acticjn which requires the application of &n inferencing 

mrchknism to co~bine the rules. The selectea process is as 
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follows: At every sampling interval for which a suboptimal 

value is determined as explained below s P  (PE) and its rate 

of change(CPE) is calculated which is actually a simulation 

of the sensor input. Later the degrees of membership of PE 

and CPE in every labeled group is determined since a 

calculated value of PE and CPE can be a member of more than 

one fuzzy set. The degree of fulfillment (DOF) of each and 

every rule is calculated as in the code piece given in 

Fig.4.6. Using DOF the ACTION of each rule is calculated from 

the corresponding fuzzy set for CSFR given in the consequent 

part of the rule. The final control action is calculated by 

weighing ACTION of each rule by its DOF as given in Eq.(3.4). 

For example, let us assume that we measure PE to be 39.5 MW 

( %  1.8 FP) and calculate CPE to be -36.72 MW/s we proceed as 

follows, the degree of fulfillment of the fuzzy sets are 

calculated. PE is therefore classified as "positive zero" to 

degree 0.382, "positive smallt' to degree 0.939, and "positive 

mediumt' to degree 0.239. CPE is "zero" to degree 0.432, 

"negative small" to degree 0.901, "negative medium" to degree 

0.201. Degrees of membership of all other sets are zero. 

Using these values all the antecedents of the rules are 

calculated. For example, rule 6 states that "If power error 

is positive zero, and change in power error is negative 

big or negative medium then change in steam flow rate is 

positive medium." Applying the OR operation to "negative big" 

and "negative medium" for CPE gives us the union of these 

sets which is the maximum of the degrees of membership, i.e, 

0.201. Since the clauses for PE and CPE are connected by AND, 
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the intersection of these or the minimum of the degrees of 

membership must be calculated which is 0.201 for 0.562 is 

grezter. Theyefore the DCF of rule # 6  is 0.201. The 

recoixrnended action by this rule is in this case CSFR so as to 

okrain "positive mediumt' to degree 0.201. Using the inverse 

functicn we calculate the change in steam flow rate that 

sstisfies this condition as 19.21 lb/s 1h.72 kg/s). hepe~ting 

this Frccess for all the rules we find that only rules 5 ,  6. 

6, 5, i l ,  18, 21, and 22 have DOFs greater than O whlch are 

0.382, 0.201, 0.432, 0.239, 0.239, 0.251, 0.362, and 0.901 

respectively. The recommended changes in steam flow rate by 

thsss rules are similarly calculated by using the inverse 

functions of the fuzzy set descriptions for CSFR to be found 

as 0 ,  19.21, -22.92, -19.82, -35.82, 3.21, 6.11, and O 

respectively. The net control action is calculated by 

weighing the action of each rule by its DOF. Thus, using 

E q .  i E , . & > ,  

is obtained. Therefore there has to be a decrease in steam 

flow r a t e  by 5.50 lb/s (2.50 kg/s). It is evident that this 

represents a compromise between differing rules. This process 

is r e p e a t e d  until a given criterion is satisfied nhich is 

genera! t h s  time at which a given ncnbrr of consecutive 

readings of a selected variable is less than a prescribed 

value, i n  this work PE was the selected variable. 



4.5 Testing of the Controller 

As mentionoci before the only presently known rethod 

to determine and improve the performance of a RBC is testing 

and simulation. It was decided to compare the performarice ot 

RBC with an optimal controller also developed for the H. E .  

H ~ b i n s o n " ~ )  plant, however in the past REC's were conpared 

with PID  controller^"^^^" . The selected test case IS an 

initial impulse disrurbance of dT,,(O)=Z F (1.1 C) reFortea 

in previous work' ' (see Figs. 4.7-4.10) where the 1 4 -  

varizble m9ciel is used. 

i 
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F I Z 1 > E E  4.7 Comparison of the response SP for a 2 F 
disturbance in ST,, ( O )  for the optimal 
contro! iert0C)"" and the rule-based controller 
I R B C ) .  
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FiGURE 4 .8  Comparison of the response ST, for a 2 F 
disturbance in S T , , ( O )  for the optimal 
contro!ler(OC)"" and the rule-based controlier 
( R B C ) .  
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FIGURE 4.9 Cozparison of the response &P,  tor z, 2 F 
disturbance in S T L p  ( 0 )  for tire optimal 
controller(U~)"~' and the rule-based controiier 
( Z X C ) ,  
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FIGUkE 4.10 Comparison of the response ST,, for a 2 F 
disturbance in Z T , , ( O )  ior the optim&l 
~ontroilert0C)"~' and the rule-based control l ~ r  
( R B C ) .  

4.5.1. Performance Index 

The criterion that is to be used tor comparing the 

periormance of both the optinai and R B C  and t h ~  various 

implementations of RBC is selected as ITkECintegral of tin€ 

mu!tipli~d by absoiute error) since the initial large error 

i s  not hezvily weighted, wher~ss the errors that persist are 

more heavily weighted" ' '  : 

which is nunerically approximated in this study as: 



Initially, an ISE(integra1 of square of error) type 

criterion was considered 

but it was found to be not sufficiently discriminating z n d  

this approach was later abandoned. 

4.5.2 Determination of the Control Interval 

The control interval in general is a compromise arr,cng 

the following rates at whict: the control action is 

calculated, i t  is expected to be effective, and  he 

measurements can be conducted. Some of these tactors are 

dependent on the implementation and performance ot the acrxal 

sensors and actuators which are velocity I rmited. 17, txis 

study, the ideal case for both is considered, i.e., x h e  

responses are instantaneous since this is also tr~e ckse :c .r  

the optimal controller. This idealization does not hamper r h e  

worth of the RBC to the same €#tent as it does ~n the c a s ~  of 

the optin;al controller whose aetuai impiementation will be 

radical I S  different f rcm the ideal case where addi tionat 

equipment s u c h  as observers for nonmeasurable states, erc. 

are necessary- 

The results of the simulation for different values o f  

control intervals are shown in Fig.4.11. 
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F I G U R E  4.11 Variation of P I  with control intervai. 

It is evident iron Fig.4.11 that the minimum v&lue of 

P I  lies in the vicinity of t=0.5. This behavior can be 

explained as follows: for very short control intervals the 

control action due to time delay has less time to become 

effective, but as the control intervai is increased, again 

due to rime delay, the n&ture of the transient changes raster 

than the control action can acconinodate. H~wever, it is 

apparent that there is not a marked degradation in the 

cuntroiler response. Therefore, in implementing a RBC of this 

type the practical necessities will determine the ccntrol 

intervaj. 



4.5.3 Gain calibration of the controller 

The gain calibration is important for the RBC as r i t h  

all other controllers since it will have a marked effect on 

the overshoot, oscillation and steady state error 

characteristics of the controller. The process is as ioli~ss. 

After determining the suboptimal control interval, fepezted 

sinulations are perforrc~d for different values or control 

gain and a calibration curve as in Fig.4.12 is obtaized, t h ~  

gain where PI takes its minimum value is selected. 

350 / 1 I I 
E, + 6 7 8 9 10 7 1  12 

G r ~ i  n 
FIGURE 4.12 Controller gain calibration curve. 

4 . E . 4  Determination of the Effect of Keasurement Nois& 

The success of the actual implementation af any 

ccntrolles depends on the dynamic21 performance of the 

s e n s o r s  t h a t  s u p p l y  the necessary feedback infornaticn. 

Unfortunately, most of the time, either the sensors ;ail or 

their signal is smeared with noise. The controiier is 

expected to perform even uqder these degraded condit:ons or 
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at least degrade gracefully without causing dangerous 

oscillatory or divergent behavlor in the system. In order tc 

investigate the behavior ot EBC under noisy conditions t h t  

following noise model is used'61': 

where S P , ( t )  is the variation in power with noise, iPct) the 

true variation in power, b half-width of noise band, i c t j  

random number between -1 and I .  The result of the simulations 

are shown in Fig.4.13 . Apparently, RBC is extremely robust 

under such conditions, the degradation in its performane€ is 

negligible. 

3 5 0 ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 ~  
0.00 0.05 0.1 0 

half-width of noise band 

FIGURE 4.13 Effect of noise on controller performance. 

4.5.5 Effect of the Variktion in Reactor Parameters 

Generally it is ass~med that the process to be 

controlled is time icvarisnt. Although this assumption is 

valid during the interval the controller is effective, this 

is not the case for rne life time of the piant whers drifts 

or ct,anges wii 1 occur in the process parameters r h ~ =  
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decreasing the validity of the model. This is generally 

compensated tor by tuning the controllers, as this eftect 

becomes noticeable. 

In the case of an NFF with a PWK core, with burnup, 

the moderator cccfficient of reactivity becomes more negative 

primarily as a result of boric acid dilution but also to 6 

significant extent fron the efrects of the buildup of 

piutonium and fission produ~ts"~' . In this work a moaerzto~ 

temperature coefficient of reactivity parameter variation of 

2% from its nominal value is c~nsidered"~' . The results o f  

the simulation runs are presented in Figs. 4.14 - 4.17 . The 
variation in performance is almosr unnoticeable as is 

reflected in the small variation in PI which is 360.52 for 

the case of off-nominal operation while that of nominal is 

357.7. 

7 . 3 1  
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F I G I I E E  4 . i A  Eesaonse b P  tor a 2 F disturbance in & T , , ~ O )  f o r  
the case of 2 percent variation in a,. 
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15 Response ST, for a 2 F disturbance in s T L , ( 0 )  ior 
the case of 2 percent variation in a,. 
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FIGURE 4.17 Response S T , ,  ror a 2 F disturbance in sT,, (0) 
f o r  the case of 2 percent variation in a,. 



V. DISCUSSION AND CONCLUSIONS 

Although the anslcgue controllers in exlstlng N P P s  

are satisfactory for base load operations, the poker plants 

where digital control is spplied, especially CANDU type 

plants have outstanding operational records. The relisbillty 

a ~ d  strength of digitai control techniques become clearer 

wten it 1s recalled x h a t  complicated continuous fuel 

management schemes are also handled by these techniques in 

t case of CANDU type reactors. Recently, the nuclear 

izdust-y has begun to replace analog equipment to benefit 

from the flexibility and rault tolerance of digital systems 

in dealing with the problems of equipment obsolescence, low 

reliability as well as for reductions in scram freq~ency"~'. 

Hawever, in most of the cases the initial steps are rather 

conservative, beginning uith an emulation of the original 

aaalog control strategies. This reluctance is mainly due to a 

desire to avoid extensive ~etraining of operators, and major 

iayout changes. 

In any case, the control strategies are designed 

using the anslytical approaches of classical and modern 

control theory. However, ?he implementztions ot the designed 

ccntrolfers have no such mathematically sound basis and is in 

gsneral governed by heuristics. In the case o r  complex 

ncntinear Frocesses where no adequate models are available, 

tf.e analytical approach fails whereas experienced operators 

are abte to control such processer efficiently. lnspired from 

this success, knowledge-based controllers ior such processes 
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were conceived. This was made possible by the developments in 

A 1  such as the knowledge representation techniques and in 

particular by the ability to represent vagueness in human 

thinking using fuzzy sets which is essential to this success. 

In this work z rule-based fuzzy logic controller was 

developed for a validated model of PWR type H . B .  Robinson 

nuclear power plant and its performance is compared with that 

of an analytical controller. The main design criteria were 

simplicity, ease of implementation and robustness. 

Although, the usual approach in developing such a 

knowledge-based controller starts with knowledge acqulsition 

through interaction with an identified expert in the field, 

in this work knowledge acquisition was accomplished through 

numerical simulation, analogy with similar systems and an 

examination of the mathematical model of the power plant. 

This somewhat inferior technique is necessitated by the lack 

of an appropriate human expert because the time scales 

involved in the implementation of the controller are iar 

beyond the limits of human response based on observbtion. 

Such a knowledge acquisition process, though long and tedious 

with inherent pitfalls, proved to be successful and can be 

resorted to in similar cases. The knowledge thus acquired is 

represented as production rules that are expressed in terms 

a t  two linguistic variables which are the deviation of power 

from its steady state value and its time rate or change whose 

values can be represented by using the fuzzy sets such as 

"negative smail", ep~sitiVe big", etc. 
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The structure of the controller is determined by its 

rule base whe~eas its performance can be tuned by adjusting 

the fuzzy sets. There are different functional forms for the 

fuzzy sets that can be used for this purpose. In this work 

two of then, the br.oken-line and the s-shaped fuzzy sets were 

considered. After tests, the broken-line fuzzy set was 

decided upon, which can easily be modified snd is 

computationally inexpensive. The persistent residual behsvior 

of the s-shaped fuzzy sets in the neighborhood of O degreE of 

membership is one of the fundamental factors that influence 

the tuning pracess and is intuitively hard to account for. 

Instehd of an A 1  programming language such as PROLOG 

uhich was initially considered, the rule-base and t h e  

inferencing scheme was coded in PASCAL mainly due to problems 

in interfacing to simulation software. kithough, in this case 

changes in ru.es requires some mzjor changes ~n codlng, t h e  

flnal impiem~ntation is considerably faster, thls 1s also 

facilitated by the fact that inferencing is data dr-ven or 

forwzrd ch~ining only. This will help IT-! actual 

implementatio~s, for the control interval in this work is 

less than a second, and the declsion process must take 

considerably !ess time. 

A performance index was used in order to compare 

different ~onzrcllers and the different implementations of 

ruie-based controllers alike. Of the two indices considered, 

the ! T ~ E ( i n z ~ g r a l  of time multiplied with zbsolute error) 

tyFe was f o x ~ n d  to be more discriminhting than the 
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lSE(integrai of square of error) type. This is mainly due to 

the considerable time delay between the manipulated and t h ~  

controlled variable which reside in the secondary and prlmary 

loops respectively. The 1SE type punishes the initial errors 

severely, where the possible latter fiuctuations are shaaoved 

by this effect. 

The control interval was determined througt 

calibration process at the end of which the value glvlng the 

minimum performance index was taken. Time delay was observed 

to be the main factor influencing the control interval. 

I t  was also possible to tune the gain or the 

controller by varying the gain, constructing a calibrailon 

curve and tsking the value corresponding to the minimum value 

of the performance index. It was noted that this process 

requires ~ l m a s t  no iteration, because interaction of t h ~  gain 

and control interval was weak for the range ot values 

considered. 

The performance of the developeo controller was 

compared to that of optimal ~ontrolier'-~' for the czse oi a 

LT,,(O!=2 F. T ~ E  pertormance index of t9e optimal controller 

is 474.24 uhile that of rule-based controller rurns o ~ t  to 

be 353.80. An examination of Fig.4.7 reveals that. The 

overshoot cf the rule-based controller is about 2 MU jess 

t h a n  that of  optimal control ier which 1s a considerabl~ 

amour,t, / i . l s z  from Fig.L;.St the decrezse in steam pressure is 

less, In tf'ese respects, it can be concluaed t h a t  the 

performance of rule-based controller is better than that or 
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optimai controller. The reason for this is as stateci by 

Kiszka et al's2' : the iinguistic algorithm of conzrol 

comprises ail 'metaphysic~l' skills of the operator, such as 

intuition, experience, intelligence and so on, which cannot 

be dealt vith by modern icathematics." 

Also investigated were the behavior or the rule-baseo 

controller under noisy operation conditions and drlft in 

process variables. Using the noise model of MacDonald et 

a 1 ( 6 1 )  it was observed that up to 10 percent n o i s ~  the errect 

is negligible. For the caseof 2 percent variation in 

moderator temperature reactivity coefficlentU0' the 

degradation is also negligible. Thus it can be concluded ;hat 

rule-based controller is robust which is an extrenely 

important asset for nuclear power plant operation. 

In summary, a robust, simple and ea-c i 1 y 

undersxandable knowledge-based regulator for a FUR rype 

nuclear power plant has been d~veloped thus showlng that La) 

simulation can be used for knowledge acquisition; ( b )  r ~ l e -  

bcsed controllers can succesfuliy be applied to Lei1 

characterized processes to compete with analytical 

contrcl lers. 

For further work, besides generalization of the 

presen~ linear systen f f i o a ~ l  to a nonllnear one wlth the 

intent;on of full range control, the development of a rare 

real istic control ler whose representation includes the seEsor 

and actuator dynamics can be considered. In order to ease the 

knowledge acquisition process and to build a rrore 
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comprehensive rule-base the conception of a controlier with a 

learning capability is a necessity. The next step can be a 

nultivariable controller w h i c h  will encompass ~ 1 1  ot the 

control loops and that will lead the way to fully automated 

nuclear power plants. E&ch and all of these possible 

developments do not seer. to be daunting tasks, however t h e  

power plant data necesszry for implementation is either 

presently or widely not available in 2 self consistent term. 
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