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ABSTRACT 

'Department of  Nuclear Energy NOTICE 

Feedback con t ro l  systems f o r  n o w l i n e a r  simulation of 
opera t ional  t r a n s i e n t s  i n  LWBRs a r e  developed. The models include 
(1) the  r eac to r  power cont ro l  and rod dr ive  mechanism, (2 )  s o d i w  
flow cont ro l  and pump dr ive  system, (3) steam generator flow 
con t ro l  and valve ac tua to r  dynamics, and (4) the  supervisory 
control.  These models have been incorporated i n t o  the  SSC code 
using a f l e x i b l e  approach, i n  order  t o  accommodate some design 
dependent var ia t ions .  The impact of system nonl inear i ty  on the  
con t ro l  dynamics is shown t o  be s i g n i f i c a n t  f o r  severe 
perturbations.  Representative r e s u l t  f o r  a 10 cent  and 25 cent  
s t ep  i n s e r t i o n  of r e a c t i v i t y  and a 10% r m p  change i n  load i n  40 
seconds demonstrate the  s u i t a b i l i t y  of t h i s  model f o r  study of 
operat ional  t r a n s i e n t s  without scram i n  LNFBRs. 
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INTRODUCTION 

Adequate modeling of Plant Coatrol Systems (PC8) for t h e  study of Anti- 
c ipated Transients  Without Scram (ATWS) is of considerable  s ign i f i cance  i n  
the  design, operat ion and s a f e t y  evaluat ion of Liquid-Metal-Cooled Fas t  
Breeder Reactor (I34FBR) systems. In  order  t o  assess t h e  system response t o  
such high frequency, low consequence t r a n s i e n t s ,  de t a i l ed  models f o r  p l a n t  
con t ro l  systems must, therefore,  be provided in  any l a r g e  s imulat ion code. 
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Limited modeling of PCS have been developed and included i n  a number of 
system simulation codes1 9 which do not adequately represent  t h e  a c t u a l  
con t ro l s  t h a t  a r e  present  i n  an LCIFBR plant .  

, 

, 

The aim of t h i s  paper is to present  a f a i r l y  generalized feedback con- 
t r o l  model t h a t  has been developed f o r  the  Super System Code (SSC) .4 This 
model has been formulated t o  be more e a s i l y  adaptable  t o  p l a n t s  of similar 
design and con t ro l  c h a r a c t e r i s t i c s ,  using the  d i g i t a l  computer srechanizations 
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of feedback con t ro l  e q w t i o n s  in the t*e d s q i n ,  The d e t a i l e d  p lan t  model 
with its associated non l fnea r i t f e s  is coupled t o  the  c o n t r o l l e r s  through 
various feedback cascades f o r  (1) r eac to r  power cont ro l ,  (2) primary and in- 
termediate system sodium flow-speed cont ro l ,  (3) steam generator flow con- 
t r o l ,  and (4) the  p lan t  supervisory control .  

The c o n t r o l l e r  e l ec t ron ics  is represented by proportional-integral- 
de r iva t ive  (PID) ac t ions .  The model includes the  dynamics of process 
measurement sensors  and t ransmi t te rs ,  and a l s o  provides f o r  the  presence of 
deadbands and s a t u r a t i o n  an the  c o n t r o l l e r  outputs  during manual and automa- 
t i c  modes of operation. The r eac to r  con t ro l  rod d r i v e  mechanism is repre- 
sented by a multi-bank rod system within the  framework of the  f i r s t  order  
per turba t ion  theory. The sodium pump-drive model allows f o r  both r h e o s t a t i c  
(wound-rotor) as well as v a r i a b l e  frequency ( squ i r re l  cage) type speed con- 
t r o l l e r s .  The made1 f o r  valve dynamics simulated the  valve d r i v e  mechanism 
including deadband and hys te r i c s  e f f e c t s .  

The impact of system nonl inear i ty  on the  con t ro l  dynamics is demonstra- 
ted by comparing t h e  present  nonlinear  model w%th a linear counterpart  f o r  
the  intermediate  loop flow-speed con t ro l l e r .  

Representative results f o r  10 cent  and 25 cent  s t e p  inse r t ions  of reac- 
t i v i t y  and a t y p i c a l  p lant  unloading are a l s o  presented. 

UNlT CONTROLLER 

The purpose of the plant  con t ro l  systems is t o  maintain the  p lan t  a t  
t he  desired power, t m p e r a t u r e ,  pressure and flow rates during startup, 
load changing, power operat ion and shutdown conditions.  

Several modes of con t ro l  ac t ion  can be used t o  process t h e  devfatfoa 
from the  se tpo in t  of the  cont ro l led  var iable ,  namely: proport ional ,  i n t e g r a l ,  
and de r iva t ive  act ion.  They may be used separa te ly  o r  in combinations de- 
pending upon the  s i t u a t i o n ,  ' using the  f eedf orward with feedback approach. 

A block diagram representation of a u n i t  con t ro l l e r  is shown i n  Fig- 
ure 1. It is seen t h a t  the  u n i t  c o n t r o l l e r  is composed of eha setpoinc gen- 
e r a t o r ,  process measuring device, deadband and a proportional-integral- 
de r iva t ive  (PID) module. 

me aetpoin t  generator allows f o r  the  generation of process se tpo in t  
e i t h e r  through the  supervisory con t ro l l e r ,  % o r  a manual switch XQp of 
Figure I. P lant  con t ro l  systems include measuring instrument sensors and 
t r ansmi t t e r s  which monitor the  process va r i ab les  important f o r  the  opera- 
t i o n  of t h e  con t ro l l e r .  To account f o r  instrumentation time lags ,  the  res- 
ponse of these  sensors and t ransmi t te rs  a r e  modeled by t h e  following f i r s t  
order  equation: 
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The d e v i a t i o n  s i g n a l  can then be c a l c u l a t e d  qs:  

Automatic 

XsP - % Manual 

There is normally a deadband around t h e  s e t p o i n t ,  of width 2 ~ , ,  over 
which t h e  c o n t r o l l e r  is i n s e n s i t i v e  t o  t h e  changes i n  t h e  e r r o r  (dev ia t ion)  
s i g n a l ,  i.e., E = O ,  if [ E [  - < E,. 

This e r r o r  s i g n a l  is  then  f ed  t o  a PID module t o  gene ra t e  a  t r im  s ig -  
n a l  a s  follows: 

d€  Tr = K (E + R / E  d t  + rDE)  (3)  
-1 

where K is t h e  p ropo r t i ona l  ga in ,  R is t h e  i n t e g r a l  r e s e t  r a t e  ( s  ) and TD 

. is t h e  d e r i v a t i v e  t ime(s ) .  ' I n  o rde r  t o  prevent  undes i r ab l e  o s c i l l a t i o n s  and 
c y c l i c  d i s t u rbances  under c e r t a i n  c o n t r o l  cond i t i ons ,  t h e  c o n t r o l l e r s  a r e  
u sua l l y  designed t o  l i m i t  t h e  excess ive  i n t e g r a l  ro l l -up and roll-down. 7 

This  e f f e c t  has been accounted f o r  by bounding t h e  va lue  of t h e  i n t e g r a l  i n  
Equation ( 3 ) .  The t r im  s i g n a l ,  Tr ,  is t h e  c o n t r o l l e r  ou tpu t  s i g n a l  which is 
used as an i npu t  t o  t h e  next  u n i t  c o n t r o l l e r  o r  a s  an  i npu t  t o  t h e  a c t u a t o r .  

I n  t h e  SSC code, as many a s  f i v e  u n i t  (cascade) c o n t r o l l e r s  can be 
placed in  series t o  r ep re sen t  mu l t i p l e  feedback loops  which may exist i n  
va r ious  p.lant c o n t r o l l e r s  as w i l l  be  d i scussed  i n  t h e  fol lowing subsec t ions .  

FROM WE PREVIOUS UNlT 

1 

MANUAL Figure  1. Block Diagram of t h e  
Unit Con t ro l l e r .  
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Supervisory Control  

The superv i sory  c o n t r o l  system use s  t h e  demanded power ( load) s i g n a l  
and t ransforms it i n t o  a feedforward demand f o r  t h e  va r ious  c d n t r o l l e r s  i n  
o r d e r  t o  main ta in  t h e  des f red  ope ra t i ng  condi t ions .  A t y p i c a l  p a r t  l oad  
p r o f i l e  of some key p l a n t  v a r i a b l e s  is shown i n  F igure  2. This  p a r t  load 
p r o f i l e  is generated by performing s t eady - s t a t e  c a l c u l a t i o n s  a t  va r ious  
power l e v e l s  assuming cons tan t  tu rb ine .  t h r o t t l e  condi t ions .  The load- 
dependent s e t p o i n t s  can t h e r e f o r e  be  ca l cu l a t ed  us ing polynomial approxima- 
t i o n s  of t h e  form: 2 

i 
s = C c i L  ( 4 )  
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Reactor Power Control  

The primary c o n t r o l  rods  a r e  used f o r  both  power r e g u l a t i o n  and reac- 
t o r  shutdown, whi le  t h e  secondary c o n t r o l  rods  a r e  used f o r  shutdown only.  
The presen t  model r ep re sen t s  t h e  primary c o n t r o l  rods  by s e v e r a l  banks which 
a r e  assumed t o  be ganged according t o  a s p e c i f i e d  scheme and t h e  r e a c t i v i t y  
worth of each rod bank is given by f i r s t  o rde r  pe r tu rba t i on  theory8 a s :  

The c o n t r o l  rod p o s i t i o n  is r egu l a t ed  by t h e  r e a c t o r  power c o n t r o l l e r  
and rod d r i v e  .mechanism. The r e a c t o r  c o n t r o l  system p o s i t i o n s  t h e  c o h t r o l  
rods  t o  reach  t h e  d e s i r e d  r e a c t o r  thermal power, sodium and steam tempera- 
t u r e s  according t o  t h e  p a r t  load p r o f i l e .  The 0utpu.t of t h e  c o n t r o l l e r  i s  
s e n t  t o  t h e  power dead zone and s a t u r a t i o n - c i r c u i t  limits of t h e  c o n t r o l  rod 
r a t e s .  F i n a l l y ,  t h e  s i g n a l  is divided i n t o  an  analog magnitude s i g n a l  and 
a d i g i t a l  d i r e c t i o n  s i g n a l  f o r  use  as demands t o  t h e  c o n t r o l  rod d r i v e  me- 
chanism a c t u a t o r .  

The inpu t  c i r c u i t r y  t o  each c o n t r o l l e r  a ccep t s  on-off i n p u t s  f o r  I N ,  
OUT and HOLD commands and provides  t h e  r equ i r ed  ac t i on .  The I N  command 
s t e p s  a s i n g l e  rod down i n  t h e  co re  a t  a predetermined r a t e .  The OUT com- 
mand s t e p s  a s i n g l e  rod up ou t  of t h e  c o r e  a t  a predetermined r a t e  (not  nec- 
e s s a r i l y  t h e  same as t h e  r a t e )  and t h e  HOLD command mainta ins  t h e  rod i n  
its presen t  p o s i t i o n  (no motion); t h a t  is: 

( 'down I N  Command 
dZ, 

OUT Command 

1 O HOLD Command 

Sodium Flow. Control  

The dynamics of sodium flow i n s i d e  t h e  primary and in te rmedia te  sys- 
tems a r e  governed by t h e  momentuq equa t ion  which can b e  w r i t t e n  a s 4 r 9 :  

a dw (x) = +  (Pin - P ) + &P + C6Pf + 6Pm + 6P 0 
ou t  g P ( 7  

The pump p re s su re  rise, 8P is dependent on pump speed and sodium flow r a t e ,  
p 9  a s , d e s c r i b e d  by Xadni, e t  a l ,  

The dynamics of t h e  is foverned by t h e  torque balance equat ion f o r  
t h e  s h a f t  and r o t a t i n g  assembly3.t , 9  a s :  



The hydrau l i c  tp rque ,  BFe,  and t h e  f r f c t i o n  torque,  BFr a r e  complicated 
func t i ons  o f .  pump. o p e r a t m g  cond i t i ons  and can ,he found elsewhere,  ?9 

During normal ope ra t i on ,  t h e  d r i v e  ,moto.r to rque  i s  ad ju s t ed  by t h e  con- 
t r o l l e r  a c t i o n ,  in o r d e r  t o  mainta in  t h e  des2red ope ra t i ng  cond i t i ons ,  For 
example, a s l i g h t  decrease  i n  load causes  a r educ t i on  i n  t h e  motor to rque  
which i n  t u r n  l e a d s  t o  a decrease  i n  pwip speed and even tua l ly  t h e  sodium 
flow rate through t h e  v a r i a t i o n  i n  pump head, 6Pp. 

There are va r ious  methods f o r  ach iev ing  speed c o n t r o l  through ad ju s t -  
ment of t h e  d r i v e  motor torque.10 They inc lude :  0) changing t h e  number of 
po l e s ,  (2)  changing t h e  frequency,  (3) changing t h e  e x t e r n a l  r e s i s t a n c e ,  and 
( 4 )  vary ing  t h e  hydrau l ic  coupling. The method app l ied  depends on t h e  motor 
type,  and t h e  adequacy of c o n t r o l  w a r  t h e  d e s i r e d  ope ra t i ng  regime, I n  t h e  
p r e sen t  a n a l y s i s ,  we w t l l  d i s c u s s  t h e  frequency and t h e  r h e o s t a t i c  methods 
f o r  speed con t ro l .  

The to rque  of t h e  s q u i r r e l  cage motor can be. m i t t e n  a s lo :  

bl 
= (a, E c y)-)-l 

where a,, b, a r e  c o n s t a n t s  c h a r a c t w f z i n g  t h e  motor behavior and s is t h e  
s l i p  r a t f o  def ined  by I- (SZD/Sls)a, $2, being t h e  synchroneous speed (rpm) 
which is r e l a t e d  t o  frequency :(Hz) and t h e  number of p a i r s  of poles  p by 
(60 f / p ) .  

The to rque  of t h e  wound r o t o r  induc t ion  motor can a l s o  be  represen ted  
by a s i m i l a r  r e l a t f ~ n s h i ~ ~ ~ :  

S R -1 R,, (a2 ,  + be ;) 

and, 

where a2,  b2 a r e  c o n s t a n t s  c h a r a c t e r i z i n g  t h e  motor behavior,  R i s  t h e  ex- 
t e r n a l  r e s i s t a n c e  parameter,  and Rat is t h e  v a r i a b l e  e x t e r n a l  r e s ~ s t a n c e  
provided by a l i q u i d  r h e o s t a t  a c t u a t o r  and added in s e r i e s  to Q, the motor 
r o t o r  r e s i s t a n c e  ( C l j  which is r e l a t e d  t o  the l i q u i d  r h e o s t a t  e l e c t r o d e  posi-  
t i o n  y according t o  t h e  fol lowing equation:  

The v a r i a b l e  frequency o r  t h e  l i q u i d  r h e o s t a t  e l e c t r o d e  p o s i t i o n  can b e  
s imulated us ing  a second o rde r  equat ion represen t ing  a mechanical a c t u a t o r  
behaving. a s  a dapped harmonic o s c i l l a t o r 6 :  



where w, is t h e  n a t u r a l  frequency; 5 'is . t h e  darnping c o e f f i c i e n t ,  h is t h e  
a c t u a t o r  output  (frequency o r  t h e  e l e c t r o d e  p o s i t i o n ) ,  hi i s  t h e  i n i t i a l  
ou tpu t ,  and Tr is  t h e  t r im  s i g n a l  from t h e  last  u n i t  c o n t r o l l e r ,  

Steam Generator Control. 

The purpose of s t e w  genera tor  c o n t r o l s y s t e m  is t o  mainta in  t h e  tem- 
pe ra tu r e ,  p ressure  and flow rates a t  t h e  de s i r ed  l e v e l  f o r  both  normal and 
o f f  normal ope ra t i ng  condLtions, The steam genera tor  c o n t r o l  systems con- 
sist  of (a )  feedwater sy.stem, and (5) t u r b i n e  and duap f low mechanism. 

The r e c i r c u l a t i o n  type steam g e n e r a t o r ' c o n s f s t s  of a steam drum, eva- 
po ra to r s  and superhea te rs ,  and a steam header.  The feedwater f low r a t e  is 
c o n t r o l l e d  in order  t o  mainta in  a des i r ed  steam drum water l e v e l  and min- 
imize. t h e  d t f f e r e n c e  Between t h e  feedwater f low i n t o  t h e  drum and t h e  sa- 
t u r a t e d  steam flow ou t  of t h e  drum. The steam flow r a t e  ou t  of t h e  steam 
header fs con t ro l l ed ' ba sed  on near  cons tan t  p r e s su re  a t  t h e  tu rb ine .  To en- 
a b l e  t h e  nuc lear  steam supply system' t o  fo l l ow  t u r b i n e  load reduc t ions  which 
may exceed ' l a rge  s t e p  o r  ramp changes, an  a r t i f i c i a l  steam load is incorpor-  
a t ed .  Th i s  load is. crea ted .  by dumping steam from t h e  steam header t o  e i t h e r  
condenser and/or  atmosphere. The dump system is c o n t r o l l e d  t o  g ive  t h e  re- 
quired ramp load changes t o  prevent  r e a c t o r  scram. Following t h e  t r i p ,  t h e  
dump system is switched t o  a c losed  loop p re s su re  c o n t r o l  mode based on 
cons tan t  header pressure .  

The steam genera tor  u n i t  c o n t r o l l e r  is i d e n t i c a l  t o  t h a t  descr ibed 
earlier. Here, t h e  c o n t r o l l e r  ou tpu t  is used e i t h e r  t o  a d j u s t  t h e  feedwater 
pump speed and/or  t o  change a va lve  s t e m  pos i t i on .  

The val,ve dynamics is represen ted  by a f i r s t  o rde r  system accounting 
f o r  deadtand and h y s t e r i s i s  e f f e c t s .  That is: 

(c los ing)  

and t h e  f r a c t i o n a l  stem p o s i t i o n  S, is hounded; i . ~ . ,  Smin55v&SFx. Here, 
Smin is  t h e  minimum stem p o s i t i o n ,  S- is  t h e  maximum stem p o s l t l o n ,  rVo is 
t h e  time t o  open from Smi, t o  S-, and T~~ i~ t h e  time co c l o s e  from S, t o  
hi*. The deadband and h y s t e r i s l s  e f f e c t s  prevent  t h e  va lve  from opening i f  

t h e  trim s i g n a l  is smaller than a maximum l i m i t ,  Trmax, and from c l o s i n g  i f  
t h e  trim is g r e a t e r  than a minimum l i m i t  Trmh. 



Yon-Linearity E f f e c t s  

The c o n t r o l  systems. discussed '  i n  - t h f  s. paper have been fnco.rporated i n t o  
t h e  SSC code. SSC .models and muae~ical ' ly  so l . ves ' t he  conservat ion equat ions  
descr ibed  i n  t h e  previous subsec t ions ,  i n  theiT t r u l y  nonl inear  forms. 

Xany of t h e  e x i s t i n g  c o n t r o l  systezn design and a n a l y s i s  s t u d i e s  use  
l i n e a r i z e d  approximations r ep re sen ta t ive  of the  nonl inear  systems i n  the  
v i c i n i t y  of t h e  s teady-s ta te  opera t ing  condi t ions .  While much use fu l  in- 
formation can be obtafned from such s tud ie s ,  i t  f requent ly  is d e s i r a b l e  o r  
necessary t o  consfder n o n l i n e a r i t i e s  i n  c o n t r o l  system design and operat ion.  

I n  o r d e ~  t o  demonstrate t h e  comparison between the  l i n e a r  and nonlin- 
ear models, a l i n e a r i z e d  ve r s ion  of t he  flow-speed con t ro l  w a s  developed by 
using Taylor s e r i e s  expansions of the  nonl inear  terms in t h e  coolant  momen- 
tum and the  pump angular  momentum equat ions  around t h e  s teady-s ta te  100% op- 
e r a t i n g  condi t ions .  The two models were compared f o r  a t r a n s i e n t  r e s u l t i n g  
from a 20% s t e p  reduct ion i n  load demand. Figure 3 shows the  system res -  
ponse f o r  both l i n e a r  and nonl inear  models using i d e n t i c a l  controlLor set- 
t i n g s  (ga ins ,  time cons tan ts ,  e t c .  ). 

1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 ~ 1 1  1  -- LINEAR MODEL 
-NONLINEAR MODEL - 

Comparison of 
Linear and. Non- 
Linear tliodels . 

It is evident  t h a t  t he  flow o s c i l l a t i o n s  a r e  l e s s  severe  and tend to  
damp-out much sooner f a r  t h e  l i n e a r  model than f o r  the  nonl inear  model. 
Several  pe r tu rba t ions  were t e s t e d  and i t  w a s  found t h a t  t he  agreement be- 
tween the  l i n e a r  and nonl inear  models improve as the  input ptreurbatirsrre g e t  
less severe .  It w a s  a l s o  observed t h a t  f o r  a j u s t  s t a b l e  con t ro l  system 
s e t t i n g  wi th  the l i n e a r i z e d  model, t he  nonl inear  model was unstable .  

RES'JLTS AND DIS.CUSSIONS 

The present  model has been t e s t e d  using the  Clinch River Breeder Reac- 
t o r  P l an t  (CR.BRP) re fe rence  design da t a  where ava i l ab l e .  l 1  



Table I summarizes var ious feedbaclcelements 'and t h e i r  assoc'iated con- 
t r o l  s e t t i n g s  f o r  r eac to r  power, primary and intermediate  flow-speed con t ro l  
systems. Table I1 sets f o r t h  the  primary cont ro l  rod banking data .  

TABLE I 
Plant  Control System Data 

TABLE I1 
Primary Control ?.ad 3ankinq ~ s t s l l  

Three representa t ive  an t ic ipa ted  t r a n s i e n t s  without scram were simu- 
l a t e d ,  they a re :  (1) a 10 cent  s t ep  inse r t ion  of r e a c t i v i t y ,  (2 )  a 25 cent  
s t ep  i n s e r t i o n  of r e a c t i v i t y  and ( 3 )  a 10% ramp change i n  load demand i n  
40 seconds. 
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Figure  4 shows t h e  r e a c t o r  system response t o  a 10 cen t  and a 25 cen t  
s t e p  i n s e r t i o n s  o f ' r e a c t i : v i t y . a t  time zero. of t h e  t r a n s i e n t .  The t o t a l  
r e a c t i v i t y ,  is seen t o  jump from 0 t o  0.10 and 0-25 d o l l a r  a t  time zero  caus- 
i ng  a sharp  rise i n  t h e  n e u t r o n  f l u x  (power l e v e l )  and, hence, an  i n c r e a s e  
in r e a c t o r  temperatures.  The c o n t r o l l e r  t r i e s  t o  c o r r e c t  f o r  . t he  d i s t u r -  
bance by d r i v i n g  t h e  r egu l a to ry  bank i n t o  t h e  co re ,  u n t i l  f i n a l l y  t h e  
neu t ron  f l u x  and t h e  co re  mixed mean sodium temperature reach  t h e i r  respec- 
t i v e  s e t p o i n t s  as c a l c u l a t e d  by t h e  p l a n t  superv i sory  c o n t r o l l e r s .  

It is  important  t o  n o t e  t h a t  a l l  of t h e  automat ic  shutdown func t i ons  of 
t h e  P l a n t  P r o t e c t i o n  System (PPS) ,. which would normally ove r r fde  t h e  con- 
t r o l l e r s  i n  an event  t h a t  t h e  PPS s e t t i n g s  are exceeded (e.g., 115% over- 
power s i g n a l )  were i nac t i va t ed .  

F igu re  5 i l l u s t r a t e s  t h e  p l a n t  response t o  a t y p i c a l  p l a n t  unloading of 
10% Z n  40.  seconds. It is seen t h a t  a s  t h e  load demand is. reduced, t h e  p l a n t  
c o n t r o l  system responds, by d r i v i n g  t h e . . r e g u l a t i n g  rod i n t o  t h e  r e a c t o r  as 
w e l l  as reducing t h e  d r i v e  motor torque on both primary and in te rmedia te  
pumps caus ing  t h e  desired reducrton. i n  the feedback: v a r i a b l e s  t o  w i t h i n  she. 
a c c u r a c i e s  of t h e i r  deadband s e t t i n g s ,  

From t h e  resu1t.s  presented.  t h e  follow3ng conclusions  a r e  der ived :  ( I )  
t h e  r e p r e s e n t a t i o n  of p l a n t  con t r a1  systems i n  a l a r g e  system s imula t ion  
code is a n  e s s e n t i a l  t o o l  f o r  t h e  s tudy  of  ATWS event  in k V B R  systems, and 
(2) t h e  n o n l i n e a r f t y  of t h e  p l a n t  wer a wide range of ope ra t i ng  c o n d i t i o n s -  
n e c e s s i t a t e s  a nonl inear  s imula t ion  o'f t h e  o v e r a l l  system. 

For f u t u r e  work, i t  is e s s e n t i a l  t o  inc lude  improved models t o  s imu la t e  
t h e  motor-generator set and its in f luence  on t h e  sodium flow-speed c o n t r o l  
system. The i n f l uence  of u n i t  c o n t r o l l e r  s e t t i n g s  and feedback cascading on 
t h e  p r ed i c t ed  response of t h e  p l a n t  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  The 
i n t e r a c t i o n  of t h e  p l a n t  p r o t e c t i o n  and c o n t r o l  systems needs t o  be s t ud i ed  
t o  determine t h e  p o s s i b i l i t y  of  PCS adverse ly  a f f e c t i u g  o r  prevent ing thc 
PPS a c t i o n s .  
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Figure 5. System Response to a Transient Resulting from a 10% Ramp 
Change in Power Demand in 40 Seconds. 
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NOMENCLATURE 

2 
A Area (m ) 

a Motor cons tan t  

b Motor cons tan t  

c Polynomial c o e f f i c i e n t  

f Frequency (Hz) 

h Actuator output  

2 I I n e r t i a  (kg-m ) 

K Gain 

L Load 

II Length (m) 

2 P Pres su re  (N/m ) 

p , P a i r s  of po les  

- 1 R Repeat r a t e ,  r e s i s t a n c e  ( s  , R) 

S Stem p o s i t i o n  

s S l i p  

Tr Trim 

V Control  rod speed (m/s) 

W Flow r a t e  (kg/s)  

X Process  v a r i a b l e  

y Elec t rode  p o s i t i o n  

Z Rod p o s i t i o n  (m) 

Re l a t i ve  speed 

Re l a t i ve  to rque  

Er ror  

Damping c o e f f i c i e n t  

Time cons tan t  ( s )  

Speed ( r p m )  

Natural  frequency' (s-'1 

Torque .(i?rm) 

Subscr ip t s  : 

D Demand/derivative/design 

ex t  External .  

f F r i c t i o n  

F1 F lu id  

Fr  F r i c t i o n  

g Gravi ty  

Measured, momentum 

M t  Mot o r  

s Synchronous 

SP Se t  po in t  
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The d e v i a t i o n  s i g n a l  can then be c a l c u l a t e d  4s:  

Automatic 
E '  

There is normally a  deadband around t h e  s e t p o i n t ,  of  width 2 ~ ~ '  over  
which t h e  c o n t r o l l e r  is i n s e n s i t i v e  t o  t h e  changes i n  t h e  e r r o r  (dev ia t ion)  
s i g n a l ,  i .e. ,  E = O ,  i f  l e l < s , .  - 

This  e r r o r  s i g n a l  is then f ed  t o  a PID .module t o  gene ra t e  a  trim s ig-  
n a l  a s  follows: 

- 1 
where K is t h e  p ropo r t i ona l  gain ,  .R is t h e  i n t e g r a l  r e s e t  r a t e  ( s  ) and TD 
is t h e  d e r i v a t i v e  t ime(s ) .  I n  o rder  t o  prevent  undes i rab le  o s c i l l a t i o n s  and 
c y c l i c  d i s t u rbances  under c e r t a i n  c o n t r o l  cond i t i ons ,  t h e  c o n t r o l l e r s  a r e  
u sua l l y  designed t o  l i m i t  t h e  excess ive  i n t e g r a l  ro l l -up and roll-down. 7 
This  e f f e c t  has been accounted f o r  by bounding t h e  va lue  of t h e  i n t e g r a l  i n  
Equation ( 3 ) .  The trim s i g n a l ,  Tr ,  is t h e  c o n t r o l l e r  ou tpu t  s i g n a l  which i s  
used a s  an  i npu t  t o  t h e  nex t  u n i t  c o n t r o l l e r  o r  a s  an  i npu t  t o  t h e  a c t u a t o r .  

In  t h e  SSC code, as many as f i v e  u n i t  (cascade) c o n t r o l l e r s  can be 
placed i n  s e r i e s  t o  r ep re sen t  mu l t i p l e  feedback loops  which may =ist i n  
va r ious  p l a n t  c o n t r o l l e r s  a s  w i l l  be d i scussed  i n  t h e  fol lowing subsec t ions .  

f3OM THE PREVIOUS UNIT 
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Supervisory Control  

The superv i sory  c o n t r o l  system use s  t h e  demanded power ( load) s i g n a l  
and t ransforms i t  i n t o  a feedforward demand f o r  t h e  va r ious  c o n t r o l l e r s  i n  
o r d e r  t o  main ta in  t h e  d e s i r e d  ope ra t i ng  condi t ions .  A t y p i c a l  p a r t  l oad  
p r o f i l e  of some key p l a n t  v a r i a b l e s  is shown i n  F igure  2.  This  p a r t  load 
p r o f i l e  is generated by performing s teady-s ta te  c a l c u l a t i o n s  a t  va r ious  
power l e v e l s  assuming cons t an t  t u r b i n e  t h r o t t l e  condi t ions .  The load- 
dependent s e t p o i n t s  can t h e r e f o r e  be  c a l c u l a t e d  us ing  polynomial approxima- 
t i o n s  of t h e  form: 2 

I I I I I I 

- - - - - - - - - - - . - - - -  

7 60 - R W R  INLET TEPE3ATURE 
V, - -----  MIXED M€AlU OUTLET TEMPERATURE 
W a t --- INTERMEDIATE SEED 
? 720 
a - - -  PRIMARY S?Ea 5 
a 
Z t - _ - -  PRIMARY R O W  
g 680 - - ---- INmMEDlAE R A W  

P a r t  Load P r o f i l e  

40 M- 7' ,I 
3 0 I I 

30 a ,w ~3 70 ao 90 100 

LOAO (%) 



Reactor Power Control  

The primary c o n t r o l ' r o d s  a r e  used f o r  both  pawer r e g u l a t i o n  and reac- 
t o r  shutdown, whi le  t h e  secondary c o n t r o l  rods  a r e  used f o r  shutdown only.  
The p r e sen t  model r ep re sen t s  t h e  primary c o n t r o l  rods  by s e v e r a l  banks which 
a r e  assumed t o  be ganged according t o  a s p e c i f i e d  scheme and t h e  r e a c t i v i t y  
worth of each rod bank is given by f i r s t  o r d e r  pe r tu rba t i on  theory8 a s :  

The c o n t r o l  rod p o s i t i o n  is regu la ted  by t h e  r e a c t o r  power c o n t r o l l e r  
and rod d r i v e  mechanism. The r e a c t o r  c o n t r o l  system p o s i t i o n s  t h e  c o h t r o l  
rods  t o  reach  t h e  d e s i r e d  r e a c t o r  thermal power, sodium and steam tempera- 
t u r e s  according t o  t h e  p a r t  load p r o f i l e .  The ou tpu t  of t h e  c o n t r o l l e r  i s  
s e n t  t o  t h e  power dead zone and s a t u r a t i o n  c i r c u i t  limits of t h e  c o n t r o l  rod 
r a t e s .  F ina l l y ,  t h e  s i g n a l  is  divided i n t o  an analog magnitude signal and 
a d i g i t a l  d i r e c t i o n  signal f o r  use  as demands t o  t h e  c o n t r o l  rod d r i v e  me- 
chanism a c t u a t o r .  

The inpu t  c i r c u i t r y  t o  each c o n t r o l l e r  a ccep t s  on-off i n p u t s  f o r  I N ,  
OUT and HOLD commands and provfdes t h e  requ i red  a c t i o n .  The I N  command 
s t e p s  a s i n g l e  rod down i n  t h e  co re  a t  a predetermined r a t e .  The OUT com- 
mand s t e p s  a s i n g l e  rod up ou t  of t h e  co re  a t  a predetermined r a t e  (not  nec- 
e s s a r i l y  t h e  same as t h e  IH r a t e )  and t h e  HOLD command main ta ins  t h e  rod i n  
i ts presen t  p o s i t i o n  (no motion);  t h a t  is: 

I N  Command 
dZ, 

1 OUT Command 

1 O HOLD Command 

Sodiure Flow c o n t r o l  

The dynamics of sodium flow i n s i d e  t h e  primary and in te rmedia te  sys- 
tems a r e  governed by t h e  momentua equat ton 'which can be w r i t t e n  

& dW - +  (P, - P ) + 6P + &Pf + 6Pn + 6P = 0 (2 d t  ou t  .3 P (7) 

The pump. p r e s su re  rise, 6P is dependent on pump speed and sodium flow r a t e ,  ' 

p 9  a s  descr ibed by Xadni, e t  a l .  

The dynamics of t h e  is f w e r n e d  by t h e  torque balance equat ion f o r  
t h e  s h a f t  and r o t a t i n g  assembly3, as :  



The hyd rau l i c  to rque ,  B F R ,  and t h e  f r i c t i o n  torque,  B F ~  a r e  complicated 
func t i ons  of ' pump ope ra t i ng  cond$tfons and can be found elsewhere,  p 9  

During nomnal ope ra t i on ,  t h e  d r i v e  motor to rque  i s  ad ju s t ed  by t h e  con- 
t r o l l e r  a c t i o n ,  in o r d e r  t o  main ta in  the.des.i.red ope ra t i ng  cond i t i ons .  For 
example, a s l i g h t  decrease  i n  load  causes  a r educ t i on  in t h e  motor to rque  
which i n  t u r n  l e ads .  t o  a decrease  i n  pump speed and even tua l l y  t h e  sodium 
flow r a t e  through t h e  v a r i a t i o n .  i n  pump head, 6Pp. 

There are va r ious  methods f o r  a c h i e v h g  speed c o n t r o l  through ad jus t -  
ment of t h e  d r i v e  motor torque.'' . They fncl.ude: 0) changing t h e  number of 
po l e s ,  (2)  changing t h e  frequency,  (3) changing t h e  e x t e r n a l  r e s t s t a n c e ,  and 
(4) vary ing  t h e  hyd rau l i c  coupling.  The method app l ied  depends on t he  motor 
type,  and t h e  adequacy of c o n t r o l  over t h e  deaLred ope ra t i ng  regime, I n  t h e  
p r e sen t  a n a l y s i s ,  .we w t l l  d i s c u s s  t h e  frequency and t h e  r h e o s t a t i c  methods 
f o r  speed con t ro l .  

The to rque  of t h e  squirrel cago motor can be written as lo :  

where a l ,  bl a r e  cons t an t s  c h a r a c t e r i z i n g  t h e  motor behavior and s is t h e  
s l i p  r a t i o  def ined  by 1 - (SZD/Q,)a, $2, being t h e  synchroneous speed (rpm) 
which is r e l a t e d  t o  frequency f(Hz) and t h e  number. o f . p a i r s  of poles  p by 
(60 f  / P I .  

The to.rque of t h e  wound r o t o r  induc t ion  motor can a l s o  be represen ted  
by a sizdlar r e l a t i o n s h i p 2  : 

and, 

where a2, b2 a r e  c o n s t a n t s  c h a r a c t e r i z i n g  t h e  motor behavior ,  R is the  ex- 
ternal r e s i s t a n c e  parameter,  and RSt is t h e  va r i ab l e . exce rna1  r e s i s t a n c e  
provided by a l i q u i d  r h e o s t a t  a c t u a t o r  and added i n  s e r i e s  t o  Ry, t h e  motor 
r o t o r  r e s i s t a n c e  (Q) which is r e l a t e d  t o  che l i q u i d  rheosrac  e l & t r o d s  posi-  
t i o n  y according t o  t h e  fol lowing equat ion:  

The v a r i a b l e  frequency o r  t h e  l i q u i d  r h e o s t a t  e l e c t r o d e  p o s i t i o n  can be 
s imulated us ing  a second o rde r  equa t ion  r ep re sen t i ng  a mechanical ac tuatDr  
behaving a s  a damped harmonic o s c i l l a t o r 6 :  



where w, is t h e  n a t u r a l  frequency-; 5 'is. t h e  daplping c o e f f i c i e n t ,  h is t h e  
a c t u a t o r  ou tpu t  (frequency o r  t h e  e l e c t r o d e  p o s i t i o n ) ,  hi i s  t h e  i n i t i a l  
ou tpu t ,  and Tr is t h e  trfm s i g n a l  from t h e  l a s t  u n i t  c o n t r o l l e r ,  

Steam  ene era tor Control. 

The purpose of steam genera tor  c o n t r o l ' s y s t e m  is t o  main ta in  t h e  tem- 
pe r a tu r e ,  p ressure  and flow rates a t  t h e  des. ired l e v e l  f o r  bo th  normal and 
o f f  normal ope ra t i ng  conditions. '  The steam genera tor  c o n t r o l  systems con- 
sist of (a)  feedwater system, and (b) t u r b i n e  and dump flow mechanism. 

The r e c i r c u l a t i o n  type steam g e n e r a t o r ' c o n s f s t s  of a steam drum, eva- 
po ra to r s  and superhea te rs ,  and a steain header.  The feedwater f low rate is 
c o n t r o l l e d  I n  o rde r  t o  mainta in  a des i r ed  steam drum water l e v e l  and min- 
imize. t h e  d i f f e r e n c e  between t h e  feedwater flow i n t o  t h e  drum and t h e  sa- 
tu r a t ed  steam f low ou t  o f ' t h e  drum. The steam flow r a t e  o u t  of t h e  steam 
header is c o n t r o l l e d  based on near  cons t an t  p r e s su re  a t  t h e  t u rb ine .  To en- 
a b l e  t h e  nuc lear  steam supply s y s t e n i t o  gallow tu rb ine  load r educ t i ons  which 
may exceed ' l a rge  s t e p  o r  r a p  changes, a n  a r t i f i c i a l  steam load i s  incorpor-  
a t ed .  Th i s  load is. created.  by dumping steam from t h e  steam header t o  e i t h e r  
condenser and/or  atmosphere. The dump s y s t e m  is c o n t r o l l e d  t o  g ive  t h e  re- 
quired ramp load changes t o  prevent  r e a c t o r  scram. Following t h e  t r i p ,  t he  
dump system is switched t o  a c losed loop pressur.e c o n t r o l  mode based on 
cons tan t  header pressure .  

The steam genera tor  u n i t  c o n t r o l l e r  is i d e n t i c a l  t o  t h a t  descr ibed  
e a r l i e r .  Here, t h e  c o n t r o l l e r  ou tpu t  is used e i t h e r  t o  a d j u s t  t h e  feedwater 
pump speed and/or  t o  change a va lve  stem pos i t i on .  

The val.ve dynamics is represen ted  by a f i r s t .  o rder  system account ing 
f o r  deadhand and h y s t e r i s i s  e f f e c t s .  That is: 

1 - T r  > Tr- - T (opening) 
VO 

dSv 
f 

d t  1 . '  0 Trdn c Tr < Trmx (no motion) 

(c los ing)  

and t h e  f r a c t i o n a l  stem p o s i t i o n  Sv is bounded; i .e. ,  S m i n ~ S v ~ S m X .  Here, 
Smin is t h e  minimum stem pos i t i on ,  S- is t h e  maximMl stem p o s i t i o n ,  rvo is 
t h e  time t o  open from Smin Smax. and T~~ is ehe time t o  c l o s e  from S,, t o  
bin. The deadband and h y s t e r i s l s  e f f e c t s  prevent  t h e  va lve  from opening i f  
t h e  t r im  s i g n a l  is smal le r  than a maximum l i m i t ,  Tr,,, and from c l o s i n g  i f  
t h e  trim is g r e a t e r  than a minimum l i m i t  Train. 



Yon-Linearity E f f e c t s  

The c o n t r o l  sys t eqs  d f s c u s s e d ' i n - t h i s  paper: have been fnco.rporated i n t o  
t h e  SSC code. SSC .models and m e ~ d c a l l y  so l .ves ' the :  conservat ion equat ions  
descr ibed i n  ' t h e  previous subsec t ions ,  f n  t he ik  t r u l y  nonl inear  .forms. 

Nany of t h e  e x i s t i n g  c o n t r o l  system design and a n a l y s i s  s t u d i e s  use  
l i n e a r i z e d  approximations r ep re sen ta t ive  of t he  nonl inear  systems i n  t he  
v i c i n i t y  of t h e  s teady-s ta te  opera t ing  condi t ions .  While much use fu l  in- 
formation can be obtained from such s t u d i e s ,  i t  f requent ly  is d e s i r a b l e  o r  
necessary t o  consider  n o n l i n e a r i t i e s  in c o n t r o l  system design and operat ion.  

I n  o r d e ~  t o  demonstrate t h e  comparison between the  l i n e a r  and nonlin- 
e a r  models, a l i n e a r i z e d  ve r s ion  of the  flow-speed con t ro l  w a s  developed by 
using Taylor series expansions of the  nonl inear  terms in the  coolant  momen- 
tum and t h e  pump angular  momentum equat ions  around the  s teady-s ta te  100% op- 
e r a t i n g  condi t ions .  The two models were compared f o r  a t r a n s i e n t  r e s u l t i n g  
from a 20% s t e p  reduc t ion  i n  load demand. Figure  3 shows the  system re s -  
ponse f o r  both l i n e a r  and nonl inear  models using i d e n t i c a l  c o n t r o l l e r  ser-. 
t i n g s  (ga ins ,  time cons tan ts ,  e t c . ) .  

100, l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l  

-- LINEAR MODEL 
9 0 -  -NONLINEAR MOOEL - 

J 

Figure 3 .  Comparison of 
Linear and fion- 
Linear Xodels . 

It is evident  t h a t  the  flow o s c i l l a t i o n s  a r e  l e s s  severe  and tend t o  
damp-out much sooner f o r  t h e  l i n e a r  model than f o r  the  nonl inear  model. 
Severa l  pe r tu rba t ions  were t e s t e d  and it w a s  found t h a t  t h e  agreement be- 
tween the l i n e a r  and nonl inear  models improve a s  t he  input  per turba t ions  g e t  
l e s s  severe .  It was a l s o  observed t h a t  f o r  a j u s t  s t a b l e  con t ro l  system 
s e t t i n g  with  the  l i n e a r i z e d  model, t he  nonl inear  model w a s  uns tab le .  

RESULTS Aii DTS.CUSSIONS 

The present  model has been t e s t ed  using the  Clinch River Breeder Reac- 
t o r  P l an t  (CRBRP) re fe rence  design d a t a  wnere ava i l ab l e .  l 1  



Table I summarizes var ious feedback.elements- and t h e i r  assoc ia ted  con- 
t r o l  s e t t i n g s  f o r  reac tor  power, prfmary and fntermediate flow-speed con t ro l  
systems. Table I1 sets f o r t h  the primary cont ro l  rod banking da ta .  

TABLE I 
Plant  Control System Data 

TABLE I1 
Primary Control Zod 3anking  ata all 

Three representa t ive  an t ic ipa ted  t r a n s i e n t s  without scram were simu- 
l a t e d ,  they a r e :  (1) a  10 cent  s t ep  inse r t ion  of r e a c t i v i t y ,  (2 )  a 25 cent  
s t ep  i n s e r t i o n  of r e a c t i v i t y  and ( 3 )  a  10% ramp change i n  load demand i n  
40 seconds. 

Acrlucor b n s c a n c ~  

V - 3.8lx10-~ d s  
UP 

Vd- - -3.81.10-~ o/s 

a1 - 0.577 
b1 - 0.065 
C - 1.0 (criricrll~ d a q e d )  

wa - 0.375 (8-') 

0 - 1116 rpm 

al - 0.577 
b1 - 0.065 
C - 1.0 
@a - 0.375 
% - 1116 rpll 

T.(s) K x(.-') %(a) Co 

0.20 2.0 0 0 0 

0.20 2.0 0 0 0 

0.05 1.0 0 0 0.005 

0.20 1.0 0 0 0 

0.50 1.0 0 0 0 

0.02 1.0 0.10 0 0.00s 

0.13. 1.0 0.02 0 0 

0.50 1.0 0.20 0 0 

0.02 1.0 0.10 0 0.005 
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Steam Tqat .curr  

b r a  lllrrd Ueao Tamp. 
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R ~ c Z o r  I d e t  T m .  

Sod- Flw 

Pump Spaad 

S c a m  Pressure, 

S o d i r r n F l w  

Plnnp Spaad 

* 
I., s ;  

0. o * * 
0 u 

$ 8 
a 

- 

* 
a a 
0 

Y 
C 

0" 
I 
2 

r 

a 
.I 
b 
L 

z 
.I 

3 
E 
Y 

CI 



Figu re  4 shows t h e  r e a c t o r  system response t o  a 10 cen t  and a 25 cen t  
' s t ep  i n s e r t i o n s  o f ' r e a c t 2 v i t y -  a t  time zero of t h e  t r a n s i e n t .  The t o t a l  
r e a c t i v i t y . i s  seen  t o  jump from 0 t o  0.10 and 0..25 d o l l a r  a t  time zero caus- 
i ng  a sharp  rise i n  t h e  n e u t r o n  f l u x  (power l e v e l )  and, hence, an  i n c r e a s e  
in r e a c t o r  temperatures..  The c o n t r o l l e r  t r i e s  t o  c o r r e c t  f o r  t h e  d i s t u r -  
bance by d r i v i n g  t h e  r egu l a to ry  bank i n t o  t h e  co re ,  u n t i l  f i n a l l y  t h e  
neu t ron  f l u x  and t h e  co re  mixed mean sodium temperature reach  t h e i r  respec- 
t i v e  s e t p o i n t s  as c a l c u l a t e d  by t h e  p l a n t  superv i sory  c o n t r o l l e r s .  

It is important  t o  n o t e  t h a t  a l l  of t he . au toma t i c  shutdown func t i ons  of 
t h e  P l a n t  P r o t e c t i o n  System (PPS) ,. which would normally ove r r i de  t h e  con- 
t r o l l e r s  i n  an  event  t h a t  t h e  PPS s e t t i n g s  are exceeded (e.g.,  115% over- 
power s i g n a l )  w e r e  i nac t fva t ed .  

F igure  5 f l l u s t r a t e s ' t h e  p l a n t  response t o  a . t y p i c a l  p l a n t  unloading of 
10% Z n  40 seconds, It i3 aecn t h a t  as t h e  load d,emand isc reduced, t h e  p l a n t  
c o n t r o l  system responds by d r i v i n g  t h e  r e g u l a t i n g  rod i n t o  t he  r e a c t o r  a s  

, w e l l  as reducing t h e  d r i v e  motor to rque  on both primary and in te rmedia te  
pumps caus ing  t h e  d e s i r e d  reduct ion.  in t h e  feedback v a r i a b l e s  t o  w i th in  t h e  
a c c u r a c i e s  of t h e i r  deadband s e t t i n g s ,  

From t h e  r e s u l t s  presented.  t h e  fol lowing conclusions  ' a re  der ived :  ( I )  
t h e  r e p r e s e n t a t t o n  of p l a n t  c a n t r a l  systems i n  a l a r g e  system s imula t ion  
code is an  e s s e n t f a l  t o o l  f o r  t h e  s tudy  of ATWS event  i n  L V B R  systems, and 
(2) t h e  n o n l i n e a r i t y  of t h e  p l a n t  over a wide range of ope ra t i ng  cond i t i ons .  
n e c e s s i t a t e s  a nonl inear  s imula t ion  of  t h e  o v e r a l l  sys.tem. 

For f u t u r e  work, i t  is e s s e n t i a l  t o  inc lude  improved models t o  s imu la t e  
t h e  motor-generator set and its in f luence  on t h e  sodium flow-speed c o n t r o l  
system. The i n f l uence  of u n i t  c o n t r o l l e r  s e t t i n g s  and feedback cascading on 
t h e  p r ed i c t ed  response of t h e  p l a n t  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  The 
i n t e r a c t i o n  of t h e  p l a n t  p r o t e c t i o n  and c o n t r o l  systems needs t o  be s t ud i ed  
t o  determine t h e  p o s s i b i l i t y  of PC3 adverse ly  a f f e c t i n g  o r  prevent ing t h e  
PPS a c t i o n s .  

The au tho r s  acknowledge the  inva luab le  he lp  of J. G. Gupoy and R. J. 
Kennett i n  i n t e r f a c i n g  t h e  p r e sen t  model i n t o  t h e  SSC code. Thanks a r e  
a l s o  due t o  I. K. Xadni f o r  reviewing t h e  paper,  and t o  Ms. D. Clay f o r  h e r  
s k i l l f u l  typing of t h i s  manuscript .  

This  work w a s  performed under t h e  ausp ices  of t h e  United S t a t e s  Nuclear 
Regulatory Commission. 
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Figure 5. System Response to a Transient Resulting from a 10% Ramp 
Change in Power Demand in 40 Seconds. 



0.20 
0. I 8 

- -  - - -  0.25 8 STEP INSERTION 
0.10 # STEP INSERTION 

U 
0.06 
0.04 

W a 
,? 780.0 
4: 
K - - -  
W 

- 0.25 8 STEP INSERTION 
IL 760.0 
5 0.10 8 STEP INSER PION 
2 

740.0 1 

1.35- 

1.30 

1.25 

1.20- 

X 1.15- 

Figure 4 .  System Response t o  !!I cent  and 25 cent 
Step Inse r t ion  of React ivi ty  Transient.  

4 - - - 
- I I  - 

I \  - - - -  0.25 8 STEP lNSERTlON - I \ , \  0.10 8 STEP INSERTION - 
- 
- 
I 



2 Area (m ) Relative speed 

Motor constant Relative torque 

Motor constant Error 

Polynomial coefficient Damping coefficient 

Frequency (Hz) T h e  constant (s) 

Actuator output Speed ( r p m )  

Satural frequency (s-I) 

Torque (iJ-m) 

2 Inertia (kg-m ) 

Gain 

Load 

Length (m) 

2 Pressure (N/m ) 

Pairs of poles 

Subscripts: 

D Demand/derivative/design 

ext External. 
-1 Repeat rate, resistance (s , a) 

Stem position Friction 

Fluid 

Friction 

Gravity 

Measured, momentum 

Motor 

Synchronous 

Set point 

Slip 

Trim 

Control rod speed (m/s) 

Flow rate (kgls) 

Process variable 

Electrode position 

Red position (a) 
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