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ABSTRACT 

After several successful applications to aerospace industry, the modern 
control theory methods have recently attracted many control engineers 
from other engineering disciplines. For advanced nuclear reactors, the 
modern control theory may provide major advantages in safety, 
availability, and economic aspects. This report is intended to 
illustrate the feasibility of  applying the linear quadratic Gaussian 
( L Q G )  compensator in nuclear reactor applications. The LQG design is 
compared with the existing classical. control schemes. B o t h  approaches 
are tested using the Experimental Breeder Reactor I1 (EBR-11) as the 
system. The experiments are performed using a mathematical model o f  the 
EBR-I1 plant. Despite the fact that the controller arid p l a n t  models do 
not include all known physical constraints, the results are encouraging. 
This preliminary study provides an informative, introductory picture f o r  
future considerations of using modern control theory methods in nuclear 
industry. 

This research and development is sponsoredby the Advanced Controls 
Program in the Instrumentation and Controls Division of  the Oak Ridge 
National Laboratory. 
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I. I INTRODUCTION 

1.1 PURPOSE OF RESEARCH 

The development of advanced l i q u i d  metal  r e a c t o r  technology involves  
improving control. s t r a t e g i e s  f o r  s e v e r a l  purposes .  Recovery f r o m  
unan t i c ipa t ed  t r a n s i e n t s  r equ i r e s  s a f e  ope ra t iona l  maneuvers. Besides 
handl ing  t h e  consequences of nonoptimal c o n t r o l  a c t i o n s ,  advanced 
s t r a t e g i e s  may minimize c o n t r o l  e f f o r t s  and may improve system 
performance i n  d a i l y  ope ra t ion .  Usi.ng new techniques ,  t he  c o n t r o l  may 
be less dependent on t h e  a v a i l a b i l i t y  of  sensory information compared t o  
e x i s t i n g  c l a s s i c a l  c o n t r o l  systems. The modern c o n t r o l l e r s  may prove t o  
be more robus t  than  classical  schemes, l ead ing  t o  r e l i - ab le  p l a n t  
o p e r a t i o n s .  

The p o s s i b i l i t y  of improving syscern performance us ing  the modern c o n t r o l  
theory  des ign  methods has  been a s u b j e c t  o f  ex tens ive  i n v e s t i g a t i o n  f o r  
t h e  l as t  t h r e e  decades.  Applicati-ons i n  t h e  aerospace and cherrical 
i n d u s t r i e s  have proved the  high-performance c h a r a c t e r i s t i c s  o f  modem 
c o n t r o l l e r s .  The ques t ion  of  f e a s i b i l i t y  of us ing  modern c o n t r o l l e r s  i n  
advanced r e a c t o r s  is  y e t  unanswered. One of  t h e  reasons i s  t h a t  
convent ional  c o n t r o l l e r s  a r e  e f f i c i e n t  and r e l i a b l e  i n  c o n t r o l l i n g  
nuc lea r  systems and t h e r e  i s  no c u r r e n t  need f o r  t h e  new concepts .  
Another reason is  r e l a t e d  t o  the  l i m i t a t i o n s  of  computational too1.s. 
Nuclear r e a c t o r s  are l a r g e - s c a l e  systems, and t h e  r e p r e s e n t a t i o n  of  
t h e i r  dynamic behavior  r equ i r e s  modeling wi th  a l a r g e  number of s t a t e  
v a r i a b l e s .  Control  des ign  s t u d i e s  of l a r g e - s c a l e  systems depen.d 
s t r ic t1 .y  on t h e  sof tware  development, The computer -a ided  des ign  (CAD) 
package MATRIX,” is  a good example of t h e  l a t e s t  development i n  t h i s  
a r e a .  The o b j e c t i v e  of  t h i s  s tudy inc ludes  i n v e s t i g a t i n g  t h e  modern 
c o n t r o l  theory  a lgor i thms o f  MATRIX,, applying s tandard  des ign  methods 
us ing  the  EBR-I1 model as a t e s t  bed,  and eva lua t ing  the  c o n t r o l l e r  
performance. The o b j e c t i v e  is  n o t  t o  propose a new c o n t r o l  s t r a t e g y  f o r  
the EBR- 11, but  instead.  t o  s tudy t h e  c a p a b i l i t i e s  of modern cont.rollers 
and t h e i r  advantages and disadvantages wi th  a Limited comparison t o  
e x i s t i n g  schemes. T h i s  approach may f i n d  f u r t h e r  a p p l i c a t i o n s  i n  the 
c o n t r o l  s t r a t e g y  des ign  o f  advanced modular r e a c t o r s .  

I n  modern c o n t r o l  t heo ry ,  ir i s  poss ib l e  to  des ign  a compensator f o r  any 
process  by p l ac ing  the  c losed- loop  po le s  i n  appropriatie l o c a t i o n s  ~ 

provided t h a t  t h e  process  i s  observable  and c o n t r o l l a b l e .  A n  
appropr i a t e  choice o f  t h e  c losed-  loop  po le s  y i e l d s  s a t i s f a c t o r y  
performance i n  gene ra l .  The ques t ion  o f  seeking an optimal s o l u t i o n  t o  
t h e  des ign  problem may seem t o  be a redundant e f f o r t ;  however, 
op t imiza t ion  is  necessary f o r  the  fo l lowing  reasons .  I n  a mul t ip l e -  
i npu t  mul t ip l e -ou tpu t  (MIMO) sys tem,  t h e  po le  placement method may n o t  
completely s p e c i f y  the  c o n t r o l l e r  parameters .  Fo r tuna te ly ,  a t t a i n i n g  

___.I__ 
*MTRIXXTM, Version 5 . 0 ,  01985 by I n t e g r a t e d  Systems, I n c . ,  P a l o  

A l to ,  C a l i f o r n i a .  
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t h e  d e s i r e d  c losed- loop  pole  l o c a t i o n s  can be done i n  many d i f f e r e n t  
ways for M I M B  systems. An n - t h  order  system wi th  in i npu t s  has n x m 
parameter.? t o  be designed f o r  a nondynamic compensator i n  a f u l l - s t a t e  
feedback arrangement.  T h i s  means f ind ing  the  same n d e s i r e d  c losed -  
loop po le s  i n  m d i f f e r e n t  ways. The abundance o f  a d j u s t a b l e  parameters 
can be a g r e a t  b e n e f i t  i n  terms of s a t i s f y i n g  s e v e r a l  des ign  
requirements i f  an optirni.zation technique i s  used. When an unfamil-iar 
process  i s  cons idered ,  an a r b i t r a r y  choice of having the  cl.osed-loop 
pole  l o c a t i o n s  fa r  from t h e  or i -gin of t he  S-plane may r e q u i r e  control 
i npu t s  too b i g  t o  be generated by the process  a c t u a t o r s .  Thus, 
minimization of c o n t r o l  input  can be achieved by opt imizing performance. 
Another reason €or  the  use o f  t he  opt imal  c o n t r o l  theory  a r i s e s  when 
uncon t ro l l ab le  systems a r e  concerned. I t  i s  poss ib l e  t o  des ign  a 
c o n t r o l  system us ing  optimal con t ro l  theory s o  t h a t  t he  o v e r a l l  system 
behavior  w i l l  be accep tab le ,  provided the  uncontrol.I.able p a r t  of t he  
system i s  s t a b l e . ’  

1 . 2  BACKGROUND OF MODERN CONTROT, THEORY 

The devel-opment of  the  modern c o n t r o l  theory begnri i n  t he  ].ate 1950s and 
has  been expanding s i n c e  then as new d i scove r i e s  a r e  made by c o n t r o l  and 
system eng inee r s ,  The discovery o f  t he  s t a t e - s p a c e  approach and 
t h e o r i e s  like Liapunov‘s s t a b i l i t y  theory c o n s t i t u t e d  the  b a s t s  o f  t he  
modern c o n t r o l  theory .  Pontryagin’ s c o n t r i b u t i o n  t o  the  optimizati-on o f  
system performance us ing  the  v a r i a t i o n a l  ca l cu lus  technique w a s  a 
remarkable achievement i n  the s h o r t  h i s t o r y  of t h e  modern c o n t r o l  
theory .  
overcoming the  c l a s s i c a l  dilemma of the  two-point boundary problem o f  
t h e  Pontryagin’  s theorem. ApplicaLion of  t h i s  a lgori thm t o  simple 
nuc lea r  r e a c t o r  models showed the  v a l i d i t y  o f  tlhe approach w i t h i n  the 
l i m i t s  o f  r e a l - t i m e  implementation. For l i n e a r  systems, t h e  development 
of t he  I Q G  method us ing  a s t a t e  e s t ima t ion  technique such as t h e  Kalmati 
f i l t e r  design has provided t h e  most widely used t o o l  i n  c o n t r o l  system 
des ign  duri.np, t he  l a s t  two decades.  Recent progress  i n  the theory  has  
enabled s e t - p o i n t  t r ack ing  appl ica t . ions  us ing  t h e  LQG method. 

Recent developments’ provide an i n i t i a l  va lue  s o l u t i o n  

One o f  t he  l a t e s t  e f f o r t s  i n  advanced c o n t r o l  s t r a t e g y  development has 
been the  focus on g loba l  c o n t r o l  concepts o f  l a r g e - s c a l e  systems3 i n  the  
form of decen t r a l i zed  and h i e r a r c h i c a l  c o n t r o l  s t r u c t u r e s .  Using 
methods such as the  i n t e r a c t i o n  p r e d i c t i o n  method, a more g loba l  t a s k  
can be achieved i n  an optimal f a sh ion .  The nuc lear  r e a c t o r  c o n t r o l  
proble~n i s  a p o t e n t i a l l y  open f i e l d  f o r  such a p p l i c a t i o n s .  

1 . 3  SCOPE O F  RESEARCH AND DEVELOPMENT STUDY 

The s tudy r epor t ed  he re  focuses  on tihe implementational a spec t s  of 
modern inu l t ivar iab l  e con t ro l  techniques us ing  f::hci: MATRIX, desi.gn 
package. T h i s  a p p l i c a t i o n  h i g h l i g h t s  t he  steam genera tor  drum l e v e l  
conti-o?. f o r  the  EBR-IT. A comparison o f  the  cJ -ass ica l  three-element  
c o n t r o l l e r  and Che ].inear quadra t i c  Gaussian (LQC,) regu1at:or design i s  
p re sen ted ,  as is  the ex tens ion  of the  c o n t r o l l e r  des ign  t o  degraded 
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conditions and set-point tracking. The robustness of the LQG design t o  
parameter uncertainties is also discussed. Note that the EBR-I1 plant 
is highly stable at steady state normal operations, and it does not 
exhibit complex dynamic behavior from the control point of view. 
the comparisons made using EBR-11 models may not be true for systems 
with more complicated dynamic behavior. 

Thus, 

The optimal control theory solution minimizes the error between the 
actual state and the target value, but does not ensure zero error, 
Modification to the controller design by augmenting an integrat:or 
dynamics is sometimes necessary to assure that the steady state error 
goes to zero. This modification is needed because the dynamic systems 
under consideration are not always of type-l or higher. 

The various capabilities of the computer-aided control design system, 
MATRIXx, have been explored and applied to the regulation and set-point 
control of the EBR-I1 steam generator drum level. 



2 .  M0DEK.N CONTROL FOR LINEAR SYSTEMS 

2 . 1  LINEAR QUADk4TIC GfiUSSIAN COMPENSATOR 

T'ne LQG compensator design problem includes designi-ng an optimal 
r egu la to r  i.n conjuncCion with an optimal observer  des ign .  The r egu la to r  
problem i s  concerned with the  design o f  a con t ro l  po l icy  U(t) t o  take a 
system from a nonzero s t a t e  t o  zero s t a t e  i n  which the  zero s t a t e  i s  the  
s teady  s t a t e  o f  ?he perturbed l i n e a r  system. Consider t he  l i n e a r  system 
descr ibed  by a s e t  of  matr ix  d i f f e r e n t i a l .  equa t ions .  

Y(t) = c X(t) . (2.2) 

Define the r egu la to r  perfo-t-mance index,  

T /. 
J[x(t) , g ,  t ]  - J [g'l.'ll + dt , 

t 
0 

( 2 . 3 )  

where 

R = input  weight:ing mat r ix ,  

Q = s t a t e  t?reight:irig matrix 

The problem i s  t o  f i n d  an optimal con t ro l  u * ( t ) ,  to  < t < T, such t:hat J 
i s  miniinized. The so1ut:Lon to E q .  ( 2 . 3 )  with a l i n e a r  c o n t r o l  law is  
given by 

( 2 . 4 )  

where KK i s  the r egu la to r  gain vec to r  which inc ludes  the  so1ut:ion P t o  
t he  mat r ix  R i c c a t i  e q ~ a t i o n : ~  

-P(t) = P(t) A -t A T P ( t )  -.- P(t) B K 1 B r P ( t )  + Q . ( 2 . 5 )  

Equation ( 2 . 3 )  represent:s a quadra t ic  c r i t e r i o n  with mat r ices  (z and R 
weighting appropr ia te  s t a t e  and i.nput v a r i a b l e s .  The diagonal  el~eiiients 
o f  matr ix  Q r e f l e c t  the  r e l a t i v e  importance o f  t he  s t a t e  v a r i a b l e  whose 
s teady  state e r r o r  i s  t o  be minimized. I t  i s  important t:o n o t e  that t he  
minimization of  J does n o t  n e c e s s a r i l y  guarantee that: the e r r o r  wil.1 be 
e x a c t l y  z e r o ,  bu t  i t  i.s always poss ib l e  t o  a t t a i n  a des i r ed  e r r o r .  

The R icca t j  [ E q .  (2.5)] i s  a condi t ion  obtained as a r e s u l t  O F  t he  
minimization of  J and the  r ep resen ta t ion  of thc  optirual input as n 
lixwar func t ion  of  the  s t a t e  v a r i a b l e s  ( o r  t h e i r  e s t i m a t e s ) .  Very o f t e n  
t he  s teady  s t a t e  solut  i o n  o f  P(t) i s  obtained f rom 

P A -+ A ~ P  _- P B i<-lBT P t -  Q = o . ( 2 . 6 )  
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The closed-loop system is given by 

- X = ( A - B K R ) X  , (2 .7)  

which is asymptotically stable. The minimum cost function is given by 

J * ( X ( q J  ,to> = XT(tO) p X ( t 0 )  - (2 .8 )  

2.2 STATE ESTIMATION USING THE KALMAN FILTER 

The compound structure of an output feedback control system can be 
formed by including the state estimation features in the regulator 
problem. The control law can be written as 

where g ( t )  is the estimate of x(t). The solution to e ( t )  is obtained 
by solving the equation, 

&.<I = A z ( t )  + B ~ ( t )  + K, [Y(t) - C g ( t ) ]  

= A &t) - B KR g ( t )  + K, [ C  X(t) - C i ( t ) ]  , 

(2.10) 

(2.11) 

where KE is the estimator gain matrix. 
optimization with respect to process noise and observation noise, and it 
is known as the Kalman filter design. 
formed in the following manner. 

The design of  K ,  includes an 

The resulting 2x1 x 2n system is 

System E q .  
compensator as shown in Fig. 2.1. 

(2.13) represents the plant and appended output feedback 

2.3 SET-POINT TRACKING I Q G  DESIGN 

One of the main objectives of the control design studies is to design an 
optimal controller for which the closed-loop behavior can be directed 
from one set point to another. Such a controller can be used to change 
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E- 

Fig .  2 . 1 .  Output feedback compensator, 

the  s teady  s t a t e  va lue  of t he  r eac to r  power. 
t o  a d j u s t  t he  system behavior i n  an optimized manner so t h a t  a chosen 
output  reaches t he  desi-red s teady  s t a t e  wi.th a n e g l i g i b l e  e r r o r .  

The c o n t r o l l e r ‘ s  task i s  

A t r ack ing  optimal c o n t r o l l e r  can be designed us ing  the fol lowing 
forinulati .on,  which is  based on the  metas ta te  r ep resen ta t ion  of t he  
system.’ Consider a dynamic system, 

X _ = A X + B g  . ( 2 . 1 4 )  

Assume t h a t  the re ference  sCate i s  known: 

(2.15) 

Define an e r r o r  vector, 

e = X - X r  9 ( 2 . 1 6 )  

where 

E = [ A  ..- A,] . 

The metas ta te  r ep resen ta t ion  is  given by 

X = A X + B u  , ( 2 . 1 8 )  

(2.7.9) y - c g  , 

where 
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c = [C C,] . J , 
The formulation of the linear, quadratic optimum control problem using 
the metastate reDresentation can be carried out as follows. 
appropriate performance integral for the problem is 

An 

For the metastate X ,  the state weighting matrix is 

Q = E  1) * 

(2.20) 

(2.21) 

The following equation can be derived for zero steady state error: 

B u * + E X , = O  . (2.22) 

The total control action can be written as a combination of two 
components, namely, the steady state control and the corrective control: 

u = u * + v  . (2.23) 

The performance integral for the corrective control can be written as 

Let M be the equivalent Ricatti matrix far the metastate system: 

M = 111 . (2.25) 

The gain matrix G for this system is given by 

(2.26) 

The corresponding equations for M ,  and M ,  are obtained from the 
following general equation: 

-M - M A + ATM - M B R - ~ R T  M + Q . 
They are: 

-M, = M,A + A ~ M ,  - M,B R - I B T H ~  + Q ; 

-h, - MIE + [AT - M I B  R-'BT] M 2  . 

(2.27) 

(2.28) 

(2.29) 



3 .  PRELIMINARY PERFORMANCE EVALUATION OF MULTIVARIATE CONTROL METHODS 

The followi.ng a spec t s  o f  the o iu l t i va r i a t e  c o n t r o l  a r e  s t u d i e d  us ing  the 
LQC: des ign:  (1) the  r egu la t ion  c a p a b i l i t y  for low- leve l  perturbat:i.ons ~ 

( 2 )  robus tness  t o  modeling e r r o r s ,  ( 3 )  s t a t e  e s t ima t ion  i n  case  of 
degrada t ion ,  and ( 4 )  set-point:  t r ack ing  c a p a b i l i t y .  Secti.on 3 desc r ibes  
des ign  cons ide ra t ions  f o r  using the  t o o l s  of MATRIX, and f o r  
implementing performance t e s t s  i n  the  form of computer s imula t ions  u s i n g  
mathematical models and d i scusses  r e s u l t s  ob ta ined  by c l a s s i c a l  and 
modern methods. The concl-usions of  the  s tudy  are based on pre l iminary  
s t u d i e s  usi-ng phys ica l  models I Actual sys.t:em- r e l a t e d  information w i l l  
be added i n  the  f u t u r e .  

3 . 1  LINEAR EBR-I1 MODEL AS A TEST BED 

Experimental Breeder Reac tor - I1  i s  a 62.5-MWth l i q u i d  metal  f a s t  breeder  
r e a c t o r  l oca t ed  a t  Idaho F a l l s ,  Idaho. I n i t i a l l y  cons-t:r:ucted as a 
pro to type  c e n t r a l  s t a t i o n  power p l a n t  wi th  a breeding r a t i o  g r e a t e r  than 
u n i t y ,  i t s  purpose was s h i f t e d  t o  provide i - r r a d i a t i o n  servi-ces  f o r  tihe 
development: of  f u e l s  and s t r u c t u r a l  m a t e r i a l s .  A s  an  engineer ing  t e s t  
f a c i - l i t y ,  E B R - I 1  r e c e n t l y  played a major r o l e  i n  the  demonstration of 
i nhe ren t ly  s a f e  c h a r a c t e r i s t i c s  of LMRs. 

EBR-1'1 i s  an unmoderated, heterogeneous,  sodium cool-ed, pool - type  
r e a c t o r  wi th  an  in te rmedia te  sodium coolant  loop and a steam p l a n t  t h a t  
produces 20 MW of e l e c t r i c a l  power. Control  i n  the  p l a n t  i s  provided 
mainly by opera tor  a c t i o n  i n  t he  console  room, which i s  supported by tlie 
d a t a  a c q u i s i t i o n  system and a few automatic control.  schemes such as the  
computerized power r e g u l a t o r  and four-element  and s ingle-e lement  
feedwater c o n t r o l l e r s .  B r i e f l y ,  o t h e r  c o n t r o l  mechanisms inc lude  the  
feedwater temperature c o n t r o l ,  steam p r e s s m e  c o n t r o l ,  l e v e l  c o n t r o l s  i n  
feedwater h e a t e r s ,  pump speed c o n t r o l ,  and tu rb ine  genera tor  c o n t r o l ,  
Ex i s t ing  c o n t r o l l e r s  of the  EBR-I1 a r e  c l a s s i c a l  designs used i n  al-most  
every commercial nuc lear  power p l a n t .  

A previous ly  developed l i n e a r  E B R - I 1  model5 i-ncludes pr imary-s ide  and 
steam genera tor  subsystems. This model uses  57 s t a t e  v a r i a b l e s  and 
inc ludes  a PI c o n t r o l l e r  t o  s t a b i l i z e  the drum l e v e l .  The P I  c o n t r o l l e r  
i n  t h e  model uses  t h r e e  s i g n a l s  i n s t e a d  of f o u r ,  a s  i n  the  a c t u a l  p l a n t  
c o n t r o l l e r .  The excluded s i g n a l ,  which i s  the  blowdown f l o w ,  has  a 
n e g l i g i b l e  e f f e c t  on s teady  s t a t e  dynamics. Since the  l i n e a r  models a r e  
v a l i d  f o r  low- leve l  pe r tu rba t ions  around the  s teady  s t a t e ,  t he  P I  
c o n t r o l l e r  gains  a r e  d e l i b e r a t e l y  chosen bi.g so t h a t  it: performs b e t t e r  
than the  a c ~ u a l  c o n t r o l l e r ;  t h e r e f o r e ,  comparisons us ing  new techniques 
are made againsi: a P I  c o n t r o l l e r  t h a t  performs a t  l e a s t  b e t t e r  than the 
a c t u a l  p l a n t .  Several  low- leve l  pe r tu rba t ions  a r e  successfu l  1 y 
represented  by l i n e a r i - z a t i o n  about s teady  s t a t e  dynami.cs . This model. i.s 
used f o r  LQG a p p l i c a t i o n s ,  as presented i n  the  fol lowing s e c t i o n s .  The 
new c o n t r o l  Phil-osophy i s  appli-ed t o  r e a c t o r  power r e g u l a t i o n  and drum 
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level stabilization tasks. 
small variations (20% maximum) around the steady state. 

Note that this application is valid only for 

3 . 2  GENERAL GUIDELINE IN DESIGNING LQG 

The LQG design includes determining the appropriate weights for the 
states and for the control input in E q .  ( 2 . 3 ) .  The re1ationshi.p between 
the Q and R matrices and the dynamic behavior of the closed-loop system 
dependent on the matrices A ,  B ,  and C are quite complicated. "'It is 
impractical to predict the effect on closed-loop behavior of a given 
pair of weighting matrices."' The approach used in this study is  to 
solve for the gain matrices that result from a range of weighting 
matrices and simulate the corresponding closed-loop responses. The gain 
matrix K that produces the response closest to design objectives is 
considered the best choice. 
is done in a trial-and-error fashion, the following background knowledge 
has been used as a guide.' 

Despite the fact that the design procedure 

The Weighting matrix Q specifies the importance of the various 
components of the state vector relative to each other. If a 
state variable changes unreasonably then that state has to be 
suppressed by increasing the corresponding weighting. 
However, the choice of the input weighting matrix R can not be 
established easily. The main idea is the following. With a 
desire to avoid saturation and its consequences, the control 
signal weighting matrix is selected large enough to avoid 
saturation of the control signal under normal operational 
conditions. A s  the control weights tend to infinity, the 
gains are such that the closed-loop poles tend to open-loop 
poles when the latter are stable, o r  to their "mirror images" 
when they are unstable. In a single-input system the zeros of 
the system are defined by CT(sI--A)- '  b-0. If there are r such 
zeros, then as the weights go to infinity r of the closed- 
loop poles approach these zeros and the remaining k-r  closed- 
l o o p  poles radiate outward to infinity in a configuration o f  a 
Butterworth polynomial of order k-r. 

3 . 3  LQR DESIGN FOR EBR-TI REACTIVITY CONTROL 

The first modern controller design to be considered i s  for the EBR-TI 
primary system model. The design objective is to regulate the system 
behavior in an allowable range, that is, not to exceed the safety limit 
of 2"F/min in reactor A T . 6  The design uses a single control rod as the 
actuator. To avoid saturation of  the actuator, the control input is 
designed not to exceed 0.01 $ / s  reactivity limit (for a single-speed 
gear train). It is assumed that all measurements are available without 
any noise. The design of an optimal ou tpu t  feedback compensator reduces 
to an optimal regulator design since there is no need for an observer 
under the perfect measurement assumption. The state weights, a, in the 
quadratic cost function are chosen to be equal to one for the first 
state (reactor power), and the remaining states are excluded (weighted 
zero). The input weighting, R, is scalar and equal to 0.0007. The 
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compensator design is performed using the design routines in KATRIX,. 
Closed-loop system responses to a -5-cent reactivity insertion show a 
drastic improvernent over open- loop system behavior. The fractional 
power response to a -5-cent reactivity step perturbation is shown in 
Fig .  3.1, which also includes the open-loop s t e p  response to the same 
input. The temperature step response of the fuel material to the sane 
input is shown in Fig. 3.2. Figure 3 . 3  shoTss the reactor inlet and 
outlet temperature responses of the open-loop primary system model.. A 
similar comparison for the closed-loop system model is shown in 
Fig. 3 . 4 .  The temperature d:i.fference between reactor outlet and inlet 
is changing faster than 2"F/min f o r  the open-loop system shown in 
F i g .  3.3. The closed-loop system responses shown in Fig. 3 . 4  indicate 
that the variat:.ion in reactor AT does not exceed the allowable range, 
which is in complete agreement with the ERR-I1 design specification. It 
can also be seen from these figures that closed-loop responses are quite 
fast: and steady s t a t e  errors are very small compared to the open-loop 
case. Figure 3.5 shows the control input: generated by the optimal 
control. strategy. The safety limitation of 0.01 $/s is not violated, 
and the control performance i.s achieved usi.ng approximately 50% of the 
maximum rod speed. The nonzero steady state errors in the responses are 
caused by the type-0 structure of  the closed-loop system.' One approach 
to drive the error to zero is to convert the type-0 system to a type-1 
system by the addition o f  an extra state variable that represents the 
integration of the error corresponding to the variable of interest, in 
this case, integration of reactor power variation. 

3.4 LQR DESIGN FOR EBR-11 DRUM LEVEL CONTROL 

The optimal regulator design f o r  the EBR-I1 steam generator subsystem is 
performed with a philosophy similar to that f o r  the primary system. The 
design objective is to maintai.n the drum level deviation in an allowable 
range, that is, 4 in. above or below the steady state The 
closed-loop model includes an additional state variable (20th state 
variable) in the form of  an integrator. Since the opti.ma1. control 
theory does not guarantee zero steady state errors, the addition of an 
external integrator is one of the possible sol.utions t:o the nonzero 
steady state error problem. 'The 18th and the 20th states o f  the model 
are weighted to be equal to 10, while the rest o f  the states are 
excluded (weights are z ~ I - Q ) .  The input weighting is scal.ar and equal t:o 

which is chosen after several trials to achieve a performance 
level close to the three-element controller performance. For this 
speci-fic application, it is assumed that all measurements are available 
without any noise. 
listed in Appendix A .  The closed-loop responses of the steam generator 
model with a three-element controller and opfxirnal regulato-r but without 
any control act:.i.on are plotted in the same figures. The drum level 
response t o  a +lo% steam valve opening step perturbati-on is shown i.n 
Fig. 3 . 6 .  A s  can be seen, the level is controlled ef:€i.c:iently by bo'c1-i 
control strategies. Figure 3 "  7 compares the control signals (feedwater 
f low)  generated by the three -element controll.er arid o p t i m a l  regulator. 
Figure 3.8 shows the drum pressure response t o  the same perturbation. 

The detailed structure of the MATK.:IX, programming i s  



11 

- . 1 8 t ' . ' . " ' . '  " "  . ' '  " "  
0 30 60 90 t20 150 180 210 

TIME (S) 

Fig. 3.1. Step response of fractional reactor power to a -5-cent 
reactivity perturbation (optimal compensator and open-loop models). 
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Fig. 3.2. Step response of fuel temperature to a -5-cent 
reactivity perturbation (optimal compensator and open-loop models). 
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Fig. 3.3. Step response of reactor inlet and outlet temperatures 
to a -5-cent reactivity insertion (open-loop model). 
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Fig. 3.5. Control. input (cents) generated by the optimal 
compensator for a -5-cent reactivity perturbation. 
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F i g .  3.6. Step response of drum level to a +lo% steam valve 
opening perturbation (optimal compensator and three-element controller). 

i I c I c I 
c THREE - ELEMENT CONTROLLER I I- / - \ ,  I 

i I V,’ I 

Fig. 3.7. Control signals generated by three- 
element controller and optimal compensator for a +LO% 
change in steam valve position. 
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The dt-urn l e v e l  s t e p  response t o  a +lO"F i n l e t  sodium temperature 
p e r t u r b a t i o n  i s  shown i n  F ig .  3 . 9 .  The c o n t r o l  s i g n a l s  a r e  compared i n  
Fi-g 3 .10 .  Figures  3 . 1 1  and 3 . 1 2  show the  drum l e v e l  s t e p  response and 
the  c o n t r o l  s i g n a l s  f o r  a +10"F feedwater temperature p e r t u r b a t i o n .  The 
r e s u l t s  show t h a t  t he  c o n t r o l l e r  performances us ing  c l a s s i c a l  and modern 
c o n t r o l  design methods d i f f e r  cons iderably .  Compared t o  the  P I  
c o n t r o l l e r  t h a t  uses  3 p l a n t  s i g n a l s ,  the  LQR uses  18 measurements and 
e x h i b i t s  b e t t e r  performance. The improvement i s  caused s t r i c t l y  by the 
f a s t  response c h a r a c t e r i s t i c  o f  t-he TQX, which is  due t o  some of  the  18  
s i g n a l s  used (obviously ones t h a t  the  3-element c o n t r o l l e r  does n o t  
u s e ) .  See S e c t .  3 . 7  f o r  f u r t h e r  d i scuss ions .  A s e t  o f  c losed- loop  
responses  o f  t he  EBR-I1 subsystem models i s  shown i n  Appendix B .  

3 . 5  IMPROVED WEIGHTS FOR BETTER PERFORMANCE 

A s  p rev ious ly  s t a t e d ,  an optimal r egu la to r  design inc ludes  a s ses s ing  an 
appropr i a t e  combiriati.on of  weightings i n  the  corresponding quadra t i c  
c o s t  fi-mction. 4 simple approach t o  the  problem of f i n d i n g  the  b e s t  
combination r e q u i r e s  some knowledge about open-loop system dynamics. 
The problem becomes complicated f o r  p a r t i a l l y  uncon t ro l l ab le  o r  
unobservable systems. A b a s i c  p r a c t i c a l  method of  choosing t h e  s ta te  
weight i~ngs i s  t o  exarni.ne the  open-loop system behavior  and determine the  
" p e n a l t i e s "  f o r  those s t a t e s  i n  which dev ia t ions  from s teady  s ta te  
exceed some predef ined  l i m i t s .  A c r i t e r i o n  can be def ined  us ing  the  
s t anda rd  performance f e a t u r e s  such as overshoot ,  s teady  s t a t e  e r r o r ,  
bandwidth, o r  gai.n/phase margins.  Once the s t a r t i n g  comb i-nation i s  
p r e d i c t e d ,  then a f i n e r  tuning can be accompli.shed through s e v e r a l  
closed-1-oop s imula t ions  i n  t r i a l - a n d - e r r o r  f a sh ion .  If the  open-loop 
system has uns t ab le  p o l e s ,  then the  uns tab le  s t a t e s  ( s ta tes  causing o r  
c o n t r i b u t i n g  t o  o v e r a l l  i n s t a b i l i t y )  have g r e a t e r  importance compared t o  
o t h e r s .  I n  such c a s e s ,  a change i n  the  weights of the  s t a b l e  s t a t e s  may 
not  a f f e c t  t he  performance s i g n i f i c a n t l y  because the  s e l e c t e d  weights o f  
t he  uns t ab le  s t a t e s  a r e  n e c e s s a r i l y  much h igher  than  those of t he  s t a b l e  
s t a t e s .  Improving the  opti.nnal r egu la to r  design a l s o  inc ludes  s e l e c t i n g  
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F i g .  3 . 1 1 .  Step response of drum level to a +lO"F feedwater 
temperature perturbation (optimal compensator and three-element 
controller). 
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t h e  c o n t r o l  i npu t  weights .  
i npu t  systems,  t he  c o n t r o l  input  weighting s e l e c t i o n  becomes l e s s  
complicated.  However, an  appropr i a t e  choice cannot be made e a s i l y  
un le s s  t h e  a c t u a t o r  dynamics are completely known. It i s  very  important 
t o  des ign  a c o n t r o l  i npu t  such t h a t  t h e  process  a c t u a t o r s  a r e  not  
s a t u r a t e d .  

Since w e  are i n t e r e s t e d  i n  only s i n g l e -  

In l i g h t  of t h e  above d i scuss ion ,  t h e  opt imal  c o n t r o l l e r s  prev ious ly  
developed f o r  the  EBR-I1 subsystem models a r e  recons idered .  
system model has  e igenvalues  widely spaced ( s t i f f  system).  The r e a c t o r  
power changes very  r a p i d l y  €or r e a c t i v i t y  pe r tu rba t ions  compared wi th  
t h e  changes i n  t h e  o t h e r  s t a t e  v a r i a b l e s .  This  change impl ies  t h a t  t he  
s ta te  weight f o r  t h e  r e a c t o r  power must be dominant. However, s e v e r a l  
opt imal  r e g u l a t o r  des ign  a p p l i c a t i o n s  i n d i c a t e  t h a t  d i f f e r e n t  
combinations of s t a t e  weights do no t  improve t h e  system behavior  as much 
as the  simple des ign  (us ing  s i n g l e  weight €or t h e  r e a c t o r  power). An 
improvement i n  the  optimal. r e g u l a t o r  design without  v i o l a t i n g  t h e  s a f e t y  
l i m i t a t i o n s  i s  made by a d j u s t i n g  the  c o n t r o l - i n p u t  weight .  Figure 3 . 1 3  
shows t h e  s t e p  responses  of f r a c t i o n a l  r e a c t o r  power to a -5 cent: 
r e a c t i v i t y  i n s e r t i o n  us ing  t h r e e  d i f f e r e n t  opt imal  r e g u l a t o r s .  The 
des igns  d i f f e r  only i n  the  input  weights ( 0 . 0 0 7 ,  0 . 0 0 2 ,  0 .0007) .  The 
s i n g l e  s t a t e  weight ( r e a c t o r  power) i s  equal t o  one. As shown i n  
F ig .  3 .13 ,  t h e  r e a c t o r  power i s  r egu la t ed  most powerful ly  when the  input  
weight is 0.0007,  which genera tes  t he  f a s t e s t  c o n t r o l  i npu t  among the 
o t h e r s .  Figure 3.14 shows the  c o n t r o l  i npu t s  corresponding t o  the  th ree  
cases  of  i npu t  weights .  Note t h a t  when the  r e a c t o r  power i s  c o n t r o l l e d  
us ing  the  fas tes t  c o n t r o l  i n p u t ,  t he  1 -cen t / s  s a f e t y  l i m i t a t i o n  i s  no t  
v i o l a t e d  and the  rod speed i s  around 50% o f  i t s  maximum va lue .  

The primary 

The E B R - I 1  open-loop steam genera tor  model inc ludes  the  l e v e l  dynamics. 
The p rev ious ly  developed opt imal  r e g u l a t o r  model f o r  control l i .ng the  
E B R - I 1  steam genera tor  uses  a weight only on the  18th  s t a t e ,  which is  
t h e  drum l e v e l .  The des ign  uses  feedwater va lve  p o s i t i o n  as the  c o n t r o l  
i npu t  wi th  a scalar weight of lo? 
s t a t e  weights  i s  t e s t e d  t o  improve the  opt imal  r e g u l a t o r  performance. 
The primary t a s k  of  s t a b i l i z i n g  the  drum l e v e l  r e q u i r e s  a r e l a t i v e l y  
l a r g e  weight on t h e  drum level when a l l  the  s t a t e  weights are used. 
l i s t  o f  s ta te  weights given i n  Table 3 . 1  i s  found t o  be t h e  b e s t  
combination a f t e r  s e v e r a l  t r i a l s .  The overshoot r a t i o s  o f  each s t a t e  
are used f o r  t h e  d i s t r i b u t i o n  of weights .  Despi te  t he  f ac t  t h a t  17  of 
t h e  s t a t e  weights are c l o s e  t o  each o t h e r  and e x h i b i t  a b i g  c o n t r a s t  
(x  lo6)  compared t o  the  l e v e l  weight ing,  t he  c o n t r o l l e r  performance i s  
a f f e c t e d  by a s m a l l  change i n  one o f  the  weights of t he  1 7  s t a t e s .  The 
s t e p  responses  of t h e  drum level t o  a +lo% steam bypass va lve  opening 
p e r t u r b a t i o n  us ing  two d i f f e r e n t  opt imal  c o n t r o l l e r s ,  (1) s i n g l e  weight 
on drum l e v e l  and ( 2 )  t h e  combination of s t a t e  weights of  Table 3 . 1 ,  are 
shown i n  F ig .  3 .15 .  The improvement i n  t h e  drum l e v e l  response can be 
seen  i n  F ig .  3 .15.  A similar comparison made f o r  t he  drum p res su re  
response t o  the  same p e r t u r b a t i o n  i s  shown i n  Fig.  3 .16 ,  

A s e t  of d i f f e r e n t  combinations of 

The 
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Table 3 . 1 .  S t a t e  weights  of t he  quadra t i c  c o s t  
func t ion ;  LQG des ign  f o r  the EBR-I1 

drum level c o n t r o l  

Q( I , J>  Weight Weight 

1 1  
2 2  
3 3  
4 4  
5 5  
6 6  
7 7  

9 9  
a 8  

1.3 
2.0 
1.0 
1 . 4  
1.3 
1 . 4  
1 . 3  
1 . 0  
1 . 0  

10 10 
11 11 
1 2  12 
13  1 3  
14 14 
15 15 
16 16 
17  1 7  
i a  i a  

3 . 0  
1 .0  
1 . 0  
1 . 0  
1.0 
1.0 
1.0 
1 . 0  
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F ig .  3 .15.  Step response o f  drum l e v e l  t o  a + lo% steam 
va lve  opening p e r t u r b a t i o n  [opt imal  compensator: (1) s i.inple 
des ign  and ( 2 )  iinproved d e s i g n ] .  
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Fig .  3 . 1 6 .  Step response of drum p res su re  t o  a +lo% 
s t e a m  valve opening pe r tu rba t ion  [opt imal  compensator: 
(1) simple des ign  and ( 2 )  improved d e s i g n ] .  
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3 . 6  ROBUSTNESS TO MODELING ERRORS 

One of the most important aspects of a feedback control system is its 
ability to maintain stability in the presence of any plant uncertaint:y.8 
"This uncertainty may arise from variations i n  the actual plant itself 
due to changes in operating conditions, or may arise from the 
differences between the actual plant and a control design model used to 
represent it at any given operating point. I' Mathematical methods of 
assessi-ng stability robustness include matrix norms, measures, and 
transformation techniques using only the desi.gn model. 

A simple robustness test is considered f o r  the three-element controller 
and optimal regulator previously designed for the EBW-I1 steam generator 
subsys~tem. The test includes simulation o f  the closed-loop system far a 
predefined plant uncertai-nty. Initially the three-element controller 
and the optimal regulator designs are performed using the existing 
EBR-11 steam generator model. The controllers are then appended to a 
new open-loop inodel that includes a 5% deviation in the drum geometry 
calculations. We assume that the latter represents the actual plant. 
The step responses of  both closed-loop system models to a + l o %  steam 
valve opening perturbation are shown in Figs .  3.17 and 3.18. 
Fi.gure 3.17 shows the drum level step responses of  the three-element 
controller model appended (1) to the origi.na1 open-loop model and (2) t o  
the model with uncertainty. Figure 3.18 shows the drum level step 
responses of  the optimal regulator appended as (1) and ( 2 )  above. The 
closed-loop results indicate Chat the three-element controller is more 
sensi.tive to a plant: uncertainty than the optimal regulator. Note that 
an increase in overshoot is encountered in the three-clement controller 
case when an uncertainty is present. The drum level behavior is less 
affected in the optimal regulator case. The three-element controller is 
a local controller, and its performance is affected more by a local 
parameter uncertainty than the full-state feedback optimal regulator 
which has a global-type control behavior. This is one example of  
robustness testing. Further study is necessary to establi-sh a complete 
robustness analysis including all important uncertainties. 

3.7 LQG COMPENSATOR DESIGN FOR DEGRADED CONDITIONS 

In a real process, all measurements will not be availabl.e, and available 
measurements may contain noise. Under these condi.tions an optimal 
output feedback controller design requires the estimatxion of  those 
states that are mi-ssing in the measurement. Constant, optimal state- 
estimator gain matrices can be calculated using the Kalman filter design 
routines in MATRIX, (see Appendix A). A Kalman filter design optimizes 
the estimator performance with respect to measurement noise and input 
distuxbance. An LQG compensator desi.gn can be completed by designing an 
optimal regulator and appendi-ng it to the apt i.mal estimatxr arranged as 
shown i n  Fig. 2.1. 
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Fig. 3.17. Step response of drum level to a +lo% steam valve 
opening perturbation [three-element controller appended t o  (1) original 
model and (2) model with uncertainty]. 
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The EBR-IT steam genera tor  model is  used t o  s tudy  the  LQG compensator 
des ign  under degraded cond i t ions .  I t  i s  assumed t h a t  some measurements 
are not a v a i l a b l e :  the  subcoolad h e i g h t ,  steam q u a l i t y ,  superhea ter  and 
evaporator  tube w a l l  temperatures and the  evaporator  primary sodium 
temperatures ( s t a t e s  2 ,  3 ,  4 ,  5 ,  6 ,  7 ,  1 5 ) .  I t  i s  a l s o  assumed t h a t  
no ise  i n t e n s i t i e s  on the  a v a i l a b l e  measurements are about 10% of the  
s teady  s ta te  va lues .  A s m a l l  input  d i s turbance  of  1% i s  asswrted t o  
e x i s t  f o r  each s t a t e .  An optimal e s t ima to r  f o r  the  steam genera tor  
model i s  designed with the  s p e c i f i c a t i o n s  s t a t e d  above, The opt imal  
r e g u l a t o r ,  designed as descr ibed  i n  Sec t .  3 . 4 ,  i.s used t o  complete t h e  
LQG compensator des ign .  The s t e p  responses of  t he  c losed- loop  model. t o  
a 10% steam bypass va lve  opening pe r tu rba t ion  ..;how t h a t  the c o n t r o l l e r  
performance i s  s a t i s f a c t o r y .  The drum l e v e l  s t e p  responses  of t he  t w o  
c losed- loop  system models (one designed f o r  degraded cond i t ion  and t h e  
other wi th  p e r f e c t  measurement assumption) are shorn i n  F ig .  3 . 1 9 .  The 
drum steam p res su re  s t e p  responses of the  two same c losed- loop  system 
models a r e  shown i n  Fig.  3 .20.  

As F i g ,  3 .19 i n d i c a t e s ,  the  LQG performance depa r t s  from the  LQR 
performance when the  p l a n t  measurements are not  a v a i l a b l e  and the  s t a t e  
e s t ima t ion  is  r equ i r ed .  Note that the  response t i m e  g e t s  l a r g e r  us ing  
the  K a l m a r i  f i - l t e r ;  however, the  LQG still performs b e t t e r  than t he  P I  
design i n  terms of overshoot and response t i m e .  The d i f f e r e n c e  i n  
performances between the  P I  and J&G designs i s  due t o  the  number of 
s ta te  v a r i a b l e s  u t i l i z e d  i n  implementing the  c o n t r o l  l a w .  In t h i s  
a p p l i c a t i o n ,  t he  T.QG uses  temperature and p res su re  s i g n a l s  i n  a d d i t i o n  
t o  the  th ree  s i g n a l s  t:hat the  P I  design uses  ( feedwater  flow, steam 
f low,  and drum l e v e l ) .  The LQG design a l s o  i-ncludes estimatii.oris of 
s e v e r a l  s t a t e  v a r i a b l e s  such as the evaporator  o u t l e t  steam q u a l i t y  and 
subcooled h e i g h t .  These a d d i t i o n a l  s t a t e  v a r i a b l e s  provide information 
about t he  f a s t  components of o v e r a l l  steam genera tor  dynamics, Thus, a 
three-element  c o n t r o l l e r  t h a t  does no t  u t i l i z e  such inforrnatioa e x h i b i t s  
a phase- lag  wi th  r e spec t  t o  the  fast: components of o v e r a l l  dynamics and 
r e s u l t s  i n  slower compensation. 

T h e  LQG design wi th  di  f f e r e n t  combinations of observa t ion  mat r ix  
provides  very  u s e f u l  knowledge about the  irnport:aric:e of p l a n t  s i g n a l s .  
Af t e r  s e v e r a l  t r i a l s ,  i t  i s  found t h a t  the steam-drum p res su re  s i g n a l  
plays a dramatic r o l e  i n  improving the  c o n t r o l l e r  performance. 
Figure 3 . 2 1  shows the  drum-level. response t o  10% steam valve opening 
p e r t u r b a t i o n  us ing  LQK, LQG and P I  des igns .  I n  t h i s  a p p l i c a t i o n ,  the  
LQG e s t ima tes  the  drum pressure  r a t h e r  than  us ing  a d i r e c t  measurement. 
The time behavior  o f  t he  drum level. i s  slower i n  t h i s  c a s e ,  compared t o  
t he  LQG design i n  F ig .  3 .19 .  The feedwater f l o w  ( c o n t r o l  i npu t )  is  
shorm i n  F ig .  3 .22 .  

3 .8  SET-POINT TR4CKTNG LQG APPLICATIONS 

The i s o l a t e d  EBR-I1 steam genera tor  i s  considered f o r  t he  re ference  
input  t r ack ing  c o n t r o l  problem. T h e  design procedure us ing  the i"16ITRIXX 
r o u t i n e s  can be suruinarized i n  f i v e  s t e p s .  
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1. The first term in Eq. (2.26) represents the regulator gains obtained 
using the standard regulator design method. Using the original 
model, these steady state control gains can be calculated with the 
MATRIX, commands. 

2. The closed-loop system matrix is then calculated as follows: 

A , = A - B K r  , ( 3 . 1 )  

where 

K, = Regulator gain matrix calculated by MATRIXx 

3 .  To calculate the gain matrix corresponding to the "corrective 
con t r o 1 'I : 

M, = -(A:)-' M, E . ( 3 . 2 )  

M, is obtained from the MATRIXx command REGULATOR. 
matrix is given by 

The corrective gain 

K ,  = R-lBT M, . ( 3 . 3 )  

4 .  The total gain matrix is constructed: 

K = [ K ,  K,] . ( 3 . 4 )  

5 .  The metastate representation of  the system is made by calculating E 
matrix for the desired reference state. The observation matrix has 
diagonal elements equal to one that enable us to observe error 
outputs. It also includes an additional entry for the reference 
state, which is the steady state value of the corresponding output. 
This addition is done only to observe the error in the actual 
output. The final stage is to form the closed-loop system using K 
and the estimator gain matrix KE in the LQG compensator design 
steps. Note that all the outputs are measured without any 
disturbance or noise; therefore, there is no state estimation in the 
practical implementation, 

An application of the reference input tracking control problem is 
considered using the EBR-I1 steam generator system as an example. The 
first reference input is a step change in the drum pressure (the 
derivation stated above is valid for constant reference inputs). It is 
possible to increase the power generation in nuclear reactors by 
extracting more steam from the steam generator (load-following 
property), which results in a steam pressure drop in the drum. It is 
assumed that a 100-psi steam pressure drop is the reference input to be 
tracked. The closed-loop response of the steam pressure in the drum to 
the reference input is shown in Fig. 3.23. The remaining error outputs 
are found to be close to zero. It can be seen from this figure that the 
reference tracking optimum control is accomplished with a small steady 
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s t a t e  error.  A second a p p l i c a t i o n  t o  the  EBR-I1 steam genera tor  model 
i s  performed us ing  a re ference  inpu t  of  a 4 - i n .  l e v e l  i nc rease  t o  the  
re ference  inpu t .  The s teady  s ta te  e r r o r  is p r a c t i c a l l y  z e r o ,  as can be 
seen  from the  F i g .  3 .24 .  Other e r r o r  ou tputs  a r e  a l s o  close t o  ze ro .  
Note t h a t  t he  optimal r e g u l a t o r  design f a r  the  s teady  s ta te  p o r t i o n  of 
t h e  t o t a l  c o n t r o l  a c t i o n  uses  a weight (equal  t o  one) only on t h e  drum 
level v a r i a b l e ,  which i s  presumably the  reason f o r  a r e l a t i v e l y  smal le r  
s teady  s t a t e  e r r o r  compared t o  che pressure  t r ack ing  c o n t r o l l e r  case. 
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4 .  USE OF COMPUTER-AIDED D E S I G N  SOFTWARE MATRIX, 

Engineering a p p l i c a t i o n s  of modern c o n t r o l  s t r a t e g i e s  involve o n - l i n e  
computer usage ,  as i n  the  dynamic process  c o n t r o l  and ex tens ive  o f f -  
l i n e  usage f o r  design purposes .  Improving the  c a p a b i l i t i e s  o f  modern 
c o n t r o l l e r s  i s ,  t h e r e f o r e ,  dependent on sof tware developiiient and 
cons t ruc t ion  of f a s t  computers wi th  l a r g e  memories. One of the l a t e s t  
CAD sof tware developments, known as MATRIX,, provides  a few modern 
c o n t r o l  des ign  rou t ines  as wel l  as s e v e r a l  t r ad i t - iona l  c l a s s i c a l  design 
t o o l s . g  The c a p a b i l i t i e s  of MATRIX, were previously s tud ied  by Jamshidi 
and o t h e r s  , l o  and s e v e r a l  pr-opert ies were compared wi th  o t h e r  
commercially a v a i l a b l e  menu-driven CAD packages. 

The LQG designs i n  -this study were accomplished us ing  t h e  b u i l t - i n  
rou t ines  of MATRTX,. Since t h i s  sof tware a l s o  inc ludes  s imula t ion  
r o u t i n e s  I t he  complete model-bui.l.dings us ing  conlpensators on the  
feedback l o o p  and s imula t ions  were performed wi th in  t h e  sof tware 
environment and without  any e x t e r n a l  prograrnmi.ng e f f o r t s .  
Appendix A f o r  programming i n  Matrix,) .  The fol lowing desc r ibes  the  
c o n t r o l  design and s imula t ion  s t e p s .  

(See 

4 . 1  CONTROL D E S I G N  SCHEMES 

Among t h e  s e v e r a l  con t ro l  design r o u t i n e s ,  we concent ra ted  our  a t t e n t i o n  
on commands t h a t  a r e  used f o r  LQG desi-gn. 

The REGULATOR command computes optimal cons tan t  ga in ,  s t a t e -  feedback 
mat r ices  f o r  cont inuous- t ime system under the  assumption of f u l l - s t a t e  
feedback. Examples of the  REGULATOR command a r e  

[ E V A L , K R ]  = REGULATOR(A,B,RXX,RUU,RXU) ; 

[ E V A L , K R , P ]  = REGULATOR(A,B,R.XX,RUU,RXU) . 

Inpu t s  t o  the REGUIATOR command inc lude  the  A and B (planL and inpu t )  
components of t he  continuous- time system ma t r ix ,  

and the  design weighting mat r ices  R,,, R,,, and R,,, where E,, i s  
o p t i o n a l .  The design weighting mat r ices  provide weights on the  s t a t e s  
(x) and contro1.s ( u )  as  def ined  by the  quadra t i c  c o s t  func t ion .  R,, 
must be p o s i t i v e  d e f i n i t e ,  and R,, must be p o s i t i v e  semide f in i t e .  

Outputs from the REGULATOR command a r e  the  c l  osed-loop eigenvalues  
( E V A L ) ,  t he  optimal r egu la to r  stxte-Eeedback ga in  mat r ix  (KR), and 
opt i o n a l l y ,  t he  R i c c a t i  s o l u t i o n  mat r ix  (P) . The closcltl-loop 
eigenvalues  a r e  obta ined  from the  c losed- loop  p l a n t  (A-R-ErKR). The 
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matr ix  dimensions of the  ga in  ma t r ix ,  KR,  a r e  equal t o  t he  number of  
system i npu t s  by the number o f  system s t a t e s .  

The ESTIMATOR command c a l c u l a t e s  c o n s t a n t ,  optimal s t a t e - e s t i m a t o r  g a i n  
mat r ices  f o r  conti-nuous-time systems. Examples o f  t he  ESTIMATOR command 
are : 

[EVAL,KE]  = ESTIMATOR(A,C,QXX,QW,QXY) ; 

[EVAL,KE,P] = ESTrMATOR(A,C,QXX,QW,QXY) . 

Inputs  t o  t he  ESTIMATOR. command include the  A and C ( p l a n t  arid 
observa t ion)  components of the  continuous-time system mat r ix ,  

and the  no i se  covariance matr ices  QXx, Qyy, and Qxy a r e  o p t i o n a l .  Q,, has 
mat r ix  dimensions equal  t o  the  number of  p l a n t  ou tputs  and must be 
p o s i t i v e  d e f i n i t e ,  while  Q,, has matrix dimensions equa l  t o  t he  nurnher 
o f  p l a n t  s t a t e s  and i n u s t r  be p o s i t i v e  semidefini  to. I n  many cases t he  
inpu t  d i s turbances  and output  no ises  a r e  uncorre la ted  so t h a t  Q,, = 0 .  

Outputs from the  ESTIMATOR command are the  estima tror e.igenvalues (EVAL.) , 
the opt imal  e s t ima to r  ga in  mat r ix  (KE) , and o p t i o n a l l y ,  the s t x t e  
e s t ima t ion  e r r o r  covariance matr ix  ( P ) .  The e s t ima to r  eigenval-ues a r e  
obta ined  from ( A - K E W ) .  The dimensions of tAie  gain matr ix  RE are equal  
t o  t he  number of system ou tpu t s .  

The LQGCOMP command computes the  system mat r ix  f o r  t he  op t : i m a l  output  
feedback compensator. The optimal compensator i s  a combination o f  the 
opt imal  s t a t e  e s t i m a t o r ,  which recoris t ructs  the  system states I and the 
opt imal  r e g u l a t o r ,  which provides a l i n e a r  state -feedback control .  law. 
The form of  t he  LQGCOMP command i s :  

[SC,NSC] = LQGCOMP(S,NS,KK,KE) . 

Inputs  t o  the LQGCOMP command a r e  the optimal r egu la to r  and e s t ima to r  
ga in  mat r ices  ( K R  and KE) and the  cont inuous- t ime design system ( S )  with 
number of  s t a t e s  ( N S ) .  The LQGCOMP assumes t h a t  both KR and KE were 
designed from system matr ix  S .  

Output from the  LQCCOMP includes the  cont inuous- t ime cornperisat o r  system 
matr ix  (SC) arid the  corresponding number o f  s t a t e s  ( N S C ) :  
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A, = A, - KE * e, - R ,  KR , 

D , = O  , 

where A , ,  B,,  and C, are the  open-loop system mat r ices  

The cl osed-loop dynamic system can be cons t ruc ted  wi th  the  FEEDBACK, 
APPEND, arid CONNECT commands o r  wi th  the  SYSTEM-BUILD graph ica l  modeling 
and s imula t ion  t o o l .  Using the  FEEDBACK command, t he  components o f  t h e  
c losed-  1 oop system mat r ix  (SCJ,) are as follows : 

SCL = 

-B,G I 
I 

4 . 2  SIMUTATION CAPARTLITIES 

Consider t he  fol lowing l i n e a r  system, 

where & i s  a vec to r  of  s t a t e  vn-rtables, y i s  a vec to r  of measurements, 
and u i s  a fo rc ing  func t ion .  A ,  B .  C ,  and D are t h e  cons t an t  system 
ma t r i ces .  The above s t a t e - s p a c e  r ep resen ta t ion  of  a l i n e a r  dynamic 
system can be loaded To rhe computer u s ing  t h e  following Ml'K1XX syn tax ,  

S 2 [ A , B ; C , D ]  , 

where S i s  a matrix represent ing  the overall system. The nunher o f  
stah::; should be s p e c i f i e d  by an a r b i t r a r y  v a r i a b l e .  

The rpp resen ta t ion  o f  systems i t r  t h e  t r a n s f e r  func t ion  domain i s  a l s o  
p o s s i b l e .  Consider 1 he f o l l o k ~ i n g  t r a n s f e r  func t ion :  

a1 5-1. + 8 2  s 4- 3 3  

G ( s )  = --- , 
b ,  s3 c b, s2 + b,  s -t h ,  
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where 

ai, i = 1,..,3 = numerator coefficients, 

bi ,  i = 1,..,4 = denominator coefficients, 

G(s) - transfer function in Laplace domain. 
The MATRIXx syntax for the representation of this transfer function can 
be made as follows: 

DEN = [ b ,  63, b,  h 4 ]  , 

where NUM and DEN are arbitrary variable names. 
transfer function should be specified by an arbitrary variable. 

The order of  the 

A transformation from one type of  representation to another is also 
possible with MATRIXx. 

Once the linear system representation in MA'leRIXx is completed, the 
transient simulations can be performed using the following commands 

[T ,Y ]  = STEP(S,NS,TMAX,NPTS) , 

or 

[T,Y] - STEP(NUM,DEN,TM,MPTS) . 
The outputs of this command are the time vector T and the Y matrix which 
are the step responses of the linear system. Y matrix has the number of 
columns equal to the number of states and the number of rows equal to 
the number of  time points. 

The inputs of the simulation commands are the overall system 
representation, either in state-space form or in transfer function form. 
TMAX specifies the length of time and NPTS specifies the number of 
points to be calculated. The default integration algorithm is the 
"variable Kutte-Merson,"' an explicit, fourth-order, one-step method. 
The integration step is optimized to provide the largest step while 
remaining within the local error tolerances. The maximum step size is 
equal to the time increment. The choice of  NPTS determines the time 
increment, and this integration technique retains the stability of the 
solution regardless o f  any arbitrary choice of  NPTS. 
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5 .  SUMMARY AND RECOMMENDATIONS 

5 . 1  STJMMARY OF WORK 

I n  thi.s s tudy  the  modern con t ro l  theory design algori thms a r e  examined. 
Design eEfo r t  i s  concent ra ted  mainly on the ].inear, quadra t i c  Gaussi-an 
compensator des ign ,  which includes an optimal r e g u l a t o r  des ign  and an 
optimal e s t ima to r  (Kalman f i l t e r )  d e ~ i g n . ~  
optimal. r e g u l a t o r  i s  designed f o r  the  EBR-I1 primary system model f o r  
which measurement no i se  and input  d i s turbance  a r e  assumed t o  be ze ro .  
The f r a c t i o n a l  r e a c t o r  power i s  weighted i n  the  corresponding quadra t i c  
c o s t  func t ion .  The design uses  r e a c t i v i t y  a s  t he  c o n t r o l  i npu t  with a 
small scalar weight .  Closed-loop s t e p  responses t o  s e v e r a l  
pe r tu rba t ions  show improvement i n  system behavior .  The s a f e t y  
l i m i t a t i o n s  of 2"F/min r e a c t o r  AT change and 1 cen t / s  c o n t r o l  rod speed 
a r e  n o t  v i o l a t e d .  

A f u l l - s t a t e  feedback 

A s i m i l a r  design i s  devised t o  con t ro l  t he  drum l e v e l  i n  the  EBR-I1 
steam genera tor  model. The con t ro l  input  f o r  t h i s  case  i s  the feedwater 
flow. The s t a t e s  corresponding t o  the drum l e v e l  and the  dummy v a r i a b l e  
a r e  weighted i n  the  quadrati-c c o s t  func t ion .  The design a l s o  uses  31.1 
the measurements without no ise  o r  input  d i s tu rbance .  'The c losed- loop  
s t e p  responses to  seve ra l  pe r tu rba t ions  show c o n s i s t e n t l y  h igh  
performance. Comparison with the  three-element control . ler  r e s u l t s  
i n d i c a t e s  t h a t  both s t r a t e g i e s  a r e  f avorab le ,  The drum l c v e l  desi.gn 
requirements of 3 i n .  above and 4 i n .  below the  cen te r  1.ine drum l e v e l  
var ia t i -on  l i m i t  a r e  no t  exceeded. 

Then c o n t r o l  input  and system dis turbance  u n i t s  a r e  the  same, t he  
0ptima.l r e g u l a t o r  c o n t r o l l e r  exhibi . ts  a global con t ro l  behavior .  T'ni.s 
i s  the  case when the  main steam va lve  i .s  used a s  an a c t u a t o r  t o  con t ro l  
the  system f o r  a stfain bypass valve-opening pe r tu rba t ion  ( o r  when 
c o n t r o l  rods are used t o  con t ro l  the  primary system f o r  s m a l l .  rod-drop 
p e r t u r b a t i o n s ) .  Note t h a t  t he  c losed- loop  system model construct i .on i n  
the  MATRIX, a lgori thms is  made i.ri a pole-placement f a sh ion  us ing  the  
opt imal  gains  when the  c losed- loop  system with the  th ree  element- 
c o n t r o l l e r  includes the  a c t u a t o r  dynamics as ari a d d i t i o n a l  s t a t e .  The 
nonzero s teady  s t a t e  e r r o r s  encountered i n  modern c o n t r o l  design 
a p p l i c a t i o n s  a r e  r e l a t e d  t o  the  type - 0  s t tructure of the  cl.osed- l o o p  
systems. That observa t ion  i s  exp l - i c i t l y  d e t a i l e d  i n  t h i s  s tudy .  Thus 
i t  cannot be assumed t h a t  the  LQG compensator w i l l  r e s u l t  i n  a zero 
s teady  s t a t e  e r r o r .  However, an e r r o r  l e s s  t h a n  a s p e c i f i e d  va lue  can 
be achieved by the  LQG des ign .  Theore t i ca l ly  the LQG design does not  
guarantee a zero e r r o r  f o r  a s t e p  p e r t u r b a t i o n ,  i f  the  correspondi-ng 
t r a n s f e r  functi.ori i s  of type-0 .  The problem can be so lved ,  however, 
us ing  a dummy s t a t e  v a r i a b l e  i n  tihe form of an i n t e g r a t o r .  The 
implementation of t he  LQG design f o r  the  EBR-I1 drum l e v e l  c o n t r o l l e r  
inc ludes  t h i s  modi-fication. 
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A simple robus tness  t e s t  is app l i ed  t o  the  c o n t r o l l e r s  o f  t he  EBK-11 
steam genera tor  model. In s t ead  of a s ses s ing  robus tness  s t a b i l i t y  by 
a n a l y t i c a l  methods, a p r a c t i c a l  method i s  consid.ered i n  det:errrii.ning the  
robus tness  l e v e l s  of each c o n t r o l l e r .  The test I n e t h o t l  :i.rlcludes 
c o n t r o l l e r  models t h a t  a r e  developed us ing  t:he open-  loop model. and a 
" p l a n t "  model t h a t  h c l u d e s  s e v e r a l  u n c e r t a i n t i e s  i n  the system 
parameters .  I t  i s  assumed t h a t  t he  drum geometry parameters o f  the  
open-loop model are 5% d i - f f e ren t  from a c t u a l  dimensions.  The optiinal 
regulatzor and the  three-e lement  c o n t r o l l e r  are appended t n  t he  "pl.iiiitt" 
model (one a t  a t ime) .  The c losed- loop  s t e p  responses  t:o ii t-I .O% steam 
bypass va lve  - opening p e r t u r b a t i o n  show a l a r g e  degrada t ion  i n  the  drum 
l e v e l  u s ing  the  three-eleinent  c o n t r o l l e r .  The c losed- loop  model. w i t h  an 
optimal  r e g u l a t o r  responds t o  t he  same inpu t  i n  a more filvot:able manner, 
T h e  ze ro  s t eady  s t a t e  e r r o r  i n  t h e  drum 1.eve1. i s  p r a c t i c a l l y  u-nchanged; 
consequent ly  ~ t h e  opt imal  regulator i s  more robus t  t o  p l a n t  
u n c e r t a i n t i e s .  

The c losed- loop  sys  tern performance us ing  an opt imal  r e g u l a t o r  des ign  i s  
r e l a t e d  t o  the  s t a t e  and c o n t r o l  input  weights i n  the  corresponding 
quadra t i c  c o s t  func t ion .  The b e s t  combination of: the s t a t e  weights i s  
s e l e c t e d  f o r  t he  EBR-I1 steam genera tor  c o n t r o l l e r  i n  a t r i a l - a n d - e r r o r  
f a sh ion .  A s t a r t i n g  combination is  p red ic t ed  us ing  the knowledge of  the  
open-loop system dynamics. The drum l e v e l  i s  suppressed by a 1-e1ntivel.y 
l a r g e  weight when the  o the r  s t a t e s  a r e  weighted based on t:he overshoot 
r a t i o s  (open-loop case  vs simple optimal. r egu la to r  des ign  c a s e ) .  The 
c losed- loop  s t e p  responses  t o  a +IO% ste.am bypass valve-openi-ng 
p e r t u r b a t i o n  show t h a t  a d r a s t i c  improvement can be achieved.  However, 
t he  c o n t r o l l e r  performance eva lua t ion  does no t  inc lude  t h e  1imi.tratiorls 
on t h e  c o n t r o l  s i g n a l .  T h e  a c t u a t o r  c o n s t r a i n t s  b r i n g  c e r t a i n  
l i m i t a t i o n s  t o  the  c o n t r o l  i-nput weight as wel l  as t o  the  state wei.ght:s. 

A complete LQG compensator des ign  t h a t  includes an  opti.ma1 esti.mator 
(Kalman f i l t e r )  des ign  i s  c.onsidered f o r  t h e  EAR-11 steam genera tor  
system. The measurement s e t  i s  assumed t o  be incomplete,  and avai1.ahLe 
measurements a r e  assumed t o  con ta in  n o i s e .  A s m a l l  i.riput d i s txrbance  on  
t h e  s t a t e s  i s  a l s o  considered.  An optimal. e s t ima to r  i s  designed and 
appended t o  a previous ly  designed opt imal  r e g u l a t o r .  The LQC; 
compensator s y n t h e s i s  i s  the  f i n a l  form o f  t h e  modern cont:rol.I.er. The 
c losed-  loop s t e p  responses  t x  a +lo% steam bypass va lve  -opening, 
p e r t u r b a t i o n  s h o w  t h a t  the  l i n e a r  observe.?: design y i e l d s  h igh  
performance i n  terms o f  e s t ima t ing  the  s ta tes  and regular;. irig the c losed-  
loop behavior  i n  an opt imal  manner. StiutPy al.so showed t h a t  the druru 
s team-pressure i s  an import:ant: s t a t e  v a r i a b l e  arid i t s  i i ~ e ~ ~ ~ ; ~ ~ ~ ! ~ ~ i i ~ . ~ ~ ~  o r  i t s  
est imat- ion must be used i n  order  t o  improve t:he controller perf~ol-mar~ce, 

The l a s t  t a sk  presented  i n  t h i s  s tudy  i s  an o p t i m a l  reference-r*ack3ng 
c o n t r o l l e r  des ign  which has  a major .importance i f i  p l a n t  opt:ra. t : io~i.  The 
a n a l y t i c a l  methods'- are s t u d l e d ,  and an opt imal  t r ack ing  cont:raller i s  
designed us ing  the  rnetastnte reyresentati.on of  the EBFI-.i: I: steair: 
genera tor  model.. I t  i s  assumed t h a t  t he  measurements are complete and 
p e r f e c t .  T h e  c losed- loop  r e s p o n s e s  t o  the  given s t e p  r e fe rence  i n p u t s  
such as drum l e v e l  i nc rease  arid tlrum pressure  drop i.ndic:nt.ii! tlIiat the  
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optimal t r ack ing  c o n t r o l l e r  i s  e f f i c i e n t  i n  s e t - p o i n t  t r ack ing .  Steady 
s t a t e  e r r o r s  a r e  n e g l i g i b l e  and response t imes are s h o r t .  

MATRIX, i s  one of t h e  most advanced members of t he  MATLAB CAD package 
fami ly .  A l l  of t he  s imula t ions  i n  t h i s  work a r e  perEormed us ing  the  
s p e c i a l  f e a t u r e s  of MATRIX,. The modern cont ro l  theory des ign  
a lgor i thms,  such as the  optimal r egu la to r  design ( o r  t he  LQG desi-gn) 
r o u t i n e s ,  a r e  very  powerful design t o o l s .  The c l a s s i c a l  methods such a s  
r o o t - l o c u s  o r  Bode p l o t s  a r e  a l s o  avai- lable  i n  MATRIX,. Using the  menu- 
dr iven  System-Build op t ion ,  a number of modules can be coupled 
regardless of  the  complexity of i npu t -ou tpu t  rei-ationships. 

5 . 2  RECOW4ENDA't'IONS 

I t  i s  t h e  au tho r s '  b e l i e f  t h a t  each o f  t he  c o n t r o l  design s t u d i e s  
presented  i.n t h i s  work must be inves t iga t cd  i n  more d e t a i l .  The 
s e l e c t i o n  of the  b e s t  combination of weights i n  an opt imal  regiulator 
design i s  one of the  i s sues  t o  be inves t iga t ed .  Despite t he  f a c t  that 
f ind ing  t h e  b e s t  wei-ghts can be done i - n t u i t i v e l ~ y ,  provided t h e  designer  
i s  f a m i l i a r  with the  open-loop dynamics, an analyti.ca1. method based on 
system mat r ices  A and l? would be very  u s e f u l .  
a p p l i c a t i o n s  t o  t h e  E B R - I 1  model shows t h a t  such cont ro l . le rs  a r e  q u i t e  
e f f i - c i e n t  . A comparison between the  f u l l -  s t a t e  feedback compensator 
r e s u l t s  and the es t imator  r e s u l t s  a s su res  t h a t  the p s a c t i c a l  
i~mplementxtion of t he  LQG compensators can handle t h e  co i i t ro l  problem, 
even under degraded cond i t ions .  The appl i -cat ions o f  t h e  optimal. 
e s t ima to r  design should be extended t o  more genera l  cases  o f  measurement 
degrada t ion .  The optimal t r ack ing  design problem can be incorpora ted  
wi th  the  e s t ima to r  design problem. An optimal t r ack ing  c o n t r o l l e r  
des ign  s tudy under degraded condi t ions  would be a t o p i c  f o r  f u t u r e  
s tudy .  When the  closed-loop system s t r u c t u r e  has a type-0  form, the 
s teady  s t a t e  e r r o r s  can be dr iven  t o  zero by appendi-ng an a d d i t i o n a l  
i n t e g r a t o r  t o  t h e  system. 

LQG compensator design 
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APPENDIX A 

MATRLXx MACROS FOR CONTROL DESIGN 

€31-[BFPDiDD], . . .  
[EVAL,KR]=REGULATOR(A2O,B2O,RXX,RUU), . . .  
[EVAL,KE]-ESTIMATOR(A2O,C2O,QXX,QYY), . . .  
[SC,NSC]=LQGCOMP(S20,2O,KE,KE), . . .  
[SCL,NSCL]=FEEDBACK(S20,20,SC,NSC), . . .  
[AA,BB,CC,DD]-SPLIT(S@L,NSCL), . . .  
PLANT=[AA,BI;CC,DD], . . .  
[T,Y]=STEP(PI&NT,NSCL,400), . . .  
1-18;]MPl[, . . .  
I=19;]MP3[, . . .  
BIZ[],. . . 

A20- System matrix listed in Table 4.5 with one modiflcation, . . .  
The last row elements are equal to zero, except:  he 28th column, 
which is equal to 1. (dummy state), . . .  

B20- 20x1 vector all. zeros except the 19th row equal to 1, . . .  
BFPD=Forcing vectors of Table 5.2 extended to row number 20, . . .  
C20 -20x20 unity matrix, . . .  
D20 =R20*0, . . .  
S20 -System m a t r i x - [ A 2 0 , B 2 0 ; C 2 0 , D 2 0 ] ,  . . .  
MPl -Graphic macro, . . .  
MP2 -Graphic macro, . . .  

Tuning Three-Element Cont .oiler Gains 

> M(20,18)=-Kl, . . .  
M(20,10)--K2*0.05371,. 
M(20,19)=K2, . . .  
N(20,18)-KI*K1, . . .  
N(20,10)=K2*KT*0.05371, . . .  
N(20,19)=-K2*KI, . . .  
AFIN-INV(M)*N, . . .  
EIG(AFIN), . . .  
KIK2KI-[K1,K2,KIII . . .  
(if the eigenvalues have negative real parts then:), . . .  
SFIN=[AFIN,BF;CF,DF], . . .  
(testing the controller performance), . . .  
[T,YFIN]=STEP(SFIN,2O,TMAX), . . .  
Y-YFIN, . . .  
]MPL[, . . . 
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Optimal Tracking Design 

<> MA=[A,E;Zl], . . .  
[EVAL,KR,P]=REGULATOR(A,B.RXX,RW), . . .  
AC-A--B*KB, . . .  
AC=AC’, . . .  
M2--’TNV (PIC) *P’*E, . . . 
KR2=INV(RUUl)*B’*M2, . . .  
MKR=[KR,KR2], . . .  
MS-[M,MB;MC,MD], . . .  
[EVAL,KE]=ESTIMATOR(MA,MC,MC,MQXX,MQl?f), . . .  
[SC,NSC]=LQGCOMP(MS,NMS,MKIP,KE), . . .  
[SCL,NSCL]=FEEDBACK(MS,NMS,SC,NSC), . . .  
[T,MY]=STEP(SCL,NSCL,TMAX), . . .  

Y-MY, . . . 
]MPL[, . . . 

Graphics 

0 ]M~l[,I=I+l;]MP2[,r=I+1;IMP3[,T-I+1;IM~4[, . . .  
(macro MP), . . .  
?LOT(T,Y(:,I),‘UP?ER LEFT/NOGRID’), . . .  
(macro MP2), . . . 
PLOT(T,Y(:,I),’LOWER LEFT/NOGRID’), . . .  
(macro MP3), . . .  
PLOT(T,Y(:,I),’UPPER RIGHT/NOGRID’), . . .  
(macro MP4), . . .  
PLOT(T,Y(:,I),’LOWER RIGHT/NOGRID‘), . . .  
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EBR-I1 PRIMARY SYSTEM CLOSED-LOOP RESPONSES USING LQG 
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