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A b s t r a c t  
 

An e f f e c t i ve  m e t h od  i s  p rop os e d  f or rob u s t  p re d i c t i ve  c ont rol of  nonli ne a r 
p roc e s s e s  t h a t  i s  e a s i ly  i m p le m e nt a b le  on c om m only  u s e d  e q u i p m e nt , s u c h  
a s  PL C  a nd  PAC . T h e  m e t h od  i s  b a s e d  on a  t w o-loop  m od e l f ollow i ng  
c ont rol ( M F C )  s y s t e m  c ont a i ni ng  a  nom i na l m od e l of  t h e  c ont rolle d  p la nt  
a nd  t w o c ont rolle rs :  t h e  nonli ne a r, s u b op t i m a l f u z z y  p re d i c t i ve  one  a s  t h e  
m a i n c ont rolle r a nd  t h e  p rop os e d  rob u s t  c ont rolle r a s  a n a u x i li a ry  one . I n 
t h e  p a p e r w a y s  of  e m p loy i ng  T a k a g i -S u g e no f u z z y  m od e ls  t o s y nt h e s i z e  
M od e l Pre d i c t i ve  C ont rol w i t h  S t a t e  e q u a t i ons  ( M PC S )  f or nonli ne a r 
p roc e s s e s  a nd  b a s i c  f e a t u re s  e x h i b i t e d  b y  t h e  M F C  s t ru c t u re  a re  p re s e nt e d . 
T h e  re s u lt i ng  c ont rolle r h a s  b e e n i nc orp ora t e d  i nt o t h e  M F C  s t ru c t u re , a nd  
t h e n a  m e t h od  f or s y nt h e s i z i ng  t h e  a u x i li a ry  c ont rolle r h a s  b e e n g i ve n. T h e  
p rop os e d  c ont rol s t ru c t u re  h a s  b e e n t e s t e d  f or i t s  p e rf orm a nc e  on c ont rol 
p la nt s  w i t h  p e rt u rb e d  p a ra m e t e rs . R e s u lt s  of  t e s t s  le nd  s u p p ort  t o t h e  vi e w  
t h a t  t h e  p rop os e d  c ont rol m e t h od  m a y  f i nd  w i d e  a p p li c a t i on t o rob u s t  
c ont rol of  nonli ne a r p la nt s  w i t h  t i m e -va ry i ng  p a ra m e t e rs . 
 
K e y w o r d s :  R ob u s t ne s s , M od e l Pre d i c t i ve  C ont rol, M od e l F ollow i ng  
C ont rol, F u z z y  c ont rol. 
 
Od p o r ny  u k ł ad  r o z m y tej  r eg u l ac j i  
p r ed y k c y j nej  

 
S t r e s z c z e n i e  

 
W  a rt y k u le  z a p rop onow a no e f e k t y w ną  m e t od ę  od p orne j  re g u la c j i  
p re d y k c y j ne j  p roc e s ó w  ni e li ni ow y c h , ł a t w ą  d o i m p le m e nt a c j i   
w  p ow s z e c h ni e  s t os ow a ny m  k om p u t e row y m  s p rz ę c i e  a u t om a t y k i  t a k i m  
j a k  s t e row ni k i  PL C  ora z  PAC . M e t od a  w y k orz y s t u j e  d w u p ę t low y  u k ł a d  
s t e row a ni a  z e  ś le d z e ni e m  m od e lu  ( a ng . M od e l F ollow i ng  C ont rol – M F C )  
z a w i e ra j ą c y  m od e l nom i na lne g o ni e li ni ow e g o ob i e k t u  ora z  d w a  
re g u la t ory :  g ł ó w ny  – ni e li ni ow y , s u b op t y m a lny  p re d y k c y j ny  re g u la t or 
roz m y t y  ora z  p rop onow a ny  od p orny  re g u la t or p om oc ni c z y . Pok a z a no 
s p os ó b  w y k orz y s t a ni a  d o b u d ow y  re g u la t ora  g ł ó w ne g o ob i e k t ó w  
ni e li ni ow y c h  roz m y t y c h  m od e li  T a k a g i -S u g e no w  p rz e s t rz e ni  s t a nu  ora z  
p od s t a w ow e  z a le t y  s t ru k t u ry  M F C . Prz e d s t a w i ono s p os ó b  s y nt e z y  
re g u la t ora  p om oc ni c z e g o. Prop onow a na  s t ru k t u ra  z os t a ł a  p rz e t e s t ow a na  z e  
w z g lę d u  na  j a k oś ć  re g u la c j i  ob i e k t ó w  p e rt u rb ow a ny c h . W y ni k i  b a d a ń  
p ok a z u j ą , ż e  m oż e  ona  z na le ź ć  z a s t os ow a ni e  d o od p orne j  re g u la c j i  
ob i e k t ó w  ni e li ni ow y c h  o p a ra m e t ra c h  z m i e nny c h  w  c z a s i e . 
 
S ł o w a  k l u c z o w e :  od p ornoś ć , re g u la c j a  p re d y k c y j na , re g u la c j a  z e  
ś le d z e ni e m  m od e lu , re g u la c j a  roz m y t a . 
 

1 .  I ntr o d u c ti o n 
 
M o d e l  P r e d i c t i v e  C o n t r o l  (M P C )  b e l o n g s  t o  t h e  c a t e g o r y  o f  t h e  

s o -c a l l e d  a d v a n c e d  c o n t r o l  t e c h n i q u e s ,  a n d  h a s  b e e n  e m p l o y e d  
w i t h  a d v a n t a g e  f o r  o v e r  2 0  y e a r s  t o  c o n t r o l  c o m p l i c a t e d  
m a n u f a c t u r i n g  p r o c e s s e s  t h a t  a r e  d i f f i c u l t  t o  g o v e r n  b y  c l a s s i c  
c o n t r o l l e r s  [ 1 ,  2 ,  3 ,  4 ] .  I  r e c e n t  y e a r s  n u m e r o u s  a t t e m p t s ,  b o t h  
t h e o r e t i c a l  a n d  p r a c t i c a l ,  t o  d e v e l o p  p r e d i c t i v e  c o n t r o l  t e c h n i q u e s  
t h a t  w o u l d  b e  e f f e c t i v e  f o r  n o n l i n e a r  p r o c e s s e s  [ 5 ,  6 ,  7 ,  8 ] .  
U n f o r t u n a t e l y ,  s y n t h e s i s  o f  N o n l i n e a r  M o d e l  P r e d i c t i v e  C o n t r o l  
(N M P C )  a l g o r i t h m s ,  l e a d s  i n  g e n e r a l  t o  a  v e r y  c o m p l i c a t e d  
p r o b l e m  o f  n o n l i n e a r  p r o g r a m m i n g ,  w h i c h  i s  u n c o n v e x  i n  m o s t  

c a s e s .  I n  o r d e r  t o  f i n d  t h e  c u r r e n t  c o n t r o l  h e r e ,  t h e  p r o b l e m  i s  t o  b e  
s o l v e d  a t  e a c h  s a m p l i n g  s t e p .  T h e  n u m e r i c a l  c o m p l e x i t y  o f  t h i s  
a p p r o a c h  i s  p a r t i c u l a r l y  i n c o n v e n i e n t  i f  w e  h a v e  t o  d o  w i t h  f a s t  
p r o c e s s e s  a n d  t h o s e  t h a t  a r e  m u l t i -i n p u t  a n d  m u l t i -o u t p u t .  
E f f e c t i v e  m e t h o d s  t h a t  w o u l d  e n s u r e  o b t a i n i n g  o p t i m a l  s o l u t i o n s  
i n  a  f i n i t e  t i m e  a r e  s t i l l  l a c k i n g  [ 1 ,  9 ] .  A l s o ,  t h e  c h o i c e  o f  a d e q u a t e  
n o n l i n e a r  p r o c e s s  m o d e l s  a n d  t h e i r  p a r a m e t e r i z a t i o n  i n  i n d u s t r i a l  
c o n d i t i o n s  i n  t e r m s  o f  n e e d s  o f  a n  N M P C  c o n t r o l l e r  p r e s e n t s   
a  g r e a t  p r o b l e m .  T h i s  i s  t r u e  f o r  b o t h  p h e n o m e n o l o g i c a l  m o d e l s  
t h a t  a r e  m o s t l y  v e r y  e x p e n s i v e  a n d  l e a d  t o  o v e r l y  c o m p l i c a t e d  
a n a l y t i c a l  r e l a t i o n s h i p s ,  a n d  e m p i r i c a l  m o d e l s  t h a t  r e q u i r e  
d e t e r m i n i n g  t h e i r  s t r u c t u r e ,  t e s t i n g  s i g n a l s  a n d  w a y s  o f  t h e i r  
i d e n t i f i c a t i o n  i n  r e a l  i n d u s t r i a l  c o n d i t i o n s  [ 4 ,  5 ] .  
T h e r e f o r e ,  d e s p i t e  t h e  g r e a t  p r o g r e s s  i n  a n a l y s i s  a n d  s y n t h e s i s  

o f  n o n l i n e a r  p r e d i c t i v e  c o n t r o l  m a d e  o v e r  t h e  p a s t  y e a r s  [ 6 ,  7 ] ,  
s u b o p t i m a l  m e t h o d s  s t i l l  p r e s e n t  t h e  m a j o r i t y  o f  p r o p o s e d  
s o l u t i o n s  [ 9 ] ,  e x e m p l i f i e d  b y  a p p r o a c h e s  b a s e d  o n  e m p l o y i n g  s o f t  
c o m p u t i n g  m e t h o d s .  E x t e n s i v e  u s e  i n  N M P C  a l g o r i t h m s  i s  m a d e  o f  
m o d e l s  b a s e d  o n  a r t i f i c i a l  n e u r a l  n e t w o r k s  [ 1 ,  1 0 ]  a n d  n o n l i n e a r  
f u z z y  m o d e l s ,  a m o n g  o t h e r s  T a k a g i -S u g e n o  m o d e l s  [ 1 1 ,  1 2 ,  1 3 ,  1 4 ] .  
D e s p i t e  m a n y  r e m a r k a b l e  t h e o r e t i c a l  a c h i e v e m e n t s  i n  a n a l y s i s  

o f  n o n l i n e a r  p r e d i c t i v e  c o n t r o l  a n d  f i r s t  a t t e m p t s  t o  e m p l o y  N M P C  
a l g o r i t h m s  i n  i n d u s t r y ,  a  n u m b e r  o f  p r o b l e m s  s t i l l  r e m a i n  t o  b e  
s o l v e d .  A m o n g  t h e m ,  r e a l i z a t i o n  o f  n o n l i n e a r  p r e d i c t i v e  
a l g o r i t h m s  t h a t  w o u l d  b e  r o b u s t  t o  u n c e r t a i n t i e s  a n d  p e r t u r b a t i o n s  
o f  t h e  p r o c e s s  s t r u c t u r e  a n d  p a r a m e t e r s  u n a v o i d a b l e  i n  i n d u s t r i a l  
p r a c t i c e ,  a n d  t o  t h e  p r o c e s s -m o d e l  m i s m a t c h  s e e m s  t o  b e  t h e  
g r e a t e s t .  
I n  t h e  p a p e r  a  u n i v e r s a l ,  r o b u s t  a n d  e a s y -t o -r e a l i z a t i o n  

p r e d i c t i v e  c o n t r o l  m e t h o d  f o r  n o n l i n e a r  p r o c e s s e s  i s  p r o p o s e d .  I t s  
i d e a  c o n s i s t s  i n  i n c o r p o r a t i n g  t h e  s u b o p t i m a l  M P C S  a l g o r i t h m  
w i t h  T a k a g i -S u g e n o  c o n t r o l l e r s  m a p  i n t o  t h e  r o b u s t  M F C  
s t r u c t u r e .  
 

2 .  MP C S al g o r i th m  fo r  no nl i near  p r o c es s es  
 
F i r s t  p r e d i c t i v e  c o n t r o l  a l g o r i t h m s  w e r e  d e v e l o p e d  f o r  p r o c e s s  

m o d e l s  g i v e n  i n  t h e  f o r m  o f  d i s c r e t e  i m p u l s e  a n d  s t e p  r e s p o n s e s  o r  
d i s c r e t e  t r a n s f e r  f u n c t i o n s  [ 2 ,  3 ,  9 ] .  L a t e r  i n  t h e  e a r l y  1 9 9 0 s ,  
p a p e r s  a p p e a r e d  w h e r e  t h e  p r o c e s s  m o d e l  i n  t h e  f o r m  o f  d i s c r e t e  
s t a t e  a n d  o u t p u t  e q u a t i o n s  h a s  b e e n  u s e d  [ 1 5 ,  1 6 ,  1 7 ] .  
T o  e m p l o y  t h e  M P C S  a l g o r i t h m  f o r  n o n l i n e a r  p r o c e s s e s  i t  i s  

a s s u m e d  i n  t h e  p a p e r  t h a t  n o n l i n e a r  t i m e -i n v a r i a n t  (N L T I )  
p r o c e s s e s  m a y  b e  d e s c r i b e d  b y  s t a t e  a n d  o u t p u t  e q u a t i o n s ,  t h e  
s t r u c t u r e  o f  w h i c h  i s  t y p i c a l  f o r  l i n e a r  s y s t e m s  w i t h  t h e  d i f f e r e n c e  
t h a t  s t a t e ,  i n p u t  a n d  o u t p u t  m a t r i c e s  a r e  d e p e n d e n t  o n  t h e  c u r r e n t  
v a l u e  o f  t h e  s t a t e  v e c t o r  a n d / o r  i n p u t  v e c t o r .  A s  i t  w a s  s h o w n  i n  
[ 5 ,  8 ] ,  t h e  a p p r o a c h  w h e r e  t h e  N L T I  m o d e l  i s  r e p l a c e d  b y  a  l i n e a r  
t i m e -v a r i a n t  (L T V )  o n e  i s  p o s s i b l e  f o r  t h e  m a j o r i t y  o f  n o n l i n e a r  
t i m e -i n v a r i a n t  p r o c e s s e s ,  n o t w i t h s t a n d i n g  t h e  f a c t  t h a t  t h e  c h o i c e  
o f  t h e  m a t r i x  v a r i a b i l i t y  i s  g e n e r a l l y  s t i l l  a n  o p e n  p r o b l e m .  
G e n e r a l  r e m a r k s  a n d  r e c o m m e n d a t i o n s  o n  t h i s  p o i n t  m a y  b e  
f o u n d ,  f o r  e x a m p l e ,  i n  [ 1 9 ] .  
A m o n g  i n f i n i t e l y  m a n y  p o s s i b l e  t r a n s f o r m s ,  o n e  o f  t h e  m o s t  

c o m p u t a t i o n a l l y  e f f e c t i v e ,  i t  a p p e a r s ,  i s  t h e  m e t h o d  o f  T a k a g i -
S u g e n o  f u z z y  m o d e l s  p r e s e n t e d  o r i g i n a l l y  i n  [ 9 ,  1 4 ] .  H e r e ,  t h e  
f o l l o w i n g  a n t e c e d e n t  i s  a d o p t e d  f o r  t h e  i-t h  f r o m  a m o n g  p f u z z y  
r u l e s  
 

I F  nini SkxSkx ,1,1 )(ANDAND)( ⊂⊂ �                 (1 )   
w h e r e  jij Skx

,
)( ⊂  i s  t h e  m e m b e r s h i p  o f  t h e  s t a t e  v a r i a b l e  xj(k )  i n  

t h e  f u z z y  s e t  Si, j w i t h  t h e  m e m b e r s h i p  f u n c t i o n  ( ))(
,

kx jS jiµ ,  A N D  
i s  t h e  f u z z y  l o g i c a l  p r o d u c t  o p e r a t o r ,  n i s  t h e  n u m b e r  o f  s t a t e  
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variables, and i is t h e nu m ber o f  f u z z y  set s f o r t h e variable in 
q u est io n.  
T h e c o nseq u ent s h ave t h e so -c alled f u nc t io nal f o rm  and 

c o rresp o nd t o  lo c al linear m o dels o f  t h e f o llo w ing  st ru c t u re 
 

T H E N  )()()1( kukxkx iii BA +=+  
)()( kxky ii

C=                                     ( 2)  
 

w h ere 1)( ×∈ nkx R , 1)( ×∈ lku R , 1)( ×∈ mky R  are st at e, inp u t  and 
o u t p u t  vec t o rs, resp ec t ively .   I t  c an be sh o w n t h at  af t er inf erenc ing  
and def u z z y f ic at ing  by  t h e g ravit y  c ent er m et h o d t h e f o llo w ing  
relat io nsh ip s f o r t h e st at e and o u t p u t  o f  t h e no nlinear m o del h o ld 
t ru e [ 10 , 13 ]  
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w h ere w eig h t ing  c o ef f ic ient s t h at  desig nat e t h e so -c alled deg rees 
o f  ac t ivat io n o f  individu al ru les are det erm ined by  t h e ado p t ed 
def init io n o f  t h e f u z z y  lo g ic al p ro du c t  o p erat o r [ 14] , f o r ex am p le, 
t h at  g iven by  Z adeh  
 

( ) ( ) ( ){ })(,,)(,)(min)( ,2,1, 21 kxkxkxkw nSSSi niii
µµµ �=      ( 5 )  

 
I n su c h  a c ase, t h e no nlinear t im e-invariant  p ro c ess m ay  be 

desc ribed by  a q u asi-linear t im e-variant  m o del w it h  t im e-vary ing  
m at ric es “ adj u st ed”  in a f u z z y  m anner 
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f o llo w ing  f ro m  ( 3 )  and ( 4) .  
S y nt h esis o f  t h e M P C S  alg o rit h m  f o r a no nlinear p ro c ess 

rep resent ed by  t h e m o del ( 6 )  am o u nt s t o  desig ning  a linear M P C S  
c o nt ro ller def ined by   
 
 ( ) [ ])()()( 01 kYkYkU k

rT
kk

T
kk −+=∆ − MELMEE        ( 8 )  

 
f o r eac h  k-t h  lo c al su bm o del ( 2) .  H ere  M and L deno t e m at ric es o f  
w eig h t ing  c o ef f ic ient s,  )(kY r

k  is t h e ref erenc e t raj ec t o ry  vec t o r 
w it h in t h e p redic t io n h o riz o n, Ek is t h e so -c alled p ro c ess dy nam ic s 
m at rix  def ined by  
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and )(0 kY k  is t h e f ree c o m p o nent  vec t o r w it h in t h e p redic t io n 
h o riz o n w it h  p redic t io n dep endent  o n k no w n f u t u re c o nt ro l sig nals 
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T h e desig ned lo c al c o nt ro llers f o rm  t h e so -c alled c o nt ro llers 

m ap .  E m p lo y ing  t h em  as f u nc t io nal c o nseq u ent s f o r ant ec edent s 
( 1)  y ields an analy t ic al F u z z y  M o del P redic t ive C o nt ro ller 
F M P C S  [ 9, 12] .  I t s st ru c t u re is sim ilar t o  t h at  o f  t h e linear M P C S  
alg o rit h m , and o nly  t h e valu es o f  g ain c o ef f ic ient s are L T V , being  
f u z z y  w eig h t ed su m s o f  lo c al c o nt ro llers g ains.  I n t h is w ay   
a sy st em  st abilit y  analy sis w it h  su c h  a m o del in t h e no m inal c ase 
is m ade p o ssible and is easy  t o  c arry  o u t  [ 9] .  
I t  sh o u ld be no t ed t h at  in t h e c ase o f  T ak ag i-S u g eno  f u z z y  

m o dels it  p resent s a rem aining  p ro blem  t o  p erf o rm  dat a validat io n, 
i. e.  est ablish ing  a divisio n o f  t h e w h o le o p erat ing  do m ain o f  t h e 
p ro c ess int o  a nu m ber o f  o verlap p ing  lo c al su bdo m ains t h ro u g h  
t h e ap p ro p riat e c h o ic e o f  f u z z y  set s and valu es o f  t h e p aram et ers 
o f  t h e m em bersh ip  f u nc t io n o f  eac h  set , and also  f o rm u lat ing   
a linear p ro c ess m o del f o r eac h  su bdo m ains.  F u rt h erm o re, t h e 
st at e vec t o r t o  be f o u nd in ( 1)  and ( 10 )  need be f u lly  m easu rable, 
w h ic h  is m o st  o f t en im p o ssible in indu st rial c o ndit io ns.  F o r t h ese 
reaso ns, M P C S  alg o rit h m s are u sed m ainly  t o  c o nt ro l t h o se 
p ro c esses, desc rip t io n o f  w h ic h  in t h e f o rm  o f  st at e eq u at io ns is 
nat u ral, e. g .  in elec t ro m ec h anic s [ 16 , 17 ] .  I n o t h er c ases, t h e 
alg o rit h m  sh o u ld be su p p lem ent ed by  a st at e o bserver o r K alm an 
f ilt er, w h ic h  is g enerally  no t  a t rivial t ask , if  no nlinear p ro c esses 
are c o nc erned.  F o rt u nat ely , it  is p o ssible t o  desig n a no nlinear 
o bserver, e. g .  in t h e f o rm  o f  a lo c al o bserver net w o rk  [ 9] , p ro vided 
t h e p ro c ess allo w s t o  be desc ribed by  t h e f u z z y  m o del ( 6 ) .  
 

3. I m p r o v i n g  t h e  r o b u s t n e s s  o f  t h e  F u z z y  
M o d e l  P r e d i c t i v e  C o n t r o l l e r  

 
T o  im p ro ve t h e ro bu st ness o f  t h e p ro p o sed F u z z y  M o del 

P redic t ive C o nt ro ller ( 8 )  w e su g g est  inc o rp o rat ing  it  int o  t h e M o del 
F o llo w ing  C o nt ro l ( M F C )  st ru c t u re.  I n t h e M F C  st ru c t u re, desc ribed 
c lo ser f o r t h e f irst  t im e in [ 20 , 21] , t h e basic  c o nt ro l t ask  is 
p erf o rm ed by  t h e m ain c o nt ro ller m at c h ed in a m o st  o p t im al w ay  
t o  t h e p ro c ess m o del.  O n t h e o t h er h and, t h e t ask  set  f o r t h e 
au x iliary  c o nt ro ller is t o  su p p o rt  t h e m ain c o nt ro ller by  g enerat ing  
a c o rrec t ive sig nal t h at  dep ends o n t h e dif f erenc e bet w een t h e 
o u t p u t s p ro du c ed by  t h e ado p t ed m o del and t h e ac t u al p ro c ess.  B y  
t h is m eans t h e ef f ec t  p ro du c ed by  t h e p ro c ess-m o del m ism at c h  
( c au sed, e. g .  by  dif f erent  st ru c t u res)  and by  p o ssible p ro c ess 
p ert u rbat io ns c an be neu t raliz ed.   T h e sy st em  ro bu st ness t o  m o del 
inadeq u ac y , as w ell as t h e c o nt ro l p erf o rm anc e is t h ereby  
inc reased, and t h e ef f ec t  p ro du c ed by  no nm easu rable dist u rbanc es 
is redu c ed.   T h e p rinc ip al virt u es disp lay ed by  t h e M F C  st ru c t u re 
are it s u niversalit y  du e t o  t h e f easibilit y  o f  em p lo y ing  arbit rary  
c o nt ro l alg o rit h m s, and p o ssibilit y  t o  desig n c o nt ro llers by  
f am iliar m et h o ds.  T o  p u t  t h is ano t h er w ay , t h e M F C  st ru c t u re 
p erm it s ac h ieving  h ig h  c o nt ro l p erf o rm anc e and ro bu st ness t o  
dist u rbanc es and p ro c ess p ert u rbat io ns ( u nc ert aint y )  by  sim p le 
m eans [ 5 , 20 ] .  
P ro p ert ies ex h ibit ed by  t h e M F C  st ru c t u re are desc ribed m o st  

o f t en f o r t h e linear c ase.  H ere w e w ill g eneraliz e t h em  by  t reat ing  
p ert u rbat io ns as a sy nt h et ic  desc rip t io n o f  c h ang es o f  all k inds 
ex p erienc ed by  t h e p ro c ess in ref erenc e t o  t h e no m inal m o del, t h u s 
indirec t ly  as a desc rip t io n o f  t h e m ism at c h  bet w een t h e ado p t ed 
no nlinear f u z z y  m o del ( 6 )  and t h e ac t u al no nlinear p ro c ess [ 21] .  
W e p ro p o se in t h is p ap er t o  em p lo y  t h e abo ve-m ent io ned 

no nlinear p redic t ive f u z z y  alg o rit h m  ( 8 ) –( 10 )  as t h e m ain 
c o nt ro ller in t h e M F C  st ru c t u re.  T o  sy nt h esiz e t h e au x iliary  
c o nt ro ller t h e no m inal linear p ro c ess m o del is ado p t ed.  I t  is 
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assumed that the model is stable and controllable with a full-order 
matrix  B, and is defined by  
 

 )()()1( kukxkx MMM BA +=+           (1 1 ) 
 
N ex t, it is assumed that the controlled p rocess is subj ected to 

unk nown, y et bounded p erturbations, and is acted up on by  
disturbances, not necessarily  bounded, dep endent in a k nown way  
on the state v ector.  H ence, the p rocess is described by  the 
following  nonlinear state and outp ut eq uations 
 

( )[ ] ( )[ ] ( ))()()(),()()()1( kxkukukxkxkxkx d∆BB∆AA ++++=+  
 ( )[ ] )()()( kxkxky ∆CC +=                         (1 2) 

 
with the p erturbation matrices defined as  
 ( ) ( ) kkxkx 00 )()( BFBF∆A ==  

 ( ) ( ) kkukxkukx 11 )(),()(),( BFBF∆B ==                (1 3) 
( ) kkx ∆C∆C =)(  

 
and the disturbance v ector as 
 

 ( ) ( ) ( ) kkkxkxkx aBFaBFd 22 )()()( ==                (1 4) 
 

where a is a k nown function of the state v ector, and matrices F0, 
F1, F2, ∆C are unk nown y et bounded.  A dditionally , the v ector (1 4) 
also may  rep resent a nonlinear bounded p rocess uncertainty .  T he 
p resence of the B matrix  in descrip tions of p erturbations (1 3) and 
disturbances follows from the need to comp ensate effects 
p roduced by  p erturbations and disturbances by  means of the 
control sig nal [ 22] .  
F urthermore, it is assumed that the p erturbed inp ut matrix  may  

be defined as 
 
 ( ) ( ) kkukxkukx BHBH∆BB ==+ )(),()(),(     (1 5 ) 

 
and it may  be found such β > 0 that the following  condition will 
be fulfilled by  assump tion for the H matrix  for each v(k) 
 

 )()()()( kvkvβkvkv TT ≥H        (1 6 ) 
 
W ith eq s.  (1 2)–(1 5 ), the state eq uation for the p erturbed p rocess 

tak es the form 
 

[ ]kkkk kxkukxkx aFFBBHA 20 )()()()1( +++=+        (1 7 ) 
 
T he task  set for the aux iliary  controller is to g enerate an 

aux iliary  control sig nal such that the model be well track ed by  the 
p rocess 
 

 ε<− )()( kyky
M

,   ε > 0                      (1 8 ) 
 
F ollowing  the ap p roach p rop osed in [ 5 , 22] , we assume that the 

control sig nal is comp rised of two comp onents:  uN that has to 
lineariz e inp ut nonlinearities, and uR that has to comp ensate 
effects p roduced by  bad estimation of nonlinear p erturbations 
 

 )()()( kukuku RN +=    (1 9 ) 
 

assuming  the former comp onent is defined by  
 

 [ ]kMN kxkuku aFFH 20
1 ˆ)(ˆ)(ˆ)( −−=
−                (20 ) 

 

F rom eq s.  (1 7 ), (1 9 ) and (20 ) it follows that for p erturbations 
accurately  estimated (

2200
ˆ,ˆ,ˆ FFFFHH === ) and uR(k) =  0 , the 

p rocess (1 7 ) shows identity  with the model (1 1 ), hence, the model 
is track ed accurately  by  the p rocess.  
I f p erturbations are estimated inaccurately , then the track ing  

error may  be found by  subtracting  side-by -side eq .  (1 1 ) from eq .  
(1 7 ) with eq .  (20 ) in mind:   
 

 ( )kkRkM kukekekxkx bTHBA ++=+=+−+ )()()1()1()1(   (21 ) 
 [ ]21

20
1

0
1 ˆˆˆˆˆ FHHFFHHFIHHT −−−

−−−= kkkkkk         (22)  
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M atrix  Tk determines the unk nown, current (at the k instant) v alue 
of the p erturbation estimation error with the p rov iso that 
 

 0, >∀< kTkT                     (24) 
 

and comp onents of the v ector bk are k nown or av ailable for being  
measured, according  to the assump tions adop ted.  
F or the p rop osed M F C  ap p roach to be effectiv e, it is sufficient 

to p rov e that the model state is track ed by  the p rocess state, i. e.  the 
state of the sy stem (21 ) is bounded if ex cited by  (20 ).  C onsidering  
that the p erturbation ∆C (1 3) is bounded, the condition (1 8 ) will 
be thereby  met.  
A s sug g ested in [ 5 , 22] , we p rop ose to emp loy  the control 

comp onent uR as a sig nal with bounded amp litude 
 

 ( )kR rkerr
kv
kvku b210 )()(
)()( +⋅
+

−=
δ

             (25 ) 
 

where 
 ( ) )()( 1 kekv TT PABPBB −

=                        (26 ) 
 

after the fashion of op timal control with a q uadratic p erformance 
index .  
T he matrix  P rep resents here a p ositiv ely  defined, easy  to find 

solution of the L y ap unov  eq uation 
 

 QPPAA −=−
T                               (27 ) 

 
with an arbitrary  chosen matrix  Q > 0 .  T he p ositiv e constant δ 
p rev ents the control sig nal (25 ) from being  discontinuous in the 
case that the model track ing  error eq uals z ero.  
T he p arameters of the aux iliary  controller (28 ) may  be chosen 

according ly  to the rule 
 

Bεβ
εγµδγ +

> Cr0
 

  A≥1r          (28 ) 
Tr ⋅≥ B2
 

 
where  

( )[ ]21cond PBBT
=µ  

 ( ) 0, >∀<+ kCk γ∆CC            (29 ) 
 

and the p arameter γ may  be determined if only  the matrices A, B 
(1 1 ) and P (27 ) are k nown [ 5 ] .  
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Hence, in order to determine the auxiliary controller (20), (25) 
the f ollow ing  s tep s  are to b e tak en:  
− adop ting  a p roces s  model (1 1 ), 
− es timating  p erturb ations  (1 3 ) and (1 4 ), and thereb y p erturb ations  

(24 ) and (29 ), 
− adop ting  the coef f icient (1 6 ) that def ines  the inp ut nonlinearity 

matrix, 
− adop ting  the maximum p ermis s ib le model outp ut track ing  error (1 8 ), 
− adop ting  the coef f icient (25) that p rev ents  f rom control 

dis continuity. 
O n this  b as is , the tunab le controller p arameters  (28 ) are ev aluated, 
and then the auxiliary matrix P is  f ound b y choos ing  the Q matrix 
and s olv ing  eq . (27 ). 
I t s hould b e noted that p hys ical interp retation of  tunab le 

controller p arameters  r0, r1, r2 is  f airly unders tandab le f rom (25), 
and enab les  their tuning  als o b y exp eriment. 
O n the b as is  of  relations hip s  (1 9 ), (20) and (25), (26 ) the 

auxiliary controller may b e p res ented in the f orm of  a b lock  
diag ram s how n in F ig . 1 . A s  mentioned ab ov e, this  controller is  
incorp orated into the M F C  s tructure.  
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F i g .  1.   T h e  p r o p o s e d  M F C  s t r u c t u r e  w i t h  t h e  f u z z y  p r e d i c t i v e  m a i n  c o n t r o l l e r   

RM a n d  t h e  r o b u s t  a u x i l i a r y  c o n t r o l l e r  RP 
R y s .  1.   P r o p o n o w a n y  u k ł a d  M F C  z  r o z m y t y m  p r e d y k c y j n y m  r e g u l a t o r e m  

g ł ó w n y m  RM o r a z  o d p o r n y m  r e g u l a t o r e m  p o m o c n i c z y m  RP 
 
T o determine p ermis s ib le p erturb ations  of  the nonlinear control 

p roces s , an ap p rop riate nominal p roces s  model (1 1 ) s hould b e 
adop ted. T his  can b e done on the b as is  of  the s et of  T ak ag i-
S ug eno local models  g iv en b y eq . (2). I f  w e adop t the central 
f uz z y s ub model (s ub model f or the mos t f req uently occurring  
p roces s  w ork ing  p oint) as  the nominal model (1 1 ), then the 
maximum p erturb ations  exp erienced b y the nominal model matrix 
can b e eas ily es timated b y comp aring  the relations hip  f or f uz z y 
models  (6 ) and that f or the p roces s  model (1 2) and p erturb ation 
matrices  (1 3 ):  
 

( ) 0maxmax
ˆ)( FB∆AAA =<− kxk  

( ) 1maxmax
ˆ)(),( FB∆BBB =<− kukxk  

 HBB ˆ
max

<k                             (3 0) 
( )

maxmax
)(kxk ∆CCC <−  

 
 
4. C o n c l u s i o n s  
 
T he ap p licab ility of  the p rop os ed control method has  b een 

v erif ied b y s imulation tes ts  and b y tes ts  w here a real 
electrothermal p lant has  b een g ov erned b y a dis trib uted 

P rog rammab le A utomation C ontroller (P A C ) s ys tem in w hich the 
p rop os ed p redictiv e control alg orithm has  b een imp lemented. 
T es ts  hav e s how n that the p rop os ed s olutions  are eas y to 
imp lement, and p rov ide relativ ely hig h rob us tnes s  and control 
p erf ormance [ 5] . 
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