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A b s t r a c t  

The compensation of a p l a n t   ( p o s s i b l y   u n s t a b l e  
and /o r  non-minimum p h a s e )   v i a   u n i t y   f e e d b a c k   w i t h  
i n t e r n a l   s t a b i l i t y  i s  s t u d i e d   i n   t h i s   p a p e r .  The 
r e s t r i c t i o n s  imposed on t h e   d e s i g n e r  by u n s t a b l e  
po le s   and   zezos   o f   t he   p l an t   a r e   desc r ibed   and  
d i s c u s s e d ,   a n d   t h e   w h o l e   c l a s s   o f   a p p r o p r i a t e  com- 
p e n s a t o r s   n e e d e d   f o r  a p a r t i c u l a r   d e s i g n  i s  g iven .  
Tfie h idden  modes  which r i g h t   b e   i n t r o d u c e d   i n   t h e  
c l o s e d   l o o p   s > - s t e m   a r e   f u l l y   c h a r a c t e r i z e d ;   a n d  
t h e   s e n s i t i v i t y  o f   t he   compensa ted   sys t em,   a s   we l l  
as t h e   s t a b i l i t T ;  and   p rcpe rness  of t h e  compensa- 
t o r  and i t s  r e l a t i o n   t o   s t a t e   o b s e r v e r s ,   a r e   a l s o  
t r e a t e d .  

Surrmary 

Assume t h a t   u n i t y   f e e d b a c k  i s  u s e d   t o  compen- 
s a t e  a g i v e n   p l a n t   d e s c r i b e d  by a p r o p e r   t r a n s f e r  
m a t r i x  P (pxm) : 

I f   t h e   f e e d b a c k   l o o p  i s  wel l  d e f i n e d ,   t h e   c l o s e d  
l o o p   t r a n s f e r   m a t r i x  T i s  then   g iven  by 

T = P ( 1  + GP)-' G .  (1) 

It  i s  of i n t e r e s t   i n   d e s i g n   t o   c h o o s e  G s o  t h a t ,  
u n d e r   i n t e r n a l   s t a b i l i t ) .   i n   t h e   l o o p ,  'I i s  a de- 
s i r e d   s t a b l e  and   proper   t ransfer   mat r ix   and  

M A (I + G?) G -1 
( 2 )  

i s  a l s o   a n   a c c e p t a b l e   ( s t a b l e   a n d   p r o p e r )   t r a n s f e r  
m a t r i x ;   n o t e   t h a t  u = Mr, t h a t  is  M c h a r a c t e r -  
i z e s   t h e   c o n z r o l   a c t i o n  u n e e d e d   f o r   t h e  compen- 
s a t i o n  of P .  

F o r   c o n v e n i e n c e ,   t r a n s f e r   f u n c t i o n s   h e r e   c a n  

*This  work vas suppor t ed  by the   Off ice   o f   Kava1  Re- 
s e a r c h   u n d e r   C o n t r a c t s  N00014-79-C-0475, POOOO1, 
POOOO2. 

be   t aken   a s   e l emen t s  of R ( s ) ,  t h e   q u o t i e n t   f i e l d  
o f   t h e   p r i n c i p a l   i d e a l  domain R[s ]   o f  polynom- 
i a l s   w i t h   c o e f f i c i e n t s   i n  R ,  t h e   r e a l   n u m b e r s .  
However ,   every th ing   can   a l so   be   done   over   an   a rb i -  
t r a r y   f i e l d  k i n   p l a c e  of R ;  i n   t h i s   c a s e ,   t h e  
meaning  of s t a b i l i t y   h a s   t o   b e   a d j u s t e d   a p p r o p r i -  
a t e l y .  

I t  has   been  shown [l] t h a t   a l l  pairs (T,M) 
w h i c h   s a t i s f y  

T = PY, (3 )  

where P i s  g i v e n   a n d   t h e   p a i r  (T ,M)  i s  s t a b l e ,  
are g iven  by 

[;I = [;I X, (4 )  

where X i s  a n y   s t a b l e   r a t i o n a l   m a t r i x ,   w h e r e   t h e  
columns  of 

[E] 
f o r m   a n   R [ s ] - m o d u l e   b a s i s   f o r   k e r  [ I  - P I ,  and 
where (N,D) i s  a r i g h t   p r i m e   f a c t o r i z a t i o n  of ? .  
C a s e s   i n   w h i c h   t h e   p a i r  (T,M) a r e   t o   b e   p r o p e r  
a s   w e l l   a r e  a s p e c i a l   c a s e   o f   t h e   r e s u l t s   a b o v e .  

W i t h   r e s p e c t   t o   f e e d b a c k   r e a l i z a t i o n ,   v a r i o u s  
g e n e r a l   r e s u l t s   a r e  known. For   example ,   i f  P i s  
s t r i c t l y   p r o p e r ,   B e n g t s s o n   [ 2 ]   h a s  shown t h a t  (T,M) 
s t a b l e  and  proper  i s  a s u f f i c i e n t   c o n d i t i o n   f o r   i n -  
t e r n a l l y   s t a b l e   f e e d b a c k   r e a l i z a t i o n ,   u n d e r   s u i t -  
a b l e   t e c h n i c a l i t i e s .   T h i s  work  has  been  general-  
i z e d  by P e r n e b o   [ 3 ] .   N o t i c e ,   h o w e v e r ,   t h a t   h e r e  w e  
a r e   i n t e r e s t e d   i n  a p a r t i c u l a r   f e e d b a c k   r e a l i z a t i o n ,  
namely ,   un i ty   f eedback .  T = NX imp l i e s   (unde r  
c e r t a i n   m i l d   c o n d i t i o n s )   t h a t   a l l   u n s t a b l e   z e r o s  of 
t h e   p l a n t   m u s t   a l s o   b e   z e r o s   o f  T, i ndependen t ly  
o f   t h e   p a r t i c u l a r   r e a l i z a t i o n   u s e d   ( c o m p a r e   w i t h  
[ 4 ] ) .   E q u a t i o n   ( 4 )   a l s o   i m p l i e s   t h a t   t h e r e   e x i s t s  
a u n i q u e   c o r r e s p o n d e n c e   b e t w e e n   r e a l i z a b l e   [ i ]  

and X ;  X i s  c a l l e d   t h e   d e s i g n   m a t r i x ,   a s  i t  i s  
exac t ly   wha t   t he   des igne r   mus t   choose .  

-'"-I '. 
F o r   u n i t y   f e e d b a c k ,   i f  G = DG KG i s  a l e f t -  

p r i m e   f a c t o r i z a t i o n ,   t h e n   i n   v i e w  of ( 2 )  and ( 4 )  

X = (6 G D + ZGN)-' 3 G' (5)  
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I n t e r n a l   S t a b i l i t  . The$close$  loop  system i s  in -  
t e r n a l l y   s t a b l e  [;] i f  D D + N N = A ,  where A-1 

e x i s t s  and i s  a s t a b l e   r a t i o n a l   m a t r i x ,   o r   e q u i v a -  
l e n t l y ,   o n l y   i f  

G G 

8 = A x  - B $  , a G = A x  + B 8  
G 1 2 (6) 

where B i s  any   po lynomia l   mat r ix ,  P = D N i s  
a l e f t   p r i m e   f a c t o r i z a t i o n  and x D + x N = I. A l l  

i n t e r n a l l y   s t a b i l i z i n g   c o m p e n s a t o r s   a r e   g i v e n  by 

%-I 21 

1 2 

where A-1 i s  s t a b l e   a n d  B i s  s u c h   t h a t  :Ax - 
B 8 I  # 0. 

Theorem [ 6 ]  [:I= E] X c a n   b e   r e a l i z e d   v i a   u n i t y  

f e e d b a c k   w i t h   i n t e r n a l   s t a b i l i t y   i f  and  only i f  

1 

a )   r a n k   ( I  - SX) i s  f u l l  (8) 

and 

b )   t h e r e   e x i s t   p o l y n o m i a l  matrices A , B  
(A-1 s t a b l e )   s u c h   t h a t  

X = A (Ax + BS) . -1 
2 (9) 

I f  a s o l u t i o n   e x i s t s ,   t h e   c o m p e n s a t o r  G is unique  
and i s  g iven  by 

N o t i c e   t h a t   ( 8 ) n d g u a r a n t e e s   t h e   e x i s t e n c e   o f  G i n  
(10) ( i A x  - B N /  # 0 w i t h  A ,  B from ( 9 ) ) ;  n o t e  
a l s o   t h a t  48) i s  necessa ry   fo r   any   un i ty   f eedback  
compensation t o  be  wel l  d e f i n e d   s i n c e  I - T = 
(I + PG)-l .   Condi t ion (9) q u a r a n t e e s   i n t e r n a l  
s t a b i l i t y .  

O b s e r v e   t h a t   i f  only T = &X i s  of i n t e r e s t  
(model   matching   v ia   un i ty   feedback) ,  (8) and ( 9 )  
can   be   expres sed   i n  terms of T ;  f u r t h e r m o r e ,   i f  
i n t e r n a l   s t a b i l i t y  i s  t h e   o n l y   d e s i g n   o b j e c t i v e ,  
s o  t h a t  X need   on ly   be   s t ab le ,   t hen   one  may al-  
ways s e l e c t  (A,B) s o  t h a t  (8) and ( 9 )  a r e  
s a t i s f i e d .   T h i s  i s  a g e n e r a l i z a t i o n   o f  [2], s i n c e  
P i s  n o t  r e q u i r e d  t o  b e   s t r i c t l y   p r o p e r .  

T h e r e   a r e   a l t e r n a t i v e  ways t o  s t a t e  a theorem 
which do n o t  i nvo lve  A and B. F i r s t   n o t i c e  
t h a t ,   f r o m  ( 9 ) ,  

(Ax2 + B8) = AX ( I l a )  

s o  t h a t   f r o m  (6 )  

8G = A(1 - XN)D-l, ( I l b )  

t h a t  i s ,  i n t e r n a l   s t a b i l i t y   i m p l i e s  X and ( I  - 
XN)D-' s t a b l e .   S u f f i c i e n c y   c a n   a l s o   b e   s h o w n ,  
t h e r e f o r e   c o n d i t i o n  ( 9 )  i s  e q u i v a l e n t   t o  

X and ( I  - XN)D-l s t a b l e .   ( 1 2 )  

Now (2)  and  (4)  imply 

G = M ( I  - PM)-l = DX(1 - NX)-l = [(I - XN)D-']-l X 
(13)  

which  can  be  used t o  d e t e r m i n e   i n t e r n a l l y   s t a b i l i z -  
i n g  G p r o v i d e d   t h a t  X s a t i s f i e s   c o n d i t i o n s  (8) and 
(12 ) .  It s h o u l d   b e   n o t e d   t h a t  ( 9 )  i s  a l s o   e q u i v a -  
l e n t   t o   t h e   c o n d i t i o n  

D X 3-l = M8-I s t a b l e   ( 1 4 4  

and 

(I - NX)fr-' = S8-I s t a b l e   ( 1 4 b )  

where S ( I  + PC)-' = I - T the   compar ison  sen- 
s i t i v i t y   m a t r i x ;   t h i s   c a n   b e  shown u s i n g   t h e   d u a l  
f a c t o r i z a t i o n  NGDG-I of G .  

S tab le   and   Uns tab le   P .   Condi t ion  ( 9 )  can  be w r i t -  
t e n  as: 

(X - X,I?T' = A-'B (15) 

wh ich   c l ea r ly   shows   ( a l so   (12 ,  ( 1 4 ) )  t h a t   t h e  re- 
q u i r e m e n t   f o r   i n t e r n a l   s t a b i l i t y   i m p l i e s   r e s t r i c -  
t i o n s  on t h e   a c h i e v a b l e  X on ly  when t h e   p l a n t  is  
u n s t a b l e .   I f   t h e   p l a n t  i s  s t a b l e ,  i t  i s  c l e a r   t h a t  
c o n d i t i o n  (9 )  i s  a l w a y s   s a t i s f i e d   i . e .   a n y   s t a b l e  
T = NX s a t i s f y i n g  (8) c a n   b e   r e a l i z e d   v i a   u n i t y  
f e e d b a c k   w i t h   i n t e r n a l   s t a b i l i t y  (see a l s o   [ 7 ] ) .  
I n   t h i s   c a s e  M = DX can   be   a lmost   any   ( subjec t  
t o  (8))  s t a b l e   p r o p e r   m a t r i x ,   w h i c h   i m p l i e s   f o r  
example   t ha t  G eva lua ted   f rom (13) wi th  M any 
s t a b l e   s t r i c t l y   p r o p e r   r a t i o n a l   m a t r i x  w i l l  i n -  
t e r n a l l y   s t a b i l i z e   t h e   s y s t e m   ( s e e   a l s o  [8]), 
g i v i n g  T = NX as t h e   c l o s e d  l o o p  t r a n s f e r   m a t r i x .  
N o t i c e   h o w e v e r   t h a t   i n   t h i s   c a s e   t h e   p o l e s  of t h e  
p l a n t   a r e   l i k e l y   t o  become h idden  modes o f   t h e   s y s -  
t e m   t h u s   u n n e c e s s a r i l y   i n c r e a s i n g   t h e   o r d e r  of G .  
T h i s   p o i n t  w i l l  b e   c l a r i f i e d   b e l o w .   I f   t h e   p l a n t  
i s  u n s t a b l e ,  X i s  n o t   f r e e   a n y   l o n g e r   b u t  i t  
m u s t   h a v e   c e r t a i n   s t r u c t u r a l   p r o p e r t i e s   t o   s a t i s f y  
(12 )   o r  (15).  Fur thermore  i n  t h i s   c a s e   t h e   p a r t  
of D w h i c h   c o r r e s p o n d s   t o   t h e   u n s t a b l e   p o l e s  
must  be known e x a c t l y  t o  g u a r a n t e e   t h a t   t h e   c o n d i -  
t i o n  w i l l  b e   s a t i s f i e d   s i n c e   e x a c t   c a n c e l l a t i o n  i s  
r e q u i r e d .  

Hidden  modes. I t  i s  known t h a t   i f  a feedback  de- 
s i g n  i s  c a r r i e d   o u t   u s i n g   t r a n s f e r   m a t r i c e s ,   t h e  
o rde r   o f   t he   r e su l t i ng   compensa to r   can   be   unneces -  
s a r i l y   h i g h   o r  more s i g n i f i c a n t l y ,   b r i n g   a b o u t  un- 
w a n t e d   s t a b l e  modes i n s i d e   t h e   l o o p .   T h i s  i s  due 
t o   t h e   ( u n i n t e n t i o n a l )   i n t r o d u c t i o n   o f   " h i d d e n  
modes"  which  appear as modes  of t h e   c l o s e d  l o o p  
sys t em  bu t   no t  as p o l e s   o f   t h e   c l o s e d   l o o p   t r a n s -  
f e r   m a t r i x .  The p o l y n o m i a l   m a t r i x   s y s t e m   d e s c r i p -  
t i o n  i s  now u s e d   t o   c h a r a c t e r i z e   f u l l y   t h i s   p h e n -  
omenon and t o   s u g g e s t  ways t o   a v o i d  i t .  C l e a r l y ,  
t h e   h i d d e n  modes are t h o s e   z e r o s   o f  I A l  which  do 
not a p p e a r   a s   p o l e s   o f  T .  Assume t h a t   a n  X is  
g i v e n   w h i c h   s a t i s f i e s   c o n $ i t & o n s  (8) and (12). I n  
view  of (ll), A ( a l s o  NG,DG) can   be   de te rmined  
f rorn 

[ ( I  - XN)D-', X] = A [DG,$G] (16) 
-1 "" 
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a l e f t   p r i m e   f a   t o r i z a t i o q .  It can n2w h e  showns 
t h a t   i f  X = DX Rx t hen  NG = AX = AINx,  A = A D 

where   t he   ze ros   o f  ' A  1 a r e   e x a c t l y   t h o s e   s t a b l e  

?ales of P which  do n o t  c a n c e l   i n   ( I  - XN)D-'. 
The po lynomia l   ma t r&x   desc r ip t ion   o f   t he   c losed  
loop,   namely Az = S r ,  :: = S z ,  c l e a r l y   i m p l i e s  

t h a t   t h e   z e r o s   o f  i A l '  a r e   u n c o n t r o l l a b l e  modes 

and   t he re fo re   h idden   modes .   Fu r the rmore ,   t he re  
m i g h t   h e   a d d i t i o n a l ,   u n o b s e r v a b l e   h i d d e n  modes 

--!i 
l x  

' 1  

G 

whych a r e   e x a c t l y  thos: poles;of X whfch  cancel  
i n  S X  = T i . e .  h = A D = A1DxA2, X = EA2. Note l x  
t h e   u n c o n t r o l l a b l e   h i d d e n  modes (zeros   o f   lAl l )  

will a p p e a r   i n  gG = Al$x, w h i l e   t h e   u n o b s e r v a b l e  

ones   (zeros   c f  ~ A ~ ' )  will a p p e a r   i n  Iii,l 
i . e .   a s   p o l e s  of G .  A l l  h idden  modes will c a n c e l  
i n   t h e   p r o d u c t  PG. I t  i s  t h u s   c l e a r   t h a t ,   i n   o r -  
d e r  t o  avo id   h idden  modes c h o o s e   s t a b l e  X such  
t h a t :   f i r s t ,  no c a n c e l l s t i o n s   t a k e   p l a c e   i n  XX 
and   secondlv ,  a l l  po le s   o f  P a r e   c a n c e l l e d   i n  
(I  - X N ) D - l :  The second  requi rement  i s  of cour se  
more d i f f i c u l t  t o  s a t i s f y  and i t  i s  the   ma in   cause  
f o r   t h e   h i d d e n  modes i n  f e e d b a c k   d e s i g n s .  

S e n s i t i v i t y .  The c o m p a r i s o n   s e n s i t i v i t y   m a t r i x  i s  

S (I + PC)-' = 1 - T = 1 - xx (17) 

and (14) d i r e c t l y  implies  t h a t   t h e   u n s t a b l e   p o l e s  
o f   t he   p l an t   mus t   be   ze ros   o f  S i f   i n t e r n a l  sta- 
b i l i t y  i s  t o  be   ach ieved .   That  i s ,  i f   t h e   p l a n t  
i s  u n s t a b l e   t h e n   r e s t r i c t i o n s  on t h e   p o s s i b l e  
c h o i c e s   f o r  S are i m p o s e d .   F u r t h e r m o r e ,   i f   t h e  
p l a n t  i s  n o n n i n i m u m   p h a s e ,   a d d i t i o n a l   r e s t r i c t i o n s  
a r e  imposed on S v i a  K ( s e e   a l s o   [ 9 - 1 0 1 ) .  
N o t e   a l s o   t h a t   a l l  o f   t h e   p o l e s  of P must   be 
zeros   o f  S i f  no ( s t a b l e )   h i d d e n  modes a r e  de- 
s i r a b l e .  I n  g e n e r a l ,  when i n t e r n a l   s t a b i l i t y  i s  
p r e s e n t ,   t h e   z e r o s   o f  S a r e :  A l l  o f   t h e   p o l e s  
o f   P , e x c e P t   t h e   u n c o n t r o l l a b l e   h i d d e n  modes ( z e r o s  
of .A ) and a l l  of t h e   p o l e s  of G e x c e p t   t h e  

unobse rvab le   h idden  modes ( z e r o s  of : A 2  I ) ; t h e  

po le s   o f  S are t h e   p o l e s   o f  T .  

1 

The  Compensator G .  The numerator aG and  the  de- 

nominator  Dc; of G s a t i s f y  ( 1 6 ) .  In view  of  the 

d i s c u s s i o n  on h idden  modes < = A 2 w h i l e   t h e  

zeros   o f  ' D G I  " ' (poles   o f  G )  a r e :   t h e   z e r o s   o f  

IA2 I and t he  zeros   o f  S D - l .  T h i s   i m p l i e s   t h a t   i f  

g iven  X i s  to b e   r e a l i z e d   w i t h   s t a b l e  G t hen  S 
shou ld   no t   have   uns t ab le   ze ros   o the r   t han   t he  un- 
s t a b l e   p o l e s  of t h e   p l a n t .  So X must   he  such 
t h a t  (I - X Y ) D - l  i s  s t a b l e   w i t h   s t a b l e   z e r o s   a s  
w e l l .   T h i s  i s  more d i f f i c u l t  to a c h i e v e  when t h e  
p l a n t  i s  nonninimum  phase. I f   i n t e r n a l   s t a b i l i z a -  
t i o n  i s  t h e  only o b j e c t i v e   t h e n  X i s  a n y   s t a b l e  
r a t i o n a l  (X = DX s t r i c t l y   p r o p e r ) :   f o r  G t o  be 
s t a b l e   t h e n   a g a i n  X must  he  chosen s o  t h a t  (I - 
XN)D-I i s  s t a b l e   w i t h   s t a b l e   z e r o s   ( s e e   a l s o  [ 9 -  

G 1 x '  

- 7  

101. 

For G p rope r  i t  i s  s u f f i c i e n t  t o  choose X 

s u c h   t h a t  DX(=M) i s  proper  and ?;X(=T) s t r i c t l y  
p rope r  as i t  c a n   b e   s e e n   f r o m , ( l 3 ) .   S o t e   t h e t   t h e  
order   o f  G ,  t h a t  i s  3 ' d G /  degree  of  , D G I  

i s  - > I D :  = A l l  + : I D  ~ - 3 1 D I  which 
X '  

shows t h a t   f o r  G t o   b e   o f  low o r d e r ,  no h idden  
modes  must   be  present .  It can  now be  shown t h a t  
f o r   i n t e r n a l   s k a b i l i t y ,   p r o p e r n e s s  ayd no k idden  
modes X = D - I N  m u s t   s a t i s f y  LD + N N = D w i t h  

Dbi'P:x proper   and NDx S s t r i c t l y   p r o p e r   w h e r e  

L i s  some i n v e r t i b l e   p o l y n ~ m i a l ~ m a t r i x .   S o t e   t h a t  
t h i s   e q u a t i o n  i s  e x a c t l y  2 D + $ F = A w i t h  

DA-%, proper   and XL4-'gG s t r i c t l y   p r o p e r   w h i c h  

i s  o b t a i n e d  when work ing   w i th   po lynomia l   ma t r i ces ,  
I t  can now b e  shown tha t   t hese - , equa t ions   have   a l -  
ways a s o l u t i o n  as l o n g   a s  G I D x i  ( o r  3 1 A ' )  i s  

h i g h e r   t h a n  3 : D l  by an  amount  which  depends on 
t h e   s t r u c t u r e  of S and D .  I n   g e n e r a l  when P i s  
s t a b l e  any X ( s u b j e c t   t o   ( 8 )   a n d  DX s t r .  p r o p e r )  
c a n   b e   r e a l i z e d   v i a  G p r o p e r   a s   l o n g   a s  we a r e  
w i l l i n g  t o  a c c e p t   s t a b l e   h i d d e n  modes ( s t a b l e  
p o l e s   a n d   z e r o s   o f   P ) .   I f  P u n s t a b l e   a n d / o r  
no s t a b l e   h i d d e n  modes a r e   d e s i r a b l ?  X must 
s a t i s f y   c e r t a i n   r e s t r i c t i o n s ;  316 must  be  high 
enough f o r   p r o p e r n e s s ,  ix m u s t   b z   a p p r o p r i a t e l y  

chosen .  So i n   t h i s   c a s e   o u r   c h o i c e s   f o r  X a r e  
c e r t a i n l y   r e s t r i c t e d  and i f   t h e y   a r e  n o t  s a t i s f a c -  
t o r y ,  more  complicated  compensators  should  be  in- 
t roduced .  

x x 21 - 1"- 

G G 

There i s  an   obse rve r  of t h e   s t a t e  of P un- 
i q u e l y   d e f i n e d  by a n y   g i v e n   i n t e r n a l l y   s t a b i k i z i n g  
compensator G .  This   can   be   seen   f rom (A-IDG)D + 
(A-% )N = I which i n  view  of Dz = u ,   S z  = y 

G 
i m p l i e s   t h a t  

S o t e   t h a t  G = (D, 'A) (h-'kG)  which  shows t h a t  any 

i n t e r n a l l y   s t a b i l i z i n g   c o m p e n s a t o r   c o n s i s t s  of  two 
f a c t o r s   o n e   s q u a r e   i n v e r t i b l e   w i t h   s t a b l e   z e r o s   a n d  
t h e   o t h e r   s t a b l e .  lihen G p r o p e r ,  i t  c a n   a l s o   h e  
w r i t t e n   a s  

0 -  

G = ((D D ) -1 A )  (DIA - 1 p  b,) = G1G2 
G l  

-1 where Dl  s t a b l e  and 3 ' D  I = 3 1 D '  1 
^ "  

T h i s   i m p l i e s   t h a t   g i v e n  P ,  P PG! can  always  he 
s t a b i l i z e d   v i a  a p r o p e r   s t a b l e   c o m p e n s a t o r  G 

Th i s  i s  a l s o   a n   a l t e r n a t i v e   p r o o f  to t h e   f a c t   t h a t  
any   g iven   p l an t  P ,  c a n   b e   s t a b i l i z e d   v i a   a n  ob- 
s e r v e r   ( s e e   a l s o   [ l o ] ) .  

2 '  
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