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r e g u l a c j i  z  p r o p o n o w a n y m  r e g u l a t o r e m  
 
S ł o w a  k l u c z o w e :  u k ł a d y  z  o p ó ź n i e n i e m  t r a n s p o r t o w y m ,  u k ł a d y  l i n i o w e ,  
p r z e s u w a n i e  b i e g u n ó w . 
 
1 .  I n t ro d u c t i o n  
 
T ime-del ay  s y s tems  one meets  in b iol og y , ch emis try , 

economics  and al s o in eng ineering .  T h e continuous -time model s  
of  time-del ay  s y s tem are in th e f orm of  dif f erential -dif f erence 
eq uations .  T h eir anal y s is  is  rath er dif f icul t b ecaus e time-del ay  and 
deriv ativ e h av e q uite dif f erent nature, th e eq uation can b e 
al ternativ el y  cons idered as  inf initel y  dimens ional  f unctional  
dif f erential  eq uation.  R ev iew  of  mos t imp ortant res ul ts  concerning  
anal y s is  and s y nth es is  of  time-del ay  control  s y s tems  one can f ind in [ 1 ] .  
T h e mos t imp ortant f or eng ineers  are model s  w ith  

trans p ortation del ay s  (dead-time, inp ut del ay ).  U nf ortunatel y , 
th ere is  no s imp l e meth od f or control l er des ig n f or s y s tem w ith  
dead-time, one can eas il y  ch eck  th at in cl as s ical  tex tb ook s  f or 
control  eng ineers  th e control  of  time-del ay  s y s tems  is  omitted or 
reduced to P I D  ty p e control , e. g .  [ 3 , 4 , 5 , 6 , 7 ] .  A  w el l  k now n 
ap p roach  f or des ig n of  control l er f or dead-time s y s tem w as  
p rop os ed in [ 2 ] :  adding  to th e control  s y s tem s o cal l ed S mith ’ s  
p redictor one can des ig n control l er l ik e f or s y s tem w ith out dead-
time.  I n th is  p ap er w e p res ent a control l er f or p ol e p l acement f or 
s y s tem w ith  dead-time des crib ed b y  l inear continuous -time model .  
T h e p rop os ed control l er is  in a f orm of  cl as s ical  s tate f eedb ack , 
anal og ous  to s y s tems  w ith out dead-time.  
O rg aniz ation of  th e p ap er is  as  f ol l ow s :  in s ection 2  th e 

cons idered p rob l em is  p res ented.  I n s ection 3  th e control l er des ig n 
is  p rop os ed, th en in s ection 4  control  s y s tem w ith  dis turb ances  is  
al s o cons idered and in s ection 5  rob us tnes s  of  th e p rop os ed control  
s y s tem is  dis cus s ed.  N ex t, in s ection 6 , numerical  ex amp l es  are 
p res ented.  F inal l y , concl uding  remark s  are g iv en.  

2 .  P ro b l em  f o rm u l a t i o n  
 
G iv en mul tiv ariab l e s y s tem w ith  dead-time (trans p ortation 

del ay , inp ut del ay ) des crib ed b y  l inear continuous -time model   
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w h ere x∈Rn is  a s tate v ector, u∈Rm is  an inp ut v ector, y∈Rp is  an 
outp ut v ector, T0 denotes  dead-time, and A, B and C are real  
matrices  of  ap p rop riate dimens ions .  
T h en, th e cons idered p rob l em can b e f ormul ated as  f ol l ow s :  

f ind a f eedb ack  control l er f or dead-time s y s tem (1 ) s uch  th at th e 
cl os ed l oop  s y s tem w il l  b e as y mp totical l y  s tab l e.  M oreov er, it is  
des ired th at th e cl os ed l oop  s y s tem w il l  h av e req uired p ol es .  
M odel  (1 ) is  b as ic one f or control  eng ineers .  M any  indus trial  

p roces s es  can b e des crib ed b y  th is  model .  T h eref ore, s y nth es is  of  
s tab il iz ing  control l er f or s y s tem des crib ed b y  th e model  is  rath er 
imp ortant.  
 

3 .  C o n t ro l l er d es i g n  
 
I f  th e p air (C,A) is  ob s erv ab l e one can des ig n s tate ob s erv er f or 

s y s tem (1 ) 
 LyTtHuGvv +−+= )( 0&         (2 ) 

 
w h ere v∈Rn is  an ob s erv er s tate v ector, s uch  th at 
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I ndeed, cal cul ating  ob s erv er error e(t) =  v(t) – x(t) one ob tains  
 

)()()( 0TtuBHxLCAGGexve −−++−+=−= &&&           (4 ) 
 
C l earl y , if  ob s erv er matrices  are cal cul ated th e f ol l ow ing  w ay  
 

 G =  A – LC   and   H =  B        (5 ) 
 

w e h av e 
Gee =&  

 
H ence, it is  ob v ious  th at if  matrix  L is  ch os en s uch  th at al l  

eig env al ues  of  matrix  G h av e neg ativ e real  p art condition (3 ) w il l  
b e s atis f ied.  
N ex t, us ing  es timate v(t) of  s tate v ector x(t) one can cal cul ate in 

time t es timate x(t+T0|t) of  s tate x(t+T0) b as ed on model  (1 ) as  
f ol l ow s  
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O ne eas il y  notes  th at x(t+T0|t) → x(t+T0) f or t → ∞ if  ob s erv er 

(2 ) is  p rop erl y  des ig ned.  I t is  al s o eas y  to s ee th at x(t+T0|t) is   
a s ol ution of  th e f ol l ow ing  s y s tem 
 

 )( 0TtBuAxx xx −+=&      (7 ) 
 

w ith  initial  condition xx(t)= v(t), in time t+T0:   
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)()( 00 TtxtTtx x +=+ . 
  
N ex t , apply ing  t o sy st em (1 ) t h e f ollow ing  c ont r ol inpu t   
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one obt ains f r om (1 ) and  (2 ) 
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T h en, af t er  st at e t r ansf or mat ion 
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w e obt ain t h e f ollow ing  eq u at ion of  t h e c losed  loop c ont r ol sy st em 
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I t  is w ell k now n t h at  if  t h e pair  (A,B) is c ont r ollable one c an 

c alc u lat e mat r ix  K su c h  t h at  all eig env alu es of  mat r ix  AK = A + BK 
h av e neg at iv e r eal par t . I n t h is c ase, w e see t h at  all eig env alu es of  
t h e c losed  loop sy st em st at e mat r ix  h av e neg at iv e r eal par t . I t  is also 
easy  t o not e t h at  t h e obser v er  er r or  e t end s t o z er o ind epend ent ly  on 
sy st em st at e v ec t or  x. T h u s, sy st em st at e x t end s t o z er o, t oo. 
T h er ef or e, t h e w h ole c losed  loop sy st em is asy mpt ot ic ally  st able.  
B y  appr opr iat e c h oic e of  mat r ic es K and  L one c an c h oose 

eig env alu es λ of  mat r ix  AK and  µ of  mat r ix  G, i.e. eig env alu es of  
t h e c losed  loop sy st em st at e mat r ix , eig env alu es d ec id ing  abou t  
t h e c losed  loop sy st em pr oper t ies similar ly  as in linear  sy st ems 
w it h ou t  t ime-d elay  – e(t–T0) in (9 ) and  (1 0 ) c an be t r eat ed  as 
d isappear ing  d ist u r banc e. F or  t h e r eason w e c all t h e pr oposed  
c ont r ol alg or it h m pole plac ement  of  t h e d ead -t ime sy st em, 
h ow ev er , r eal eig env alu es λr of  t h e c losed  loop sy st em ar e slig h t ly  
d if f er ent  t h an λ c h osen f or  c alc u lat ion of  t h e c ont r ol g ain mat r ix  
K. N ev er t h eless, it  is easy  t o see t h at  if  obser v er  er r or  t end s t o z er o 
t h en eig env alu es λ bec ome r eal sy st em poles w it h  r espec t  t o 
sy st em beh av ior . I t  c an be also not ed  t h at  eig env alu es µ ar e r eal 
r oot s of  t h e c h ar ac t er ist ic  eq u at ion and  t h ey  ar e r eal sy st em poles 
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F inally , one simple f ind s t h at  t h e asy mpt ot ic ally  st able c losed  

loop sy st em (9 ) f or  t→∞ t end s t o t h e f ollow ing  sy st em w it h ou t  
d ead -t ime 
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w h er e eig env alu es of  t h e st at e mat r ix  ar e eq u al t o λ and  µ. 
A f t er  one not es t h at  
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w e c an su mmar iz e pr esent ed  inv est ig at ion in t h e f ollow ing  t h eor em. 

Theorem 1 
 
I f  t h e pair  (A,B) of  d ead -t ime c ont inu ou s-t ime sy st em (1 ) is 

c ont r ollable and  t h e pair  (C,A) is obser v able t h en t h e c ont r ol 
f eed bac k   

 u(t) = Kw(t)           (1 2 ) 
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and  
 LyTtHuGvv +−+= )( 0&      (1 4 ) 

 
and  g ain mat r ix  K is c alc u lat ed  in su c h  a w ay  t h at  all eig env alu es 
λi, i=1 ,...,n, of  t h e mat r ix  AK = A + BK h av e neg at iv e r eal par t , 
mat r ix  L is c alc u lat ed  in su c h  a w ay  t h at  all eig env alu es µi, 
i=1 ,...,n, of  t h e mat r ix  AL = A – LC h av e neg at iv e r eal par t , and  
G = AL, H = B, st abiliz es t h e c losed  loop sy st em (1 ) and  (1 2 ). 
M or eov er , t h e c losed -loop c ont r ol sy st em f or  t →  ∞ t end s t o t h e 

f ollow ing  one 
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w h ic h  h av e poles in g iv en λi and  µi, i=1 ,...,n. 
 
R ema rk s  
 
1 . I t  is easy  t o see t h at  c alc u lat ion of  mat r ic es K and  L, G and  H, 
i.e. sy nt h esis of  c ont r ol g ain and  st at e obser v er , c an be d one 
ind epend ent ly . 

2 . T h e c ont r oller  c an be c alc u lat ed  similar ly  as in t h e c ase of  t h e 
sy st em w it h ou t  d ead -t ime. 

3 . T h e c ont r oller  c onsist s of  st at e obser v er  (1 4 ) and  st at e pr ed ic t or  
(1 3 ). 

4 . O ne c an c alc u lat e est imat e w(t) of  st at e x(t+T0) u sing  f or  
inst anc e t h e f ollow ing  r ec t ang u lar  appr ox imat ion of  int eg r al 
(1 2 ) 
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w h er e Tp is a sampling  t ime and  

pT
Th 0= , h∈I. 

5 . S t abilit y  of  t h e c losed  loop sy st em (1 ) and  (1 2 ) d oesn’ t  d epend  
on t ime d elay  T0. 

□ 
 

4. C o n t r o l  s y s t e m  w i t h  d i s t u r b a n c e s  
 
N ow  c onsid er  c ont inu ou s-t ime sy st em (1 ) w it h  u nmeasu r able 

d ist u r banc e 
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w h er e z∈Rq is an u nmeasu r able d ist u r banc e v ec t or  and  E and  F 
ar e r eal mat r ic es of  appr opr iat e d imensions.  
I n t h is c ase u sing  st at e obser v er  (2 ) w e obt ain inst ead  of  (4 ) 
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O bv iou sly , if  z d oesn’ t  d isappear  t h en obser v er  er r or  e d oesn’ t  

t end  t o 0 . 
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Next, calculating in time t estimate x(t+T0|t) o f  state x(t+T0) o ne 
h as analo go usly  to  (6 ) 
 

)()()(

)()()()()()(

0

0

0

00

0

0
0

)(
00

)(
0

teedtEzeTtx

teedEzeTtxdTBuetvetTtx

AT
T

A

AT
Tt

t

tA
Tt

t

tAAT

++−+=

+−+=−+=+

∫
∫∫
+

−

+

−

ττ

ττττ

τ

ττ  

 (1 7 ) 
 
No w , instead  o f  (8 ) w e apply  to  sy stem (1 5 ) th e f o llo w ing 

co ntro l input  
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T h en, analy zing th e w h o le co ntro l sy stem o ne o btains f ro m (1 5 ) 

and  (2 ) similarly  to  (9 ) 
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F ro m th e abo v e eq uatio n it f o llo w s th at ch aracteristic eq uatio n 

o f  th e sy stem is th e same as f o r sy stem w ith o ut d isturbances. 
T h us, th e sy stem is asy mpto tically  stable. H o w ev er, in th e case o f  
no t d isappearing d isturbance z neith er state v ecto r x no r o bserv er 
erro r e d o esn’ t tend  to  zero . 
T h us, w e can state th e f o llo w ing th eo rem 
 

Theorem 2 
  
T h e asy mpto tically  stable clo sed -lo o p co ntinuo us-time sy stem 

(1 ) and  (1 2 ) is asy mpto tically  stable ind epend ently  o f  d isturbances 
acting o n th e sy stem as in (1 5 ). 

□ 
 
5. R o b u s t n e s s  o f  t h e  c o n t r o l  s y s t e m  
 
C o nsid ering ro bustness o f  th e clo sed  lo o p co ntro l sy stem w e 

h av e assumed  th at state o bserv er (G,H,L) and  gain matrix K are 
calculated  based  o n uncertain mo d el (1 ) w ith  (Am,Bm,Cm,T0m) = 
(A+∆A,B+∆B,C+∆C,T0+∆T0), i.e. (G,H,L) = (Gm,Hm,Lm) and  K = Km. 
I n th is case o ne f ind s o bserv er erro r o f  sy stem (1 ) as f o llo w s 
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w h ere Gm=Am–LmCm and  Hm=Bm. C learly , em d o esn’ t tend  to  zero . 
H o w ev er, if  x and  u tend  to  zero  f o r t → ∞ th en also  em tend s to  
zero . 
T h en, calculating in time t estimate xm(t+T0m|t) o f  state x(t+T0) 

based  o n uncertain mo d el (1 ) w e o btain 
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w h ere 
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I t is easy  to  see th at zm(t,u) → 0  if  mo d el (Am,Bm,Cm,T0m) tend s 
to  sy stem (A,B,C,T0). I t can be also  no ted  th at, similarly  to  (7 ), 
xm(t+T0m|t) is a so lutio n o f  th e f o llo w ing sy stem  
 

)( 0mmumu TtuBxAx −+=&  
 

w ith  initial co nd itio n xm(t)=vm(t) at time t+T0m:   
 

)()( 00 mumm TtxtTtx +=+ . 
 
T h en, calculating co ntro l input 
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w h ere Km is a state f eed back  gain calculated  based  o n uncertain 
sy stem mo d el (Am,Bm,Cm), w e f ind  analo go usly  to  (9 ) 

 

)],()()([0

0)],()()()([0
0

000

000

��

��

uTtzTtxeTtveK
H
B

v
x

GKHCL
BKA

Cx
L

uTtzTtxeTtvetxK
H
B

v
x

G
A

v
x

m
AT

m
TA

m
mmmmmm

m

m
m

AT
m

TA
m

mmmm

��

��

−+−−−


+






+
+=




+−+−−−+


+





=



&

&

 (2 0 ) 
 
S ince zm → 0  if  mo d el tend s to  plant th en f o r small mo d el 

uncertainty , i.e. ∆A,∆B,∆C,∆T0 ≈ 0 , magnitud e o f  zm(t,u) is much  
smaller th an magnitud e o f  u(t). T h eref o re, in th is case, o ne can 
assume th at zm(t–T0,u) is a small structural d isturbance ad d itiv e to  
co ntro l input.  
W e say  th at zm is a structural d isturbance since it d epend s o n 

sy stem input and  inf luence clo sed -lo o p sy stem d y namics if  
co ntro l input d o es it. H o w ev er, f o r small mo d el uncertainty  its 
inf luence is much  smaller th an th e inf luence o f  co ntro l input and  
th eref o re w e can igno re th is inf luence analy zing sy stem 
pro perties, lik e in th e case u(k)=Kx(k)+K1x(k) o ne can o mit term 
K1x(k) if  ||K1||< < ||K||.  
F ro m th e pro o f  o f  th eo rem 1  it f o llo w s th at all ro o ts o f  th e 

ch aracteristic eq uatio n o f  clo sed  lo o p sy stems (9 ) and  (1 9 )  
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h av e negativ e real part.  
F o r small structural d isturbance zm o ne can appro ximate th e 

ch aracteristic eq uatio n o f  th e co ntro l sy stem (2 0 ) as f o llo w s 
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S ince ro o ts o f  th e ch aracteristic eq uatio n Wm(s) are co ntinuo us 

w ith  respect to  eq uatio n parameters A, B, C, T0, Am, Bm, Cm and  
T0m, w e f ind  th at ro o ts o f  th e ch aracteristic eq uatio n o f  co ntro l 
sy stem d esigned  based  o n uncertain mo d el (1 ) h av e negativ e real 
part f o r small uncertainties if  all ro o ts o f  eq uatio n (2 1 ), i.e. po les 
o f  co ntro l sy stem d esigned  based  o n certain mo d el, h av e negativ e 
real part. H encef o rth , th e co ntro l sy stem w ith  co ntro ller calculated  
based  o n uncertain mo d el is asy mpto tically  stable w ith  respect to  
small sy stem uncertainties. 
T h us, o ne can f o rmulate th e f o llo w ing th eo rem. 
 

Theorem 3 
 
T h e asy mpto tically  stable clo sed -lo o p co ntinuo us-time sy stem 

(1 ) w ith  f eed back  co ntro l (1 2 ) is ro bustly  asy mpto tically  stable 
w ith  respect to  small uncertainties in sy stem and  o bserv er 
parameters, d elay -time and  co ntro l gain. 
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Remarks 
 
1 . D epen din g  o n  sy st em pr o per t ies, e.g . st ab l e o r  un st ab l e pl an t , 
an d desig n ed c o n t r o l  sy st em po l es λ an d µ smal l  un c er t ain t ies 
c an  b e v er y  smal l  o r  q uit e b ig .  

2 . I t  is w el l  k n o w n  t h at  usual l y  o n e o b t ain s l ar g er  st ab il it y  mar g in  
w h en  n eg at iv e r eal  par t s o f t h e po l es o f t h e c l o sed-l o o p sy st em 
ar e c l o se t o  z er o .  

� 
 
6. E x a m p l e s  
 
W e il l ust r at e t h e pr o po sed c o n t r o l l er  c o n sider in g  sy st em 

desc r ib ed b y  t h e mo del  (1 )  w it h  dead t ime T0= 2 0  an d 
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 −= CBA  

  
I t  is easy  t o  c h ec k  t h at  t h e pair  (A,B )  is c o n t r o l l ab l e an d t h e pair  

(C,A )  o b ser v ab l e. T h e t r an sfer  fun c t io n s o f t h e sy st em is fo l l o w s 
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I t  is easy  t o  see t h at  t h e sy st em is a r epr esen t at io n  o f t h e 

un st ab l e o sc il l at o r y  pl an t  (3 )  w it h  c o mpl ex  po l es 
s1= 0 .0 4 0 0 + 0 .0 9 1 7 j an d s2= 0 .0 4 0 0 –0 .0 9 1 7 j. 
T h en , t h er e ar e pr esen t ed in  fig . 1  c o n t r o l  sy st em r espo n se o f 

t h e pl an t  w it h  c o n t r o l l er  c al c ul at ed in  suc h  a w ay  t h at  po l es λ an d 
µ o f t h e sy st em an d o b ser v er  w er e eq ual  t o  –0 .8 9 2 7  an d in  fig . 2  
w it h  po l es λ o f t h e sy st em eq ual  t o  –0 .1 0 1 5  (c l o se t o  0 )  an d po l es 
µ o f o b ser v er  eq ual  t o  –0 .4 2 1 8 . N o t e, t h at  w e w an t ed t o  o b t ain  
c l o sed-l o o p sy st em r espo n se w it h o ut  o sc il l at io n s. T h er e ar e al so  
pr esen t ed c o n t r o l  in put s t o  t h e sy st em.  
I n  al l  simul at io n s in it ial  st at e o f t h e pl an t  w as 


= 25.6
0)0(x  

w h ic h  is a st eady  st at e o f t h e sy st em fo r  u= 1  an d y = 2 , in it ial  in put  
w as u(t ) = 0  fo r  t∈[–5 0 ,0 ) , an d in it ial  st at e o f t h e o b ser v er  w as 
eq ual  t o  z er o :  v(0 ) = 0 . 
 
 

  
F i g .  1 .   R e s p o n s e  o f  c o n t r o l  s y s t e m  b a s e d  o n  e x a c t  m o d e l  o f  t h e  p l a n t  w i t h   

p o l e s  c l o s e  t o  –0 . 9  
R y s .  1 .   O d p o w i e d ź  uk ł a d u r e g ul a c j i  z b ud o w a n e g o  n a  p o d s t a w i e  d o k ł a d n e g o  

m o d e l u o b i e k t u r e g ul a c j i  z  b i e g un a m i  w  o k o l i c y  –0 . 9  
 
I t  is easy  t o  see t h at  c h an g in g  po l es o f t h e c l o sed l o o p sy st em 

o n e c h an g es t h e c o n t r o l  t ime an d al so  mag n it udes o f sy st em 
o ut put  an d c o n t r o l  in put  simil ar l y  as fo r  sy st em w it h o ut  dead-t ime. 
O n e al so  easil y  fin ds t h at  c o n t r o l  sy st em o ut put  is n o  aper io dic  

in  spit e o f t h e c h o sen  r o o t s λ an d µ o f t h e c l o sed-l o o p sy st em 
st ab il it y  po l y n o mial . H o w ev er , it  c an  b e sh o w n  t h at  t h is o c c ur s 

b ec ause t h e feed-b ac k  is r eal iz ed b ased o n  st at e v ec t o r  est imat io n  
n o t  ex ac t  v al ue o f t h e st at e v ec t o r . T h e est imat io n  st ar t s fr o m z er o  
w h er eas in it ial  sy st em st at e is q uit e differ en t  t h an  z er o . 
 
 

  
F i g .  2 .   R e s p o n s e  o f  c o n t r o l  s y s t e m  b a s e d  o n  e x a c t  m o d e l  o f  t h e  p l a n t  w i t h   

p o l e s  c l o s e  t o  –0 . 1  
R y s .  2 .   O d p o w i e d ź  uk ł a d u r e g ul a c j i  z b ud o w a n e g o  n a  p o d s t a w i e  d o k ł a d n e g o  

m o d e l u o b i e k t u r e g ul a c j i  z  b i e g un a m i  w  o k o l i c y  –0 . 1  
  
T h en , w e h av e used fo r  c o n t r o l l er  c al c ul at io n  an  un c er t ain  

mo del  (1 )  w it h  T0m= 2 2  an d 
 

]238.00[,0
25.0,025.0

03306.006545.0 =


=


 −= mmm CBA  

 
I t  is easy  t o  c h ec k  t h at  t h e pair  (Am,Bm)  is c o n t r o l l ab l e an d t h e 

pair  (Cm,Am)  o b ser v ab l e. T h e t r an sfer  fun c t io n s o f t h e mo del  is as 
fo l l o w s 
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I t  is easy  t o  see t h at  mo del  in ac c ur ac y  is eq ual  t o  ± 1 0 %  o f 

t r an sfer  fun c t io n  par amet er s:  g ain , t ime c o n st an t , dampin g  
c o effic ien t  an d dead-t ime, w h er eas un c er t ain t y  o f t h e t r an sfer  
fun c t io n  c o effic ien t s is up t o  2 1 %  an d t h e st at e spac e mo del  
par amet er s up t o  3 4 % . M o del  h as t h e fo l l o w in g  po l es:  
s1= 0 .0 3 2 7 + 0 .0 8 4 8 j an d s2= 0 .0 3 2 7 –0 .0 8 4 8 j. D iffer en c es b et w een  
t h e st ep r espo n ses o f t h e sy st em an d mo del  o n e c an  see in  fig . 3 .  
 
 

  
F i g .  3 .   S t e p  r e s p o n s e  o f  t h e  p l a n t  a n d  m o d e l  us e d  f o r  c o n t r o l  s y s t e m  d e s i g n  
R y s .  3 .   O d p o w i e d ź  s k o k o w a  o b i e k t u r e g ul a c j i  i  m o d e l u o b i e k t u r e g ul a c j i   

w y k o r z y s t a n e g o  d o  s y n t e z y  r e g ul a t o r a  
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In fig. 4 t h ere a re p resent ed  c ont rol  sy st em  resp onse of t h e p l a nt  
a nd  c ont rol  inp ut  t o t h e sy st em . T h e p l a nt  w a s a s before a nd  
d isc ret e-t im e c ont rol l er w a s c a l c ul a t ed  ba sed  on unc ert a in m od el  
for t h e sy st em  t h e sa m e w a y  a s for t h e sec ond  c a se ba sed  on ex a c t  
m od el ,  i.e. root s of t h e m a t rix  AKm = Am +BmKm w ere eq ua l  t o –
0 .1 0 1 5  (c l ose t o 0 )  a nd  root s of observ er st a t e m a t rix  Gm w ere 
eq ua l  t o –0 .42 1 8 . 
 
 

  
F i g .  4 .   R e sp o n se  o f  c o n t r o l  sy st e m  b a se d  o n  un c e r t a i n  m o d e l  o f  t h e  p l a n t  w i t h  

p o l e s c l o se  t o  –0 . 1  
R y s.  4 .   O d p o w i e d ź  uk ł a d u r e g ul a c j i  z b ud o w a n e g o  n a  p o d st a w i e  n i e d o k ł a d n e g o  

m o d e l u o b i e k t u r e g ul a c j i  z  b i e g un a m i  w  o k o l i c y  –0 . 1  
 
F ina l l y ,  t h ere a re p resent ed  resp onses of t h e c ont rol  sy st em  

d esigned  ba sed  on unc ert a in m od el  w it h  unm ea sura bl e d ist urba nc e 
a d d it iv e t o c ont rol  inp ut :  u(t ) =u(t ) +0 .2 z(t ) ,  fig. 5 ,  a nd  a d d it iv e t o 
sy st em  out p ut :  y(t ) =y(t ) +0 .2 z(t ) ,  fig. 6 ,  w h ere z is a  st oc h a st ic  
ra nd om  signa l  w it h  norm a l  d ist ribut ion w it h  m ea n eq ua l  t o z ero 
a nd  v a ria nc e a nd  st a nd a rd  d ev ia t ion eq ua l  t o one. T h ere a re a l so 
p resent ed  c ont rol  inp ut  a nd  d ist urba nc e. C ont rol l er a nd  observ er 
a nd  sy st em  init ia l  c ond it ions w ere t h e sa m e a s for sy st em  w it h out  
d ist urba nc es. 
 
 

  
F i g .  5 .   R e sp o n se  o f  c o n t r o l  sy st e m  b a se d  o n  un c e r t a i n  m o d e l  o f  t h e  p l a n t  

w i t h  a d d i t i v e  i n p ut  d i st ur b a n c e  a n d  p o l e s c l o se  t o  –0 . 1  
R y s.  5 .   O d p o w i e d ź  uk ł a d u r e g ul a c j i  z b ud o w a n e g o  n a  p o d st a w i e  n i e d o k ł a d n e g o  

m o d e l u o b i e k t u r e g ul a c j i  z  z a k ł ó c e n i e m  a d d y t y w n y m  d o  sy g n a ł u 
w e j ś c i o w e g o  i  b i e g un a m i  w  o k o l i c y  –0 . 1  

 
F rom  t h e p resent ed  ex a m p l es w e see t h a t  c ont rol l er w ork s v ery  

w el l ,  a c c ord ing t o a ssum p t ion. It  st a bil iz es t h e c l osed -l oop  sy st em  
w it h  ra t h er big d ea d -t im e in bot h  c a ses,  w h en d esign w a s ba sed  on 
c ert a in a s w el l  unc ert a in p roc ess m od el . 
 
 

  
F i g .  6 .   R e sp o n se  o f  c o n t r o l  sy st e m  b a se d  o n  un c e r t a i n  m o d e l  o f  t h e  p l a n t  

w i t h  a d d i t i v e  o ut p ut  d i st ur b a n c e  a n d  p o l e s c l o se  t o  –0 . 1  
R y s.  6 .   O d p o w i e d ź  uk ł a d u r e g ul a c j i  z b ud o w a n e g o  n a  p o d st a w i e  n i e d o k ł a d n e g o  

m o d e l u o b i e k t u r e g ul a c j i  z  z a k ł ó c e n i e m  a d d y t y w n y m  d o  sy g n a ł u 
w y j ś c i o w e g o  i  b i e g un a m i  w  o k o l i c y  –0 . 1  

 
 
7. C o n c l u d i n g  r e m a r k s  
 
T h e c ont rol l er for p ol e p l a c em ent  of c ont inuous-t im e l inea r 

sy st em  w it h  d ea d -t im e h a s been p resent ed . T h e c ont rol l er is 
sim p l e,  it  is sim il a r t o resp ec t iv e c ont rol l er for sy st em  w it h out  
d ea d -t im e. T h e m a in a d v a nt a ge of t h e p resent ed  c ont rol l er is t h a t  
it  giv es ones p ossibil it y  t o d esign st a bl e d ea d -t im e c ont rol  sy st em  
in a  sim p l e m a nner l ik e for sy st em  w it h out  d ea d -t im e. M oreov er,  
c h a nging p ol es of t h e c l osed -l oop  sy st em  one c a n c h a nge 
d y na m ic s of t h e c ont rol  sy st em . C om p a ring w it h  t h e k now n 
c ont rol l ers for sy st em s w it h out  d ea d -t im e t h e p rop osed  c ont rol l er 
is a d d it iona l l y  eq uip p ed  w it h  p red ic t or of t h e fut ure sy st em  st a t e 
x(t+T0) . 
T h e p rop osed  c ont rol l er c a n find  p ra c t ic a l  a p p l ic a t ions,  

p a rt ic ul a rl y  for sy st em s w it h  big d ea d -t im e. T h e c ont rol  sy st em s 
w it h  t h e c ont rol l er is robust  w it h  resp ec t  t o m od el  unc ert a int ies a s 
w el l  sy st em  a nd  m ea surem ent  d ist urba nc es. It  h a s nic e p rop ert y :  
beh a v ior of t h e c ont rol  sy st em  t end s t o t h e beh a v ior of a  sy st em  
w it h out  d ea d -t im e. In m a ny  p ra c t ic a l  a p p l ic a t ions it  c oul d  be a l so 
im p ort a nt  t h a t  one c a n ea sil y  d esign c ont rol  sy st em  w it h  a p eriod ic  
sy st em  resp onse. 
F ina l l y ,  it  sh oul d  be not ed  t h a t  t h e p rop osed  c ont inuous-t im e 

c ont rol l er c a n be d iffic ul t  for rea l  a na l ogue rea l iz a t ion,  h ow ev er 
t h e d isc ret e-t im e rea l iz a t ion c a n be ea sil y  im p l em ent ed  on 
m ic rop roc essor ba sed  c ont rol l er. 
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