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1-Passive Control 

2- Active and Semi Active Control 
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U(k)=U(kT) k  

 

t=( k+1 )T t0 =kT   





 

 

Tk

kT g
TkTA

Tk

kT
TkTAAT

dXEe

dBUekZekZ

)1( )(

)1( )(

)(

)()()1(











  )1(k  

 



T
g

A

T AAT

dkXEe

dmlkBUekZekZkZ

0

0

)(

)()()1()1(











0m  

 

)()(*)(*)(

)()()1()1(

0

0

klkUGkZFdkE

dlkBUkZkZkZ

ZXe

ee

g
T

g
A

T AAT


















   

         

 Zg(k)  F  G   



 50 


T A BdeG
0


eF AT

 dTkTXEekZ g
T A

g )()(
0

   

Zn+1( k )=U( k-l ) 

Zn+2( k )=U( k-l+1 ) 

Zn+3( k )=U( k-l+2 ) 

Zn+l( k )=U( k-1 ) 

 

)(kZ [ZT( k ), ZT
n+1( k ),…….ZT

n+l( k )]T 

 )()()()1( kkUGkZFkZ Z g



























0

.

.

0

G





























00.00

..00

.....

0.00

0.0GF

F





















0

.

.

)(

)(

kZ

kZ

g

g

 

0m  



 51 

)()1(

)()()()(

)1()()1()1(

0

0

klkU

lkUkFZdkEdlkBU

dlkBUkZkZkZ

ZG

GXee

ee

gb

a
T

g
AT

m
A

m AAT





















 

 


T

m
A

a BdeG 
eF AT


m A

b BdeG 0
  

 dTkTXEekZ g
T A

g )()(
0

 


t A BdetG 0)( 

e
ATF =

)(*)(

0 0
)(

mTGmF

BdBdBd
mT mT AmAmAT

m
A

a eeeeG



  
   

 

)(
0

mGBdeG
m A

b    

)(TFeF AT 

)()()()1( kZkUGkZFkZ g



 52 





























0..000

..000

......

00000

0.0ba GGF

F






















0

.

0

G  





















0

0

.

)(

)(

kZ

kZ

g

g

LQR  

 Z(k+1)=FZ(k)+GU(k)      Z(0)=Z0

)]()()([
0

tRUUkQZkZJ
k

TT
d  





 S(k) R  Q  

QFkSG

GkSGRGkSkSFkS

T

TT



 

)}1(

])1([)1()1({)( 1

 

S(N)=Q0 



 53 

 Q0
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i=1~3 Ci=1.407kNs/m ki=980kN/m   mi=1000 kg      

0.041 0.028 0.01   Rad/s 56.36 , 39.02  , 13.93  ,  





















4450.08019.01

14450.08019.0

8019.014450.0

0.12  0.2 g

R  Q  

Q=diag([105,104,103,1,1,1]) R=1.806*10-10

 0.002 s  
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  0.002 s  T  

λ=0 

)](0087.0)(021.0

)(0420.0)(0777.0)(1321.0)(7557.1[*10)(

32

321
7

kxkx

kxkxkxkxkU








              

  3x 2x 1x x1 , x2  , x3  

 

 0.004 s
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 0.002s   

 

l =9 ,50   0.018 ,0.1 ,0.2 ,0.3 ,0.4s  DLQR   

0m 100 ,150 ,200,  

l = 10, 0.019 ,0.059 ,0.119 ,0.199 ,0.259 ,0.319 ,0.399s

001.0≠m 30,60,100,130,160,200    

Jc  

Jd 0.002  

Jc  
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0.02 s

0.1 , 0.2 ,0.3 ,0.4 ,0.5 ,0.6s  

 

(a)  

(c)  (b) 
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( xi :cm , aix  :cm/s2   ) 0  T=0.02s  

S
to

ry
 

No 

Control 

DLQR 

U=3920N 

λ=0.018s 

U=4293N 

λ=0.1s 

U=5497N 

λ =0.2s 

U=3799N 

λ =0.3s 

U=5216N 

λ =0.4s 

U=4006N 

xi x  xi x  xi x  xi x  xi x  xi x  xi x  

1 1.37 323 0.10 150 0.11 232 0.38 220 0.51 364 0.56 357 0.69 195 

2 1.04 487 0.37 192 0.43 243 0.58 266 0.46 218 0.67 281 0.57 230 

3 0.61 599 0.25 246 0.31 301 0.41 401 0.28 278 0.43 423 0.38 377 

 

 

 

 

DLQR PI  

 T=0.02s  DLQR    

 

 

( xi :cm , aix  :cm/s2   ) 0.001  T=0.02s  

S
to

ry
 

λ =0.019s 

U=4392N 

Λ=0.059s 

U=5029N 

λ=0.119s 

U=5294N 

λ=0.199s 

U=3816N 

λ =0.259s 

U=4558N 

λ =0.319s 

U=5213N 

λ =0.399s 

U=3886N 

xi x  xi x  xi x  xi x  xi x  xi x  xi x  

1 0.11 260 0.25 297 0.43 187 0.51 365 0.50 255 0.60 359 0.69 194 

2 0.43 251 0.54 322 0.58 222 0.46 220 0.57 295 0.67 265 0.56 226 

3 0.31 307 0.42 410 0.37 365 0.28 279 0.39 283 0.41 404 0.38 368 
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)xi :cm , aix  :cm/s2     )   T=0.02s

 

PI 

S
to

ry
 

DLQR 

 
λ=0.1s λ =0.2s λ =0.3s λ =0.4s λ =0.5s λ =0.6s 

xi x  xi x  xi x  xi x  xi x  xi x  xi x  

Jc 

1 0.10 349 0.42 275 0.51 153 0.59 501 0.70 200 0.65 397 0.81 254 

2 0.41 228 0.58 226 0.47 221 0.67 270 0.54 231 0.60 297 0.64 296 

3 0.30 288 0.38 373 0.28 278 0.41 405 0.36 351 0.43 426 0.38 371 

U 4277N 5577N 3834N 5340N 3715N 4936N 3807N 

Jd 

1 0.10 352 0.42 277 0.51 153 0.59 505 0.70 200 0.65 401 0.81 254 

2 0.41 228 0.58 226 0.47 221 0.67 270 0.54 232 0.60 297 0.64 296 

3 0.30 288 0.38 373 0.28 278 0.41 405 0.36 351 0.43 426 0.38 371 

U 4275N 5587N 3837N 5352N 3715N 4930N 3810N 

 

T  =0.1s  T  =0.1   0.3 s  

   = λ 0.1, 0.3, 0.5s

0.3s  0.3 ,0.6 ,0.9s  

DLQR  

0.3  0.1 DLQR 
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T=0.01s

(a)  

(c)  (b) 
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)xi :cm , aix  :cm/s2    ) T=0.3s   T=0.1s

PI 

S
to

ry
 

T=0.1s T=0.3s 

DLQR λ =0.1s λ =0.3s λ =0.5s DLQR  λ =0.3s λ =0.6s λ =0.9s 

xi x  xi x  xi x  xi x  xi x  xi x  xi x  xi x  

Jc 

1 0.43 353 0.50 288 0.76 273 0.88 251 0.59 287 0.55 175 0.55 175 0.85 201 

2 0.58 220 0.44 270 0.60 328 0.71 370 0.53 241 0.52 237 0.51 238 0.60 296 

3 0.43 562 0.43 426 0.56 545 0.48 470 0.29 286 0.30 290 0.29 286 0.37 370 

U 4044N 3901N 4237N 4003N 3538N 2743N 2688N 3025N 

Jd 

1 0.36 365 0.48 277 0.72 322 0.85 332 0.47 393 0.48 0.43 0.51 204 0.74 361 

2 0.54 190 0.45 268 0.62 311 0.70 338 0.47 356 0.48 0.43 0.52 250 0.57 360 

3 0.66 642 0.44 429 0.62 607 0.57 550 0.20 191 0.21 0.43 0.26 255 0.35 340 

U 4932N 4333N 5064N 4890N 7090N 7143N 3684N 6296N 

 

 . λ~0.4s  λ~0.2s  
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(a)  

(c)  (b) 
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1- Non collocated 

2- Transfer Function 
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)S(T ==
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T  exp(-sT)

1+K * exp( -sT) * G(s) =0 

exp(-sT)
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 SІ  

 

T4 0  

T4=0.025  
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T4=0.025s  (b),  T4=0s  (a) ,  J= 4 , s1= 4

 

j= 4 ,S1=5   T5 = 0  

T5=0.04

 

 

T5=0.04 s ,  J= 4 , s1= 5
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T5=0.04 s  (b),  T5=0s  (a) ,  J= 4 , s1= 5 

 T5=0.04 s   ,  J= 4 , s1= 5   
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 T5=0.04 s   ,  J= 4 , s1= 5
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x 0  n  

)()()()()( 0 ttHVtKXtXCtXM x 

 M  C  K   n  X(t)  

 r  V(t)  

ξ H  

  )()()()( tEtBVtAZtZ   Z(0)=Z0

 TtXtXtZ )()()(   











  CMKM

I
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0





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


  HM

B 1

0








  )(

0
)(

0
1 txM

tE


2n Z(t)

y(t) 

    y(t)=C*z(t) 

m cm*2n  

                                                 
 s predictor Compensation Method,Smith-1 
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 U(t)

V(t)

U(t) =-G*y(t)                         

V(t) β

t  

V(t)=U(t-β) =-G*y(t-β) 

 

V(t)=U(t-β)  

β-S
p Be)S(CH)s()s(U/)s(y H ==

1)ASI()S(H +
= -  

β 0  

HL(s)=H(s)*E r(s)  xa(s)  

 xa(s)  
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M(S) = y(S)/r(S) =[I+CH(S)G]-1CH(S)G

 

 

 

     

 

             

 

)(SG  

SeSySGSU  )()()(   

)(SG  

  SS eGSCHeGSCHISM  )(])([)( 1*

SeSMSM  )()(* )(SG  

M(s) y(t)  M*(s)  y(t-β)  

M (s)e-sβ  M*(s) β  xa(s)  

 

   GeISGCHISG S 1}]){([)(  

G )(SG  

β H(s)  

 β H(s)  

 

 H(s)    Gy 

   HL(s) 
xa(s) 

   C 

Z(s) 

y(s) 

r(s) 
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xa(s)  y(s)

 y(s)/ xa(s)  

 

y(s)/xa(s)=[ I+CH(s)G]-1CHL(s)                           

y(s)/ xa(s)

y(s)/xa(s)=[ I+CH(s)G]-1[ I+CH(s)G-CH(s)Ge-sβ]CHL(s)

=β 0  

β

 He-sβ  G    

   HL(s) 
xa(s) 

   C 

Z(s) 

y(s) 

r(s) u(s ( 

 1-e-sβ  CH (s) 

     Smith,s predictor 
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| I+CH(s)G |  0                       

 (t)= AP(t) +{U(t)-U(t-β) U(t)=-Gy(t)-CP(t) 

       

Smith, s  
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 PAD  

PAD   

  

 e-sβ

 e-sβ  

Hβ(s)=M(s) / N(s)=[ m0 +m1s +……+mks
k] / [ n0 +n1s+ …..+ nks

k]  

i=0,1,2,… mi  ni   S  K M(s)  N(s)  

ni=[ k!*(2k-1)!] / [i! *2k!(k-i)!] mi=(-1)ini

PAD  PAD

0.1s  

[num ,den]= pade (0.1 ,3 )

1200006000120

1200006000120
)(

3

23






sss

sss
sH

N(s) ni  

PAD S  

                                                 
 1-Pade approximation method 

 2-SAIN 
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pZ  ( t ) = ap zp( t ) +bpU(t)           yp=U(t-β)  cpzp(t) + dpU(t)  

 PAD ap bp cp  dp  

 U(t)  yp  

 U(t-β)  

 V(t) =U(t-β)

)()()()()( 0 ttEtUBtZAtZ x
   

T
T T

pzZZ





 E B A

U(t-β)  

 0.01s PAD

zp  Z Z  

LQR CSF

)t(Z*G)t(U -= PBRG T1

p   

                                                 
1-Complete State Feedback  
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01   PBRBPQPAAP TT

P  G

[G,P]=LQR( A,B,Q,R)
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 β=0

U(t)=-G*Z(t)                                           

G G

U(t-β)=- G Z(t- β)                                           

Z(t)

0
BG)t-A( ZZ(t)→BG)t-A())t(Z(Ln→)BG-A(

)t(Z

)t(Z

→)t(Z)BG-A()t(BGZ-)t(AZ)t(BV)t(AZ)t(Z

e===

==+=





Z(t-β   t  Z(t)

( t-β(

Z(t)=e(A-BG)β Z(t-β) 

U(t)=-G* Z(t)= -Ge(A-BG)β Z(t-β)

G

G =G*e(A-BG)β

 G

                                                 
  1-Recursive response compensated method  

 2-Agrawal and Yang 
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U  A,B  

X(t) X(0)  

BUAXX +=

RANK[ B,AB,A2B,…..,An-1B]= n 

A B

Pc=[ B,AB,A2B,…,An-1B ]

Pc  n*n  Pc  

Pc=ctrb ( A,B ) 

V(t)=U(t-β)

V(t)=U(t-β)


 

0 )( )()()(


  dSStBUGtGZtU e
SA

G  

G

                                                 
 1-Controllability based stabilzation method 
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V(t)=U(t-β )

 

RANK[ D,AD,A2D,……..,An-1D]=2n D=e-AβB            

Pc=Ctrb ( A,D) det ( pc) ≠ 0

D A  

)()()()( tEtDUtZAtZ 

A  D

V(t)=U(t-β)

V(t)=U(t-β)  )(tZ  

 

∫e
0

β
AS dS)St(DU)t(Z)t(Z ++= -  

)t(Z*G)t(U =
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State – Augmented

 

q βΔ q q β   

Z(t)
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Phase-Shift  

β 0

)t(XM-)t(U)t(XK)t(XC)t(XM 0ssss
 =++

)t(X0
  

)t(Xg-)t(X-g)t(U 21
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xβ    βx g1  g2  

 U(t)  
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g2 g1  Phase- Shift  

2g 1g
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1
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1
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g
*

)βw(Cosw/)βw(Sin

)βw(wSin)βw(Cos

g

g


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Phase- Shift

C=I2n=a (2n*2n) 

                                                 
1-Phase –Shift Compensation Method  
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Γ(n*n) i   wi  ζi  

'
n21 ]η,....η,η[η =  X=Γ*η

i C=I2n X=Γ*η

 

)t(ηg-)t(η-g)t(U i2ii1ii =
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ΓHGMΓ 2
-1T ΓHGMΓ 1

-1T
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1-Mode Shape 
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G

Phase – Shift  
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0.36 ,0.39 ,1.62% 11.53,6.83 , 2.24  

LQR  

Q  

Q( i,j)=K( i, j) for i=1,2,3       , j=1,2,3    

 Q( i,j)= 0                               for i= 4,5,6    ,   j= 4,5,6                                           

 K

R= 4248 ,42480  

5.48,12.33,12.83

%16.34 ,30.26.94  

G β  ) 0  

β G  

βc  β β β c  

  βc-β    β 
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SPC

)s(G

G

  β=0

 G

LQR   β= βc β

β≤0.02s
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PAD  

PAD  

Q Q  CSF  

R= 4248 42480   Q  

CSF

PAD

1885< umax <1963  for R=42480

1871< umax <2124 for R=4248

  PAD  CSF β  
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Recursive Response  

Recursive Response

)β(G c maxβ minβ

β= βc <0.5s  Recursive Response

β>270ms Phase- Shift

 β<18 ms  Phase- Shift

β<224 ms  Recursive response

Recursive response

  Recursive Response  β≥293 ms 

Recursive Response

 β=βc

Phase- Shift β<200 ms Recursive response 

Phase- Shift  Recursive response

Phase- Shift  Recursive response
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Comp.delay 

βc(ms) 

Stable time-delay region (βmin βmax) in msec 

Phase –Shift method Recursive respose method 

(1) 
Low-gain Cintroller 

(2) 
(3) 

0 (0,17.7) (0,17.72) 

100 (78.86,112.79) (81.75,121.06) 

200 (179.61,208.40) (177.7,216.5) 

270 Unstable (267.39,269.22) (250.3,290.8) 

300 Unstable (280.36,321.07) 

500 Unstable (475.69,526.69) 

(4) 
High-gain Cintroller 

(5) 
(6) 

0 (0,12.20) (0,12.20) 

18 (0,18.37) (0,35.80) 

100 Unstable (87.65,116.39) 

200 Unstable (173.85,212.91) 

224 Unstable Unstable(188.03,220.17) 

293 Unstable (292.74,315.88) 

300 Unstable (290.22,326.47) 



 106 

β= βc
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 C.B.S 

 ) X1 X2  X3  β βc

Phase- Shift 2U  U  

2U

β=280 ms  Phase- Shift

LQR C.B.S  

R  Q

Phase- Shift

C.B.S

C.B.S Phase- Shift C.B.S)

                                                 
1- Controllability  Based  Stabilization 
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C.B.S  

Phase-Shift

Comp.delay 

βc=β 

 

(1) 

Phase –Shift Method Control.based Stabilization 

X1 

(%) 

(2) 

X2 

(%) 

(3) 

X3 

(%) 

(4) 

U 

(KN) 

(5) 

2U  

(KN2) 

(6) 

X1 

(%) 

(7) 

X2 

(%) 

(8) 

X3 

(%) 

(9) 

U 

(KN) 

(10) 

2U  

(KN2) 

(11) 

0 61 60 59 1317.7 85.46 61 60 59 1317.7 85.46 

35 57 59 60 1817.5 159.4 57 59 57 1817.3 122.7 

200 50 54 53 1318.6 98.18 48 50 47 1318.3 80.11 

250 35 44 45 2219.6 259.8 46 45 41 1317.3 77.28 

280 Unstable 41 42 39 1816.8 85.79 
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Phase- Shift  

)β(G c Phase- Shift

 i=1,2,3 ixc ββ =

  β =0  βc   β

GBA- βc= 0.035

 )β(G c βc

Phase

  βmax βmin βmax≥ β ≤ βmin

 βc

Phase- Shift

Phase- Shift )β(G c

βmin βc

 )β(G c βmax 

  βc βmax  βmin
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 βmax βmin βc

Phase- Shift

 βc≤250 ms  

 βmax  βmin  β

 βc

 251.5ms βmax  βc=250ms

≤β 270ms Phase- Shift

 βc=0

17.7ms

17.7ms

Phase- Shift

ββc =

β 

  β=270ms β=200ms
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≤β 240ms

≥β 20ms  Phase- Shift

Phase- Shift

 Phase- Shift
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State- augmented  

State- augmented

2n  2n   

LQR  

q State- augmented

q  )s(G

maxmin β,β

βc=35,50,100 ms  q maxmin β,β

State- augmented

q  

q=50  βc=β  G

βc=β

State- augmented
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βc q

State- augmented

State- augmented

 βc =β                  
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  C=1.407 kNS/m  K= 980 kN/m   M=1000 kg
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LQR  

Phase-Shift  

State- Augmented Recursive Response  
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Recursive Response

Phase-Shift

 Phase-Shift  

Phase-Shift

State-Augmented  
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