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u=wvax@ 'xrRrR Q@=Q@ QO u=tDN=U pN=O T=UL C=R}yHDC_=iL 'xar=]t u}= QO
=yv; C=Q=UN R= |W=v C=a@D w Ov}@@ CQ=UN xrRrR QO CU= umtt xm |}=[a=
T=U=Q@ xar=]t OQwt C_=iL VwQ "CU= xDiQo Q=Qk |UQQ@ OQwt 'OvW=@ Q}PB=vu=Q@H
C_=iL QO QF-wt |=yVwQ R= |m} u=wvax@ u; R= xtOkt QO xm '?P=m hm VwQ
|SD=QDU= w Q}eDt |m =m]Y= Qo =Q}t R= xO=iDU= =@ w 'OW O=} u=tDN=U pN=O C=R}yHD
MU=B |UQQ@ R= TB w xDiQo Q=Qk pQDvm CLD xm CU= H1 QF-wt p=aixt}v pQDvm
|@ wNx@ =Q C=R}yHD MU=BH1 sD} Qwor= =@ x=Qty Q}eDt Qo =Q}t OwQ|t Q=_Dv= 'sDU}U

"OyO Vy=m

H1 pQDvm |xr�Ut
2 pmW QO xOW xO=O u=Wv |mwr@ Q=Owtv =@ |tDU}U 'H1 |xr�Ut u=}@ |=Q@
|OwQw w '|v=tR C@=F |]N sDU}U l} G OwW|t ZQi "s} Q}o|t Q_v QO =Q
OQmrta Q}eDt z xQNq=@ w xOW |Q}oxR=Ov= Q}eDt y 'pQDvm |OwQw u 'CqqDN=
CQwYx@ 2 pmW QO xOW xO=Ou=Wv sDU}U pQDvm Q=DN=U "OwW xv}tm O}=@ xm CU=

%CU= u=}@ p@=k 1 |x]@=Q"
z

y

#
= G(s)

"
w

u

#
=

"
G11(s) G12(s)
G21(s) G22(s)

#"
w

u

#
(1)

%R= CU= CQ=@a pQDvm uwv=k Cr=L u}= QO
u = k(s)y (2)

V=WDe= w sDU}U|oDiW; 'CqqDN= '`@vt p=vo}U Ovv=ty|HQ=N |=y|OwQw s=tD
pmWDt R}v �z� OQmrta Q}eDt "OwW|t h} QaD �w� pqDN= Q}eDt uwQO =yQoTL
'H1 pQDvm |xr�Ut "CU= =ylQLt |OwQw w |@=}OQ |=]N Q}_v |}=yQ}eDt R=
Q}eDt Q@ w CqqDN= QF= xm Ovm Q=O}=B u=vJ =Q sDU}U xm CU= �k� |QopQDvm uDi=}
z =D w R= xDU@ xkrL sDU}U p}O@D `@=D Qou=}@ T (s) `@=D "OwW xv}tm �z� OQmrta

[11]"CU=
T (s) = G11 +G12k(I �G22k)�1G21 (3)

%O=O u=Wv u}vJ u=wD|t =Q sDU}U l} CmQL |xrO=at '|rm Cr=L QO
M �x(t) + c _x(t) +Kx(t) = Hu(t) + �w(t) (4)

"H1 pQDvm |xr�Ut |rm Q=DN=U "2 pmW
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Q=Qk xar=]t OQwt O}=@ 'OQ=O Q=Qk u; pN=O C=R}yHD xm =Q |}xR=U C=YNWt 'xrRrR
|UQQ@ |=Q@ xOW xDiQo Q_v QO |}xR=U pOt R= xar=]t u}= QO Qw_vtu}O@ [14]"O=O
C=YNWt "CU= xOW xO=iDU= '|rN=OC=R}yHD |R=U=OH QO SCF sDU}U OQmrta
'sQH |=yT} QD=t Q}_v 'CU= xk@]Ciy u=tDN=U l} xm xOW xO=iDU= u=tDN=U
?P=m hm w C=R}yHD pOt C=YNWt u}vJty w x�=Q= 5 pmW QO '|}=Q}t w |DNU

"CU= xOW u=}@ 1 pwOH QO xar=]t OQwt
G} QDQwv '�1995� x@ wm '�1940� wQDvUr= |=yxrRrRCW=ov?=DW xar=]t u}= QO
"Ov=xDiQo Q=Qk |UQQ@ OQwt xR=U x@ xOQ=w |xrRrR u=wvax@ �1978� T@] w �1994�
sDiy w sQ=yJ C=k@] MU=B 'C=R}yHD |}xRQr MU=B QO C=k@] Q}F-=D |UQQ@ |=Q@

"OQ}o|t Q=Qk |UQQ@ OQwt C=R}yHD |=Q@ |OwQw C=W=aDQ= u=wvax@ xR=U

|}xv=}=Q pOt "3
sQ=yJ C=k@] ?=DW CLD xm CU= |O=R; xHQO wO pOt l} pt=W |D=ar=]t pOt
|}xv=}=Q |R=UpOt |=Q@ "CU= xDiQo Q=Qk xrRrR ZQat QO w OQ=O Q=Qk |}xR=U sDiy w
sDU}U Cr=L |xrO=at R= |U} wvxt=vQ@ QO "CU= xOW xO=iDU= Matlab Q=Ri=sQv R=
CLD �?=DW w CaQU 'u=mtQ}}eD pt=W� sDU}U |=y|HwQN w xOW xO=iDU=

"CU= xOt; CUO x@ hrDNt |=yxrRrR

"�SIS� OvtWwy |R=U=OH sDU}U l}D=tW pOt "3 pmW

Rm =Qt |wQ wv}Dv=DUvm w wQ@tq xm �?P=m hm � C=R}yHD� pOt R= xar=]t u}= QO
|O=R; xHQO l} CQwYx@ xm C=R}yHD "CU= xOW xO=iDU= 'Ov=xO=O x�=Q= |}xv=}=Q
?r=]t =@ xm CU= RDQy40 |rY= Tv=mQi |=Q=O OwW|t pOt ?P=m hm |wQ Q@

[2]"OQ=O Ck@=]t C=R}yHD |=Q@ ?rY pOt Q@ |v@t |r@k
QO 'OW xO=O u=Wv 3 pmW QO xmOvtWwy |R=U=OH sDU}U uDiQo Q_v QO =@
|m =m]Y= Qo =Q}t R= xO=iDU= =@ p=aixt}v |SD=QDU= Qorta OwW|t ZQi xar=]t u}=
"OQ}o|t Q=Qk xO=iDU= OQwt C=R}yHD |}xRQr C_=iL |=Q@ H1 sD} Qwor= w Q}eDt
xOWv xDiQo Q_v QO |v=tR Q}N-=D QF= u}vJty w Qorta |wQ}v C}OwOLt Q=m u}= QO

"CU=

p}rLD |=Q@ |[=} Q pOt "2
C=R}yHD Q=DiQ "CU= xOW xDiQo Q_v QO pQDvm KQ] Qw_vtx@ |O=R; xHQO wO pOtl}
CmQL CqO=atV}=tv "CU= xOW ZQi |]N 'wO Qy 'xOW |R=U=OH ?P=mhm w
"CU= xOW xO=O u=Wv 4 pmW QO |}xRQr |R=U=OH sDU}U |=Q@ Cr=L |=[i QO
_X = AX +BU + E�xf (10)

X =
h
x1 x2 _x1 _x2

iT
(11)

'u}tR x@ C@Uv C=R}yHD w ?P=m hm u=mt Q}}eD ?}DQDx@ x2 w x1 x]@=Q u}= QO xm
c2 w c1 'k2 'k1 'm2 'm1 'xk@] ?=DW w Qorta |r=ta= pQDvm |wQ}v �xf w u

"CU= C=R}yHD w ?P=m hm |=Q@ |}=Q}t ?} Q[ w |DNU 'sQH

A =

 
[0] [I]

M�1K �M�1C

!
(12)

B =
h

0 0 1=m1 0
iT

(13)

E =
h

0 0 �1 �1
iT

(14)

M =

 
m1 0
0 m2

!
(15)

K =

 
k1 + k2 �k2
�k2 k2

!
(16)

C =

 
c1 + c2 �c2
�c2 c2

!
(17)

|oDU@ xOQ=w |xrRrR Gwt x@ xm u}= Q@ xwqa u=tDN=U pN=O C=R}yHD Q@ OQ=w |wQ}v
CW=ov?=DW Q@ xwqa =Pr "CU= xDU@=w R}v u; *pN=O |}xR=U C=YNWt x@ 'OQ=O
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|xrRrR� xOWvpQDvm w xOWpQDvm Cr=L QO C=R}yHD ?=DW MU=B |xU}=kt "6 pmW
"�sQ=yJ |xk@] � wQDvUr=

xOWvpQDvm w xOWpQDvm Cr=L QO C=R}yHD u=mt Q}}eD MU=B |xU}=kt "7 pmW
"�sQ=yJ |xk@] � wQDvUr= |xrRrR�

Qo =Q}t sDU}U QF-wt ,qt=m OQmrta |=} wo Qt= u}= xm CU= �60 R= V}@ 'x}v=F 7=D 6
x@ xHwD =@ Vy=m u=R}t u}= "CU= H1 pQDvm sD} Qwor= CLD Q}eDt |m =m]Y=

"CU= OwyWt R}v sDU}U |@Uv CaQU QO 8 pmW
p=mW= T=U=Q@ w sDiy |xk@] QO wQDvUr= |xrRrR CLD xOt; CUO x@ G}=Dv
u=R}t R= |rw xOw@ xv}W}@ CaQU w |}=Hx@=H '?=DW Vy=m Qou=}@ R}v 10 w 9
Q}eDt |m =m]Y= Qo =Q}t sDU}U QF= Vy=m Qou=}@ ?r]t u}= &CU= xOW xDU=m u;

"OQ=O |QDW}@ ?=DW xm CU= QDq=@ |xk@] QO H1 sD} Qwor= CLD
Qo =Q}t R= xO=iDU= =@ 'OwW|t xOy=Wt q=@ QO xOt; CUOx@ G}=Dv R= xm u=vJ
|xrRrR CLD C=R}yHD MU=B |rm Qw]x@H1 p=aixt}v sD} Qwor= w Q}eDt |m =m]Y=
|=yp}rLD R= xO=iDU= =@ "CU= xOW pQDvm sDiy w sQ=yJ |xk@] wO Qy |=Q@ wQDvUr=
=@ C=R}yHD CaQU w u=mt Q}}eD '?=DW MU=B xm OW pY=L xH}Dv u}= xOWs=Hv=
|R=U=OH sDU}U =@ xU}=kt QO 'H1 sD} Qwor= w Q}eDt |m =m]Y= Qo =Q}t R= xO=iDU=
CaQU w |}=Hx@=H Vy=m u=tRsy '?=DW Vy=m ut[ w xOw@ QF-wt ,qt=m |}xRQr

"OQ=O x=Qtyx@ R}v =Q

"xar=]t OQwt ?P=m hm � C=R}yHD pOt C=YNWt "1 pwOH
sDU}U C=YNWt Q}O=kt

?P=m hm

m1 �Kg� 2631 53
k1 �N/m� 25946

c1 �N.sec/m� 330 5
"1 �2

T1 �sec� 2

C=R}yHD

m2 �Kg� 181 5
k2 �N/m� 11458874

c2 �N.sec/m� 1824
"2 �2

T2 �sec� 0 025

G}=Dv |UQQ@
x@ 'OQ=O |oDU@ xrRrR Gwt C=YNWt x@ xm u}= Q@ xwqa C=R}yHD |}xRQr MU=B
OQ=wt u}= QO "CU= xDU@=w R}v Ov=xDiQo Q=Qk u; QO xm |}xR=U |m}t=v}O C=YNWt
u}= QO "Ovm|t pta C=R}yHD x@ |OwQw C=W=aDQ= |xrRvtx@ xR=U |}xRQr MU=B
C=R}yHD� sDU}U MU=B QO H1 sD} Qwor= =@ Q}eDt |m =m]Y= Qo =Q}t QF= VN@
p=aixt}v Qo =Q}t xm ?}DQDu}O@ "OQ}o|t Q=Qk xU}=kt w |UQQ@ OQwt �?P=m hm �
&OQ}o|t xOya x@ =Q |OwQw |SQv= |}=Q}t R= |DtUk w xOW pYDt ?P=m hm x@
pm w Qo =Q}t T} RQDU}y |=yxkrL pmW x@ |oDU@ |OwQw |SQv= ?PH u=R}t xD@r=

"OQ=O sDU}U
?P=m hm |wQ Q@ xm Qo =Q}t uwO@ w |}xRQr R=U=OH =@ C=R}yHD MU=B G}=Dv =OD@=
Q=Qk |UQQ@ OQwt 'sDiy w sQ=yJ C=k@] QO 'x@ wm w wQDvUr= |xrRrR |=Q@ 'OQ=O Q=Qk
xDUv=wD |@ wNx@ x}v=F2 ?w=vD xQwO =@ R=U=OH xm O=O u=Wv xOt; CUOx@ G}=Dv "CiQo
G}=Dv x@ xHwD =@ "OyO Vy=m |}x_Lqt p@=k Q=Oktx@ =Q C=R}yHD ?=DW MU=B CU=
|}xRQr R=U=OH |wQ xm ?P=m hm u=mt Q}}eD MU=B xm OW swrat xOt; CUO x@
|=yR=U=OH OQ@ Q=m C}OwOLt Ea=@ xr�Ut u}= xm CU= x_Lqt p@=k 'xDiQo Q=Qk

"OwW|t |}xRQr

wQDvUr= xrRrR |=Q@ sDU}U MU=B G}=Dv
Qo =Q}t u; Q} R xm ?P=m hm |wQ Q@ C=R}yHD OQmrta xm u; R= TB 'VN@ u}= QO
EL@ x@ 'CiQo Q=Qk |UQQ@ OQwt xOWO=} |=yxrRrR CLD xDiQo Q=Qk Q}eDt |m =m]Y=
|}=yQDt=Q=B |UQQ@ u}= QO "s} R=OQB|t wQDvUr= |xrRrR CLD sDU}U G}=Dv OQwtQO
x@ u; |@Uv CaQU w xk@] x@ u; |@Uv u=mt Q}}eD 'C=R}yHD ?=DW MU=B Ovv=t
Q=Qk xU}=kt OQwt xOW |R=U=OH |=ysDU}U =@ sDiy w sQ=yJ C=k@] QO 'xk@]

"CU= xDiQo
|xrRrR CLD �20 u=R}t x@ xv}W}@ ?=DW MU=B |xvt=O Vy=m Qou=}@ 6 pmW
CU= xDi=} Vy=m |yHwD p@=k wLvx@ sDU}U |}=Hx@=H xm |r=L QO 'CU= wQDvUr=

"�7 pmW�
OwOL |=yu=tR QO QFm =OL |}=Hx@=H u=R}t Vy=m xm CU= u; Qou=}@ 7 pmW
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"�sDiy |xk@]� C=R}yHD |xv}W}@ CaQU MU=B |xU}=kt "13 pmW

xrRrR�xOWv pQDvm w xOW pQDvm Cr=LQO C=R}yHD CaQU MU=B xU}=kt "8 pmW
"�sQ=yJ xk@] �wQDvUr=

|xrRrR� xOWvpQDvm w xOWpQDvm Cr=L QO C=R}yHD ?=DW MU=B |xU}=kt "9 pmW
"�sDiy |xk@] � wQDvUr=

xOWvpQDvm w xOWpQDvm Cr=L QO C=R}yHD u=mt Q}}eD MU=B |xU}=kt "10 pmW
"�sDiy |xk@] � wQDvUr= |xrRrR�

152

www.SID.ir

www.SID.ir


Arc
hive

 of
 S

ID

|L
r=Y

|O
=yw

|v=N
|kD

GQw
D R= xO=iDU= =@ 'Qw_vt u}= |=Q@ "OW QmP u=tDN=U pN=O C=R}yHD C_=iL QO

|UQQ@ sDU}U MU=B H1 p=aixt}v pQDvm |SD=QDU= w Q}eDt |m =m]Y= Qo =Q}t
sQ=yJ C=k@] MU=B'C=R}yHD |}xRQr MU=B QO C=k@] Q}F-=D |UQQ@ Qw_vtx@ "OW
"CiQo Q=Qk |UQQ@ OQwt C=R}yHD |=Q@ |OwQw C=W=aDQ= u=wvax@ xR=U sDiy w
MU=B |yHwD p@=k u=R}t x@ |}xRQr |R=U=OH xm O=O u=Wv xOt; CUOx@ G}=Dv
CaQU w u=mt Q}}eD MU=B V}=Ri= ?@U =t= xO=O Vy=m =Q C=R}yHD ?=DW

"OwW|t
Qo =Q}t R= xO=iDU= =@ p=aixt}v pQDvm "1 %xm O=O u=Wv =y|UQQ@ u}= u}vJty
OWN@ Ow@y@ =Q |}xRQr R=U=OH sDU}U MU=B CU= xDUv=wD |@ wNx@ Q}eDt |m =m]Y=
OQmrta "2 "OyO Vy=m R}v =Q ?=DW 'R=U=OH |@v=H u=mt Q}}eD Vy=m ut[ w
|=yxrRrR |=Q@ ?=DW Vy=m QO H1 sD} Qwor= =@ Q}eDt |m =m]Y= Qo =Q}t sDU}U
"CU= QDy@ 'OvQ=O |QDsm ?=DW K]U x@ wm |xrRrR =@ xU}=kt QO xm G} QDQwv w wQDvUr=
|t=tD CLD CaQU w u=mtQ}}eD MU=B Vy=m QO Q_v OQwt sDU}U OQmrta "3

"CU= QF-wt =yxrRrR
xm OW XNWt Q=_Dv= j@=]t 'xOW s=Hv= |=y|UQQ@ x@ xHwD =@ C}=yv QO
CqqDN= QF= uDiQo Q_vQO =@ wH1 pQDvm sD} Qwor= =@ x=Qty Q}eDt |m =m]Y= Qo =Q}t
Vy=m |@ wNx@ xk@] wO Qy |=Q@ =Q C=R}yHDCaQU w u=mtQ}}eD '?=DW MU=B |vwQ}@

"OQ=O |QF-wt OQmrta w xO=O

OQmrta wQDvUr= |xrRrR |=Q@ xm CU= u}= sDU}U OQmrta OQwtQO |rm |xDmv
|@v=H |}=Hx@=H ,=YwYNt w xv}W}@ ?=DW Vy=m QO Q}eDt |m =m]Y= Qo =Q}t
u; ?=DW K]U xm x@ wm |xrRrR |=Q@ xm |r=L QO "CU= QF-wt Q=}U@ CaQU w
H1 sD} Qwor= =@ Q}eDt |m =m]Y= Qo =Q}t OQmrta CU= wQDvUr= |xrRrR R= V}@
=t= 'OQ=Ov |}xRQr |R=U=OH sDU}U =@ |v=OvJ Cw=iD 'xv}W}@ ?=DW Vy=m QO
R= CU= syt Q=}U@ C=R}yHD |=Q@ xm CaQU w |@v=H |}=Hx@=H Vy=m QO
'?=DW MU=B |xU}=kt x@ 'QDj}kO pQDvm Qw_vtx@ "CU= Q=OQwNQ@ |}q=@ |};Q=m
|=Q@ |}xRQr |R=U=OH w Q}eDt Qo =Q}t R= xO=iDU= =@ sDU}U CaQU w u=mt Q}}eD
=D 11 |=ypmW� s}=xDN=OQB xOW xQ=W= |xrRrR Q=yJQy CLD w sDiy |xk@]

"�13

|Q}oxH}Dv
u=wvax@ xrRrR Q@=Q@ QO u=tDN=U pN=O T=UL C=R}yHD C_=iL 'xar=]t u}= QO
C=Q=UN R= |W=v C=a@D w Ov}@@ CQ=UN xrRrR QO CU= umtt xm |}=[a=
xar=]t OQwt C_=iL VwQ "CiQo Q=Qk |UQQ@ OQwt 'OvW=@ Q}PB=vu=Q@H =yv;
QF-wt |=yVwQ R= |m} u=wvax@ xtOkt QO xm CU= ?P=m hm VwQ T=U=Q@

CWwv=B
1. Northridge
2. Izmit
3. raised 
oor
4. friction pandulum system (FPS)
5. Robust

`@=vt
1. Johnson, G.S., Equipment and Systems. Earthquake En-

gineering Handbook, Chapter 20, Chen W.F., Scawthorn
C. (eds.), CRC Press, pp. 1-29 (2003).

2. Lambrou, V. and Constantinou, M.C. \Study of seismic
isolation systems for computer 
oors", Technical Report,
(NCEER-94-0020), pp.112-121 (July 1994).

3. Christenson, R.E., Semi-active control of civil structures
for natural hazard mitigation: Analytical and experimen-
tal studies, M.Sc. thesis, University of Notre Dam, Indi-
ana (2001).

4. NG, C.L. and XU, Y.L. \Semiactive control of a build-
ing complex with variable friction dampers", Engineer-
ing Structure, 40, pp. 1-17 (2006).

5. Kannan, S.; Uras, H.M. and Aktan, H.M. \Active con-
trol of building seismic response by energy dissipation",
Earthquake Engineering and Structural Dynamics, 24,
pp. 747-759 (1995).

6. Hirai, J.; Naruse, M. and Abiru, H. \Structural control
with variable friction damper for seismic response", Pro-
ceedings of 11th World Conference on Earthquake Engi-
neering, Acapulco, Mexico, pp. 886-893 (1996).

7. Garrett, G.T. and Chen, G.D. \Experimental character-
ization of piezoelectric friction dampers" Proceedings of
SPIE Symposium on Smart Structures and Materials:
Smart Systems for Bridges,Structures, and Highways,
Bellingham, Wash., 4330, pp. 405-414 (2001).

8. Narasimhan, S. and Nagarajaiah, S. \Smart base iso-
lated buildings with variable friction systems: H1 con-
troller and SAIVF device", Earthquake Engineering and
Structural Dynamics, 35, pp. 921-942 (2006).

9. Lu, L.Y. \Predictive control of smart isolation system
for precision equipment subjected to near-fault earth-
quakes", Engineering Structures, pp. 1-20 (2007).

153

www.SID.ir

www.SID.ir


Arc
hive

 of
 S

ID

"""|
=Q@|

m=m
]Y

= |
=yxO

vvmp
QDvm

Q=DiQ
|U

QQ@

10. Liu, M. \Robust H1 control for uncertain delayed non-
linear systems based on standard neural network mod-
els", Neurocomputing, 71, pp. 3469-3492 (2008).

11. Yang, J.N.; Lin, S. and Jabbari, F. \H1-based control
for civil engineering structures", Structural Control and
Health Monitoring, 11, pp. 223-237 (2004).

12. Almazan, J.L.; De La Llera, J.C. and Inaudi, J.A. \Mod-
eling aspect of structural isolated with the frictional pen-

dulum system", Earthquake Engineering Structures, 27,
pp. 845-867 (1998).

13. Kulkarni, J.A. and Jangid, R.S. \Rigid body response of
base-isolated structures," Journal of Structural Control,
9, pp. 171-188 (2001).

14. Hamidi, M. and El Naggar, M.H. \On the performance
of SCF in seismic isolation of interior equipment of build-
ing", Earthquake Engineering and Structural Dynamics,
36, pp. 1581-1604 (2007).

154
www.SID.ir

www.SID.ir

