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CmQL Q=JO \ki xOQ=w |}xRQr l} QLD CLD lwr@ xm |Dr=L |=Q@ C=ar=]t w

"CU= xOW s=Hv= xDiQo Q=Qk |}xQ=wyo
|ki= |}xRQr l} QLD CLD ?rY lwr@ |}xQ=wyo CmQL "2"1"3

xRQr u}tR R= pY=L|ki=|}xRQrl} QLD QF=CLD xm s} Q}o|t Q_v QO =Q|@rY lwr@
|}xQ=wyo CmQL ẁQW |=Q@ 'OW xQ=W= QDV}B xm u=vJ "�1 pmW� CU= xDiQo Q=Qk
sw=kt Qovr u=R}t R= QDW}@ xRQru}tR R= pY=L lQLt Qovr u=R}t CU= sRq lwr@
xOQ=w ?=DW jr]t QOk Q=Okt '2 |xrO=at x@ xHwD =@ xm OW=@ lwr@ uRw R= pY=L
j�xgj � b

hg Q@=Q@ 'OW=@ |ki= \ki l} QLD xm |Dr=L QO u=QwO ẁQW |=Q@ lwr@ Q@
CmQL Q@ sm =L |xrO=at '?2 w hr=2 pmW x@ xHwD =@ CQwYu}= QO [14]"CU=
4 w 3 \@=wQ CQwYx@ xRQr u}tR R= pY=L l} QLD QF= QO ?rY lwr@ |}xQ=wyo

"Ow@ Oy=wN

"lwr@ |UOvy C=YNWt "1 pmW
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|R=
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HQ
}F- =D

"u=QwO p=L QO lwr@ MU=B C=YNWt "4 pmW

"u=tDN=U C=k@] QO `k=w C=R}yHD lwr@ "5 pmW

CmQL CLD xm � |x} w=R |=Q=O lwr@ |=Q@ =Q r Q=Okt u} QDW}@ u=wD|t 6 |x]@=Q R=
Q_v QO =@ =yp}rLD |xty 'xar=]t u}= QO [14w6]"OQw; CUO x@ xDiQo Q=Qk |}xQ=wyo
xOW s=Hv= '�O};|t CUO x@ 6 |xrO=at R= xm � �r� |v=OQoR=@ ?} Q[ xv}W}@ uDiQo

"CU=
|x@DQt p}Uv=Qi}O |xrO=at pL CyH |OOa |Q}op=QoDv= VwQ "3"1"3

swO
|ki=l} QLD QF=Q@?rY lwr@|}xQ=wyoCmQL MU=B xm =Q 5 |xrO=at 'xar=]t u}= QO
�ODE45 QwDUO� 'MATLAB Q=Ri=sQv R= xO=iDU= =@ 'CU= xRQru}tR R= pY=L
pL =Dwm�nv=Q sQ=yJ |x@DQt |OOa |Q}op=QoDv= VwQx@ =Q p}Uv=Qi}O CqO=at xm
|=yl} QLD CLD =Q lwr@ sDU}U |v=QwO MU=B |v=tR |xJN} Q=D w pL 'Ovm|t
lwr@ |v=QwO MU=B |x@U=Lt Q=Owtv 3 pmW QO "s}=xOQw; CUO x@ hrDNt |OwQw
QO |U} wvxt=vQ@ =@ '?}DQDu}O@ "CU= xOW sUQ SIMULINK \}Lt QO '?rY
x@ Q[ QF= uDiQo Q_v QO =@ =Q sDU}U MU=B 'SIMULINK w MATLAB Q=Ri=sQv

"s}=xOQm x@U=Lt u; u} Q} R K]U w lwr@ u}@
CaQU Q=Owtv 'lwr@ |v=QwO CaQU w u=QwO |v=tR |xJN} Q=D Q@ xwqa 4 pmW
hrDNt \}=QW QO R}v =Q lwr@ u=QwO |x} w=R ?ULQ@ u=QwO p=L QO lwr@ |}x} w=R
QO u=QwO R= Oa@ lwr@ |v=QwO MU=B 'OwW|t xOy=Wt xm u=vJ "OyO|t u=Wv u=QwO
QF= Q@ Cr=L u}= "CU= xO}UQ QiY x@ w xOW =Q}t 'xrRrR QF= Q@ l} QLD u=tR |=yDv=
K]U w lwr@ u}@ OQwNQ@ R= TB 'x@ Q[ R= pY=L lwr@ QO |SQv= K]U Vy=m

"ODi=|t j=iD= 'u} Q} R

u=tDN=U C=k@] K]U Q@ `k=w |mwr@ C=R}yHD |}xRQr MU=B "2"3
x@U=Lt u=tDN=U C=k@] QO Q_v OQwt C=R}yHD |m}t=v}O MU=B EL@t u}= QO
x]w@ Qt |xk@] sQH =@ xU}=kt QO C=R}yHD sQH xm =Hv; R= "OW Oy=wN |UQQ@ w
MU=B CU= |i=m lwr@ |}xRQr MU=B uOQw; CUO x@ |=Q@ 'CU= |WwBsWJ p@=k
|}xRQr l} QLD QF= Q@ 'CU= `k=w u; QO C=R}yHD xm =Q x]w@ Qt |xk@] ?=DW
C=R}yHD lwr@ x@ |OwQw l} QLD u=wvax@ w xOQw; CUO x@ xRQr u}tR R= pY=L
CUO x@ MU=B h}] R= u=wD|t |Qo}O VwQ QO xm OwW|t Qw;O=} "OwW p=ta=
u}= QO "OQm xO=iDU= C=R}yHD lwr@ |}xRQr p}rLD |=Q@ 'Q_v OQwt |xk@] |=Q@ xOt;
x@ |OwQw l} QLD �xk@] jr]t ?=DW MU=B |v=tR |xJN} Q=D� pw= Cr=L R= xar=]t
u=tDN=U l} QwmPt u=tDN=U '5 pmW j@=]t "CU= xOW xO=iDU= C=R}yHD lwr@
[1]"CU= 1 pwOH CQwYx@ u; Tv=mQi w |DNU 'sQH C=YNWt w CU= xk@]GvB

QO 'xrRrR QF= CLD lwr@ u=QwO MU=B |v=tR xJN} Q=D x@U=Lt Q=Owtv "3 pmW
"MATLAB w SIMULINK
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[15]"C=k@] hm |R=U=OH QO xO=iDU= OQwt FPS sDU}U "6 pmW

|=ysDU}U |OQmrta pwY= "OyO|t s=Hv= '�xar=]t u}= QO x]w@ Qt |xk@] =}�
[15]"CU= xOW xO=O xaUwD w \U@ 1994 =D 1987 |=yp=U QO 'FPS

|}=v=wD Ow@y@ w C} wkD Qw_vtx@ RwmU} w `}=t Qo =Q}t l} R= 'xOWO=} sDU}U QO
xOW?=NDv= O=a@= 6 pmW QO "CU= xOW xO=iDU= '|SQv= ?PH QO R=U=OH sDU}U
u}= "CU= xO=O u=Wv Q_v OQwt |m}t=v}O C=YNWt x@ p}v |=Q@ =Q R=U=OH |=Q@
q=@ |Q=Wi Ctw=kt =@ |}xO=t R= w 16u=Rer |wo l} w |wQm u=Rer K]U R= x=ox}mD
'xOW xO=O qH K]U =@ uy; S=}r; R= 'QwmPt VRer p@=k K]U "CU= xOW p}mWD

[15]"CU= xOW p}mWD 316 ẁv nvR p@=k Q}e Oqwi
hm Q@ `k=w ?rY lwr@ |}xQ=wyo CmQL MU=B |x@U=Lt "1"2"4

xOW |R=U=OH
xO=iDU= OQwt lwr@ u=QwO MU=B |x@U=Lt |=Q@ 5 |x]@=Q 'OW xDio QDV}B xm u=vJ
w xOW |R=U=OH hm Q@ xOQ=w |=ywQ}v xm 7 pmW x@ xHwD =@ "CiQo Oy=wN Q=Qk
|m}t=v}O CqO=at 'OyO|t u=Wv xrRrR R= |W=v ?=DW QF= CLD =Q u; |wQ lwr@
CQ=@a u; |q=@ C=R}yHD w xOW |R=U=OH hm 'xk@] sDU}U V=aDQ= Q@ sm =L

[15]%R= CU=
m1
�

�Ublock + �Uis + �Uf
�

+ Fblock = 0 (8)

m2
�

�Uis + �Uf
�

+ Fis � Fblock = 0 (9)

?=DW �Ublock 'xOW |R=U=OH hm sQH m2 'Q_v OQwt lwr@ sQH m1 =yv; QO xm
|R=U=OH hm RmQt ?=DW �Uis 'xOW |R=U=OH hm x@ C@Uv ?rY lwr@ pkF RmQt
|ki= |wQ}v Fis w 'xk@] jr]t ?=DW �Uf 'x]w@ Qt |xk@] K]U x@ C@Uv xOW
10 |xrO=at CQwYx@ xm CU= |wQu=Qo Qo =Q}t w FPS sDU}U QO xOt; OwHwx@

[15]"CU=
Fis = W �

R
Uis + �W �sgn( _Uis) + C0 _Uis (10)

l =m]Y=?} Q[ � w 'xO=iDU= OQwt *|wQu=Qo Qo =Q}t QO|}=Q}t?} Q[C0 u; QO xm
Q@=Q@ W � 'OW xQ=W= R}v QDV}B xm u=vJ "CU= xOW |R=U=OH hm w lwr@ u}@
s�=k |xir-wt OwHw CQwYQO xm CU= |R=U=OH K]U |q=@ QO OwHwt s�=k uRw
'9 w 8 \@=wQ x@ xHwD =@ "Ow@ Oy=wN W � = Mg(1 + yg=g) '�yg� l} QLD

[15]%OwW|t xDWwv u}vJ xOW |R=U=OH hm V=aDQ= Q@ sm =L|xrO=at
m2 �Uis � Fis = Fblock �m2 �Uf (11)

m2 �Uis � C0 _Uis � (W
�

R
Uis + �W �sgn( _Uis)) = Fblock �m2 �Uf

(12)

hm w lwr@ u}@ OwHwt |ki= ptar=Tma |wQ}v Fblock '12 w 11 |x]@=Q QO
"OwW|t x�=Q= ?r]t u}= xt=O= QO u; x@U=Lt xwLv xm CU= xOW |R=U=OH

"xar=]t u}= QO xO=iDU= OQwt u=tDN=U Tv=mQi w |DNU 'sQH C=YNWt "1 pwOH

K =

2666666664
1062 �531 0 0 0
�531 852 �321 0 0

0 �321 642 �321 0
0 0 �321 432 �111
0 0 0 �111 111

3777777775� 105(kg=cm2)

M =

2666666664
36 0 0 0 0
0 36 0 0 0
0 0 36 0 0
0 0 0 36 0
0 0 0 0 36

3777777775� 103(kg)

! = 9 41; 21 29; 34 83; 50 41; 65=67 Rad=sec

|ki=l} QLDCLD |mwr@ C=R}yHD |}xQ=wyoCmQL MU=B Qou=}@ xm 5 |xrO=at
|xrO=at x@ 'OW=@ u=tDN=U C=k@] Q@ `k=w xm |t=ovy 'CU= xRQru}tR R= pY=L

%OwW|t p}O@D 7
�� (t) = �p2[Sin (�:sgn (� (t))� � (t))

+ �uf + �xg
g

Cos (�:sgn (� (t))� � (t)) ] (7)

jr]t ?=DW MU=B Q@=Q@ (�uf + �xg) w 'xk@] |@Uv ?=DW MU=B �uf u; QO xm
"CU= `k=w u; QO C=R}yHD xm CU= |}xk@]

|R=U=OH ltmx@ |mwr@ C=R}yHD |}xRQr MU=B pQDvm "4
C=k@] hm

14hm |}xRQr |R=U=OH "1"4
pQDvm Qt= QO '|}xR=U |=ysDU}U |}xRQr pQDvm |=Q@ xOt; ptax@ Q}@=OD Q@ xwqa
lqyDU= w |}xRQr |R=U=OH C=R}yHD R= R}v |}xR=UQ}e |=ysDU}U |}xRQr MU=B
|R=U=OH |xv}tR QO xm |}xOQDUo C=k}kLD R= |m} QO "OwW|t xO=iDU= |SQv=
|r}rLD w |y=oW}=tR; C=ar=]t x@ u}kkLt [15]CU= xDiQo CQwY xk@] |}xRQr
|=yCv}@=m |w=L w xOw@ |}xv=}=Q Rm =Qt xm Ov=xDN=OQB |D=k@] |}xRQr |R=U=OH
xOW |R=U=OH Cq=L w |R=U=OH uwO@ Cr=L QO 'xOWO=} |xar=]t QO "Ov=|mwr@
|@ QHD C=ar=]t |SQv= lqyDU= w |}xRQr R=U=OH C=R}yHD ?}mQD ẁv xU =@
xU}=kt Qo}Om} =@ hrDNt Cq=L QO =yMU=B u=R}t w xDiQo CQwY |r}rLD w

"Ov=xOW

xOWxar=]t hm |}xRQr R=U=OH sDU}U |=RH= |iQat "2"4
`k=w =yv; |wQ Q_v OQwt C=R}yHD xm |}xk@] hm |R=U=OH |=Q@ 'xar=]t u}= QO
'Twk w |wo sDU}U =} 15�FPS� |rwOv=B |m =m]Y= |WRer x=ox}mD R= Ov=xOW
sDU}U OQmrta |rm pwY= "CU= xOW xO=iDU= |}xRQr R=U=OH sDU}U u=wvax@
|tQv O=H}= =@ =Q |R=U=OH Q=mwR=U 'QwmPt x=ox}mD xm CU= CQwY u}= x@ FPS

u}tR K]U w xOW |R=U=OH hm u}@ T=tD Kw]U QO |SQv= ?PH C}r@=k x=Qtyx@
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}xRQr

|oO
vvmW

Q@|
}xRQr

|R=
U=O

HQ
}F- =D

"xrRrR QF= CLD u=QwO p=L QO lwr@ Q@ xOQ=w |=ywQ}v O=R; Q=Owtv "8 pmW

�Ot; CUO x@ swU VN@ QO xm � 5 |x]@=Q j@=]t 'CU= xDiQo Q=Qk �xg Q@=Q@ |ki=
lwr@ x@ xO}UQ jr]t ?=DW xm u}= p}rOx@ xOW|R=U=OH Cr=L QO =Pr "Ow@ Oy=wN
|}xQ=wyo CmQL Q@ sm =L |xrO=at 'CU= � �Uis + �Uf � =@ Q@=Q@ 'x}=B V=aDQ= QF= Q@

%R= Ow@ Oy=wN CQ=@a 'lwr@
�� (t) = �p2[Sin [�:sgn (� (t))� � (t)]

+( �Uis + �Uf )
g

Cos [�:sgn (� (t))� � (t)]] (15)

hm |wQ Q@ ?rY |=ylwr@ MU=B p}rLD R= pY=L G}=Dv "3"4
xOW |R=U=OH

|}=yxvwtv QO xOW |R=U=OH hm Q@ `k=w lwr@ MU=B 'xrY=L \@=wQ x@ xHwD=@
"OwW|t x@U=Lt

b=h = 0 25|O=a@=C@Uv =@|mwr@|v=QwOMU=B 9pmWQO 'q=@\@=wQT=U=Q@
xOW xO=O u=Wv hm |R=U=OH =@ w R=U=OH uwO@ Cr=L QO w sQ=yJ |xk@] QO
wQDvUp= xrRrR OQwmQ R= |v=tR xJN} Q=D |m}t=v}O |=yp}rLD s=Hv= Qw_vt@ "CU=
T=}kt hrDNt Q=Okt wO x@ OQwmQ u}= PGA ?=DW QFm =OL "CU= xOW xO=iDU=
|}xRQr |R=U=OH =@ w |}xRQr R=U=OH uwO@ Cr=L wO QO ?rY lwr@ MU=B "OW
|[Qi u=tDN=U sQ=yJ xk@] QO PGA hrDNt Q=Okt wO =@ xrRrR OQwmQ CLD
QO lwr@ 'G}=Dv u}= T=U= Q@ "CU= xOW x�=Q= 9 pmW QO pY=L G}=Dv w x@U=Lt
xOW uwoS=w CW=ov@=DW wO Qy CLD |Q=PoQ=@ |] |}xRQr |R=U=OH uwO@ Cr=L
b
h = 0 25 |O=a@= C@Uv =@ lwr@ ' |R=U=OH |=Q=O Cr=L QO xm|r=L QO 'CU=
C@Uv QO "CU= xDWoQ@ OwN |Q=O}=B w uwmU Cr=L x@ |}xQ=wyo CmQL R= Oa@
p@k Cr=L x@ C@Uv MU=B u}= =t= xOW uwoS=w lwr@ xJQo = R}v bh = 0 15 |O=a@=

"CU= xOw@ x=Qty |yHwD p@=k |v=tR Q}N=D =@

17C=R}yHD |}xRQr |oOvvmW p}rLD "5
Q_v OQwt sDU}U |@=QN =} CUmW 18|]QW p=tDL= Qou=}@ |}xRQr |oOvvmW
CUmW 'OQmrta T=U=Q@ |}xRQr |L=Q] QO [16w11'8]"CU= xRQru}tR COW |=R=x@
C=twRrt OW=@v QO=k Q_v OQwt sDU}U =} xR=U xm OwW|t xDio |Dr=L x@ |@=QN =}
u=wvax@ xRQru}tR COW xJv=vJ "Ovm <=[Q= =Q Q_v OQwt OQmrtaK]U QO xOWh} QaD
?=DW =} xrRrR OQwmQ QO xv}W}@ ?=DW COW ,qFt� OW=@ Q_v Ot OwHwt Q}eDt =yvD
CQwYx@ CUmW |]QW p=tDL= '�"""w QDlJwm |=y?w=vD QO u; |i}] |xv}W}@

"u;Q@ xOQ=w |=ywQ}v w xOW |R=U=OH hm R= |}=tv "7 pmW

|ki= ?=DW 'u}tR K]U QO `k=w m sQH x@ |mwr@ x@ xJv=vJ '8 pmW j@=]t
[7]%OQm x@U=Lt u}vJ u=wD|t =Q �f � lwr@ Q@ xOQ=w |=ywQ}v x=ov; OwW OQ=w �xg

f = m
h
�xg � sgn(�)mR _�2Sin(�� j�j)�mR��Cos(�� j�j)i

(13)

OwN u} Q} R K]U x@ 'u=QwO p=L QO lwr@ xm CU= |} wQ}v u=R}t f '13 |x]@=Q QO
xOW |R=U=OH hm |wQ Q@ lwr@ xm |Dr=L QO '9 |x]@=Q x@ xHwD =@ "Ovm|t OQ=w
|wQ}v f w OwW|t u=}@ �Uis + �Uf ?r=k QO lwr@ x@ xOQ=w ?=DW OW=@ xDW=O Q=Qk
xm Ow@ Oy=wN �Fblock� xOW |R=U=OH hm Q@ 'u=QwO p=L QO lwr@ hQ] R= OQ=w

"OwW|t x@U=Lt 14 |xrO=at j@]
Fblock = m1[

�
�Uis + �Uf

�
)� sgn(�)R _�2Sin(�� j�j)

�R��Cos(�� j�j] (14)

x@ 'ptar=Tma u=wvax@ lwr@ |wU R= Fblock Q@=Q@ |} wQ}v x_Lr Qy QO 'u}=Q@=v@
?=DW CLD xm |mwr@ |v=QwO MU=B 'Qo}O |wU R= "OwW|t OQ=w u; u} Q} R K]U
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"?rY lwr@ |v=QwO MU=B QO hm |}xRQr |R=U=OH Q}F=D |UQQ@ "9 pmW

xOW G=DvDU= |twtaCr=L QO C=R}yHD |m}t=v}O MU=B Vy=m |=Q@ hm |}xRQr
"CU=

|mwr@ C=R}yHD |=Q@ |@=QN |=yQ=}at w CQ=UN Kw]U "1"5
CUmW |=yCr=L =OD@= CU= sRq '|oOvvmW |=y|vLvt uOQw;CUO x@ |=Q@
%Ow@ s}y=wN xH=wt CUmW |=yCr=L u}= =@ 'C=R}yHD |=Q@ ,qwtat "OwW u}at
xOQ=w CQ=UN� '�xrRrR s=ovyx@ OL R= V}@ u=QwO QF= Q@ |mwr@ C=R}yHD |vwoS=w�

QO "OwW|t xDio �|}xRQr |oOvvmW� u; x@ xm Ow@ Oy=wN xRQru}tR COW R= |a@=D
?rY w |mwr@ |}xR=UQ}e C=R}yHD |Q}PB?}U; w |}xRQr |oOvvmW 'xar=]t u}=
x@U=Lt C=R}yHD |Q}oQ=Qk hrDNt Cq=L |=Q@ |oOvvmW |=y|vLvt ?r=k QO =Q
p}rLD x@ 'C=R}yHD u}= |=Q@ CQ=UN K]U h} QaD R= Oa@ xm CQwYu}O@ "s}=xOQm
Rw=HD =} uO}UQ p=tDL= w s}=xDN=OQB ?rY |=ylwr@ |}xRQr MU=B |wQ |Dq=tDL=
'xRQru}tR COW hrDNt Kw]U |=R=x@ 'xOWh} QaD CQ=UN K]U R= lwr@ MU=B
|R=U=OH |=yVwQ C}r@=k '=yQ=Owtv u}= |xU}=kt =@ TBU "s}=xOQm x@U=Lt =Q
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}xRQr

|oO
vvmW

Q@|
}xRQr

|R=
U=O

HQ
}F- =D4000 O=OaD ẁtHt QO w OW Ovy=wN xU}=kt xOt;CUO x@ PGA Q=Okt =@ '|@=NDv=

"CiQo Oy=wN Q=Qk xO=iDU= OQwt =yp}rLD s=Hv= |=Q@ '�80� 50 = 4000� OQwmQ
|mwr@ C=R}yHD |v=QwO MU=B p}rLD x@ '|OwQw |=yOQwmQ xawtHt u}t-=D =@
7 \@=wQ x@ xHwD =@ lwr@ MU=B "CN=OQB s}y=wN hrDNt O=a@= C@Uv =@ '?rY
x@ 'lwr@ V=aDQ= u}L QO � Q}O=kt |v=tR |xJN} Q=D w OW Oy=wN x@U=Lt 15 w
Q=Okt Rw=HD s=ovyx@ 'xrRrR Qy |=Q@ lwr@ MU=B |x@U=Lt |] "Ot; Ovy=wN CUO
'x]w@ Qt OQwmQ |=Q@ p}rLD Ov}=Qi '�� = � = tg�1 b

h

� R=Ht OL R= lwr@ MU=B
|vwoS=w p=tDL= 'PGA Qy |=R=x@ OQwmQ 80 Qy p}rLD u=}=B QO "OwW|t hkwDt

%O};|t CUO x@ 17 |x]@=Q R= PGA Qy |=Q@
Pfi = Ni (� > �c)

N = 4000 (17)
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