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w |UOvy pwY= |=v@tQ@ u}vJty "Ot=Hv=|t u; |Q}PB Qwv=t Ow@y@ x@ xm OwW|t x�=Q=
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'j} Q]u}O@ "Ovm|t wQOwN sHvB MQJ Q}Ut ?}kaD x@ Q=O=w =Q Qr} QD |=yDv= 'jwi ?wr]t

xDiQo R}v Qr} QD xt}v |xOWvpQDvm u=QwO |wrH '|rYit |wQOwN |Q}PB Qwv=t V}=Ri= ut[
w |@v=H CaQU '|rw] CaQU R= Ov=CQ=@a xOWO=} `HQt pOt |=y|OwQw "OwW|t

s}_vD |=Q@ "CU= �?wr]t pYit |x} w=R� u; |HwQN w 'xOvWm OL=w |WNQJ CaQU
xOW |L=Q] |R=i j]vt Q@ |vD@t |rQDvm sDU}U l} 'u}ovU |wQOwN pYit |x} w=R
|=Q@ "Ovm|t pQDvm =Q wQOwN Q=DiQ 'Qr} QD |=yMQJ |=}=wR s}_vD =@ xOvvmpQDvm u}= "CU=

u=tQi |x} w=R Q}}eD =@ xm O@=}|t xaUwD xOvvmpQDvm l} R}v xOvWm |WNQJ CaQU s}_vD
Qwv=t u}OvJ pt=W �� |R=Ux}@W G}=Dv "Ovm|t s}_vD =Q |DmQL Q}eDt u}= 'xOvWm |wrH

|Q=O}=B w |Q}PB Qwv=t Ow@y@ QO |O=yvW}B VwQ |x_Lqt p@=k Q}F-=D O} -wt �� hrDNt
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=Q |rYit |wQOwN |Q}PB Qwv=t xm CU= |tyt |=yQ=}at R= |m} �Q}Ut R= GwQN�
R= "Ovt=v|t �Q}UtR= GwQN� =Q xOvWm R= Qr} QD Q}Ut h=QLv= '`k=w QO "Ovm|t Q} wYD
Ov=xDW=O RmQtD Q}Ut R= GwQN hPL Q@ |Q}PB Qwv=t Ow@y@ =@ \@DQt C=k}kLD 'wQu}=

"OvQ}o|t Q=Qk |UQQ@ OQwt xt=O= QO w
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Q=OQ@ u}@ |x} w=R u=wvax@ 'wQOwN R= x]kv Qy QO TQwm |x} w=R [8]"OvO=O O=yvW}B
u}= QO [9]"OwW|t h} QaD 4|v=yH C=YDNt sDU}U |rw] QwLt w x]kv u; CaQU
xm OwW|t xO=O u=tQi u=vJ Qr} QDxt}v |=ypUm = x@ 'Q}Ut R= GwQN hPL |=Q@ VwQ
|R=UxO=}B =@ "Ovm ?}kaD =Q wQOwN |=OD@= TQwm |x} w=R 'Qr} QD |=yDv= TQwm |x} w=R
u=ty QO =t= "OwW|t wQOwN |=OD@= Q}Ut ?}kaD x@ Qw@Ht Qr} QD |=yDv= 'xO}= u}=
"CU}v s}taD p@=k q=@ CaQU =@ |=yQwv=t |=Q@ VwQ u}= xm CU= xOW xQ=W= j}kLD
Q}Ut p;xO}= ?}kaD x@ |@=}CUO |=Q@ p=ai u=tQi |xOvvmpQDvm l} '2005 p=U QO

xm |Qw]x@ 'CU= |O=YDk= |} wHxiQY '|rYit |=ywQOwN |Q}oQ=mx@ |rY= p}rO
CW=O xHwD O}=@ p=L u}a QO "OwW|t =Hx@=H |QDW}@ |q=m 'QDsm |xv} Ry hQY =@
u}=CmQL w xOW sm =yv; |Q}PB Qwv=t '|rYit |=ywQOwN x :HwD p@=k |Ovr@Crax@ xm
[1]"OwW|t s=Hv= |DNUx@ lJwm |=yu=@=}N w l} Q=@ |=yxO=H QO =ywQOwN ẁv
|DmQL |Q=O}=B 'QDOvr@ pkF RmQt w QDxO}J}B |m}t=v}O Q=DN=U ?@Ux@ 'Qo}O hQ] R=
'Q}N= |=yp=U QO "CU= QDsm |Q=wU |=ywQOwN x@ C@Uv |rYit |=ywQOwN
|rYit |=ywQOwN |Q=O}=B w |Q}PB Qwv=t Ow@y@ |=DU=Q QO |OvtWRQ= C=k}kLD
Q_v Ot |Q}PB Qwv=t Ow@y@ |xr�Ut xS} w Qw]x@ j}kLD u}= QO [7�2]"CU= xOW s=Hv=
V}B =t= "CU= xDiQo Q=Qk |UQQ@ OQwt =DU=Q u}= QO xOW s=Hv= C=k}kLD =Pr w xOw@

"OwW |iQat �1Q}Ut R= GwQN� |OQmrta Q=}at CU= sRq 'C=k}kLD QwQt R=
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wQ|
x�=Q=xOvWm |WNQJ CaQU '(Vyt; Vxt) xOvWm |@v=H w |rw] CaQU %R= Ov=CQ=@a

=yMQJ |}x} w=R |=yCaQU w (
) Qr} QD w xOvWm u}@=t pYit |x} w=R '(rt)
CqO=at |x�=Q= |=Q@ C=YDNt x=oDUO xU '1 pmW j@=]t "(!i; i = 1:::10)

'p=}UQv}= C=YDNt x=oDUO XnYn "CU= xOW xDiQo Q=mx@ sDU}U |m}t=v}O
wO xm CU= Qr} QD C=YDNt x=oDUO XsYs w 'xOvWm C=YDNt x=oDUO XtYt
x=oDUO "Ov=xOW C@=F Qr} QD w xOvWm OL=w sQH RmQt QO ?}DQDx@ 'Q}N= x=oDUO
rs w rt |}x} w=R CaQU =@ ?}DQDx@ XsYs C=YDNt x=oDUO w XtYt C=YDNt
�"CU= Qr} QDxt}v |WNQJ CaQU rs w xOvWm |WNQJ CaQU rt� "Ovvm|t u=QwO

"OW Oy=wN u=}@ 1 |x]@=Q =@ pYit |x} w=R CaQU u}=Q@=v@
_
 = rs � rt (1)

Q_v Ot wQOwN |}xLiY CmQL xm u}= x@ xHwD =@ w uDw}v swO uwv=k |=v@tQ@ u}vJty
Qr} QD OL=w |=Q@ CmQL |xrO=at xU w xOvWm OL=w |=Q@ CmQL |xrO=at xU 'CU=
|xrO=at Q=yJ 'sHvB MQJ QO xOQ=w |O}k |=ywQ}v hPL =@ TBU "OwW|t xDWwv
|wQOwN |}xLiY CmQL =yu; R= xO=iDU= =@ xm O};|t CUO x@ |rY= CmQL

%R= Ov=CQ=@a CmQL |xrO=at 4 u}= "OwW|t |R=Ux}@W |rYit
(mt +ms)( _Vxt � rtVyt) +ms

h
Lwtr2

t + Lfsr2
s cos 


+Lfs _rs sin 
] = Fxtt + Fxts (2)

(mt +ms)( _Vyt + rtVxt) +ms

h
Lfsr2

s sin 
 � Lwt _rt

�Lfs _rs cos 
] = Fytt + Fyts (3)

Izt _rt +mt( _Vyt + rtVxt)Lwt = Mzt + FyttLwt (4)

Izs _rs �mt( _Vxt � rtVyt)Lfs sin 
 +mt( _Vyt + rtVxt)Lfs cos 


= Mzs � Fxtt sin 
Lfs + Fytt cos 
Lfs (5)

%=yu; QO xm

Fytt =
4X
i=1

Fyi Fxtt =
4X
i=1

Fxi (6)

Fxts = (
10X
i=5

Fxi) cos 
 � (
10X
i=5

Fyi) sin 
 (7)

Fyts = (
10X
i=5

Fxi) sin 
 + (
10X
i=5

Fyi) cos 
 (8)

Fyi = Fti sin �i + Fsi cos �i Fxi = Fti cos �i � Fsi sin �i (9)

Mzt = (Fx2 + Fx4 � Fx1 � Fx3)
TWt

2 + (Fy1 + Fy2)Lft

�(Fy3 + Fy4)Lrt (10)

Mzs = (Fx6 + Fx8 + Fx10 � Fx5 � Fx7 � Fx9)
TWs

2
�(Fy5 + Fy6)(Lrs � Lts)� (Fy7 + Fy8)Lrs

�(Fy9 + Fy10)(Lrs + Lts) (11)

Q}=D pOt R= =yQ}=D QO (Fsi) |@v=H |=ywQ}v w (Fti) |Wv=Q |=ywQ}v O=H}= Qw_vtx@
p=tQv |wQ}v '|@v=H VRer |x} w=R 'VRer C@Uv [16]"CU= xOW xO=iDU= 6ho =O
"OvyO|t p}mWD =Qjwi pOt |=y|OwQw xO=H K]U l =m]Y= ?} Q[ w =yMQJ

|WwQ QO '|O=yvW}B p=ai u=tQi |xOvvmpQDvm [10]"OW O=yvW}B hrDNt \}=QW QO
sHvB MQJ Q}Ut Q@ Qr} QD ?ka |xOW xOwt}B Q}Ut 'wUDwv |xOvvmpQDvm =@ x@=Wt
V}=tR; |y=oW}=tR; |wQOwN l} |wQ xOvvmpQDvm 'u}=Q@ xwqa "OwW|t j@]vt
OQmrta |@Uv Ow@y@ x@ QO=k xOvvmpQDvm xm xO=O u=Wv xrY=L G}=Dv "CU= xOW
�|R=Ht |xOvv=Q� VwQ R}v 2008 p=U QO "CU= sm CaQU QO wQOwN C}=Oy
=yv; |O=yvW}B |xOvvmpQDvm `k=w QO [11]"OW O=yvW}B Q}Ut R= GwQN hPL |=Q@
x@ uO=O u=tQi =@ w xOW QkDUt Qr} QDxt}v |=yDv= QO xm CU= |R=Ht |xOvv=Q l}

"Ovm|t xOvWm Q}Ut ?}kaD x@ Q=O=w =Q Qr} QD |=yDv= 'Qr} QDxt}v |=yMQJ
|=Q@ `HQt pYit |x} w=R |@=}OQ 'wQOwN |rQDvm sDU}U |L=Q] Q_vx]kv R=
w QDxO=U xOWQmP |=yVwQ s=tD x@ C@Uv 'Q}Ut p;xO}= ?}kaD x@ |@=}CUO
'OwW|t |Q}oxR=Ov= |oO=Ux@ pYit |x} w=R xm =QJ &OUQ|t Q_v x@ QD|OQ@ Q=m
"CU}v umtt |oO=Ux@ |@=}OQ |=]N =} TQwm |x} w=R |Q}oxR=Ov= xm |r=LQO
xOWv s=Hv= pYit |x} w=R pQDvm |xv}tR QO |Ot;Q=m w pYit C=k}kLD 'xv=iU-=Dt
pw= x@DQt p=kDv= `@=D l} =@ =Q ?wr]t pYit |x} w=R u}kkLt 1998 p=U QO "CU=
Z} waD Qwv=t l} QO Qr} QD xm xOW u}}aD |Qw] `@=D u}= ?}=Q[ [12]"OvOR ?} QkD
`HQt Q=Okt R= xO=iDU= xmCU= K[=w "Ovm?}kaD =Q xOvWm Q}Ut 'q=@CaQU =@\N
"CU= umtt Q}e 'nQR@ pYit |=}=wR w sm CaQU =@ |vRQwO s=ovy QO |O=yvW}B
T=U=Q@ |rQDvm sDU}U l} 'Qr} QD CmQL |Q}PB Qwv=t Ow@y@ |=Q@ R}v 2006 p=U QO
|=yDv= '`HQt pYit |x} w=R ?}kaD =@ sDU}U u}= [13]"OW x�=Q= l@O}i |R=U|]N
|=v@tQ@ 'jwi `HQt pYit |x} w=R "OR=U|t sHvB MQJ Q}Ut ?}kaD x@ Q=O=w =Q Qr} QD
OwHw =@ "CU= xOWh} QaD sHvB MQJ |[QaCaQU w Qr} QD OL=w |WNQJCaQU
x�=Q= `HQt pYit |x} w=R |Ov@pwtQi w u}}aD sD} Qwor= =@ \=@DQ= QO |L}[wD 'u}=
|rYit |wQOwN CmQL ZQi =@ pYit |x} w=R `HQt Q=Okt '2008 p=U QO "OWv
Q=Okt u}= xm CU= K[=w [14]"OW x@U=Lt C@=F `=aW =@ |}xQ}=O Q}Ut l} QO
u}= R= 2010 p=U QO "CU}v ?U=vt =QPo Cr=L |=yQwv=t QO |Q}oQ=mx@ |=Q@ `HQt
[15]"OW xO=iDU= '5uOQm |J}k R= Q}oW}B |k}@]D pQDvm |L=Q] |=Q@ `HQt Q=Okt
|Q}PB Qwv=t Ow@y@ R}v xr=kt u}= QO 'pYit |x} w=R |Q}oxR=Ov= |oO=U x@ xHwD =@
j@=]t xD@r= "CU= Q_v OQwt pYit |x} w=R s}_vD |x]U=wx@ |rYit |wQOwN
u}}aD |=Q@ |@U=vt VwQ uwvm =D 'OW x_Lqt Cq=kt QwQt CtUk QO xm xJv;
|Q}oQ=mx@ =@ xr=kt u}= QO wQ u}= R= "CU= xOWv x�=Q= pYit |x} w=R ?wr]t Q=Okt
|=Q@ |@ wr]t Q=Okt '|m}D=tv}U � |UOvy p}rLD Q@ |vD@t l}D=tDU}U VwQ l}
`=wv= w O=} R w sm |=yCaQU QO u; ?}kaD xm OwW|t O=yvW}B pYit |x} w=R
l} =OD@= 'xr=kt u}= |xt=O= QO "OW=@ xDW=O |B QO =Q Q}Ut R= GwQN hPL '=yQwv=t
pOt TBU "OwW|t x�=Q= |rYit u}ovU |wQOwN R= |]NQ}e |}xLiY pOt
s}_vD |=Q@ |R=i |xOvvmpQDvm l} xt=O= QO "OwW|t u=}@ pYit |x} w=R `HQt
u}vJty "OwW|t |L=Q] Qr} QD |=yMQJ u=tQi |=}=wR Q}}eD j} Q] R= pYit |x} w=R
w "Ci=} Oy=wN xaUwD xOvWm |WNQJ CaQU s}_vD |=Q@ Qo}O |xOvvmpQDvm l}
VwQ R= xO=iDU= |=}=Rt CLY '|}xv=}=Q |=y|R=Ux}@W R= xO=iDU= =@ 'C}=yv QO

"OwW|t O}}-=D sHvB MQJ Q}Ut |@=}OQ Ow@y@ QO xr=kt u}= |O=yvW}B

wQOwN pOt "2
xm CU= |rYit |wQOwN R= |O=R; xHQO 14 pOt l} 'Q_v OQwt wQOwN pOt
pOt u}= x@ jraDt |O=R; C=HQO "Ovm|t |R=Ux}@W =Q wQOwN u}= |�wU l}t=v}O
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|O

=R;s
=QyW

'|t
_=m

=[Q %OwW|t x@U=Lt u}vJ Qr} QDxt}v OL=w R= MQJ
u5;7;9 = Vxs � rs Tws2 ; u6;8;10 = Vxs + rs

Tws
2 ;

v5;6 = Vys � rs(Lrs � Lts); v7;8 = Vys � rsLrs;
v9;10 = Vys � rs(Lrs + Lts) (15)

%R= CU= CQ=@a R}v MQJ Qy |@v=H VRer |x} w=R
�i = �i � tan�1

�
vi
ui

�
(16)

%R= CU= CQ=@a MQJ |rw] O=ODt= QO MQJ RmQt CaQU
uwi = ui cos �i + vi sin �i (17)

%OwW|t OQw;Q@ u}vJ MQJ Qy |rw] VRer C@Uv 'u}=Q@=v@
si = uwi �R!i

max(ui; R!i)
with i = 1 : 10 (18)

Q}=D |@v=H w |Wv=Q |=ywQ}v C}=yv QO "CU= MQJ |v=QwO CaQU !i u; QO xm
%OwW|t x�=Q= hwo =O pOt \UwD

� =
�Fzi

�
1� "ruips2

i + tan2 �i
�

(1� si)
2pC2

i s2
i + C2

� tan2 �i
(19)

f(�) =

8<:�(2� �) if � < 1
1 if � > 1

(20)

Fsi = C� tan�i
1� si f(�) (21)

Fti = Cssi
1� si f(�) (22)

Q=Ri=sQv QO |rYit |wQOwN CmQL |R=Ux}@W |=Q@ |Q=Ri=sQv Om l} 'T=U= u}= Q@
"CU= xOW x}@aD ?rDt

Q}=D pOt "3
=@ Q}=D T=tD pLt QO '|rYit |wQOwN Q@ xOW p=ta= |@v=H w |Wv=Q |=ywQ}v
Ov};|t OwHw x@ |Q}oRtQD =} |Q}o?=DW QF= Q@ |Wv=Q |=ywQ}v "Ov};|t OwHw x@ u}tR
wQOwN VNQJ u}L QO 'CU= sRq wQOwN CyH s}_vD |=Q@ xm |@v=H |=ywQ}v w
VRer C@Uv '|@v=H VRer |x} w=R %R= Ov=CQ=@a pOt |=y|OwQw "OvwW|t O=H}=
RmQt QO |[Qa w |rw] |=yCaQU 1 pmW j@=]t "Q}=D p=tQv |wQ}v w MQJ |rw]

%R= Ov=CQ=@a xOvWm OL=w R= MQJ Qy

u1;3 = Vxt � rt Twt2 ; u2;4 = Vxt + rt
Twt
2

v3;4 = Vyt � rtLrt; v1;2 = Vyt + rtLft; (12)

|=yCaQU |x@U=Lt |=Q@XsYs C=YDNt QO Qr} QDxt}v sQH RmQt CaQU h} QaD
%R= Ov=CQ=@a =yCaQU u}= "CU= |QwQ[ Qr} QD |=yMQJ |[Qa w |rw]

Vxs = Vxt cos 
 + Vyt sin 
 � Lwtrt sin 
 (13)

Vys = �Vxt sin 
 + Vyt cos 
 � Lwtrt cos 
 � Lfsrs (14)

Qr} QDxt}v sQH RmQt x@ \w@ Qt |[Qa w |rw] |=yCaQU ?}DQDx@ Vys w Vxs xm
RmQt Qy QO |[Qa w |rw] |=yCaQU '?}DQD u}= x@ "CU= Ys w Xs C=yH QO

"|rYit |wQOwN |O=R; xHQO 14 pOt "1 pmW
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Qwv=t
Ow@y
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=Q@O

}OH
|W

wQ|
x�=Q=

"T + Td w T |x_Lr QO |rYit |wQOwN l}D=tW "2 pmW

"?wr]t pYit |x} w=R h} QaD |=Q@ xOW xDiQoQ=mx@ |xO}= V}=tv "3 pmW

%OwW|t u}}aD
xf (T ) = �[�x(T ) + Lct] cos[� (T )]��y(T ) sin[� (T )]

(28)

yf (T ) = �[�x(T ) + Lct] cos[� (T )]��y(T ) sin[� (T )]

(29)

\w@ Qt |WNQJ w |@v=H '|rw] C=Q}}eD � (T ) w �y(T ) '�x(T ) u; QO xm
VwQ |Q}o}B =@ "CU= �T |v=tR |xrY=i QO w T |x_Lr QO xOvWm pkF RmQt x@
xT+2�T
t yT+2�T

t C=YDNt x=oDUO QO u=wD|t =Q yf (T ) w xf (T ) 'xOWO=}
"OQw; CUO x@

xf (T ) = �[�x(T ) + Lct] cos[� (T ) + � (T + �T )]

��x(T + �T ) cos[� (T + �T )]

��y(T ) sin[� (T ) + � (T + �T )]

��y(T + �T ) sin[� (T + �T )] (30)

?wr]t pYit |x} w=R G=QNDU= "4
`HQt Q=Okt |@=}OQ xm O};|t CUO x@ u=vJ ?wr]t pYit |x} w=R 'VN@ u}= QO
"Ovm |@=}OQ =yCaQU s=tD QO =Q sHvB MQJ Q}Ut 'Qr} QD |=yDv= OwW ?@U jwi
|rQDvm |=ysDU}U |=Q@ `HQt pOt u=wvax@ u=wD|t =Q Q_v OQwt Q=Okt 'u}=Q@=v@
w T |x_Lr QO |rYit |wQOwN l} VwQ u}= |xaUwD Qw_vtx@ "OQm h} QaD
OQwt u=tR COt Td |v=tR |xrY=i "CU= xOW xO=O u=Wv 2 pmW QO T + Td
"CU= sHvB MQJ w Qr} QDxt}v |=yDv= u}@ xrY=i uOwt}B |=Q@ |rYit |wQOwN R=}v
f(T +Td) w f(T ) =@?}DQDx@ T +Td u=tR QO w T u=tR QO sHvB MQJC}akwt
|x_Lr QO w T u=tR QO Qr} QDxt}v |=yDv= C}akwt u}vJty "CU= xOW xO=O u=Wv

"CU= xOW xO=O u=Wv S(T + Td) w S(T ) =@ ?}DQDx@ T + Td
h=QLv= uOQ@ u}@ R= |DQ=@ax@ w Q}Ut R= GwQN hPL 'xr=kt u}= |rY= hOy
|@=}OQ =@ '2 pmW T=U=Q@ "CU= S(T + Td) w f(T ) \=kv u}@ 'C}akwt
|xt=O= QO "Ci=} CUO hOy u}= x@ u=wD|t �d(T + Td) `HQt pYit |x} w=R
T=U=Q@ "O@=}|t xaUwD �d(T + Td) |x�=Q= |=Q@ |Q=mD@= VwQ l} 'VN@ u}=

%OQm h} QaD �d(T + Td) |=Q@ u=wD|t =Q 23 |x]@=Q 2 pmW

�d(T + Td) = tan�1 �yf
�xf

(23)

|xrY=i QO sHvB MQJ |[Qa w |rw] |}=Hx@=H ?}DQDx@ �yf w �xf u; QO xm
C=YDNt x=oDUO QO �yf w �xf |x@U=Lt 'syt |xDmv "CU= Td |v=tR
xm CW=O xHwD O}=@ xD@r= "CU= T + Td |x_Lr QO (xtyt) xOvWm x@ pYDt
x@U=Lt T +Td |x_Lr QO xOvWm x@ pYDt C=YDNt x=oDUO QO �yf w �xf
x=oDUO CmQL Crax@ "�xT+jTd

t yT+jTd
t C=YDNt x=oDUO QO |va}� OwW|t

'Q=m u}= s=Hv= |=Q@ "CU}v CU=QQU �yf w �xf |x@U=Lt (xtyt) C=YDNt
'OwW|t s}UkD j O=OaD x@ w �T pw]x@ |w=Ut pY=wi x@ Td |v=tR |xrY=i

"OwW|t x@U=Lt j = Td=�T CQwYx@ j xm |Qw]x@
xDiQoQ=mx@ |xO}= 3 pmW QO "OW=@ lJwm |i=m |xR=Ov=x@ O}=@ �T |v=tR xR=@
x=wNrO |x_Lr QO xm O}W=@ xDW=O xHwD� "CU= xOW Q} wYD Q=DWwv u}= QO xOW
V}=tv xT+k�T

t yT+k�T
t =@ xOvWm OL=w |wQ xOWC@=F C=YDNt 'T +k�T

�"CU= xOW xO=O
%OvwW|t h} QaD u}vJ �yf w �xf '2 pmW T=U= Q@

�xf = xf (T + Td)� xf (T ) (24)

�yf = yf (T + Td)� yf (T ) (25)

h} QaD xT+Td
t yT+Td

t x=oDUO QO |oO=Ux@ yf (T + Td) w xf (T + Td)

%OvwW|t

xf (T + Td) = �Lct (26)

yf (T + Td) = 0 (27)

xOW xO=O u=Wv |xO}= R= 'xT+Td
t yT+Td

t x=oDUO QO yf (T ) w xf (T ) u}}aD |=Q@
'|UOvy |xO=U p}rLD w x} RHDl} =@ 'p:w= |xrLQt QO "OwW|t xO=iDU= 3 pmW QO
xT+�T
t yT+�T

t C=YDNt x=oDUO QO f(T ) |x]kv |[Qa w |rw] C}akwt
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=[Q QO ?wr]t pYit |x} w=R '23 |x]@=Q QO 38 w 37 CqO=at |v} Ro}=H |xH}Dv
xOWv XNWt ,=L} QY T + Td |v=tR |x_Lr 'xOWx�=Q= VwQ QO "CU= u=tR Qy
|wQOwN R=}v OQwt u=tR COt Td 'OW xDio VN@ u}= |=OD@=QO xm u=vJ "CU=
|=v@tQ@ "CU= sHvB MQJ w Qr} QDx@W |=yDv= u}@ |xrY=i uOwt}B |=Q@ |rYit
|rYit |wQOwN xm OQm u}}aD u=wD|t 'EQwe=F}i |x}[k R= xO=iDU= =@ w 2 pmW

%Q}N =} CU= xOwt}B =Q Ls |xrY=i
�x2

f + �y2
f � L2

s (39)

xOW xO=O V}=tv 4 pmW QO ?wr]t pYit |x} w=R u}}aD |=Q@ xOW u=}@ KQ]
�yf w �xf Q=Okt "OvwW|t xQ}NP =yQi=@ QO _ t w vt 'ut |=yxvwtv "CU=
sOk QO "OwW|t x@U=Lt 38 w 37 |x]@=Q wO R= xO=iDU= =@ 'x_Lr Qy QO
CU= xOW =Hx@=H Ls |xR=Ov=x@ |rYit |wQOwN xm OwW XNWt O}=@ |Oa@
pYit |x} w=R 'OwW xOQw;Q@ 39 |x]@=Q QO xOWx�=Q= \QW xm |DQwYQO "Q}N =}
' _ t w vt 'ut |=yxvwtv u} QD|t}Ok w xOW u}}aD 23 |x]@=Q j@] ?wr]t
pYit |x} w=R 'CQwY u}= Q}eQO "OwW|t Vwt=Qi n = n + 1 h} QaD =@
Qw_vt O}OH pYit |x} w=R u=wvax@ 'V}B |xrLQt QO xOt; CUO x@ ?wr]t

"OwW|t

pQDvm sDU}U |L=Q] "1"4
x@ uO}UQ |=Q@ "CU= ?wr]t pYit |x} w=R |@=}OQ 'pQDvm sDU}U |rY= hOy
u=R}t Q=DWwv u}= QO "CU= xOW O=yvW}B Qr} QD |=yMQJ p=ai u=tQi pQDvm hOy u}=

"OwW|t u}}aD |R=i |x} Q_v T=U=Q@ Qr} QD |v=}t QwLt u=tQi |x} w=R
\=@DQ= p}rLD w x} RHD '|R=i j]vt R= xO=iDU= =@ pQDvm sDU}U |L=Q] |=Q@
5 pmW QO "O@=}|t CQwQ[ pYit |x} w=R w Qr} QD |=yMQJ u=tQi |x} w=R u=}t
pYit |x} w=R u}@ |=]N "CU= xOW xO=O V}=tv l}D=tW CQwYx@ x]@=Q u}=

%OwW|t h} QaD u}vJ `HQt Q=Okt w |ak=w
e
 = 
 � 
d (40)

'OwW|t xOy=Wt xm u=vJ "CU= xOW xO=O V}=tv 6 pmW QO pQDvm sDU}U Q=DN=U
MQv w (e
) pYit |x} w=R |=]N pt=W �� p=vo}U |OwQw wO |=Q=O xOvvmpQDvm
|v=}t QwLt u=tQi |x} w=R '|R=i |xOvvmpQDvm |HwQN "CU= �� ( _e
) =]N u}=
Q=Okt R= xO=iDU= =@ u=wD|t R}v =Q Qr} QD Qo}O QwLt wO u=tQi |x}=wR "CU= Qr} QD

"OQm u}}aD =yQwLt |w=Ut VRer |x} w=R |=v@t Q@ w |v=}t QwLt u=tQi |x} w=R
'OwW|t xOy=Wt xm u=vJ "CU= xOW x�=Q= 7 pmW QO xOW p=tQvC} w[a `@=wD
|rQDvm u}v=wk 1 pwOH QO "OwW|t xO=iDU= |FrFt C} w[a `@=wD R= '=yDv= wO QO RH
w xQ@N OQi Vv=O T=U=Q@ Oa=wk x=o}=B OwW|t Qw;O=} "CU= xOW xO=O V}=tv

"CU= xOW s}_vD hrDNt \}=QW CLD uwo =vwo |=yQwv=t |R=Ux}@W
"CU= |rYit |wQOwN |DmQL |=yQ}eDt u} QD|O}rm R= |m} pYit |x} w=R
OL=w O}OW u=QwO R= u=wD|t pYit |x} w=R s}_vD =@ xm CU= u; Qt= u}= p}rO
u=wD|t '?U=vt ?wr]t Q=Okt l} ?}kaD =@ u}vJty w OQm |Q}oW}B Qr} QDxt}v
u=tRty Qw]x@ Ov=wD|t pYit |x} w=R s}_vD u}=Q@=v@ "OQm xv}tm =Q Q}Ut R= GwQN

"Ovm u}t[D =Q OL=w u}= |Q}PB Qwv=t w Qr} QD |Q=O}=B
|xOvvmpQDvm |HwQN Q@=Q@ Qr} QD |v=}t QwLt u=tQi |x} w=R 'OW xDio xm u=vJ
|O=yvW}B VwQ R= Qo}O QwLt wO u=tQi |x} w=R s}_vD |=Q@ "OwW|t h} QaD |R=i

yf (T ) = [�x(T ) + Lct] sin[� (T ) + � (T + �T )]

+�x(T + �T ) cos[� (T + �T )]

��y(T ) cos[� (T ) + � (T + �T )]

��y(T + �T ) cos[� (T + �T )] (31)

C=YDNt x=oDUO QO f(T ) |x]kv C}akwt 'VwQ u=ty |xt=O= =@ 'C}=yv QO
%OQm u=}@ u}vJ u=wD|t =Q xT+Td

t yT+Td
t

xf (T ) = �Lct cos[
j�1X
k=n

� (T + k�T )]

+
j�1X
k=n

f��x(T + k�T ) cos[
j�1X
m=k

� (T +m�T )]g

�[
j�1X
k=n

f�y(T + k�T ) sin[
j�1X
m=k

� (T +m�T )]g (32)

yf (T ) = Lct sin[
j�1X
k=n

� (T + k�T )]

+
j�1X
k=n

f�x(T + k�T ) sin[
j�1X
m=k

� (T +m�T )]g

�[
j�1X
k=n

f�y(T + k�T ) cos[
j�1X
m=k

� (T +m�T )]g (33)

h} QaD QiY pO=at |R=Ux}@W ẁQW QO xm CU= K}LY OOa l} n u; QO xm
=Q wQOwN |DmQL |=yQ}eDt w � (T ) w �y(T ) '�x(T ) u}@ \@=wQ "OwW|t

%OQm u=}@ u}vJ |@} QkD CQwYx@ u=wD|t
�x(T + i�T ) = ut(T + i�T )�T (34)

�y(T + i�T ) = vt(T + i�T )�T (35)

� (T +m�T ) = _ t(T + i�T )�T (36)

x@U=Lt �yf w �xf '36 =D 32 w 27 =D 24 CqO=at R= xO=iDU= =@ s=Hv=QU
%OwW|t

�xf (T ) = �Lct + Lct cos[
j�1X
k=n

_ t(T + k�T )�T ]

+
j�1X
k=n

fut(T + k�T )�T cos[
j�1X
m=k

_ t(T +m�T )�T ]g

�
j�1X
k=n

f[vt(T + k�T )�T ] sin[
j�1X
m=k

_ t(T +m�T )�t]g
(37)

�yf (T ) = �Lct sin[
j�1X
k=n

_ t(T + k�T )�T ]

�
j�1X
k=n

fut(T + k�T )�T sin[
j�1X
m=k

_ t(T +m�T )�T ]g

�
j�1X
k=n

f[vt(T + k�T )�T ] cos[
j�1X
m=k

_ t(T +m�T )�t]g
(38)
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"xOWp=tQv |xO=O x=o}=B "7 pmW

xOvWm |WNQJ CaQU |xOvvmpQDvm |L=Q] "2"4
|WNQJ CaQU 'wQOwN |DmQL |=yQ}eDt u=}t QO 'xOW s=Hv= C=k}kLD T=U=Q@
C=k}kLD R= |NQ@ QO "OQ=O wQOwN |Q}PBu=tQi w |Q=O}=B QO |tyt Vkv xOvWm
Q}}eD T=UL= =@ xOvv=Q xm CU= |rt=a u} QDsyt |DmQL C}tm u}= xm xOW xQ=W=
u=tQi |x} w=R Q}}eD =@ xOvv=Q Qo}O CQ=@ax@ [18]"Ovm|t |@=} RQ= =Q wQOwN OQmrta 'u;
xm CW=O xHwD O}=@ Qo}O hQ] R= "CU= wQOwN |WNQJ CaQU s}_vD OOYQO

sDU}U |R=Up=ai s=ovy |rYit |wQOwN uOR QwO QO |rm C}a[w wO "5 pmW
"pQDvm

"|rQDvm sDU}U Q=DN=U "6 pmW

u=tQi |x} w=R xm CU= u}= jwi VwQ |O}rm |xO}= [17]"CU= xOW xO=iDU= u}kkLt
|@v=H |wQ}v QwLt xU Qy xm O};|t CUO x@ u=vJ Qr} QDx@W |@ka w wrH QwLt

%R= Ov=CQ=@a Qo}O QwLt wO u=tQi |x} w=R u}=Q@=v@ "Ovvm O=H}= |v=Um}

�fs = arctan
�

tan(�ms) + Lts
Vxt

rt
�

(41)

�rs = arctan
�

tan(�ms)� Lts
Vxt

rs
�

(42)
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u} QDy@ u}=Q@=v@ "CU=vW; |]N |x}L=v QO wQOwN OQmQ=m |xOwOLt =@ |UL Qw]x@
?=DW =@ |=yQwv=t w |:OL \}=QW QO xm CU= u; OyO MQ CU= umtt xm |k=iD=
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xOW p=ta= u=tQi |x} w=R �driver '?wr]t |WNQJ CaQU Qou=Wv rtd u; QO xm
?}kaD |=Q@ [19]"CU=v=t Cr=L QO |WNQJ CaQU |xQy@ Gr w 'xOvv=Q \UwD
"OwW|t O=yvW}B xOvWm wrH QwLt |=yMQJ u=tQi pQDvm 'xOWx�=Q= ?wr]t Q=Okt
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er = rt � rtd (45)
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=Hv; R= "OwW|t xOR u}tND �� OvQ}o|tv Q=Qk EL@ OQwt =Hv}= QO xm �� QoxOy=Wt R=
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[15]"OwW|t h} QaD xOvv=Q \UwD |r=ta=


0d = arctan 2dpVxtgr�ft
V 2
xt � (dpgr�ft)2 (46)
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9TQwm |x} w=R u; ?wr]t Q=Okt w CU= Qr} QD |=yDv= TQwm |x} w=R |rQDvm
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"OwW|t xOy=Wt Kw[wx@ hrDNt |=yVwQ x@ C@Uv Q}Ut
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"OQ=O �Q}Ut R= GwQN� Vy=m
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|R=Ux}@W G}=Dv |=v@t Q@ "CU= xOW |L=Q] Qr} QD |=yMQJ x@ uO=Ou=tQi
"Ovm ?}kaD =Q ?wr]t Q=Okt |QF-wt Qw]x@ CU= xDUv=wD xOvvmpQDvm

"CU= swUQt |=yVwQ Q@ |O=yvW}B VwQ |QDQ@ Qou=}@ |R=Ux}@W G}=Dv "3
xOvWm OL=w |Q=O}=B w |Q}PBu=tQi '|WNQJ CaQU xOvvmpQDvm l} |L=Q] =@ "4
CaQU u=tRty pQDvm C} Rt swU Qwv=t QO xS} w Qw]x@ w CiQo Q=Qk pQDvm CLD
xO=O V}=tv pYit |x} w=R OQi x@ QYLvt pQDvm Q@ pYit |x} w=R w |WNQJ

"CU= xOW

s�qa CUQyi
(m/s) 'xOvWm sQH RmQt |rw] CaQU %Vxt(t)

(m/s) 'xOvWm sQH RmQt |[Qa CaQU %Vyt(t)
(m) 'nv}rB wm x]kv w Qr} QD sQH RmQt u}@ |xrY=i %Lfs
(m) 'xOvWm |@ka QwLt w sQH RmQt u}@ |xrY=i %Lrt
(m) 'Qr} QD |v=}t QwLt w sQH RmQt u}@ |xrY=i %Lrs

(m) 'Qr} QD Qw=Ht |=yQwLt u}@ |xrY=i %Lts
(m) 'nv}rB wm x]kv w xOvWm sQH RmQt u}@ |xrY=i %Lwt
(m) 'xOvWm |} wrH QwLt w sQH RmQt u}@ |xrY=i %Lft

(m) 'xOvWm |wrH |=yMQJ u}@ |xrY=i %Twt
(m) 'Qr} QD |wrH |=yMQJ u}@ |xrY=i %Tws

(kg) 'xOvWm OL=w sQH ẁtHt %mt

(kg) 'Qr} QD x@W OL=w sQH ẁtHt %ms

w=} QwLt pwL xOvWm |UQv}= u=tt %Izt
w=} QwLt pwL xOvWm |UQv}= u=tt %Izs

(s) 'Q}N-=D u=tR %td
(rad) 'xOvWm OL=w w=} |x} w=R % t(t)

(m) 'Qr} QD x@W ?ka |=yDv= w sHvB MQJ u}@ |xrY=i %Ls
(rad) 'p=ai u=tQi |x} w=R %�ms

|t}_vD |xQy@ %dp
u=tQi |x} w=R x@ C@Uv |WNQJ CaQU |=v=t Cr=L |xQy@ %gr

(rad) xOvWm |wrH QwLt u=tQi |x} w=R %�ft

"I}B Q=t CmQL Qwv=t QO |rQDvm |=yQ}eDt "25 pmW

pQDvm Q=vm QO |WNQJ CaQU pQDvm C}ty= 'CtUk u}= QO xOW x�=Q= G}=Dv x@ xHwD
"OwW|t XNWt pYit |x} w=R

|Q}oxH}Dv "7
|rYit |wQOwN |DtU pQDvm QO `HQt pYit |x} w=R l} Q=DWwv u}= QO "1
VwQ QO =yQwv=t |t=tD QO '|}xv=}=Q |=y|R=Ux}@W j@=]t "CU= xOW O=yvW}B

"OwW|t xDW=O=w sHvB MQJ Q}Ut j}kO ?}kaD x@ Qr} QD |=yDv= '|O=yvW}B

=yCWwv=B
1. o� tracking
2. tractor
3. semi-Trailer
4. global coordinate system
5. Jackkni�ng
6. Dugo�
7. PD controller
8. Notsu
9. Course angle
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