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d
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Z L2

0
m2v2

�
�@y
@a
; @x
@a

�
da

+ d
dt

Z L1+L2

L2
m1v1

�
�@y
@a
; @x
@a

�
da = � (P;Q)

+
�
�u2m2v2

�
�@y
@a
; @x
@a

�
+ 0 5m2v22

�
@x
@a
; @y
@a

��
a=0

(2)

%@y=@a w @x=@a |v} Ro}=H =@
P = � d

dt

�Z L2

0
m2v2 sin �2da+

Z L1+L2

L2
m1v1 sin �1da

�
+
h�u2m2v2 sin �2 + 0 5m2v22 cos �2

i
a=0

Q = � d
dt

�Z L2

0
m2v2 cos �2da+

Z L1+L2

L2
m1v1 cos �1da

�
+
h�u2m2v2 cos �2 � 0 5m2v22 sin �2

i
a=0

(3)

=@ CU= Q@=Q@ C=@ Q sO |=yDv= R= a |xrY=i QO |y=tC=@ Q sO pw= lv}r CaQU
%(0 � a < L2)8>>>><>>>>:

u1 = u cos �1 � v sin �1 + _ rbLb sin �1

v1 = u sin �1 + v cos �1

+(L1 + L2 � a) _�1 � _ (rbLb cos �1 + L1 + L2 � a)

(4)

=@ CU= Q@=Q@ C=@ Q sO |=yDv= R= a |xrY=i QO |y=tC=@ Q sO swO lv}r CaQU
%(L2 � a < L1 + L2)

u2 = _ (rbLb sin �2 + L1 sin(�2 � �1)) +

u cos �2 � v sin �2 � L1 _�1 sin(�2 � �1)

v2 = � _ (rbLb cos �2 + L1 cos(�2 � �1) + L2 � a) +

u sin �2 + v cos �2 + L1 _�1 cos(�2 � �1) + (L2 � a) _�2 (5)

%u}=Q@=v@ w 's}t=v|t P2 =Q � d
dt

R L2
0 m2v2 sin �2da CQ=@a

P2 = P21 + P22 _u+ P23 _v + P24 _r (6)

%=@ OvwW|t Q@=Q@ 6 |x]@=Q C=Q=@a R= l} Qy
P21 = �0 25��A2

h
u _�2 sin 2�2 + v _�2 cos 2�2

+L1 ��1 sin �2 cos(�2 � �1) + L1 _�1 _�2 cos �2 cos(�2 � �1)

�( _�2 � _�1)L1 _�1 sin �2 sin(�2 � �1)

� _ _�2 cos �2 (rbLb cos �2 + L1 cos(�2 � �1))

+ _ sin �2
�
rbLb _�2 sin �2 + L1( _�2 � _�1) sin(�2 � �1)

�i
�0 25��B2

h
��2 sin �2 + _�2( _�2 � _ ) cos �2

i
P22 = �0 25��A2 sin2 �2; P23 = �0 125��A2 sin 2�2

P24 = 0 25��A2 sin �2 (rbLb cos �2 + L1 cos(�2 � �1))

+0 25��B2 sin �2 (7)

|Owta w |U=tt CaQU |=yQ=OQ@ w xm} |=yQ=OQ@ 'C=YDNt x=oDUO "2 pmW
"|y=t CmQL h}YwD |=Q@ xOW xO=iDU=

|UOvy w |m} R}i Q}O=kt R= |NQ@ w |mv}rxU |y=tC=@ Q l}D=tW |=tv "3 pmW
"xm} |=yQ=OQ@ w =}=wR Q}_v |y=tC=@ Q

MQv �hr= %CWwv CQ=@a xU `tH CQwYx@ u=wD|t =Q u; Q}}eD MQv xm OQm u=}@
MQv �? &� |xLiY j} Q] R= V R= GQ=N CmQLxR=Ov= |}=Hx@=H R= |W=v Q}}eD
|Wvm =w |=ywQ}v p[=iD �G &� |xLiY Q@ |r=ta= |Q=Wi |wQ}v R= |W=v Q}}eD

[29]%u}=Q@=v@ "Ovm|t p=ta= |y=t Q@ p=}U xm (P;Q)

d
dt

Z l

0
mw

�
�@y
@a
; @x
@a

�
da = � (P;Q)

+
�
�umw

�
�@y
@a
; @x
@a

�
+ 0 5mw2

�
@x
@a
; @y
@a

��
a=0

(1)

"CU= xOW xO=O V}=tv L2 =@ swO lv}r w L1 =@ sO pw= lv}r pw] Q=DWwv u}= QO
(e001 ; e002 ) w (e01; e02) '(e1; e2) |xm} |=yQ=OQ@ u}vJty w �2 w �1 ' |=}=wR
QO w u =@ e1 CyH QO =Q |y=tC=@ Q uO@ CaQU "Ov=xOW h} QaD 3 pmW QO
CyH QO 'sO pw= lv}r R= x=wNrO |}x]kv CaQU "s}=xO=O u=Wv � =@ e2 CyH
|}x]kv CaQU u}vJty "CU= xOW xO=O u=Wv �1 =@ e02 CyH QO w u1 =@ e01
u=Wv �2 =@ e002 CyH QO w u2 =@ e001 CyH QO =Q sO swO lv}r R= x=wNrO

"s}=xO=O
xDiQo Q_v QO |y=tC=@ Q |=Q@ xOW xDiQo Q=m x@ C=YDNt x@ xHwD =@ 1 |x]@=Q
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"""|
=Q@l

QLDt
s=U

H=
?}k

aDp
QDvm

w|
R=Up

Ot%=@ OvQ@=Q@ 15 |x]@=Q C=Q=@a R= l} Qy
Q11 = � 25��A1

h
u _�1 cos 2�1 � _�1(v � _ rbLb) sin 2�1

i
�0 25��B1

h
��1 cos �1 � _�1( _�1 � _ ) sin �1

i
Q12 = �0 125��A1 sin 2�1; Q13 = �0 25��A1 cos2 �1

Q14 = 0 25��A1rbLb cos2 �1 + 0 25��B1 cos �1 (16)

Q@=Q@ Q3 ' ��u2m2v2 cos �2 � 0 5m2v22 sin �2
�
a=0 CQ=@a |x@U=Lt =@

%=@ OwW|t
Q3 =  25��S22

�
u sin �2 + v cos �2 + L1 _�1 cos(�2 � �1)

+L2 _�2 � _ (rbLb cos �2 + L1 cos(�2 � �1) + L2)
�

� h0 25(v � rbLb _ ) sin 2�2 � u
�
1� 0 5 sin2 �2

�
�0 25L1( _�1 � _ ) (3 sin �1 � sin(2�2 � �1))

�0 5L2( _�2 � _ ) sin �2
i

(17)

x@ xHwD =@ �� sO |UQv}= w sQH R= uOQm Q_v hQY =@ w 4 pmW x@ xHwD =@ p=L
x@U=Lt u}vJ |y=tC=@ Q |xvO@ x@ xOQ=w � w Fv 'Fu Q}O=kt �� u; uOw@ R}J=v

%OwW|t
Fu = P1 + P2 + P3; Fv = Q1 +Q2 +Q3

� = rP1L1 sin �1P1 + (L1 sin �1 + rP2L2 sin �2)P2

+ (L1 sin �1 + L2 sin �2)P3 + (L1 cos �1 + L2 cos �2)Q3

+ (L1 cos �1 + rQ2L2 cos �2)Q2 + rQ1L1 cos �1Q1 (18)

C=@ Q CmQL CqO=at 'OW=@ C=@ Q sQH RmQt Q@ j@]vt u=NQJ x=oDUO -=O@t Qo =
[31]%R= Ow@ Oy=wN CQ=@a xLiY QO

_x = u cos � v sin 

_y = u sin + v cos 

_ = r

(m�X _u) _u+ (Y _v �m)vr + FDu = Fu

(m� Y _v) _v + (m�X _u)ur + FDv = Fv

(Iz �N _r) _r + (X _u� Y _v)uv + �Dr = �� � rbLbFv (19)

"C=@ Q Q@ xOQ=w uOR sO R= |W=v |=yQw=DWo w wQ}v "4 pmW

%Ov=xOW h} QaD u}vJ A2; B2 w A1; B1 |=yQDt=Q=B
A1 =

Z L1+L2

L2
s21da B1 =

Z L1+L2

L2
s21(L1 + L2 � a)da

(8)

A2 =
Z L2

0
s22da; B2 =

Z L2

0
s22(L2 � a)da (9)

%u}=Q@=v@ w 's}t=v|t P1 =Q � d
dt

R L1+L2
L2 m1v1 sin �1 da CQ=@a

P1 = P11 + P12 _u+ P13 _v + P14 _r (10)

%x@ OvwW|t p}O@D 10 |x]@=Q C=Q=@a
P11 = �1

4��A1
h
u _�1 sin 2�1 + _�1(v � _ rbLb) cos 2�1

i
�0 25��B1

h
��1 sin �1 + _�1( _�1 � _ ) cos �1

i
P12 = �0 25��A1 sin2 �1; P13 = �0 125��A1 sin 2�1

P14 = 0 125��A1rbLb sin 2�1 + 0 25��B1 sin �1 (11)

Q@=Q@ P3 '��u2m2v2 sin �2 + 0 5m2v22 cos �2
�
a=0 CQ=@a |x@U=Lt =@

%=@ OW Oy=wN
P3 = 0 25��S22

�
u sin �2 + v cos �2 + L1 _�1 cos(�2 � �1)

+L2 _�2 � _ (rbLb cos �2 + L1 cos(�2 � �1) + L2)
�

� h�0 25u sin 2�2 +
�
v � rbLb _ 

��
1� 0 5 cos2 �2

�
+0 25L1

�
_�1 � _ 

�� (3 cos �1 � cos(�1 � 2�2))

+0 5L2
�

_�2 � _ 
�

cos �2
i

(12)

� d
dt

R L2
0 m2v2 cos �2 daCQ=@a"OwW|t x@U=LtQ|wQ}vhrDNtC=Q=@ap=L

%u}=Q@=v@ w 's}t=v|t Q2 =Q
Q2 = Q21 +Q22 _u+Q23 _v +Q24 _r (13)

%=@ OvQ@=Q@ 13 |x]@=Q C=Q=@a R= l} Qy
Q21 = �0 25��A2

h
u _�2 cos 2�2 � v _�2 sin 2�2

+L1 ��1 cos �2 cos(�2 � �1)� L1 _�1 _�2 sin �2 cos(�2 � �1)

�( _�2 � _�1)L1 _�1 cos �2 sin(�2 � �1)

+ _ _�2 sin �2 (rbLb cos �2 + L1 cos(�2 � �1))

+ _ cos �2
�
rbLb _�2 sin �2 + L1( _�2 � _�1) sin(�2 � �1)

�i
�0 25��B2

h
��2 cos �2 � _�2( _�2 � _ ) sin �2

i
Q22 = �0 125��A2 sin 2�2; Q23 = � 25��A2 cos2 �2

Q24 = 0 25��A2 cos �2 (rbLb cos �2 + L1 cos(�2 � �1))

+ 0 25��B2 cos �2 (14)

%u}=Q@=v@ w 's}t=v|t Q1 =Q � d
dt

R L1+L2
L2 m1v1 cos �1 da CQ=@a

Q1 = Q11 +Q12 _u+Q13 _v +Q14 _r (15)
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|kw
Fw=[

Qtq
ew

QwY
vtp

;Ot
=L

"� |x}w=R h} QaD |xwLv w hOy |x]kv x@ C@Uv C=@ Q |Q}oCyH "5 pmW

"C=@ Q CyH pQDvm Qw_vtx@ ��0 w _� '� |=Q@ |R=i jraD `@=wD "6 pmW

"CyH pQDvm sDU}U |R=i Oa=wk "1 pwOH
�

PL PM PS Z NS NM NL _�

Z NM NM NL NL NL NL NL

PS Z NS NM NL NL NL NM

PZ PM Z NS NM NL NL NS

PL PL PS Z NS NL NL Z

PL PL PM PS Z NM NM PS

PL PL PL PM PS Z NS PM

PL PL PL PL PM PM Z PL

�Dr w 'yo |=DU=Q QO =UB |wQ}v FDv 'xo |=DU=Q QO =UB |wQ}v FDu u; QO xm
|W=v xo QwLt |=DU=Q QO xOwRi= sQH �X _u u}vJty "CU= |v=QwO =UB |wQ}v
�N _r w ' _v ?=DW R= |W=v yo QwLt |=DU=Q QO xOwRi= sQH �Y _v ' _u ?=DW R=

"CU= C=@ Q |v=QwO ?=DW R= |W=v xOwRi= |UQv}=

|R=i |xOvvmpQDvm |L=Q] "3
CUO x@ |r}rLD CQwYx@ |mv}rxU |y=tC=@ Q |m}t=v}O CqO=at p@k VN@ QO
'Ow@ |y=tC=@ Q j}kO |R=UpOt j}kLD hOy xm =Hv; R= OW xOy=Wt xm u=vJ "Ot;
|]NQ}e w |vqw] 'xO}J}B Q=}U@ xOt; CUO x@ |m}t=v}O CqO=at w =ywQ}v pmW
umtt=v =Q pOt Q@ |vD@t sw=kt w |]NQ}e |xOvvmpQDvm |L=Q] Qt= u}= w OW
|vD@t w |R=i |=yVwQ x@ |y=tC=@ Q |xOvvmpQDvm |L=Q] |=Q@ wQ u}= R= "CN=U
|=Q@ |R=i |xOvvmpQDvm l} CtUk u}= QO "OW xOQw; |wQ OvtWwy |=ysDU}U Q@
xOW |L=Q] uORsO Tv=mQi pQDvm |=Q@ Qo}O |xOvvmpQDvm w C=@ Q CyH pQDvm

"CU=
h} QaD 20 |xrO=at j@] w u=tR R= |Uwv}U `@=D l} CQwYx@ sO |x} w=R
T=}=@ |x} w=R (�0) w u=Uwv |xvt=O (�max) 'uORsO Tv=mQi f u; QO xm xOW

"CU=8<:�1 = (�0)1 + (�max)1 sin(2�f1t)

�2 = (�0)2 + (�max)2 sin(2�f2t)
(20)

u=}y=t CmQL |xwLv R= s=yr= =@ w |y=tC=@ Q pQDvm Ov}=Qi uOW QDxO=U Qw_vtx@
Q}O=kt u}vJty w f1 = f2 = f sO swO w pw= lv}r uORsO Tv=mQi 'Ca}@] QO
xDiQo Q_v QO u=Um} lv}r wO Qy |=Q@ (�0)1 = (�0)2 = �0 sO |x}rw= h=QLv=
xOy=Wt 'OW s=Hv= |y=tC=@ Q R= xm |irDNt |m}t=v}O |=y|R=Ux}@W =@ "OwW|t
w &OvQ=O |y=tC=@ Q |Q}oCyH QO |tm Q}F-=D �max w uOR sO Tv=mQi xm OW
sO h=QLv= u=R}t OQ}o Q=Qk x=wNrO CyH l} QO C=@ Q xm u; |=Q@ |rY= |OwQw
QO 5 pmW =@ j@=]t "Ow@ Oy=wN ��0 |rQDvm sDU}U |HwQN u}=Q@=v@ "CU= �0
(�) hOy |x]kv w C=@ Q |xvO@ u}@ |x} w=R uOQmQiY hOy xOvvmpQDvm |L=Q]
"OwW|t h} QaD hOy |x]kv w C=@ Q u}@ |x} w=R Cr=L u}= QO =]N u}=Q@=v@ "CU=
(xt; yt) hOy u=mt w (x; y;  ) |y=tC=@ Q |Q}oCyH w u=mt uDW=O =@

%R= Ow@ Oy=wN CQ=@a � |x} w=R '`HQt C=YDNt x=oDUO x@ C@Uv

� = ATAN2 ((yt � y) cos � (xt � x) sin ;

(xt � x) cos + (yt � y) sin ) (21)

"CU= xOW xO=O V}=tv 6 pmW QO ��0 w _� '� |=Q@ xOW xDiQo Q_v QO jraD `@=wD
��0 u; |HwQN w ' _� w � %R= Ov=CQ=@a |Q}oCyH |xOvvmpQDvm |=y|OwQw
xOW p}mWD 1 pwOH j@=]t w xOa=k 49 R= |R=i |xOvvmpQDvm u}= "Ow@ Oy=wN
Z 'lJwm |ivt NS '\UwDt |ivt NM 'nQR@ |ivt |xOvyOu=Wv NL "CU=

"CU= nQR@ C@Ft PL w \UwDt C@Ft PM 'lJwm C@Ft PS 'QiY
G}=Dv VN@ QO u; |=yQDt=Q=B Q}O=kt xm X=N C=@ Q l} |=Q@ jraD `@=wD u}=
G=DvDU= QwDwt R= |R=i |xOvvmpQDvm |R=UxO=}B QO "CU= xOW |R=Uxv}y@ 'xOW xOQw;
O}vm ZQi "CU= xOW xO=iDU= Rm =Qt u}ov=}t R=U|R=i Q}e w 'OQivt R=U|R=i 'xv}tm
l} QO u; =D =Q OwN |@Uv |xrY=i w ?}kaD =Q |mQLDt sUH Oy=wN|t |y=tC=@ Q
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"""|
=Q@l

QLDt
s=U

H=
?}k

aDp
QDvm

w|
R=Up

Ot"OQ}o Q=Qk hOy |QDt 1 5 |xrY=i QO C=@ Q xm xOW xDiQo Q_v QO |}xvwox@ d |=Q@
xOQw; G}=Dv VN@ QO u; |=yQDt=Q=B Q}O=kt xm X=N C=@ Q l} |=Q@ jraD `@=wD u}=
R=U|R=i 'xv}tm G=DvDU= QwDwt R= xOvvmpQDvm |R=UxO=}B QO "CU= xOW xv}y@ xOW

"CU= xOW xO=iDU= Rm =Qt u}ov=}t R=U|R=i Q}e w 'OQivt

BELBIC |xOvvmpQDvm |L=Q] "4
C=W=WDe= `@=vt wl} QDt=Q=BC}a]k sOa u}vJty w C=@ Q|]NQ}eC}y=t p}rOx@
"Ow@ Oy=wN O}it |y=tC=@ Q pQDvm |=Q@ |k}@]D |=yxOvvmpQDvm R= |Q}oxQy@ 'OOaDt
&CU= QmiD w pqODU= Ok=i xm OwW|t QwYD |R}J u=wvax@h]=wa '|DvU CQwYx@
[32]"Ovvm|t =i}=C@Ft|Wkv |Q}os}tYD Ov}=Qi QOh]=wa xm Ov=xDi=} QO u}kkLt =t=
QWk w 9Twtq=D '8|} wrH |wkrL QWk '7q=Oo}t; Q=DiQ xm OvOQm O=H}= |rOt u=v;
h]=wa VR=OQB QO |} wrH |wkrL QWk w q=Oo}t; [33]"Ovm|t pOt =Q 10|UL
VR=OQB C}rw�Ut |UL QWk w Twtq=D xm |r=L QO 'Ovvm|t =i}= =Q |rY= Vkv
s=vx@ |rQDvm sD} Qwor= l} 'pOt u}= |x}=B Q@ "OvQ=O xOyax@ =Q |UL |=y|OwQw
BELBIC "CU= xOW x�=Q= �BELBIC� |i]=a |Q}oO=} Q@ |vD@t OvtWwy pQDvm
"CU= V=O=B |=yp=vo}U w |UL |=y|OwQw |=v@tQ@ |Q}os}tYD Q=mwR=U l}
|xaUwD QO xm CU= u}= pQDvm |xv}tR QO h]=wa |Q}oQ=mx@ |=Q@ xR}ov= u} QDsyt
|r=L QO 'xOW pqODU= Q@|vD@t |=yVwQ x@ |O=} R xHwD OvtWwy pQDvm |=ysDU}U
[32]"OQ=O |OwOLt |xO=iDU= �pkaD� R= |Q}os}tYD |=Q@ QW@ |ak=w u=yH QO xm
l} BELBIC |xOvvmpQDvm '`} QU VRwt; w u}}=B |D=@U=Lt |oO}J}B p}rOx@

[34]"CU= |Q}os}tYD |=ysDU}U QO w nvQOq@ pQDvm QO OvtCQOk VwQ
pOt R= xm OwW|t x�=Q= |k}@]D |rQDvm Q=DN=Ul} xi]=altmx@VN@ u}= QO
Ov=wD|t ?}DQDu}O@ w [33]Ovm|t xO=iDU= q=Oo}t; QO |i]=a |Q}oO=} |D=@U=Lt
xDW=O ?wr]t |OQmrta =yC}a]k sOa w C=W=WDe= '|]NQ}e pt=wa Qw[L QO

"OW=@
xO=O u=Wv 8 pmW QO |} wrH |wkrL QWk w q=Oo}t; |i]=a |Q}oO=} pOt
u}= "CU= `} QU l} QLD p=vo}U l} uOQm sy=Qi Twtq=D |xi}_w "CU= xOW
|R=UpOt q=Oo}t; x@ |UL p=vo}U u} QDnQR@ uO=DUQi |xr}Uwx@ Twtq=DC}r@=k
<=R=x@ OW=@ sDU}U x@ |UL |=y|OwQw |xOvyOu=Wv S Q=OQ@ Qo = u}=Q@=v@ "OwW|t
Q@ xwqa "CW=O Oy=wN OwHw (A) q=Oo}t; QO |OwQw |x]kv l} |UL |OwQw Qy
|=y|OwQw xv}W}@ xm (Ath) CW=O Oy=wN Twtq=D R= R}v |OwQwl} q=Oo}t; 'u}=

[35�33]%CU= |UL
Ath = max(Si) (22)

Vi |k}@]D xQy@ ?} Q[ l} =@ |OwQw Qy ?Q[ R= q=Oo}t; QO x]kv Qy |HwQN

"Ret QO |i]=a |Q}oO=} |D=@U=Lt pOt Q=DN=U "8 pmW

u; R= lQLDt sUH xm =Q |]=kv u=wD|t Qw_vt u}= |=Q@ "Ovm ^iL x=wNrO Q=Okt
|y=tC=@ Q CyH pQDvm sDU}U x@ hOy |x]kv u=wvax@ x_Lr Qy QO Ovm|t Qw@a
CQwYx@ C=@ Q xm Ovm|t p=ta= sDU}U x@ |}xvwox@ =Q �0 |OwQw 'xOvvmpQDvm "O=O
hOy R= |@Uv |xrY=i ^iL =t hOy =t= "Ovm CmQL hOy CtU x@ s}kDUt
C=@ Q =D OwW pQDvm R}v C=@ Q CaQU O}=@ ẁ[wt u}= jkLD |=Q@ &CU= lQLDt
pQDvm |xr�Ut x@ xt=O= QO Qw_vt u}tyx@ "OQ}o Q=Qk hOy R= x=wNrO |}xrY=i QO

"s} R=OQB|t |R=i VwQ x@ C=@ Q Tv=mQi
h} QaD xOvvmpQDvm |=y|OwQw u=wvax@ QDt=Q=B wO |y=tC=@ QTv=mQi pQDvm |=Q@
hqDN= QDt=Q=B u}twO w '(d) hOy w |y=tC=@ Q u}@ |xrY=i QDt=Q=B u}rw= "OwW|t
xOvvmpQDvm |HwQN "CU= (�v = vt � vr) |y=tC=@ Q w hOy u}@ CaQU
j@] |R=i |xOa=k 49 R= R}v xOvvmpQDvm u}= "Ow@ Oy=wN (�f) Tv=mQi Q}}eD R}v

"CU= xOW p}mWD 2 pwOH
jraD `@=wD "CU= 7 pmW j@=]t �f w �v 'd |=Q@ xOW xDiQo Q_v QO jraD `@=wD

"Tv=mQi pQDvm sDU}U |R=i Oa=wk "2 pwOH
d

PL PM PS Z NS NM NL �v

Z NM NL NL NL NL NL NL

PM Z NL NL NL NL NL NM

PL PM Z NS NL NL NL NS

PL PL PS Z NS NL NL Z

PL PL PL PS Z NM NL PS

PL PL PL PL PL Z NM PM

PL PL PL PL PL PM Z PL

"�f w �v 'd |=Q@ xOW xDiQo Q_v QO |R=i jraD `@=wD "7 pmW
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|kw
Fw=[

Qtq
ew

QwY
vtp

;Ot
=L hOy |x]kv u=wvax@ Ovm|t Qw@a u; R= sUH xm |]=kv 'lQLDt sUH ?}kaD |=Q@

pQDvm w u; =D xrY=i ^iL |=Q@ &OwW|t xO=O |y=tC=@ Q CyH pQDvm sDU}U x@
"OwW|t h} QaD 33 w 32 \@=wQ CQwYx@ |UL |OwQw wO R}v Tv=mQi

SI1 = k01 (d� dDes) + k02
Z

(d� dDes) (32)

SI2 = k03 (vt � vr) (33)

%CU= xOW xDiQo Q_v QO 34 |x]@=Q CQwYx@ V=O=B p=vo}U
REW = k04f + k05 (d� dDes) + k06

Z
(d� dDes) (34)

G}=Dv "5
|xOvvmpQDvm w |R=i |xOvvmpQDvm '|m}t=v}O |R=UpOt G}=Dv VN@ u}= QO
'Q=DWwv u}= QO �Dr w FDv 'FDu |=ywQ}v Q}O=kt "OW Oy=wN x�=Q= BELBIC

[37]%CU= xOW xDiQo Q_v QO 35 |x]@=Q j@=]t
FDu = Cuuu2; FDv = Cvvv jvj ; �Dr = Crrr jrj (35)

=Q sQi}Hv=Q=m |mv}rwO |y=tC=@ Q 'h} QW |DavY x=oWv=O u}kkLt 1388 p=U QO
u}vJty [37]"OvOQm |R=UpOtlJwmCmQL |xvt=O =@ p}yD}q |x} Q_v R= xO=iDU= =@
'x@U=Lt|v}tND CQwYx@ x_Lr Qy QO u; |x} w=R w sO |=vLv= '|D |=s= x=oWv=O QO
|wQ}v �� CU= p}yD}q |x} Q_v |xOW |R=UxO=U xm �� |}x]@=Q R= xO=iDU= =@ w
|Q=}U@ |=y|R=UxO=U `H=Qt u}= wO Qy QO [38]"OW xOR u}tNDVv=QV}B u}ov=}t
p}=iwQB pmW Q=DWwv u}= QO "CU= xDiQo CQwY Vv=Q V}B |wQ}v u}tND Qw_vtx@
[38w37]x]w@ Qt `H=Qt |=yQDt=Q=B R= w xOW xDiQo Q_v QO [37]u=Um} lv}r wO Qy sO

[37]%CU= xOW xO=iDU= C=@ Q |R=Ux}@W |=Q@
m = 0 34(kg) [38] X _u = Y _v = �1 7; [38]

Iz = �N _r = 7 5267� 10�4 [38] Lb = 0 2667(m); [38]

Cuu = 17 49 [38] Cvv = 40 92; [38]

Crr = 0 0409 [38] A1 = 6 396� 10�4; [37]

B1 = 4 077� 10�5 [37] A2 = 6 396� 10�4; [37]

B2 = 4 077� 10�5 [37] S1 = 6 163� 10�2; [37]

rb = rP1 = rP2 = 0 5 [37] S2 = 6 163� 10�2 [37]

rQ1 = rQ2 = 0 5 [37] L1 = L2 = 0 15;
(36)

%uO=OQ=Qk w ?rDt QO |R=Ux}@W =@ x}v=F 10 COt QO C=@ Q CmQL Q}Ut
w (�max)1 = �=12 '(�0)1 = (�0)2 = �0 = 0 'f1 = f2 = 2Hz

"Ow@ Oy=wN 10 w 9 pmW j@=]t (�max)2 = �=6
(�0)1 = (�0)2 = 'f1 = f2 = 1Hz <=R=x@ C=@ Q CmQL Q}Ut u}vJty
j@=]t x}v=F 40 COt QO (�max)2 = �=6 w (�max)1 = �=12 '�0 = �=6

"CU= 11 pmW
OQwt |}xvwox@ xOt; CUO x@ |m}t=v}O CqO=at CLY =D CU= sRq uwvm =
xOW |m}t=v}O |R=UpOt |mv}rl} sO =@ |y=tC=@ Q u}= R= V}B "OQ}o Q=Qk V}=tR;
xrY=L Vv=Q V}B |=ywQ}v CLY |y=oW}=tR; |=y uwtR; R= xO=iDU= =@ w CU=

%O};|t CUO x@
Ai = SiVi (23)

%R= CU= CQ=@a 24 |x]@=Q j@] q=Oo}t; |Q}oO=} uwv=k
�Vi = �a(Si max(0;Rew �X

j

Aj)) (24)

xO=iDU= u; R= |Q}oO=} CaQU s}_vD |=Q@ w CU= C@=F |DQ=@a � x]@=Q u}= QO
A w V=O=B p=vo}U Rew '|UL |=y|OwQw Si '�q=Oo}t; |Q}oO=} MQv� OwW|t

"CUq=Oo}t; |HwQN
|Wvm =w q=Oo}t; QO xm |v=tR =Q} R &O@=} Vy=m Ov=wD|tv V uRw q=Oo}t; QO
xO=iDU= p}rO "OwW Vwt=Qi Ov=wD|tv wCU= |t�=O |Q}oO=} u}= OW xDiQo =Qi|i]=a
?U=vt=v |Wvm =w Qo = "CU= ẁ[wt u}ty R}v 24 |x]@=Q QO xv}W}@ CQ=@a R=
|Q}oO=} uwv=k "CU= pta u; s=Hv= R= Cav=tt |} wrH |wkrL QWk |xi}_w OW=@
Vy=m =} V}=Ri= Ov=wD|t u; uRw =t= 'CUq=Oo}t; x}@W Q=}U@ |} wrH |wkrL QWk
?} Q[ l} =@ |OwQw Qy ?Q[ R= |} wrH |wkrL QWk QO x]kv Qy |HwQN "O@=}

%O};|t CUO x@ Wi |k}@]D xQy@
Oi = SiWi (25)

QO "OwW|t u=}@ 26 |x]@=Q j@] |} wrH |wkrL QWk QO |i]=a |Q}oO=} uwv=k
%OQ=O OQ@ Q=m |Q}oO=} CaQU s}_vD |=Q@ w CU= C@=F |DQ=@a �o x]@=Q u}=

�Wi = �o(Si(E0 � Rew)) (26)

|=y|HwQNuOQmsm wA xQo |xOvvml} QLD |=y|HwQN `tH R= (E) pOt|HwQN
A |=y|HwQN `tH R= E0 xQo u}vJty "O};|t CUO x@ u; R= O xQo |xOvQ=OR=@

%O};|t CUO x@ u; R= O |=yxQo uOQmsm w Ath RHx@
E =

X
i

Ai �X
i

Oi �Ath uDiQo Q_v QO =@� (27)

E0 =
X
i

Ai �X
i

Oi �Ath uDiQo Q_v QO uwO@� (28)

CQwYx@ u=wD|t =Q |UL |OwQw w V=O=B p=vo}U |=ylwr@ QO xOW xO=iDU= `@=wD
(yr) `HQt |OwQw '(u) xOvvmpQDvm |HwQN '(y) sDU}U |HwQN R= x=wNrO |a@=wD
`@=wD CU}=@|t K=Q] xm 'CiQo Q_v QO 29 \@=wQ CQwYx@ w (e) =]N p=vo}U =}

[36w32]"O@=}@ =Q pQDvm |=Q@ ?U=vt
REW = J(Si; e; yp) Si = f(u; e; yp; yr) (29)

(�)hOy |x]kv w C=@ Q uO@ u}@ |x} w=R uOQmQiY hOy 'xOvvmpQDvm |L=Q] QO
|rQDvm sDU}U |HwQN w 'OwW|t h} QaD =]N u=wvax@ � Cr=L u}= QO "CU=
V=O=B p=vo}U w |UL |OwQw |y=tC=@ Q CyH pQDvm |=Q@ "Ow@ Oy=wN �0 R}v

%CU= xOW h} QaD 31 w 30 \@=wQ CQwYx@
SI = k1� (30)

REW = k2� + k3�0 (31)
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QDvm

w|
R=Up

Ot

(�max)1 = 'f1 = f2 = 1 96Hz <=R=x@ P |Q_v w|@ QHD Q=Okt "12 pmW
[8]"u = 0 w (�max)2 = 28

"�|R=i |xOvvmpQDvm � |}xQ}=O Q}Ut |wQ hOy w C=@ Q Q}Ut "13 pmW

'x}v=F 0 02 Q=Ri=sQv QO |Q=OQ@xvwtv u=tR xOWs=Hv= |=y|R=Ux}@W QO
QO fmax = 2Hz w (�max)2 = 300 '(�max)1 = 150 '(�0)max = 300

|}xQ}=O Q}Ut |wQ Q@ lQLDt sUH ?}kaD |R=Ux}@W u}= QO "CU= xOW xDiQo Q_v
u=mt '37 |x]@=Q CQwYx@ lQLDt sUH CmQL |xrO=at "CU= xOW |UQQ@
QO x}v=F 200 |R=Ux}@W u=tR w 900 x}rw= |Q}oCyH '�2 '�1 5� C=@ Q |x}rw=

"CU= xOW xDiQo Q_v
xt = 3 cos(0 03t); yt = 3 sin(0 03t) (37)

j@=]t �0 |rQDvm |OwQw '13 pmW j@=]t hOy w C=@ Q CmQL Q}Ut C}=yv QO
16 pmW j@=]t hOy =D C=@ Q |xrY=i w 15 pmW j@=]t Tv=mQi '14 pmW
17 pmW QO x}v=F 25 |v=tR |=yxrY=i QO lQLDt hOy w C=@ Q u=mt "OwW|t

"CU= xOW xO=O u=Wv
|R=i VwQx@ xOW |L=Q] |xOvvmpQDvm |xr}Uwx@ OwW|t xOy=Wt xm u=vJ
Q=Qk u; R= |QDt 1 5 |xrY=i QO w ?}kaD =Q lQLDt hOy CU= QO=k |@ wNx@ C=@ Q
j}kO CQwYx@ =Q C=@ Q |m}t=v}OwQO}y ?}=Q[ u=wDv CU= umtt xm =Hv; R= "OQ}o
QO C}a]k sOa Cr=L |=Q@ xOW |L=Q] |xOvvmpQDvm OQmrta O}=@ 'OQw; CUO x@

x@ q=@ R= ?}DQDx@ 10 w 8 '6 '4 '2 '0 |=yu=tR QO |y=tC=@ Q u=mt "9 pmW
"�0 = 0 <=R=x@ CU=Q x@ AJ R= w u}}=B

"�0 = 0 <=R=x@ x}v=F 10 COt QO C=@ Q CmQL Q}Ut "10 pmW

"�0 = �=6 <=R=x@ x}v=F 40 COt QO C=@ Q CmQL Q}Ut "11 pmW

Q=m l} =@ xrY=L G}=Dv |xU}=kt Qw_vtx@ [8]"CU= xDiQo Q=Qk |@ QHD |UQQ@ OQwt
[37]u}W}B C=ar=]t j@=]t Q=DWwv u}= QO sO |=Q@ xOW xDiQo Q_v QO p}iwQB '|@ QHD
=D s}=xOQm s}vwO pw] |=DU=Q QO =Q sO xm Cw=iD u}= =@ CU=xOW xDiQo Q_v QO
xOt; CUO x@ O}OH p}iwQB j@=]t R}v A1; B1; A2; B2 |=yQDt=Q=B "OwW |mv}rwO
OwW|t xOy=Wt 12 pmW T=U=Q@ "OwW|t xDiQo Q_v QO u=Um} sO wO Tv=mQi w

"CU= |mv}rlD sO Cr=L |=Q@ xOt; CUO x@ |@ QHD G}=Dv Q@ j@]vt G}=Dv xm
"s} R=OQB|t 3VN@ QO xOW |L=Q] |R=i pQDvm |R=Ux}@W x@ p=L
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QwY
vtp

;Ot
=L

R= ?}DQDx@ 'x}v=F 25 |v=tR |=yxrY=i QO lQLDt hOy w C=@ Q u=mt "17 pmW
"�|R=i |xOvvmpQDvm � u}}=B x@ q=@ R= w CU=Q x@ AJ

?}DQD x@ 'x}v=F 36 |v=tR |=yxrY=i QO lQLDt hOy w C=@ Q u=mt "18 pmW
?}=Q[ QO OYQO 100 C}a]k sOa ZQi =@ u}}=B x@ q=@ R= w CU=Q x@ AJ R=

"�|R=i xOvvmpQDvm � |m}t=v}OwQO}y
"OW Oy=wN |UQQ@ |HQ=N C=W=WDe= w R} wv Qw[L QO xOvvmpQDvm OQmrta p=L
|HQ=N C=W=WDe= w OwW|t xDiQo Q_v QO � |wQ R} wv OYQO 3 'Qw_vt u}= |=Q@
sQH RmQt x@ xm CU= xOW xDiQo Q_v QO 39 |x]@=Q CQwYx@ y0 w x0 |=DU=Q QO

"OwW|t OQ=w C=@ Q
(Disturbance)xo = 0 05� sin (0 75t)
(Disturbance)yo = 0 05� sin (0 5t) (39)

'��2 '�2� C=@ Q |x}rw= u=mt '40 |x]@=Q CQwYx@ lQLDt sUH CmQL |xrO=at
C}=yv QO "CU= xOW xDiQo Q_v QO x}v=F 320 |R=Ux}@W u=tR w ' 00 x}rw= |Q}oCyH
"Ow@ Oy=wN 19 pmW j@=]t x}v=F 40 |v=tR |=yxrY=i QO hOy w C=@ Q u=mt

x = 4� sin
� 7�

3900 t
�
�
 �

sin
�

2 5� 7�
3900 t

��3

+ sin
� 7�

3900 t
��

|}xQ}=O Q}Ut |wQ lQLDt sUH ?}kaD QO �0 |rQDvm |OwQw "14 pmW
"�|R=i |xOvvmpQDvm �

|}xQ}=O Q}Ut |wQ lQLDt sUH ?}kaD QO Tv=mQi |rQDvm |OwQw "15 pmW
"�|R=i xOvvmpQDvm �

|}xQ}=O Q}Ut |wQ lQLDt sUH ?}kaD QO hOy w C=@ Q u}@ |xrY=i "16 pmW
"�|R=i |xOvvmpQDvm �

C=@ Q CmQL Q}Ut 18 pmW QO "OQ}o Q=Qk V}=tR; OQwt |m}t=v}OwQO}y ?}=Q[
|y=tC=@ Q |m}t=v}OwQO}y ?}=Q[ QO OYQO 100 C}a]k sOa ZQi =@ hOy w
CQwYx@ lQLDt sUH CmQL |xrO=at |R=Ux}@W u}= QO "CU= xOW xO=O u=Wv

"CU= 38 |x]@=Q

xt = 2 sin(�� + 0 035t); yt = �2� + 0 07t (38)
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R= ?}DQDx@ 'x}v=F 25 |v=tR |=yxrY=i QO lQLDt hOy w C=@ Q u=mt "21 pmW
"�BELBIC xOvvmpQDvm � u}}=B x@ q=@ R= w CU=Q x@ AJ

|}xQ}=O Q}Ut |wQ lQLDt sUH ?}kaD QO �0 |rQDvm |OwQw "22 pmW
"�BELBIC |xOvvmpQDvm �

|}xQ}=O Q}Ut |wQ lQLDt sUH ?}kaD QO Tv=mQi |rQDvm |OwQw "23 pmW
"�BELBIC |xOvvmpQDvm �

V=WDe= w R}wv Qw[L QO w xO}J}B |Q}Ut |wQ Q@ lQLDt sUH ?}kaD "19 pmW
"|R=i |xOvvmpQDvm R= xO=iDU= =@ x}v=F 320 u=tR QO

"�BELBIC |xOvvmpQDvm � |}xQ}=O Q}Ut |wQ hOy w C=@ Q Q}Ut "20 pmW

y = 6� cos
� 7�

3900 t
�
�
 �

sin
�

2 5� 7�
3900 t

��3

+ sin
� 7�

3900 t
��

(40)

QO "OwW|t xO}HvU lQLDt sUH?}kaD QO BELBIC |xOvvmpQDvm OQmrta p=L
fmax '(�max)2 '(�max)1 '(�0)max 'dDes |=yQDt=Q=B wCmQL Q}UtCr=Lu}=
w 30|x]@=Q QO [k1; k2; k3]?}=Q["OwW|t xDiQo Q_v QO|R=i|xOvvmpQDvmj@=]t
Q}O=ktu}vJty "CU= xOW xDiQo Q_v QO [0 8; 0 2; 0 2]CQwYx@ =]Nw|aU =@ 31
[1; 0 005; 1; 2; 1; 1] CQwYx@ 34 =D 32 \@=wQ QO [k01; k02; k03; k04; k05; k06]
=@ Q@=Q@ Tv=mQi |xOvvmpQDvm QO q=Oo}t; |Q}oO=} MQv "Ov=xOW xDiQo Q_v QO
MQv &CU= �a = 0 0001 =@ Q@=Q@ CyH |xOvvmpQDvm QO w �a = 0 0005
QO w�o = 0 0001 Q@=Q@ Tv=mQi |xOvvmpQDvm QO R}v |} wrH |wkrL QWk |Q}oO=}
Q}Ut C}=yv QO "CU= xOW xDiQo Q_v QO �o = 0 001 =@ Q@=Q@ CyH |xOvvmpQDvm
|v=tR |=yxrY=i QO hOy w C=@ Q u=mt '20 pmW j@=]t hOy w C=@ Q CmQL
|rQDvm |OwQw '22 pmW j@=]t �0 |rQDvm |OwQw '21 pmW j@=]t x}v=F 25

"OwW|t 24 pmW j@=]t hOy =D C=@ Q |xrY=i w '23 pmW j@=]t Tv=mQi
BELBIC VwQx@ xOW |L=Q] |xOvvmpQDvm =@ OwW|t xOy=Wt xm u=vJ
u; R= |QDt 1 5 |xrY=i QO w ?}kaD =Q lQLDt hOy CU= QO=k |@ wNx@ C=@ Q
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"OwW|t
R= xm OQ=O |}=yC}OwOLt w CU= l}twvwrwy Q}e Ow}k =@ |D=@ Q '|y=tC=@ Q
,=trUt "OQm xQ=W=CaQU xv}W}@ wVNQJ `=aW |wQC}OwOLt x@ u=wD|t xrtHu;
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R = 10 34� ��1 002
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|Q}oxH}Dv "6
Qw_vtx@ u; pQDvm w |mv}rxU |y=tC=@ Q |m}t=v}O |R=UpOt x@ xar=]t u}= QO
=OD@= QO "OW xDN=OQB BELBIC w |R=i pQDvm VwQ wO x@ 'lQLDt s=UH= ?}kaD
|xvt=O =@ xO}Wm sUH |x} Q_v |xr}Uwx@ |mv}rxU |y=tC=@ Q Vv=QV}B |=ywQ}v
|y=tC=@ Q |m}t=v}O CqO=at u; R= TB w Ot; CUO x@ p}yD}q nQR@ CmQL
|r}rLD CQwYx@ CqO=at |x�=Q= x@ xHwD =@ "OW x�=Q= |r}rLD CQwYx@ |mv}rxU
|y=tC=@ Q ẁv Qy CmQL h}YwD |=Q@ u=wD|t =Q |R=UpOt u}= 'l} QDt=Q=B w
CqO=at w =ywQ}v sQi OwW|t xOy=Wt xm u=vJ "OQ@ Q=m x@ sQi}Hv=Q=m |mv}rxU
CqO=at "CU= xOW |]NQ}e w |vqw] 'xO}J}B Q=}U@ xOt; CUO x@ |m}t=v}O
|y=tC=@ Q sO pw=Cr=L QO "CU= xOW|R=Ux}@WCr=L wO|=Q@|y=tC=@ QCmQL
|wQ x}rw= h=QLv= l} R= TB C=@ Q w xOQm u=Uwv x@ ẁQW x}rw= |x} w=R uDW=O uwO@
|x_Lr QO =}=B Q}e C=QF= |xOvyOu=Wv h=QLv= u}= "Ovm|t CmQL CU=Q |]N

"CU= |y=tC=@ Q |v=yo =v |Q}o?=DW w CmQL ẁQW
h=QLv= =@ 'lv}r wO Qy u; QO xm xOW |R=Ux}@W |}xvwox@ |Oa@ Cr=L
QDW}@ swO lv}r CmQL |xvt=O xm |r=L QO w |y=tC=@ Q ?rY |xvO@ R= x}rw=
QO "Ovvm|t u=Uwv x@ ẁQW Q@=Q@ |Uv=mQi =@ 'CU= pw= lv}r CmQL |xvt=O R=
|}xQ}=O |Q}Ut |wQ Q=_Dv= j@=]t x}rw= h=QLv= l} R= TB C=@ Q Cr=L u}=
sUH ?}kaD |=Q@ BELBIC w |R=i |xOvvmpQDvm R= TBU "Ovm|t CmQL
xOW |L=Q] |xOvvmpQDvm OW xOy=Wt xm u=vJ "CU= xOW xO=iDU= lQLDt
u; R= |QDt 1 5 |xrY=i QO w ?}kaD =Q lQLDt sUH CU= QO=k |@ wNx@
C}a]k sOa Q@=Q@ QO xOvvmpQDvm u}= OQmrta XwYN QO u}vJty "OQ}o Q=Qk
100 C}a]k sOa uDiQo Q_v QO seQ|ra xm OwW|t xOy=Wt l}t=v}OwQO}y
OwN C} Qwt-=t |@ wNx@ CU= QO=k C=@ Q '|m}t=v}OwQO}y |=yQDt=Q=B QO OYQO
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u=Wv OwN R= |QD?wr]t OQmrta xOvvmpQDvm ẁv u}= BELBIC|xOvvmpQDvm
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100 C}a]k sOa ZQi =@ hOy w C=@ Q CmQL Q}Ut 25 pmW QO "OQ}o Q=Qk
|R=Ux}@W u}= QO "CU= xOW xO=O u=Wv C=@ Q |m}t=v}OwQO}y ?}=Q[ QO OYQO
R} wv OYQO 3 ZQi =@ "CU= 38 |x]@=Q j@=]t lQLDt sUH CmQL |xrO=at
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OtsO s=n lv}r u=Uwv |xvt=O %(�max)n
sO s=n lv}r uOR sO Tv=mQi %fn

sO s=n lv}r x@ \w@ Qt ?; |Qy=_ sQH %mn

x=wNrO |x]kv l} QO |y=t sO `]kt K]U jta %s
|y=t sO |=yDv= QO |y=t sO `]kt K]U jta %S

y0 w x0 |=DU=Q QO ?}DQDx@ =UB ?}=Q[ %Cvv 'Cuu
u; Q@ T=tt |=DU=Q QO s=n lv}r R= x=wNrO |}x]kv CaQU %un
u; Q@ Owta |=DU=Q QO s=n lv}r R= x=wNrO |}x]kv CaQU %vn

s�qa CUQyi
|y=tsO |=yDv= R= x=wNrO |x]kv l} |xrY=i %a

x QwLt =@ |y=tC=@ Q uO@ |x} w=R % 
|y=tC=@ Q ?rY |xvO@ pw] %Lb
|y=tC=@ Q sO s=n lv}r pw] %Ln

u; ?rY |xvO@ =@ |y=tC=@ Q sO s=n lv}r |x} w=R %�n
sO s=n lv}r |x} w=R \UwDt Q=Okt %(�0)n

=yCWwv=B
1. Carangiform
2. Brain Emotional Learning Based Intelligent Controller (BEL-

BIC)
3. Body and/or Caudal tail �n
4. Anguilliform
5. Sub-carangiform
6. Thunniform
7. Amygdala
8. Orbitofrontal cortex
9. Thalamus
10. Sensory cortex
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