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L=Q]T=U= Q@ xJQ=Bm} pQDvm w C}=Oy "CU= xOW |L=Q] CrwyU ?Hwt Qt= u}= "OQm
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xOvQB |=yC=@ Q Q}Ut \=kv Q@ |vD@t C}=Oy |xr�Ut x@ Q[=L j}kLD QO
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C}=Oy VwQ l} �xOW |@=}u=}t Q}Ut u}@ QO lQLDt hOy l} u=wvax@� 9|R=Ht
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sDU}U |R=Ux}@W 4 VN@ QO w OW Oy=wN K} QWD xOvQB C=@ Q pQDvm sDU}U 3
xOvQB pQDvm sDU}U =@ |O=R; xHQO VW |=[i QO xm xOW s=Hv= sw=kt C}=Oy
s=Hv= V=WDe= uwO@ w V=WDe= =@ Cr=L wO QO =y|R=Ux}@W "CU= xOW xJQ=Bm}

"CU= xOW

C}=Oy uwv=k |L=Q] "2
|WRer Ot sw=kt C}=Oy uwv=k |L=Q] "1"2

CaQU 'Ovm|t xO=iDU= |R=Ht hOy |xO}= R= xm Q}Ut \=kv Q@ |vD@t C}=Oy QO
VwQ '\}=QW u}= QO w CU= l}ORv sy x@ |R=Ht hOy CaQU w xOvQB C=@ Q
QO 'p}rO u}ty x@ "OQ=O |@U=vD |Q@ w=v =@ xU}=kt QO |QDy@ |}=Q=m ZLt ?}kaD
[10w5]"CU= xOW xO=iDU= x}=B VwQ u=wvax@ ZLt ?}kaD C}=Oy R= Q[=L j}kLD
|R=Ht hOy CtU x@ xQ=wty xOvQB C=@ Q xm OwW|t Ea=@ ZLt ?}kaD C}=Oy
Qwv=t x@ VwQ u}= OwW|t l}ORv hOy x@ xOvQB C=@ Q |Dkw =t= "Ovm |Q}oCyH
l} |R=Ht hOy [10]"OwW|t |DqmWt RwQ@ x@ QHvt w OwW|t T=UL hOy
C=@ Q w Ovm|t CmQL xOvQB C=@ Q |D} Qwt-=t Q}Ut |wQ Q@ xm CU= |[Qi x]kv
'1 pmW x@ xHwD =@ "Ovm|t p=@vO =Q |R=Ht hOy u}= 'Q}Ut ?}kaD |=Q@ xOvQB
CU= CQ=@a |Oa@xU Cr=L QO ZLt ?}kaD uwv=k QO (ad) ?=DW u=tQi

[6]%R=

ad = N (VM �R)�VM

VM :R
(1)

hOy =D xOvQB |@Uv C}akwt Q=OQ@ R 'xOvQB C=@ Q CaQU Q=OQ@ VM u; QO xm
"CU= C@=F ?} Q[ l} N w |R=Ht

"|R=Ht hOy w xOvQB C=@ Q |Q}oQ=Qk |xwLv "1 pmW

=t}W [2]"CU= nv} QDJ |xO}OB VwQ u}= pmWt u} QD|rY= xm CU= |WRer Ot
pQDvm w C}=Oy |xJQ=Bm} |L=Q] |=Q@ |WRer Ot |xOvvmpQDvm R= [3]u=Q=mty w
xOWh} QaD 2QiY VqD |=]N T=U= Q@ VRer K]Ul} u; QO xm Ov=xOQm xO=iDU=
C} Rt "CU= xOW xU}=kt xkrL wO sDU}U =@ xkrL lD sDU}U u}= OQmrta "CU=
l} "CU= |O=} R Qwv=t |=Q=O xOvQB xm CU= |}=yw} Q=vU QO ,=DOta xJQ=Bm} |L=Q]
|x@DQt Cr=L CqO=at u; QO xm [4]CU= xOW x�=Q= |k}@]D |]NQ}e C}=Oy uwv=k
Qwv=t |=y|v}at=v w Ov=xOW xO=O \U@ pQDvm w C}=Oy |xJQ=Bm} |xkrL |=Q@ Q=yJ
=Q |WRer Ot pQDvm Q_v OQwt uwv=k "CU= xOW ^=Lr u; QO pQDvm |xkrLl}t=v}O w
KqY= VwQ |=Hx@ [5]u=Q=mty w |m =U=t=} "OyO|t j}@]D =y|v}at=v |xOwOLt =@
"Ov=xOQm xO=iDU= Q}Ut ?}kaD |=Q@ 3�PN� |@U=vD |Q@ w=v uwv=k R= ?}kaD |=]N
|=]N |=Q=O 'Q}Ut ?}kaD C} Qwt-=t QO '|@U=vD |Q@ w=v uwv=k xm xOW xO=O u=Wv
'O=@ C=W=WDe= \}=QW QO |rw "CU= O}OW |=vLv= =@ |}=yQ}Ut w O=} R ?}kaD
[6]u=Q=mty w |m =U=t=} "OQ=O?}kaD |=]N KqY= VwQ x@C@Uv |QDW}@Ctw=kt
C=@ Q 5x=oxOaw C}=Oy |=Q@ 4�PP� ZLt ?}kaD C}=Oy w |WRer Ot ?}mQD R=
C=@ Q C}=Oy QO |@ wN |}=v=wD ZLt ?}kaD C}=Oy VwQ "Ov=xOQm xO=iDU= xOvQB
u}= Q@ ZLt ?}kaD C}=Oy uwv=k T=U= =t= "OQ=O lQLDt h=Oy= CtUx@ =Q xOvQB
CyH Q}}eDCtU u; x@ 'Ov}@@ xm |DtU Qy QO =Q hOy 'xOvvm?}kaD |xr}Uw xmCU=
|i=m u=tR uDW=Ov Q=}DN= QO p}rO x@ 'hOy x@ l}ORv pY=wi QO 'u}=Q@=v@ "OyO|t
|v=tQi CU= umtt w OwW|t xH=wt pmWt =@ 'hOy Qwv=t x@ ptar=Tma |=Q@
|vD@t O}OH VwQ l} [6]Cra u}tyx@ "OwW ?}kaD |}=Qo =w x@ QHvt xm OwW QO=Y
[7]u=Q=mty w u=D=v "CU= xOW xO=O xaUwD |WRer Ot VwQ w O}O \N C}=Oy Q@
|xkrL xm |}=ysDU}U QO "Ov=xDN=OQB xJQ=Bm} pQDvm w C}=Oy sDU}U |L=Q] x@
|xkrL |HQ=N |xkrL OvwW|t |L=Q] =RHt CQwYx@ pQDvm |xkrL w C}=Oy
|xkrL \UwD O}=@ xm CU= |}=y?=DW O}rwD u; |xi}_w xm Ow@ Oy=wN C}=Oy
u}@ |D=P Q}N-=D 'xkrL wO u}= |=RHt |L=Q] =@ "OwW ?}kaD �|rQDvm xkrL� |rN=O
C} Rt "Ovvm|t Q=m |irDNt |=yOt=U@ QO xkrL wO =Q} R "OW Oy=wN O=H}= =yxkrL
u; QO w OQ=Ov =Q xkrL wO u}@ |D=P Q}N-=D xm CU= u}= xJQ=Bm} pQDvm w C}=Oy
sDU}U MU=B |q=@ CaQU x@ xHwD =@ CU= xOW |aU "OQ=O OwHw xkrL l} \ki
[8]"OwW xO=iDU= OQwNQ@ |=]N uOQm pk=OL |=Q@ u; R= xJQ=Bm} pQDvm w C}=Oy
O}OW |=yQwv=t Q@=Q@ QO Q}oyQ sw=kt pQDvm w C}=Oy |x�=Q= Q=DWwv u}= |rY= hOy

"CU= xOw@ hOy |v=yo =v w
Q=wty swO x@DQt |WRer Ot pQDvm j}kLD u}= QO 'syt u}= x@ |UQDUO |=Q@
p=ta= hOy Qwv=t w l}t=v}O QO |v}at=v 'uOw@ sw=kt |UQQ@ |=Q@ w xOW xO=iDU=
l} \UwD Q}Ut ?}kaD |=Q@ |WRer Ot |k}@]D |R=i pQDvm [9]|ov=wW "CU= xOW
|R=UpOt |=]N R= xOvvmpQDvm |L=Q] QO "CU= xOQm x�=Q= =Q |]NQ}e sDU}U
CU}v sRq |L=Q] u}= QO "CU= xOW xO=iDU= =y|v}at=v Q=wj}@]D u}tND |=Q@
pOt |=]N |=Q@ =Q |@v=Ht |}=Qoty VwQ u}= "OW=@ swrat =y|v}at=v |xOwOLt
=Q 6xDiQW}B ZLt ?}kaD C}=Oy VwQ [10]u=Q=mty w |m =U=t=} "Ovm|t u}t[D
x@ w |WRer Ot ?}mQD =@ C}=Oy VwQ u}= "Ov=xOQm x�=Q= xOvQB C=@ Q ?}kaD |=Q@
|x} w=R =@ \@DQt |Oa@ xU u=}@ |x}=B Q@ xm CU= xOW O=H}= hv=B=}r `@=D l} ltm
u=Wv =Q xOvQB C=@ Q \UwD ?}kaD w |Q}PB Qwv=t C}r@=k j}kLD G}=Dv "CU= O}O \N
V}q=@ MU=B CaQU p}rOx@ xJQ=Bm} pQDvm w C}=Oy R= [11]|m =U=t=} "OyO|t
pQDvm w C}=Oy VwQ 'hrDNt |=yVwQ u}@ R= xm CU= xO=O u=Wv w xOQm xO=iDU=
|Qw;wv R= "OQ=O hOy Qwv=t Q@=Q@ QO |tw=kt OQmrta 7|WRer Ot Q@ |vD@t xJQ=Bm}
xQ=W= w=} w 'pwQ 'I}B p=v=m xU |=Q@ xJQ=Bm} pQDvm w C}=Oy x@ u=wD|t j}kLD u}=
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�W;d = tan�1
�

u�
�a
 + g cos 


�
�d =

m
p

(�a
 + g cos 
)2 + (a�)2 � FT sin�
QSCL�

+ �0 (8)

|rQDvm Q=DN=U uwJ "CU= |m}t=v}O Q=WiQ w CU= ?wr]t |=vat x@ dT} wvQ} R
(�d = 0)|@v=H VQU x} w=R uOw@ QiY 'CU= 11VOQo x@Cre ẁv R= xOvQB C=@ Q

"CU= pQDvm sDU}U |OwQw u}t=Qi R=

|R=i � |WRer Ot sw=kt C}=Oy uwv=k |L=Q] "2"2
Ctqa `@=D |=H x@ 'CU= ?wW; |xO}OB |=Q=O ,=D=P |WRer Ot VwQ xm |}=Hv; R=
R}v Qt= u}= |rw "CU= xOW xO=iDU= C}=Oy u=tQi Q}O=kt G=QNDU= QO `=@W= `@=D R=
?}mQD R= VN@ u}= QO 'u}=Q@=v@ "Ovm|tv O=H}= =Q ?wr]t w sRq |}=Q=m |}=yvD x@
|xO}OB uOQ@u}@ R= |=Q@ Q=wty w sQv Q=DiQ |=Q@ |R=i pQDvm w |WRer Ot VwQ
Q}e QO u}ov=}t RmQt VwQ R= |L=Q] u}= QO "OwW|t xO=iDU= ?wW; |xDU=wN=v
u}t-=D |QDy@ |oDUw}B =@ =Q R=U|R=i Q}e |HwQN xm CU= xOW xO=iDU= R=U|R=i
|R=i G=DvDU= QwDwt u} QDOQ@ Q=mQB xm |v=Ott pk=OL VwQ R= j}kLD u}= QO "Ovm|t
Ot C}=Oy uwv=k VN@ u}= QO xOWx�=Q= C}=Oy uwv=k "CU= xOW xO=iDU= CU=
%xm CU= XNWt h} QaD j@] "OwW|t xO}t=v 12�PPFSMG� |R=i � |WRer
yR
R

= sin(�)

zR
R

= sin(
) (9)

xHQO 20 R= QDlJwm � |x} w=R w xHQO 10 R= QDlJwm 
 |x} w=R ,=twta xm =Hv; R=
"OQm xO=iDU= Q} R |x]@=Q R= u=wD|t |rw@k p@=k ?} QkD =@ 'CU=

sin(
) = 


sin(�) = � (10)

%CU= xOW pY=L Q} R C=Q=@a |R=UxO=U w \@=wQ ?}mQD =@
a
 =VMR

xR

�
VTz
R
� xR(VTx � VM ) + yRVTy + zRVTz

R3 zR

+ �
sat(
)
�

a� =VMR
xR

�
VTy
R
� xR(VTx � VM ) + yRVTy + zRVTz

R3 yR

+ ��sat(�)
�

(11)

%OwW|t h} QaD Q} R CQwYx@ `=@W= `@=D QO xm

sat(
) =

8<:
="
 j
j < "


sgn(
) j
j � "


sat(�) =

8<:�="� j�j < "�

sgn(�) j�j � "�
(12)

[9]%OW=@ Q=QkQ@ xQ=wty O}=@ Q} R |x]@=Q 'ZLt ?}kaD C}=Oy |xiUri T=U=Q@
VM �R = 0 (2)

|WRer Ot w ZLt ?}kaD C}=Oy Q@ |vD@t |Oa@xU O}OH C}=Oy uwv=k 'xt=O= QO
xO}t=v 10�PPSMG� ZLt ?}kaD |x}=B Q@ |WRer Ot C}=Oy xm OwW|t x�=Q=
%O};|tCUO x@ q=@ CQ=@a uOQmp=tQv R= VRer K]U 'C}=Oy uwv=k u}= QO "OwW|t

SM = VM �R
VMR

(3)

[6]%R= CU= CQ=@a ?=DW u=tQi w

a
 =VMR
xR

�
VTz
R
� xR(VTx � VM ) + yRVTy + zRVTz

R3 zR

+ �
sgn(zR
R

)
�

a� =VMR
xR

�
VTy
R
� xR(VTx � VM ) + yRVTy + zRVTz

R3 yR

+ ��sgn(yR
R

)
�

(4)

xOvQB C=@ Q Q@ OQ=w s�=k w |[Qa |=y?=DW ?}DQDx@ a
 w a� |=yQ}eDt u; QO xm
w xOvQB C=@ Q CaQU Q=OQ@ |=yxir-wt "OvDUy |WRer Ot |=y|OwQw |awv x@ w
xOvQB C=@ Q ?=DW Q=OQ@ w xOvQB C=@ Q C}akwt Q=OQ@ '|R=Ht hOy CaQU Q=OQ@

%R= Ov=CQ=@a
VM =

h
VM 0 0

iT
VTGT =

h
VTx VTy VTz

iT
R =

h
xR yR zR

iT
_VM =

h
_VM u� u


iT
(5)

"CU= Ctqa `@=D sgn w C@Ft C@=F Q}O=kt �
 w �� |=yQDt=Q=B 4 |x]@=Q QO
sat `=@W= `@=D R= 'sgn Ctqa `@=D |=H x@ ?wW; |xO}OB Vy=m |=Q@ 'pta QO

%OwW|t xO=iDU=

sat
�zR
R

�
=

8<:� zRR � ="
 �� zR
r

�� < "


sgn
� zR
R

� �� zR
r

�� � "

sat
�yR
R

�
=

8<:� yRR � ="� �� yR
r

�� < "�

sgn
� yR
R

� �� yR
r

�� � "� (6)

w a� ?=DW |=yu=tQi u}@ |x]@=Q "CU= lJwm w C@Ft C@=F l} " u; QO xm
[6]%CU= Q} R CQwYx@ xOvQB l}t=v}O w a


a
 = �V _
 = � 1
m

(L+ FT sin�) cos�W + g cos 


a� = V _� cos 
 = 1
m

(L+ FT sin�) sin�W (7)

FT w L 'xOvQB Q}Ut s�=k w |[Qa |=}=wR Q}O=kt ?}DQDx@ 
 w � '7 |x]@=Q QO
� w �w ?UL Q@ xrO=at wO u}= pL =@ "OvDUy u=QW}B w ;Q@ |=ywQ}v ?}DQDx@ R}v
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d
dt j
j
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S B B M
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B M S S

"j�j C}w[a `@=wD "3 pmW

"j
j C}w[a `@=wD "4 pmW

"ddt j�j C}w[a `@=wD "5 pmW

"`=@W= `@=D "2 pmW
"�
 |HwQN |R=i u}v=wk x=o}=B "1 pwOH
j
j

d
dt j
j

N Z P

S S S M

M S M B

B M B B

|=y?=DW QO xm OwW|t xOy=Wt �11 |x]@=Q� xOW G=QNDU= |=yu=tQi QOCkO =@
TQDUO QO s}kDUt CQwYx@ �
 :sat(
) w ��:sat(�) |=yCQ=@a =yvD 'u=tQi
" w � syt QDt=Q=B wO |=Q=O �:sat(f) CQ=@a 2 pmW x@ xHwD =@ "CU= K=Q]

"CU= `@=D ?}W Q=Okt 1=" w `@=D |xv}W}@ |xR=Ov= � xm CU=
"CU= Q=QkQ@ hv=B=}r `@=D |Q=O}=B 'QiY R= QDoQR@ " w � Q=Okt Qy |=R= x@ `k=w QO
u}= QO |rw CU= xOW ?=NDv= C@=F OOa " w � Q}O=kt u}W}B `H=Qt w C=k}kLD QO
CU= xOW s=Hv= |R=i CQwYx@ " w � C@Ft Q=Okt u}}aD w ?=NDv= Ov}=Qi 'j}kLD

"OW Oy=wN xO=O u=Wv =y|R=Ux}@W QO VwQ u}= |}=Q=m w OQmrta xm
=} Q=O}=B \}=QW QO 
 w � |=}=wR |Dkw xm CU= |DQwYx@ |R=i u}v=wk j]vt
OvwW pk=OL xOWO}rwD |=yu=tQi O}=@ 'OvDUy �QiY Q=Okt� -=O@t x@ l}ORv |DQ=@ax@
OyO|t MQ -=O@t l}ORv \}=QW QO xm 13p=kDv= w OwW ltm sDU}U |Q=O}=B x@ =D
xm |Dkw "OUQ@ Q=Okt pk=OL x@ ?wW; |xO}OB w OwW s=Hv= xDUy; w sQv Q=}U@
O}rwD |=yu=tQi 'OvDUy -=O@t R= xOvwWQwO =} -=O@t R= QwO \}=QW QO 
 w � |=}=wR
-=O@t w Q=O}=B \}=QW x@ u=tR pk=OL QO =Q =}=wR u}= xm OvwW|t O=ND= |}xvwox@ xOW

"Ovvm l}ORv
|v=tR jDWt Q=Okt w � |x} w=R jr]t QOk Q=Okt |Dkw ,qFt 'j]vt u}= T=U=Q@
CQ=@a '�OW=@ l}ORv |Q=O}=B \}=QW x@ � |va}� OvW=@ lJwm � |x} w=R jr]tQOk
Vy=m |=Q@ w OwW|t xO=O Vy=m �� 'Qw_vt u}= |=Q@ "OwW pk=OL O}=@ �sat

p=kDv= =D O@=} Vy=m O}=@ R}v sat Q=Owtv QO �1="� Q=Okt |va}� ?}W '?wW;
"OwW s=Hv= xDUy; w sQv CQwYx@

d
dt j
j w j
j R= Ov=CQ=@a "
 w �
 |x@U=Lt |=Q@ |R=i sDU}U |=y|OwQw
|=yp=vo}U "� w �� |x@U=Lt |=Q@ |R=i sDU}U |=y|OwQw ?}DQD u}tyx@ w
xOW xO=iDU= sy "� w �� |=Q@ '|R=i u}v=wk u}ty x@=Wt "OvDUy d

dt j�j w j�j
u=Wv 2 w 1 |=ypwOH QO "
 w �
 |=y|HwQN |=Q@ |R=i u}v=wk x=o}=B "CU=
pO=at ?}DQD x@ P w Z 'N 'B 'M 'S |=yO=tv pw=OH u}= QO "CU= xOW xO=O

"CU= C@Ft w QiY '|ivt 'nQR@ '\UwDt 'lJwm
xOW sUQ =y|HwQN w =y|OwQw R= l} Qy C} w[a `@=D 8 =D 3 |=ypmW QO
Q=Okt x@ Qo`=@W= l} \UwD |R=i sDU}U x@ OwQw R= p@k 
 w � |=yp=vo}U "CU=

"Ov=xOW OwOLt xHQO 90
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"xOvQB C=@ Q pQDvm sDU}U s=Qo =}O lwr@ "9 pmW

VwQ R= xOvQB C=@ Q pQDvm sDU}U |=Q@ '|m}t=v}O pOt uOw@ |]NQ}e p}rOx@
xOvQB |]NQ}e l}t=v}O Qo = 'VwQ u}= QO "CU= xOW xO=iDU= l}t=v}O uwQ=w

%OW=@ Q} R CQwYx@
_x = f(x; u)

y = Cx (14)

%OwW Qy=_ u; QO u CQ=@a =D OwW|t xDiQo jDWt |HwQN |xrO=at R= QOkv;
y(d) = h(x) +G(x)u (15)

%R= CU= CQ=@a xOvvmpQDvm Q=OQ@ CQwY u}= QO
u = G(x)�1 (v � h(x)) (16)

=@ "CU= x@U=Lt p@=k Q} R |x]@=Q R= xm CU= sDU}U ?wr]t l}t=v}O v u; QO xm
%OwW|t xH}Dv xOvvmpQDvm u}= R= xO=iDU=

v = _x = k0(xc � x) (17)

l} R}v k0 "OwW|t u}}aD v ?=NDv= =@ y(d) |HwQN C=Q}}eD MQv '?}DQDu}O@
xO=iDU= =@ Q_v OQwt xOvQB C=@ Q pQDvm sDU}U |L=Q] Qw_vt x@ "CU= C@=F |xQy@
|=yQ}eDt 'xOW xO=O u=Wv hr=�9 pmW QO xm Qw]u=ty 'l}t=v}O uwQ=w VwQ R=
xDUy; |=yO)t "CU= xOW s}UkD `} QU w xDUy; |xDUO wO x@ xOvQB C}a[w Cr=L
Ov}=Qi "r w q 'p R= Ov=CQ=@a `} QU |=yO)t w '' w � '� R= Ov=CQ=@a CqO=at QO
"OwW s}UkD |HQ=N xkrL w |rN=O |xkrL wO x@ Ov=wD|t xOvvmpQDvm u}= |L=Q]
Q_vhQY xDUy; l}t=v}O |wQ �a w �e '�r |=y|OwQw Q=O}=B Cr=L C=QF= R=
u}@ |i=m |v=tR T=}kt xm OwW x}HwD Ov=wD|t |DQwY QO VwQ u}= "CU= xOW
'p |=yCr=L 'u}=Q@=v@ &OW=@ xDW=O OwHw |vwQ}@ w |vwQO |=yxkrL |=yl}t=v}O
xkrL QO ' w � '� |=yCr=L R= QD`} QU |r}N O}=@ |vwQO |xkrL QO r w q
QO sDU}U C}a[w pQDvm |=Q@ l}t=v}O uwQ=w xOvvmpQDvm Q=DN=U "OvW=@ |vwQ}@

[132w10]"CU= xOW x�=Q= hr=9 pmW
"CU= xOW xO=iDU= ?9 pmW Q=DN=U R= xOvQB C=@ Q CaQU pQDvm Qw_vt x@
=D xOvQB |@Uv xrY=i R '|R=Ht hOy CaQUVTGT w O=ByB CaQU VM Qo =

" ddt j
j C}w[a `@=wD "6 pmW

"�
 w �� C}w[a `@=wD "7 pmW

""
 w "� C}w[a `@=wD "8 pmW

xOvQB C=@ Q pQDvm sDU}U |L=Q] "3
|]NQ}e |O=R; xHQO VW CqO=at R= xOvQB C=@ Q |m}t=v}O |R=UpOt |=Q@
xm [12]"�13 x]@=Q� CU= xOW xO=iDU= u=NQJQ}e w K]Ut u}tR ZQi =@ '=t}B=wy
=UB ';Q@ |m}t=v}OwQ}; |=ywQ}v Y wD 'L 'Vv=QW}B |wQ}v T 'xOvQB sQHm 'u; QO
x@ � w � 'R=wQB Q}Ut |x} w=R 
 '|m}t=v}OwQ}; |=yQw=DWo �N w �M '�L '|@v=H w
|}=Hx@=H |=yxir-wt x w y 'h 'CaQU Q=OQ@ Cre |x} w=R w CtU |x} w=R ?}DQD

"Ov=xOvQB
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2664 _V

_�

_


3775 =

2664
T cos(�) cos(�)�D cos(�)+Y sin(�)�mgsin(
)

m
D sin(�) cos(�)+Y cos(�) cos(�)+L sin(�)+T (sin(�) sin(�)�cos(�) sin(�) cos(�))

mV cos(
)
�D sin(�) sin(�)�Y sin(�) cos(�)+L cos(�)+T (cos(�) sin(�)+sin(�) sin(�) cos(�))�mgcos(
)

mV

3775

�13�

24 _�
_�

35 =

24 q � tan(�) (cos(�)p+ sin(�)r) + �L+mgcos(
) cos(�)�T sin(�)
mV cos(�)

sin(�)p� cos(�)r + mgcos(
) sin(�)+Y cos(�)+D sin(�)�T sin(�) cos(�)
mV

35
_� = cos(�)p+sin(�)r

cos(�) + �mgcos(
) cos(�) tan(�)+L(tan(
) sin(�)+tan(�))+D sin(�) tan(
) cos(�)
mV

+Y tan(
) cos(�) cos(�)+T sin(�)(tan(
) sin(�)+tan(�))�T cos(�) tan(
) cos(�) sin(�)
mV2664 _p

_q

_r

3775 =

26664
(Izz �L+Ixz �N+Ixz(Ixx�Iyy+Izz)pq+(Izz(Iyy�Izz)�I2

xz)qr)
IxxIzz�I2

xz
�M+(Izz�Ixx)pr+Ixz(r2�p2)

Iyy
(Ixz �L+Ixx �N+(Ixx(Ixx�Iyy)+I2

xz)pq�Ixz(Ixx�Iyy+Izz)qr)
IxxIzz�I2

xz

37775
2664 _x

_y
_h

3775 =

2664 V cos(
) cos(�)

V cos(
) sin(�)

V sin(
)

3775

"|R=Ht hOy Q}Ut w Q}Ut \=kv "11 pmW
"xOW |R=Ux}@W |xOvQB pOt C=YNWt "3 pwOH

c (m) b (m) S (m2) m (Kg)

0 43 3 1 27 1000

xawtHt |wQ Q@ Q=wty w sQv Q}Ut l} 14|@amt u}qBU= |@=}u=}t VwQ R= xO=iDU=
xO=O CmQL u; |wQ Q@ C@=F CaQU =@ |R=Ht hOy xm OwW|t O=H}= Q}Ut \=kv
l} '|R=Ux}@W |=Q@ "CU= |R=Ht hOy ?}kaD 'C}=Oy sDU}U hOy "OwW|t
ẁQW "CU= xOW xDiQo Q_v QO 11 pmW j@=]t |o =Ro} R |xO}J}B |Oa@xU Q}Ut

"CU= [0 0 0] -=O@t |x]kv 'xOvQB R=wQB
Q}Utx]kv CaQU w CU= xOt; 3 pwOH QO xOvQB pOt |rY= C=YNWt

"CU= xOW ZQi x}v=F Q@ QDt 150 R}v |R=Ht
"
 = "� = 0 25 sy |R=i � |WRer Ot C}=Oy sDU}U |=yQDt=Q=B Q}O=kt
VN@ QO u; KQW xm C} w[a `@=wD ?=NDv= "CU= xOW ?=NDv= �
 = �� = 1 w
|=yQDt=Q=B "CU= xOw@ =]N � uwtR; w x@ QHD VwQ x@ PPFSMG VwQ QO 'Ot; 2
QO xm CQwY u}= x@ "CU= xOW s}_vD |v=tR MU=B T=U= Q@ |]NQ}e pQDvm sDU}U

"xOvQB C=@ Q pQDvm w C}=Oy sDU}U |mwr@ Q=Owtv "10 pmW

T=U=Q@ 'OW=@ |R=Ht hOy w xOvQB C=@ Q u}@ ?wr]t xrY=i Rd w |R=Ht hOy
%CWwv Q} R CQwYx@ =Q xOvQB C=@ Q CaQU MQv u=tQi u=wD|t '?9 pmW

Ua � KR(R�Rd) +KV (VTGT � VM ) (18)

|R=Ht hOy CaQU =@ O}=@ O=ByB CaQU 'Q}Ut ?}kaD Qw_vt x@ 'jwi |x]@=Q j@]
"OQ}o Q=Qk |R=Ht hOy R= |v}at |xrY=i QO O=ByB O}=@ u}= Q@ xwqa "OwW u=Um}
R=}v OQwt Vv=QW}B |wQ}v Q=Okt Ua R= xO=iDU= w l}t=v}O uwQ=w VwQ T=U= Q@

[10]"OwW|t x@U=Lt CaQU pQDvm |=Q@
xOW xO=O V}=tv pQDvm w C}=Oy sDU}U |mwr@ Q=Owtv 10 pmW QO 'C}=yv QO

[13w10]"CU=

sw=kt C}=Oy =@ |O=R; xHQO VW sDU}U |R=Ux}@W "4
w PPSMG w PP |va} 'xOWu=}@ |D}=Oy VwQ xU OQmrta VN@ u}= QO
xU}=kt w |UQQ@ O=@OvD w O=@ OwHw =@ w V=WDe= uwO@ \}=QW QO 'PPFSMG

=@ '11 pmW 'u=tR ?ULQ@ Q}Ut \=kv |QU l} uDW=O CUO QO =@ "OwW|t
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C}=Oy =@ u; |wQ CmQL w Q}Ut CtU x@ xOvQB C=@ Q CmQL Q=Owtv "12 pmW
"V=WDe= uwO@ |w} Q=vU QOPP

C}=Oy =@ u; |wQ CmQL w Q}Ut CtU x@ xOvQB C=@ Q CmQL Q=Owtv "13 pmW
"V=WDe= uwO@ |w} Q=vU QO PPSMG

C}=Oy =@ u; |wQ CmQL w Q}Ut CtU x@ xOvQB C=@ Q CmQL Q=Owtv "14 pmW
"V=WDe= uwO@ |w} Q=vU QO PPFSMG

"V=WDe= uwO@ |w} Q=vU QO PP |D}=Oy VwQ =@ xrY=i |=]N Q=Owtv "15 pmW

�|rN=O xkrL� OvD |=yCr=L |xkrL |xQy@ ?} Q[ ,qwtat l}t=v}O uwQ=w VwQ
=@ ?U=vDt �|HQ=N xkrL� Ovm |=yCr=L |xkrL |xQy@ ?} Q[ w !2

n =@ ?U=vDt
pQDvm sDU}U MU=B |a}@] Ot=U@ !n w |}=Q}t ?} Q[ � u; QO xm CU= 2�!n
K1 = 4 �hr=9 pmW� pQDvm sDU}U |xQy@ ?}=Q[ Q}O=kt '?}DQD u}= x@ "CU=
10 pmW j@=]t R}v CaQU pQDvm QDt=Q=B |=Q@ "CU= xOW ?=NDv= K2 = 3 2 w
sDU}U |R=Ux}@W QO "CU= xOW xO=iDU= KR = 0 6 w KV = 0 2 ?}=Q[
w OwW p}rLD |@ wN x@ sDU}U ?wW; w p=kDv= =D CU= xOWv xO=iDU= QDr}i R= |rQDvm
x}v=F|r}t 25 |v=tR C@=F =@ `} QU ,=D@Uv Qorta l} R= |rQDvm |=yu=tQi p=ta= QO

%OwW|t h} QaD Q} R |x]@=Q CQwYx@ R}v |rQDvm VqD "CU= xOW xO=iDU=

C:E: =

tfZ
0

q
N 2
y +N 2

zdt (19)

O=@ w O=@OvD OwHw uwO@ |R=Ux}@W G}=Dv "1"4
uDi=} x@ \w@ Qt xm |}=OD@= C=_Lr QO VwQ xU Qy OQ=Ov OwHw V=WDe= xm |Dkw
|xrY=i |xv}W}@ "�14 =D 12 |=ypmW� OvDUy |@ wN OQmrta |=Q=O CU= Q}Ut
QDt 80 Q@=Q@ PPSMG |=Q@ �15 pmW� QDt 260 Q@=Q@ PP |=Q@ Q}Ut R= h=QLv=
?}kaD VwQ xm �17 pmW� CU= QDt 70 Q@=Q@ PPFSMG |=Q@ w �16 pmW�

"CU= QDW}@ Qo}O VwQ wO R= ZLt
|xv}W}@ Q=Okt w u=Uwv |=Q=O PP VwQ |=Q@ |rQDvm Kw]U C=Q}}eD Q=Owtv
|@U=vt=v w O=} R ,=D@Uv ?wW; |=Q=O PPSMG VwQ "�18 pmW�CU=|rw@k p@=k
"�20 pmW� OyO|t u=Wv =Q MU=B u} QDy@ PPFSMG VwQ w �19 pmW� CU=
uDi=} u=tR |va} u} R=e; C=_Lr QO PP VwQ |=Q@ s�=k ?=DW Q=Owtv

CU= R}J=v |WRer Ot � |R=i VwQ u=Uwv w �21 pmW� OQ=O u=Uwv |mOv= Q}Ut
xm |Dkw xt=O= QO "�23 pmW� OQ=O |O=} R u=Uwv |WRer Ot VwQ |rw �22 pmW�
PPSMG R= QDy@ Kw[w x@ PPFSMG VwQ Q=OwtvCiQo Q=Qk Q}Ut |wQ Q@ O=ByB

"CU= PP R= QDy@ R}v VwQ u}= w
w �25 pmW� PPSMG VwQ wO R= �24 pmW� PP VwQ |[Qa ?=DW
CU= |r=L QO u}= w CU= |QDW}@ xv}W}@ Q=Okt |=Q=O �26 pmW� PPFSMG

|QDtm u=Uwv OQ}o@ Q=Qk Q}Ut |wQ O=ByB xm|v=tR =D u} R=e; COt |=Q@ PP VwQ xm
VwQ wO R= |QDtm u=Uwv PPSMG VwQ xt=O= QO |rw "OQ=O Qo}O VwQ wO R=

"OyO|t u=Wv Qo}O
4 pwOH QO |R=Ux}@W pw] QO |OQmrta |=yQDt=Q=B Q}=U Q=DiQ |xYqN
QDW}@ QO PPFSMG VwQ xm CiQo xH}Dv u}vJ u=wD|t ẁtHt QO "CU= xOt;
PPSMG VwQ "CU= QDQ@ PPSMG w PP VwQ wO R= |OQmrta |=yxHvU

"CU= O=} R u; ?wW; |rw OQ=O |@U=vt |xrY=i |=]N w |rQDvm VqD

O=@ w O=@OvD OwHw =@ |=y|R=Ux}@W G}=Dv "2"4
Q}F-=D xOvQB p}=Uw R=wQB Q@ w Ov=u=} QH QO =yO=@OvD w =yO=@ 'QiUtD= |=wy CmQL p}rOx@
pOt %CU= xOW x�=Q= u; |=Q@ pOt wO w CU= |iO=YD |}xO}OB V=WDe= "OvQ=Po|t
QO [14w12]"Ov=xOW T=@Dk= u=W}=yxOvvmO=H}= s=v R= xm 16utQ=muwi pOt w 15uO}=QO
|QiUtD= |xDUw}B C=W=WDe= R= |i}] pOt l} xm uO}=QO pOt R= Q[=L j}kLD
CaQU Q=OQ@ =@ C@=F O=@ R= R}v O=@ uOQmpOt Qw_vtx@ "CU= xOW xO=iDU= CU=
\}Lt QO C} Qwt-=t s=Hv= u=tR pm QO xm CU= xOW xO=iDU= [10; 10; 10]m=s
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|=}=wR� xOvQB |}x} w=R C}a[w w 'xOvQB CaQU '`=iDQ= pOt u}= |OwQw "ORw|t
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"OwW|t xi=[= xOvQB
PPSMG VwQ w �27 pmW� PP VwQ OQ=O OwHw V=WDe= w O=@ xm |Dkw
'u}@ u}= QO xD@r= "OvQ=O |i}a[ OQmrta ?}kaD QO |}=OD@= C=_Lr QO �28 pmW�
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=yCWwv=B
1. chattering
2. zero e�ort miss
3. parallel navigation
4. pure pursuit
5. rendezvous
6. advance pure pursuit guidance
7. sliding mode integrated guidance & control
8. cubic spline
9. virtual waypoint
10. pure pursuit sliding mode guidance
11. bank-to-turn
12. pure pursuit fuzzy sliding mode guidance
13. switching
14. cubic spline interpolation
15. Dryden
16. VonKarman
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