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'pwQ u=tt ?} Q[ hQat Cyp w Cnp w Clp "OvDUy w=} u=tt x@ C@Uv |@v=H
u=tt ?} Q[ Czq w Cmq "OvDUy pwQ u=tt x@ C@Uv |@v=H |wQ}v ?} Q[ w w=}
I}B u=tt ?} Q[ R}v Cm _a "OvDUy I}B u=tt x@ C@Uv p=tQv |wQ}v ?} Q[ w I}B
Cm�e 'Cy�r 'Cy�r Cz�e u}vJty "CU= xrtL |x} w=R C=Q}}eD MQv x@ C@Uv
�r QO=Q w �e QwD} wr= '�a u=Qr}= lr=@ |=}=wR x@ C@Uv |rQDvm C=kDWt Cn�r w

"OvDUy
xOW XNWt 2 pmW QO u=tt O}rwD |=Q@ '=ylr=@ |O=OQ=Qk Ctqa u}vJty
C@Ft pwQ =ylr=@ C@Ft |Owta |wQ}v xm OwW|t xDiQo Q_v QO |Qw] w CU=
6 \@=wQ R= xO=iDU= =@ C@Ft pwQ w I}B 'CtU |=yu=tt 'O=OQ=Qk u}= j@] "Ovm O=H}=

%OW Oy=wN O=H}=
�a = 1

4 (+�1 + �2 + �3 + �4)

�e = 1
2 (+�2 � �4)

�r = 1
2 (��1 + �3) (6)

?U=vt |@=QN u}tND |=Q@ xm OwW|t |U} wvR=@ |}xvwox@ xr}Uw pOt 'xt=O= QO
"OW=@

|@=QN X}NWD sD} Qwor= "3
xr}Uw l}t=v}O CqO=at u}=Q@=v@ w xr}Uw l}t=v}OwQ}; QO |Q}}eD lr=@ uOW pik
QO Q}}eD ẁv wO O=H}= Ea=@ lr=@ l} uOW xDUmW =} uDNwU |rw O=O Oy=wNv
|rQDvm |m}t=v}OwQ}; ?}=Q[ O=OaD QO Q}}eD l} %OwW|t xr}Uw |m}t=v}OwQ}; pOt
p=v=m wO w pwQ p=v=m u}@ |oDU@=w O=H}= w O}OH ?}=Q[ O=H}= Ea=@ xm OyO|t MQ
u; QF= Q@ xm CU= xr}Uw uQ=kD uOQwN sy x@ p}rO x@ Qo}O Q}}eD w OwW|t Qo}O
`q]= |=Q@ u}=Q@=v@ "Ovm|t Q}}eD |m}t=v}O w |m}D=DU= |m}t=v}OwQ}; ?}=Q[ Q=Okt
'OQ=O CQwQ[ O}OH |m}t=v}OwQ}; ?}=Q[ |t=tD u}tND w uDUv=O 'O}OH pOt R=
=@ u} Ro}=H |m}t=v}OwQ}; pOt Qw_vt u}= |=Q@ "Ow@ Oy=wN xO}J}B Q=}U@ |Q=m xm
|@=QN R= TB =Q sDU}U pOt u=wD@ =D OwW|t |iQat p@k VN@ QO xOW u=}@ pOt

"OR u}tND
OvwW|t x@U=Lt =RHt CQwYx@ xvO@ w p=@|m}t=v}OwQ};?}=Q[ Qw_vt u}= |=Q@
x@ "OW Oy=wN xi=[= xvO@ x@ =ylr=@ \UwD xOW O}rwD |=yu=tt w =ywQ}v TBU w

_� = cos(�)
V cos(�)

�
FZ
m

�
� p cos(�) tan�

+q � sin(�)
V cos(�)

�
FX
m

�
� r sin(�) tan�

_� = cos(�)
V

�
FY
m

�
+ p sin(�)� r cos(�)

�cos(�) sin(�)
V

�
FX
m

�
� sin(�) sin(�)

V

�
FZ
m

�
_V = cos(�) cos(�)

�
FX
m

�
+ sin(�)

�
FY
m

�
+ sin(�) cos(�)

�
FZ
m

�
(1)

w
_p = 1

Ix
f(Iy � Iz) qr + lAg

_q = 1
Iy
f(Iz � Ix) rp+mAg

_r = 1
Iz
f(Ix � Iy) pq + nAg (2)

|=yQwLt pwL xr}Uw |UQv}= |=yu=tt Iz w Iy 'Ix w sQH 'm \@=wQ u}= QO xm
|]N CaQU |xR=Ov= V 'VQU |x} w=R � 'xrtL |x} w=R � u}vJty "OvDUy |vO@
'1 |x]@=Q QO "OvDUy |vO@ x=oDUO QO xr}Uw |}x} w=R CaQU |=yxir-wt r w q 'p w
CU=QD |wQ}v w (FA) |m}t=v}OwQ}; |wQ}v '(Fg) Vv=Qo |wQ}v pt=W F |wQ}v
|=yxir-wt "OvDUy xr}Uw |m}t=v}OwQ}; |=yu=tt R}v nA w mA 'lA &CU= (FT )

[31]%CU= x@U=Lt p@=k 3 |x]@=Q R= R}v Vv=Qo |wQ}v
Fgx = �mg sin(�)

Fgy = mg cos(�) sin(�)

Fgz = mg cos(�) cos(�) (3)

u}vJty "CU= xr}Uw pwQ |x} w=R hQat � w I}B |x} w=R hQat � Q}eDt u; QO xm
%OwW|t x@U=Lt 4 |x]@=Q j} Q] R= xr}Uw Qr} w= |=}=wR

_� = p+ q sin(�) tan(�) + r cos(�) tan(�)

_� = q cos(�)� r sin(�)

_ = q sin(�) sec(�) + r cos(�) sec(�) (4)

%OwW|t pOt u}vJ R}v l}t=v}OwQ}; |wQ}v
FAx = Cx�qs

FAy = (Cy + Cypp+ Cyrr + Cy�r�r) �qs

FAz = (Cz + Czqq + Cz�e�e) �qs

lA = (Cl + Clpp+ Clrr + Cl�a�a) �qsd

mA = fCm + (Cm _� + Cmq)q + Cm�e�eg �qsd

nA = (Cn + Cnpp+ Cnrr + Cn�r�r) �qsd (5)

pw] w K]U '|m}t=v}O Q=Wi hQat ?}DQD x@ d w s 'q |=yQ}eDt '5 |x]@=Q QO
|=yu=tt w =ywQ}v ?} Q[ Cm w Cl ' Cz 'Cy 'q u}vJty "Ov=xr}Uw `HQt
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|FvN utr=m QDr}i R= xO=iDU= =@ QDt=Q=B u}tND "4
%CU= xOW u=}@ u}vJ Cr=L |=[i QO sDU}U l}t=v}O

_x = f(x; �; t) + g(x; �; t)u

y = h(x; t)

z(k) = y(k) +G�(k) (10)

h} QaD 12 w 11 |=yx]@=Q j@=]t w CU= |OwQw Q=OQ@ u w Cr=L Q=OQ@ x u; QO xm
%OwW|t

x =
h
� � V p q r � �

iT
(11)

u = [ �1 �2 �3 �4 ]T (12)

T} QD=t R}v G T} QD=t "CU= |Q}oxR=Ov= Q=OQ@ z w C=Oy=Wt Q=OQ@ y u}vJty
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"
x

�i

#
(13)
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|=ysDU}U |=Q@ Cr=L u}tND sD} Qwor= u} QDOQ@ Q=mQB 'xDi=} xaUwD utr=m QDr}i
COW CQwY QO w CU= pmWt |Q=m QDr}i u}= s}_vD 'OwHw u}= =@ "CU= |]NQ}e

%Qo}O CQ=@a8>><>>:
FAx
FAy
FAz

9>>=>>; =

8>><>>:
FAx body
FAy body
FAz body

9>>=>>;+

8>><>>:
FAx fins
FAy fins
FAz fins

9>>=>>;8>><>>:
lAx
mAy

nAz

9>>=>>; =

8>><>>:
lAbody
mAbody

nAbody

9>>=>>;+

8>><>>:
lAfins
mAfins

nAfins

9>>=>>; (7)

%CWwv u}vJ u=wD|t =Q lr=@ |=yu=tt w =ywQ}v xm8>><>>:
FAx fins
FAy fins
FAz fins

9>>=>>; =
4X
i=1

8>><>>:
FAx fin i
FAy fin i
FAz fin i

9>>=>>;8>><>>:
lAfins
mAfins

nAfins

9>>=>>; =
4X
i=1

2664 0 �rzi ryi
rzi 0 �rxi
�ryi rxi 0

3775
2664 FAx fin i
FAy fin i
FAz fin i

3775
(8)

lr=@ |m}t=v}OwQ}; RmQt =D sQH RmQt |xrY=i Q=OQ@ [rxi ryi rzi]T '8 |x]@=Q QO
"CU= i
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hOy u}=Q@=v@ w OwW|t |iQat 0 � �i � 1 ?} Q[ l} =@ lr=@ Qy CLY

"Ow@ Oy=wN OwOLt |v=tR QO �i ?}=Q[ u}tND '|}=U=vW lwr@2664 FAx
FAy
FAz

3775 =

2664 FAx body
FAy body
FAz body

3775+
4X
i=1

�i

2664 FAx fin i
FAy fin i
FAz fin i

3775 (9)
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