
�13
92

R}}=B
�'h

}QW
l}

v=mt
|U

Ovyt
73

�65
"X

'2|
xQ=t

W'
29

�3
|xQ

wO

O
ri

gi
na

lA
rt

ic
le|x} Q_v R= |Q}oxQy@ =@ |k}@]D pQDvm sDU}U |L=Q]

u}tR x@ =wy lWwt l} |=Q@ |R=i j]vt
�OWQ= T=vWQ� � |O}aU O}aU
�Q=}O=DU=� �|D=O=U u}ULO}U

�Q=}O=DU=� |v=}DW; |y=W |raOtLt
u=QyD T}OQB 'QDW= lr=t |DavY x=oWv=O '=[i=wy |UOvyt |xOmWv=O

"CU= xOW x�=Q= |R=i j]vt |x} Q_v Q@ |vD@t *|k}@]D pQDvm Q=DN=U Q=DWwv u}= QO
pQDvm sDU}U QO "CU= Qrw= |=}=wR u}t=Qi ?}kaD Q=DN=U u}= QO pQDvm sDU}U |xi}_w
w C} w[a `@=wD |xDUw}B s}_vD |xr}Uwx@ |R=i |xOvvmpQDvm u}v=wk x=o}=B 'xOWKQ]t
|v=UQRwQx@ �u}qv;� \NQ@ CQwYx@ '|} Q}oO=} Ov}=Qi |] |R=i |xOvvmpQDvm |=yuRw

|xDN=vW=v |=yxOvvmpQDvm ?} QkD Qw_vtx@ |R=i |=ysDU}U R= 'OQm} wQ u}= QO "OwW|t
p}OaD |xOa=k l} |xr}Uwx@ |R=i sDU}U s}_vD |=yQDt=Q=B "OwW|t xO=iDU= p;xO}=

|L=Q] |Qw] p}OaD |xOa=k |=yQDt=Q=B "OvwW|t |v=UQRwQx@ hwv=B=}r |x} Q_v |x}=B Q@
|=Q@ |R=Ux}@W G}=Dv u=}=B QO "OwW u}t[D ?NDvt hwv=B=}r `@=D |}=Qoty xm OvwW|t

OQwt lWwt |m}t=v}OwQ�; pOt QO |v}at=v OwHw =@ 'x=Dwm OQ@ =@ u}tR x@ =wy lWwt l}
"OwW C=@F= xOW O=yvW}B pQDvm uwv=k Q}F-=D =D xOW xO=O u=Wv 'Q_v
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|R=i pQDvm 'OvtWwy pQDvm 'u}tR x@ =wy lWwt 'Cwr}=B wD= %|O}rm u=oS=w
"s}kDUt |k}@]D

xtOkt "1
xO=iDU= �?ka x@ s=o� VwQ R= CQOvx@ C}=Oy |rta |=yOQ@ Q=m QO "OW=@

"OwW|t
VwQ R= xO=iDU= =@ I}B Cwr}=B wD= l} |L=Q] [2]|Oa@ xOW s=Hv= C=ar=]t QO
VwQ u}= xm Ov=xOQm =aO= u=L=Q] "CU= xOW K} QWD �SMC� |WRer Owt pQDvm
=Q} R &OQ}o|tv Q=Qk xO=iDU= OQwt u=OvJ =t= 'CU= xDW=O |R}t;C}kiwt Q=}U@ G}=Dv
\}=QW Q}}eD u=tR QO j}@]D OvtR=}v VRer Kw]U xm |v=tR SMC sDU}U QO
OvtWwy pQDvm |=yVwQ "Ovm|t pta QDOvm |m}Uqm sDU}U Qy R= 'CU= |R=wQB
j]vt w |@Ya |xm@W Q@|vD@t pQDvm |=yVwQ x@ u=wD|t =Q lWwt pQDvm QO
Ctw=kt 'l}Uqm pQDvm x@ C@Uv OvtWwy pQDvm |rY= C} Rt "OQm |Ov@xwQo |R=i
umtt xJQo = "CU= pOt |=y|v}at=v w |]}Lt C=Q}}eD Q@=Q@ QO pQDvm sDU}U
u}= 'OvW=@ KHQt xO=U Q=DN=U =@ |=ysDU}U QO l}Uqm |=yxOvvmpQDvm CU=
CU=Hv}= "OvOt;Q=m =v ,qta xO}J}B w u=tR =@ Q}eDt |=ysDU}U QO =yxOvvmpQDvm p}@k
u}vJ QO "OwW|t `k=w O}it |R=i |xOvvmpQDvm Q}_v |}=yxOvvmpQDvm CQOk xm
"CU= QDxiQY x@|@}mQD CQwYx@ OvtWwy |=ysDU}U R= xO=iDU= ,=@r=e '|}=ysDU}U
Q}_v ?wr]t X=wN R= |Q=}U@ CU= QO=k |Q=DN=U u}vJ QO QwmPt pQDvm sDU}U
|=yVwQ =@ xU}=kt QO '=Q QDW}@ *pta CaQU w |Q}PBj}@]D CrwyU 'Ctw=kt
p}@k u}= "Ovm ?}mQD Qo}Om} =@ 'Ov=xDU@=w pOt l}t=v}O x@ COWx@ xm swUQt
QO OwN OQmrta <=kDQ= x@ QO=k w xOw@ |Q}oO=} |}=v=wD |=Q=O w Q}PBj}@]D '=ysDU}U
'|DWmO[ lWwt l} |Q=O}=B w OQmrta R= u=v}t]= |=Q@ "OvQ}eDt |]}Lt \}=QW

|=yxw}W R= xO=iDU= =@ lWwt C}=Oy w pQDvm sDU}U |L=Q] 'xDWPo |=yxyO QO
|=yp=v=m |=Q@ |rQDvm u}v=wk |L=Q] Qw_vtx@ w CiQo|t s=Hv= l}Uqm pQDvm
"OW O=yvW}B |Q=}U@ uQOt w l}Uqm pQDvm |=yx} Q_v '|DtU� |[Qa w |rw]
Q}PB=vQ}}eD w |]N |=ysDU}U |=Q@ QDW}@ 'Tv=mQi w u=tR |xRwL QO =yxw}W u}=
Q}eDt w |]NQ}e C=QF= Q@=Q@ QO |rQDvm |=yxkrL ,qwY= "OvOw@ O=tDa= p@=k u=tR =@
|rQDvm |xkrL OQmrta =Q} R 'OvW=@ Q=OQwNQ@ |i=m Ctw=kt |x}W=L R= O}=@ u=tR =@

"Ovm|t Q}}eD u; =@ ?U=vDt w CU}v x=Qty C@=F Q=m |x]kv C=Q}}eD =@
|=yx} Q_v OQ@ Q=m |xv}tR QO |yHwD p@=k OWQ Oy=W 'Q}N= |=yp=U QO
=ylWwt R=wQB pQDvm |=ysDU}U |=Q@ OvtWwy w |k}@]D '|]NQ}e 'sw=kt pQDvm
x@ s=o VwQ� Qw_vtu}O@ "s}=xOw@ xDUHQ@ h=Oy= u}= x@ |@=}CUO |=DU=Q QO
u}kkLt "OwW|t xDiQo Q=m x@ lWwt Cwr}=B wD= |L=Q] QO |@ wNx@ �?ka
xm Ovvm|t =aO= [1]'|rQDvm VwQ u}= |=v@tQ@ |rQDvm Q=DN=U l} |x�=Q= ut[
|=y|v}at=v ẁv wO Qy Q@=Q@ QO QwmPt VwQ R= xO=iDU= =@ xOW|L=Q] Cwr}=B wD=
R}v =Q xrY=L sDU}U |Q=O}=B w CU= sw=kt |m}t=v}OwQ�; |=ysQD w |QDt=Q=B
j@] |v=UQRwQx@ OvtR=}v |rQDvm |OwQw xm |v=tR 'Qo}O hQ] R= "Ovm|t u}t[D
|O=} R u=tR OvtR=}v x} wQ u}= |=QH= CU= umtt 'CU= |R=wQB |=yQDt=Q=B C=Q}}eD

pw�Ut xOvU} wv �
"1392 1 31 VQ}PB '1391 7 15 x}LqY= '1390 10 13 Ci=} QO %M} Q=D
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lWwt |[=} Q pOt "2
u; |m} R}i w |UOvy C=YNWt R= |NQ@ w xar=]t OQwt lWwt pOt 1 pmW QO
CqO=at R= xO=iDU= =@ u=wD|t =Q lWwt CmQL CqO=at "CU= xOW xO=O V}=tv

[11]%CWwv u}vJ pw= |x@DQt |]NQ}e p}Uv=Qi}O8>>>><>>>>:
Fx = m( _u+ qw � rv)

Fy = m( _v + ru� pw)

Fz = m( _w + pv � qu)

(1)

8>>>><>>>>:
L = Ix _p+ qr(Iz � Iy)

M = Iy _q + rp(Ix � Iz)
N = Iz _r + pq(Iy � Ix)

(2)

8>>>><>>>>:
_� = p+ q sin� tan � + r cos� tan �

_� = q cos�� r sin�

_ = (q sin�+ r cos�) sec �

(3)

2664 dx
dt
dy
dt
dz
dt

3775 = B�1

2664 u

v

w

3775 (4)

?ULQ@ xvO@ |}x} w=R |=yCaQU 'Qw=DWo 'wQ}v CqO=at ?}DQDx@ 4 =D 1 CqO=at
Qrw= |=}=wR ?ULQ@ C@=F |=yQwLt QO lWwt CaQU w 'Qrw= |}x} w=R |=yCaQU
T} QD=t =Q B�1(3; 3) T} QD=t '4 |xrO=at QO "OvDUy xvO@ CaQU |=yxir-wt w

%OwW|t h} QaD 5 |xrO=at CQwYx@ xm Ovt=v|t Qrw= |=}=wR ?ULQ@ p=kDv=
B�1(3; 3) =2664 C�:C S�:S�:C � C�:S C�:S�:C � S�:S 

C�:S S�:S�:S + C�:C C�:S�:S � S�:C 
�S� S�:C� C�:C�

3775
(5)

w ?}=Q[ "OvDUy sin� w cos � C=Q=@a Qou=Wv ?}DQDx@ S� w C� u; QO w
Q=Ri=sQv \UwD lWwt |R=wQB Cm =B |xOwOLt |t=tD |=Q@ |m}t=v}OwQ�; C=kDWt

"lWwt pOt |m} R}i w |UOvy C=YNWt R= |NQ@ "1 pmW

|=Q@ |R=i pQDvm w |k}@]D pQDvm '|WRer pQDvm '?ka x@ s=o |=yVwQ R= |@}mQD
xm CU= u; ?}mQD u}= R= xO=iDU= Cra [3]"CU= xOW P=ND= pQDvm uwv=k |L=Q]
|xOvvmpQDvm l} TBU 'Ovm|t xO=U Q=}U@ =Q |L=Q] ?ka x@ s=o VwQ =OD@=
l} w OwW|t xDiQo Q=m x@ =y|v}at=v w swrat=v |=yQDt=Q=B h}a[D |=Q@ |k}@]D
C}=yv QO "OwW|t p=ta= sDU}U uOw@ sw=kt u}t[D |=Q@ |WRer |xOvvmpQDvm
P=ND= |WRer |xOvvmpQDvm QO =ysQD Vv} Ro s}_vD |=Q@ |R=i |xOvvmpQDvm l}

"OwW|t
x�=Q= |@Ya |xm@W Q@ |vD@t |@}mQD pQDvm sDU}U l} u}kkLt u}vJty
|xOvvmpQDvm =@ |R=wt CQwYx@ C@=F |xQy@ =@ xOvvmpQDvm l} u; QO xm [4]'Ov=xOQm
|=yxOvvmpQDvm QO G}=Q |=yxY}kv `iQ Qw_vtx@ "Ovm|t pta |@Ya |xm@W
xQy@ |Ov@u=tR VwQ w |R=i pQDvm |x} Q_v ?}mQD R= 'hQ=aDt |xQy@ s}_vD
u}vJ 'xDi=}xaUwD |k}@]D pQDvm |=yKQ] QFm = QO xRwQt= [6w5]"CU= xOW xO=iDU=
|]N |=yQDt=Q=B w OW=@ TQDUO QO sDU}U R= j}kO |rOt xm xOW ZQi
C=}[Qi u}= =t= "OvwW|t Qy=_ |]NQ}e |xOWxDN=vW `@=wD x@ C@Uv swrat=v
pQDvm |xr�Ut 'u}=Q@=v@ 'CU}v |i=m |rta Cq=L w =yOQ@ Q=m R= |Q=}U@ |=Q@
"Ov=t|t |k=@ Vr=J l} u=wvax@ pOt R= Xk=v |y=o ; =@ |]NQ}e |=ysDU}U
|=Q@ |a}Uw OQ@ Q=m �� O=R; |L=Q] VwQ pOt l} u=wvax@ �� |R=i pQDvm
l} '|R=i pQDvm ,=U=U= "CU= xOQm =O}B Xk=v h} QaD =@ w xO}J}B |=yCvqB
u}v=wk w C} w[a `@=wD \UwD xm CU= |QW@ Vv=O R= xO=iDU= =@ |L=Q] VwQ
u}v=wk w C} w[a `@=wD uDi=} |y=o p=L u}= =@ "OwW|t O=H}= x]w@ Qt |R=i
s}_vD CvqB |=yl}t=v}O Q}}eD =@ w CU= pmWt =yCvqB |NQ@ |=Q@ |R=i
'pmWt u}= Q@ x@re Qw_vtx@ "Ci=} Oy=wN |QDW}@ CQwQ[ |R=i pQDvm |=yQDt=Q=B
u}OvJ '|R=i |=ysDU}U \NQ@ |Q}oO=} |}=v=wD w `t=H ?} QkD |x} Q_v T=U=Q@
xaUwD XYNDt Vv=O Ovts=_v ?}mQD Qw_vtx@ Q=O}=B |k}@]D� |R=i pQDvm KQ]

"Ci=}
sDU}U |L=Q] QO s}kDUt Q}e w s}kDUt |=RHt OQm} wQ wO '|twyit Q_v R=
|R=i |=ysDU}U 's}kDUt OQm} wQ QO "OvwW|t |yOpmW |k}@]D� |R=i pQDvm
's}kDUtQ}e OQm} wQ QO xm |r=L QO OvwQ|t Q=m x@ p;xO}= |=yxOvvmpQDvm?} QkD |=Q@
T=U=Q@TBU w OwW|t xO=iDU=CvqB |=yl}t=v}O u}tND |=Q@ |R=i |=ysDU}U
|=ysDU}U|L=Q]|xv}tR QO "OwW|t O=H}=|rQDvm uwv=kl} 'xDiQo CQwYu}tND
u=Wv xrY=L G}=Dv [10�7]"CU= xOW s=Hv= |OOaDt |=yQ=m |k}@]D� |R=i pQDvm
|R=i |=yxOvvmpQDvm '=yQ=m u}= QO xOWx�=Q= |rQDvm |=yQ=DN=U QO xm OyO|t
'u}vJty "OvwW|t O=H}= u}v=wk |=yx=o}=B s}_vD w ?}mQD |=Q@ QF-wt |OQm} wQ =@
s}_vD C}r@=k |m}t=v}O Qw]x@ '|k}@]D� |R=i |=yQ=DN=U |Q}PBjiw w VRwt;
w sDU}U |=yQDt=Q=B QO C=Q}}eD j}@]D |=Q@ =Q |R=i |=yxOvvmpQDvm *u}v=wk x=o}=B
"CU= xOQm p}O@D sw=kt Q=}U@ Q=DN=U l} x@ =Q u; w xOw@ =Q=O 'C=W=WDe= QF= hPL
=Q sDU}U OvQO=k xOW KQ]t |=yQ=DN=U CU= |}=y|v}at=v |=Q=O CvqB xm |v=tR

"Ovv=UQ@ OwN ?wr]t w pt=m OQmrta x@
|k}@]D� |R=i |xOvvmpQDvm |L=Q] |=Q@ s}kDUt OQm} wQ R= 'wQV}B |xr=kt QO
"CU= xOW xO=iDU= u}tR x@ =wy lWwt l} w=} w I}B 'pwQ |=yp=v=m |=Q@
|xOvvmpQDvm TBU w 'h}YwD lWwt R= |]NQ}e pOt =OD@= Q=DWwv u}= QO
pQDvm uwv=k Q}F-=D C=@F= Qw_vtx@ '=yDv= QO "OwW|t |L=Q] s}kDUt |k}@]D |R=i
xHQO VW |R=Ux}@W G}=Dv 'xOWKQ]t pQDvm sDU}U Ctw=kt u=R}t w |O=yvW}B
xO=O u=Wv �� Q_v OQwt lWwt |m}t=v}OwQ�; pOt QO |v}at=v seQ|ra �� |O=R;

"OwW|t
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O}U
'|O

}aU
O}aU |HwQN� |OwQw |R=U|]N "OvwW p}O@D |]N x@ �|�RH =} pt=m Qw]x@� |]NQ}e

QO xm �� �u}@ wm =S |R=U|]N VwQ Q}_v� |O=OQ=Qk |R=U|]N VwQ =@ ,qt=m
?} QkD |=Hx@ u; OQwNUB w Cr=L j}kO p}O@D |xr}Uwx@ OQwNUB |R=U|]N u;
|OwQw |R=U|]N |rY= |xO}= "OQ=O Cw=iD �� OQ}PB|t CQwY =yl}t=v}O |]N
s}vm|t |Q}ojDWt y |HwQN R= ,=QQmt %OQm |Ov@`tH u}vJ u=wD|t =Q |HwQN�
|]NQ}e CtUk xm s}vm|t u}}aD u=vJ =Q u x=ov; 'OwW Qy=_ u |OwQw xm u}= =D
[14w13]"s}vm|t |L=Q] |]N pQDvm |x}=B Q@ xOvvmpQDvm l} C}=yv QO w OwW hPL
R= 'u |OwQw w y |HwQN u}@ s}kDUt |oDU@=w O=H}= |=Q@ OW=@ sRq Qo =
|=Q=O sDU}U xm OwW|t xDio x=ov; 'OwW xDiQo jDWt Q=@ r sDU}U l} |HwQN
u=Wv ,=tUQ u=wD|t n|x@DQt R= Q}PBpQDvm sDU}U Qy |=Q@ "CU= r |oDU@=w |xHQO
|Q}ojDWt Q=@ n QFm =OL |HwQN Qy R= O}=@ pQDvm |OwQw uOWQy=_ |=Q@ xm O=O
r |oDU@=w |xHQO s=n |x@DQt R= Q}PBpQDvm sDU}U Qy |=Q@ Qo}O CQ=@ax@ "OwW

[14w13]"Ow@ Oy=wN n =@ |w=Ut =} QDlJwm
%Q=DWwv u}= QO 'xOW x�=Q= C=L}[wD x@ xHwD =@

&CU= 2 Q@=Q@ �r |va}� 12 pOt |]NQ}e sDU}U |oDU@=w |xHQO "1
%|va} 'OwW|t Qy=_ y(r) QO |]N CQwYx@ u pQDvm "2

y(r) = f(X) + g(x):u (13)

&g(x) 6= 0 w Ov=xDN=vW=v |a@=wD g w f u; QO xm
Q=O}=B xOWKQ]t |k}@]D� |R=i |xOvvmpQDvm x@ xHwD =@ sDU}U |rN=Ol}t=v}O "3

[14w13]"CU=
|x}=B Q@ u = u(xj�) QwNUB |xOvvmpQDvm |L=Q] 'xar=]t u}= hOy
?}kaD Qw_vtx@ '� QDt=Q=B Q=OQ@ s}_vD |=Q@ j}@]D |xOa=k |x�=Q= w |R=i |=ysDU}U
=yvD |R=i |xOvvmpQDvm Q=DN=U u}= QO "CU= y |HwQN \UwD ym p;xO}= |HwQN
x=ov;� Qo = Oa=wk |x}=B Q@ |rQDvm Vv=O R= �=OD@= QO� xm CU= |R=i sDU}U l}

%OwW|t O=H}= 14 |xrO=at CQwYx@ |R=i
"CU= Qr 'u x=ov; 'CU= prn 'xn w """ w CU= pr1 'x1 Qo = (14)

|xOvvmpQDvm "r = 1; 2; :::; Lu w OvDUy R QO |R=i |=yxawtHt Qr w pri
?}mQD Qo}Om} =@ |a}@] Qw]x@ Ovv=wD@ 12 Oa=wk xm OwW |L=Q] |DQwYx@ O}=@ |R=i

"OvwW

|R=i |xOvvmpQDvm |L=Q] "1"3
'14 |x]@=Q Oa=wk ?}mQD Qw_vtx@ '|R=i |xOvvmpQDvm |=Q@ |a}@] ?=NDv= l}

%CU= 15 |x]@=Q pmWx@ OQivt |R=i sDU}U R= xO=iDU=

u = uD(xj�) (15)

"CU= s}_vD p@=k |=yQDt=Q=B R=|}xawtHt � wCU= |R=i sDU}Ul} uD u; QO xm
%OwW|t xDN=U xrLQt wO |] u = uD(xj�) |R=i sDU}U 'XNWt Qw]x@

|R=i |xawtHt mi w (i = 1; 2; :::; n); x1 |=yQ}eDt |=Q@ �pw= s=o
(r = 1; 2; :::; Lu); pri xm|Qw]'s}vm|th} QaD =Q(li = 1; 2; :::; n); Alii

"OwW pt=W X=N |=yCr=L u=wvax@ =Q 14 |x]@=Q QO

R= ?}DQDx@ |m}t=v}OwQ�; |=yu=tt w =ywQ}v "Ov=xOW x@U=Lt Missile Datcom
[12]%OvwW|t x@U=Lt 7 w 6 CqO=at

Fx;y;z = Cx;y;zQS + Tx +Gx;y;z (6)

Mx;y;z = Cl;m;nQSc (7)

[12]%Ov};|t CUO x@ 8 |xrO=at R= '6 |xrO=at QO x@P=H |wQ}v |=yxir-wt8>>>><>>>>:
Gx = �mg sin �

Gy = mg cos � sin�

Gz = mg cos � cos�

(8)

|=yQDt=Q=B *s} QD \=kv pwL Qwr}D |QU \U@ R= xO=iDU= =@ |m}t=v}OwQ�; ?}=Q[
%Ov=xOW xDWwv 9 |xrO=at pmWx@ '|L=Q] QO =yv; |Q}oQ=m x@ Qw_vtx@ |R=wQB

Ci =Cio(M;�; �) + Ci�(M;�; �):�+ Ci�(M;�; �):�

+ Ci�(M;�; �):� + Cip(M;�; �):p: d2V
+ Ciq(M;�; �):q: d2V + Cir(M;�; �):r: d2V +HOT (9)

|=Q@ d
2V |xOvwW?Q[ sQD w CUq=@ |x@DQt |=ysQD |=vatx@ HOT u; QO xm

u}vJ |m}t=v}OwQ�; C=kDWt u=}@ "OwQ|t Q=mx@ |m}t=v}OwQ�; C=kDWt uOQm Oa)@|@
%CU=

Ci�i(M;�; �) = @Ci
@�i

����
�i=�i0

(10)

%R= CU= CQ=@a M=t OOa w |@v=H VQU |x} w=R 'xrtL |x} w=R h} QaD
� = tan�1(w

u
); � = tan�1( v

u
); M = V

a
(11)

s}kDUt |k}@]D |R=i pQDvm "3
|OwQwlD *|]NQ}e sDU}U l} CQwYx@ u=wD|t =Q |UQQ@ CLD sDU}U

%OQm u=}@ u=tR x@ xDU@=w *|HwQNlD�
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_e = �e+B (�� � �)T �(X)�Bw (27)

[13]%s} Q}o|t Q_v QO =Q Q} R O}Ov=m hwv=B=}r `@=D
V = 1

2e
TPe+ B

2
 (�� � �)T (�� � �) (28)

hwv=B=}r |xrO=at xm CU= C@Ft T} QD=t l} P w C@Ft C@=F l} 
 u; QO xm
[14w13]%OR=U|t OQw;Q@ =Q 29

�TP + P� = �Q (29)

|xr}Uwx@ � w CU= x=wNrO n� n u}at C@Ft T} QD=t l} Q '29 |x]@=Q QO
Oy=wN C@Ft R}v V xH}Dv QO w b > 0 ZQi j@] "CU= xOW h} QaD 23 |x]@=Q

%s} Q=O 28 |x]@=Q R= |Q}ojDWt =@ R}v w '29 w 27 |=yx]@=Q R= xO=iDU= =@ "Ow@
_V = � 1

2e
TQe+ eTPB

h
(�� � �)T �(x)� wi� B


 (�� � �)T _�

(30)

xH}DvB = (0; 0; b)T R= x=ov; 'OW=@ P T} QD=t uwDU u} QN; Pn xm u}= ZQi =@
%CWwv u}vJ u=wD|t =Q 30 |x]@=Q u}=Q@=v@ "eTPB = eTPnb xm s} Q}o|t

_V = 1
2e

TQe � b



(�� � �)T h
eTPn�(x)� _�
i� eTPnbw (31)

%32 |x]@=Q CQwYx@ j}@]D |xOa=k ?=NDv= =@
_� = 
 eTPn�(x) (32)

%x=ov;
_V = � 1

2e
TQe� eTPnbw (33)

|xrO=at CQwYx@ xOa=kQn
i = 1mi R= uD = u(xj�) |R=i sDU}U �swO s=o

%OwW|t xDN=U 16
"CU= SL1;:::;Ln 'uD x=ov; 'CU= Alnn 'xn w """ w CU= Al11 'x1 Qo =
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l} R= pmWDt |R=i |xOvvmpQDvm Qy s}_vD QDt=Q=B w uwv=k 9 Q@=Q@ xOvvmpQDvm Qy |=Q@
Oa=wk� �i(0) |x}rw= s}_vD |=yQDt=Q=B j} Q] R= |rQDvm Vv=O "CU= |Oa@9 Q=OQ@
|x}rw= Q}O=kt "OwW|t xO=OCr=NO '|R=i |xOvvmpQDvm |L=Q] swO s=o j@=]t �14
?=NDv= [�2; 2] xR=@ R= |iO=YD CQwYx@ Q=@u}rw= � w �� '�� |va} =yQDt=Q=B u}=

69



"""|
x}Q_

vR=
|Q}

oxQy
@=@

|k}
@]D

pQDv
msD

U}U
|L

=Q]

"|m}t=v}OwQ�; ?}=Q[ |v}at=v Qw[L QO w=} |x}w=R |=]N "8 pmW

"|m}t=v}OwQ�; ?}=Q[ |v}at=v Q@=Q@ QO u=Qr}= C=Q}}eD "9 pmW

"|m}t=v}OwQ�; ?}=Q[ |v}at=v Q@=Q@ QO QwD}wr= C=Q}}eD "10 pmW

Qw_vtx@ 'C}a[w u}= QO sDU}U OQmrta |OYQO40Vy=m x@ xHwD =@ "CU= QDW}@
"CU= xDi=} V}=Ri= u=Qr}= |rQDvm K]U h=QLv= w |rQDvm VqD |DU=m u}= u=Q@H
s}UQD 10 pmW QO =y|v}at=v Qw[L \}=QW QO QwD} wr= |rQDvm K]U h=QLv= Q=Owtv
Kw]U |=Q@ u=wD|t =Q u=Qr}= |rQDvm K]U |=Q@ xO=iDU= OQwt Q}@aD "CU= xOW
Qw[L \}=QW QO QO=Q |rQDvm K]U h=QLv= Q=Owtv "OQ@ Q=mx@ R}v QO=Q w QwD} wr= |rQDvm
Q=Owtv 12 pmW "CU= xOW s}UQD 11 pmW QO |m}t=v}OwQ�; ?}=Q[ |=y|v}at=v
j@=]t lWwt pwQ MQv C=Q}}eD "OyO|t V}=tv =Q |}x} w=R |=yCaQU C=Q}}eD
C=Q}}eD =@ ?U=vDt R}v w=} w I}B |=yMQv "CU= QiY OwOLQO w R}J=v Q=}U@ Q=_Dv=

"|m}t=v}OwQ�; ?}=Q[ |v}at=v Q@=Q@ QO w=} |x} w=R C=Q}}eD "5 pmW

xrY=L G}=Dv "Ov=xOW s}UQD |m}t=v}OwQ�; ?}=Q[ QO |v}at=v R= |W=v |=]N
R}v w 'w=} w I}B 'pwQ |=yx} w=R u}t=Qi ?}kaD QO xOvvmpQDvm ?wr]t OQmrta Qou=}@
pOt |=y|v}at=v Q@=Q@ QO xOW|L=Q] pQDvm sDU}U Ctw=kt u=R}t |xOvyOu=Wv

"CU= |m}t=v}OwQ�;
V}=tv 8 =D 6 |=ypmW QO 'w=} w I}B 'pwQ |=}=wR ?}kaD |=]N |=yQ=Owtv
|v}at=v hrDNt Q}O=kt |=R=x@ =Q u=Qr}= |rQDvm K]U h=QLv= 9 pmW "Ov=xOW xO=O
K]U h=QLv= u=R}t 'OwW|t xOy=Wt pmW u}= QO xm u=vJ "OQ=Po|t V}=tvx@
Cq=L Q}=U R= '|m}t=v}OwQ�; ?}=Q[ QO |v}at=v ��40 Cr=L QO u=Qr}= |rQDvm

"|m}t=v}OwQ�; ?}=Q[ |v}at=v Qw[L QO pwQ |x}w=R |=]N "6 pmW

"|m}t=v}OwQ�; ?}=Q[ |v}at=v Qw[L QO I}B |x} w=R |=]N "7 pmW

70



"""w
|D=O

=Uu
}UL

O}U
'|O

}aU
O}aU

|R=i w |k}@]D |R=i |=yxOvvmpQDvm pwQ |x}w=R |HwQN |xU}=kt "13 pmW
"Xr=N

|R=i w |k}@]D |R=i |=yxOvvmpQDvm I}B |x} w=R |HwQN |xU}=kt "14 pmW
"Xr=N

|R=i w |k}@]D |R=i |=yxOvvmpQDvm w=} |x} w=R |HwQN |xU}=kt "15 pmW
"Xr=N

|Q}oxH}Dv "5
KQ]t u}tR x@ =wylWwtl} |=Q@ xJQ=Bm} pQDvm sDU}Ul} Q=DN=U Q=DWwv u}= QO
pQDvm VwQ w |R=i j]vt |x} Q_v ?}mQD R= |Q}oxQy@ =@ xOWO=} |rQDvm sDU}U "OW
xOW|L=Q] pQDvm sDU}U 'OW xOy=Wt xm u=vJ "OW |R=Ux}@W w |L=Q] |k}@]D
R= |W=v |=y|v}at=v Q@=Q@ QO |@ wN Q=}U@ Ctw=kt 'w=} w I}B 'pwQ p=v=m xU |=Q@
R}v xOW|L=Q] |=yxOvvmpQDvm "OQ=Po|t V}=tv x@ OwN R= |m}t=v}OwQ�; ?}=Q[

"|m}t=v}OwQ�; ?}=Q[ |v}at=v Q@=Q@ QO QO=Q C=Q}}eD "11 pmW

"w=} w I}B 'pwQ |}x}w=R |=yMQv "12 pmW

Q}}eD QO=Q w QwD} wr= |rQDvm Kw]U h=QLv= =@ ?U=vDt R}v w 'lWwt w=} 'I}B |=}=wR
"Ovm|t

=@ |}xU}=kt 'xOW|L=Q] |k}@]D� |R=i |xOvvmpQDvm OQmrta |UQQ@ |=Q@
|R=i |xOvvmpQDvm |L=Q] QO "CU= xDiQo CQwY Xr=N |R=i |xOvvmpQDvm l}
xOW xO=iDU= |HwQN w |OwQw |=yQ}eDt |=Q@ |FrFt C} w[a `@=D 5 R= Xr=N
uwv=k 25 Q@=Q@ |R=i u}v=wk x=o}=B u}v=wk O=OaD 'C} w[a `@=wD u}= x@ xHwD =@ w CU=
|=OR|R=i w �|v=Ott� xv}tm G=DvDU= QwDwt R= xOvvmpQDvm u}= |L=Q] QO "Ow@ Oy=wN

"CU= xOW xO=iDU= pkF RmQt
|m}t=v} wQ�; pOt QO|v}at=v ���30� Qw[L =@ w|v}at=v uwO@ |R=Ux}@W G}=Dv
OQmrta G}=Dv R= |}xYqN "CU= xOW xO=O u=Wv 15 =D 13 |=ypmW QO 'lWwt
?}kaD QO xOWKQ]t Xr=N |R=i |xOvvmpQDvm w |k}@]D |R=i |xOvvmpQDvm wO

"CU= xOt;QO V}=tv x@ 1 pwOH ?r=k QO '|rQDvm u}t=Qi

"Xr=N |R=i |xOvvmpQDvm w|k}@]D |R=i |xOvvmpQDvm G}=Dv |xU}=kt "1 pwOH
QO |v}at=v Qw[L sOa ?}=Q[ QO |v}at=v ��30 pQDvm��� |m}t=v}OwQ�; ?}=Q[ ��� |m}t=v}OwQ�; |xOvvm|x}w=R ?}kaD |=]N |x} w=R ?}kaD |=]N |R=iI}B w=} I}B w=}

0 83 0 45 0 64 0 4 |k}@]D
3 98 0 68 18 46 2 22 Xr=N

71



"""|
x}Q_

vR=
|Q}

oxQy
@=@

|k}
@]D

pQDv
msD

U}U
|L

=Q]u; QO xm OW KQ]t s}kDUt |k}@]D |R=i pQDvm sDU}U l} 'Q[=L Q=DWwv QO
�� �=yVwQ Q}=U hqNQ@� |tDU}U Vv=O R= xv w �� |rQDvm Vv=O R= |R=i sDU}U
�xOa=k 9 |va}� x=ov;� Qo = *Oa=wk O=OaD pk=OL R= u; CN=U QO w 'CU= xOW xDN=U
x@ C@Uv |QDOwOLt |=yx}[Qi OvtR=}v OQm} wQ u}= u}vJty "CU= xOW xO=iDU=
CQOvx@ w QDsm xOvvmpQDvm u}= QO |D} Qqwov}U |xr�Ut w CU= s}kDUtQ}e KQ]

"O};|t OwHwx@
|xv}tR QO xO=iDU= OQwt |=yVwQ Q}=U |}=Q=m Zkv xr=kt u}= QO =t hOy
xOWKQ]t |rQDvm VwQ Q}F-=D u=R}t u=}@ xmr@ CU}v |k}@]D |R=i |=yxOvvmpQDvm
xOW KQ]t pOt Q}_v |}=ysDU}U QO OwHwt |=y|v}at=v w C=W=WDe= u=Q@H QO

"CU= |k}@]DQ}e |R=i |=yxOvvmpQDvm x@ C@Uv 'xr=kt u}= QO
xm OQm u=}@ u=wD|t C-=QH x@ [10�7]'CUO u}= R= `@=vt w Cq=kt x@ xHwD =@
|O=R; xHQO 6 pOt l} |wQ u; |R=UxO=}B |xO}= w xr=kt u}= QO xOW KQ]t VwQ
�xOLDt Cq=}= CN=U AGM-114 lWwt R= xDiQoQ@� u}tR x@ =wy lWwt l} R=

"OwW|tv xOy=Wt CUO u}= R= `H=Qt w Cq=kt Q}=U QO xm xOw@ wv |}xO}=
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Abstract
Abstract - In the past, the �eld of missile guidance and
control system design has been dominated by classical
control techniques. Typically these techniques are either
time domain or frequency domain based, are applicable
to linearized and time-invariant plants. Nonlinearities
and time-varying e�ects must be coped with by a ro-
bustness margin of the control loop. The performance
of the loop is hence not constant but will change with the
operating point. When the time variation and nonlinear-
ities are severe, it may not be an easy task to �nd a con-
troller that can cope with it all. In recent years, we have
seen a growing interest in applications of robust, nonlin-
ear, adaptive and intelligent control theories to missile

ight guidance and control systems. The main advan-
tage of intelligent over classical control is that the former
can provide robust systems when there are model and
environmental uncertainties. Fuzzy logic, by giving con-
trol laws based on input-output relationships, avoids the
need for accurate knowledge of system dynamics, and
is thus insensitive to their changes. In simple systems
the classical controller may be preferred while systems
with more complex requirements and capabilities, the
increased abilities of the fuzzy controller may be useful.
In such a system, it is frequently advantageous to use
hybrid intelligent systems. The resulting control system
can incorporate many desirable qualities, such as robust-
ness, ease of adaptability to new tasks, and is faster to
produce than traditional methods that are heavily model
dependent. Another feature of intelligent systems is that
they could combine knowledge, techniques, and method-
ologies from various sources. These intelligent systems
supposed adapt themselves and learn to enhance the per-
formance in changing environments. In this paper, an
adaptive control structure based on fuzzy logic theory is

presented. In this structure the control objective is track
the command of Euler angles. In the aforementioned
control system, fuzzy controller's knowledge-base, rule
base are updated with continuous adjustment of mem-
bership function and weight of fuzzy controller though
online learning. In this approach, fuzzy systems are
used to approximate unknown ideal controllers. The ad-
justable parameters of the fuzzy systems are updated by
an adaptive law based on a Lyapunov approach, i.e., the
parameter adaptive laws are designed in such a way to
ensure the convergence of a Lyapunov function. Finally
the Simulation results for an air to ground short range
missile with uncertain aerodynamic coe�cients are pre-
sented to proof the proposed control law.

Key Words: autopilot, air to ground missile, intelligence
control, direct adaptive fuzzy controller.
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