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=RHt |}xawtHt CQwYx@ u; x@ pYDt QwDwQ w wR=@ Qy "CU= xOW xDiQo Q_v QO xLiY QO
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"OW x�=Q= X4-Flyer QwDwQO=wm 5VQov |x} w=R pQDvm |=ysD} Qwor= CQOk |x}W=L
|}=[i QO R=wQB xm O@=}|t RwQ@ |t=ovy QwDQO=wm Ovv=t |D=@ wQ j}kO pQDvm C}ty=
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Ovv=t u; x@ pYDt QwDwQ w =ywR=@ R= l} Qy "OwW|t xDWwv xLiY QO ?rY sUH
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b+ L cos�+ eR sin�

0
�a� L sin�+ hcg + eR cos�

(5)

?}DQDx@ b w a '|vO@ x=oDUO QO QwDwQ pkF RmQt |@Uv u=mt Q=OQ@ r u; QO xm
'wR=@ pw] L '|RmQt sUH pkF RmQt R= wR=@ ?Yv pLt |ki= w |Owta |xrY=i
"CU= wR=@ x@ u; p=YD= pLt =D QwDwQ pkF RmQt |xrY=i hcg w ?Yv |x} w=R �
CU= u; |rw] QwLt Q@ Owta 'wR=@ u=UWm |}=Hx@=H u=R}t Qou=Wv e u}vJty
xOW xDWwv CU=Q CtU QwDwQ |=Q@ x]@=Q u}= xm Ovm|t u=}@ R T}Ov= "�1 pmW)

"OQw; CUO x@ R}v AJ CtU QwDwQ |=Q@ u=wD|t =Q x]@=Q u}ty x@=Wt w
u=}@ 6 |x]@=Q CQwYx@(	R) CU=Q CtU QwDwQ u=UWm VNQJ Q=OQ@

%OwW|t

	R =
h

0 � R 0
iT

(6)

CU= QwDwQ x@ p=YD= pLt QO u; |Q}PBh=]av= QF= Q@ wR=@ ?}W C=Q}}eD  u; QO xm
|=DU=Q QO QwDwQ u=QW}B Q=OQ@ xO=Ov MQ u=UWm pmW Q}}eD xm |v=tR =D "�1 pmW�
R}v u=QW}B Q=OQ@ '|}x} w=R |Q}PBh=]av= QF= Q@ =t= 'OwW|t xDiQo Q_v QO |vO@ z QwLt
(TR) CU=Q CtU QwDwQ |xDi=} Q}}eD u=QW}B Q=OQ@ Qou=Wv 7 |x]@=Q "Ovm|t Q}}eD

"CU= |vO@ x=oDUO QO

TR =
h
�TR R 0 TR

iT
(7)

\@=wQ R= u=wD|t w xOW ZQi lJwm u=UWm |=ypmW Q}}eD '|R=UpOt u}= QO
"OwW|t xi=[= =yQwDwQ w |RmQt sUH sQH x@ =ywR=@ sQH u}vJty "CiQo xQy@|]N
|xv=mD Q}}eD 'CU= xOW xDiQo Q_v QO xLiY QO R=wQB uwJ xm CU= QmP x@ sRq

"OQ=Ov |QF= CqO=at Q@ |}x} w=R
=Q ?rY sUH R=wQB 3 =D 1 \@=wQ xm =Hv; R= 'OW xQ=W= R}v QDV}B xm u=vJ
sUH R= =Q =ywR=@ CU= sRq |v=UWm C=QF= uOQm xi=[= |=Q@ 'Ovm|t |R=Ux}@W
"s}vm OQ=w CqO=at x@ |HQ=N Qw=DWo w wQ}v CQwYx@ =Q =yu; QF= w xOQm =OH |rY=

%OQm u=}@ CQwY u}= x@ u=wD|t =Q CU=Q |wR=@ R= pY=L Qw=DWo w wQ}v
Frot

R = TR + Wrot
R �mrotarot

R (8)

M rot
R = rrot

R � Frot
R � Irot ��rot

R (9)

?=DW �rot w '|r=kDv= ?=DW Q=OQ@ arot 'QwDwQ uRw Q=OQ@ Wrot \@=wQ u}= QO
10 |x]@=Q j@=]t |vO@ x=oDUO QO uRw Q=OQ@ "CU= |vO@ x=oDUO QO QwDwQ |v=QwO

"OwW|t xO=O V}=tv
Wrot = mrotg

h
� sin � 0 cos �

iT
(10)

?=DW� arot
RE QwDwQ |@Uv |}=Hx@=H R= pY=L |]N?=DW Q=OQ@ |x@U=Lt |=Q@

uwv=k R= xO=iDU= =@ CU= 
 u; |}x} w=R CaQU Q=OQ@ xm |vO@ x=oDUO QO �u=UWm
%CWwv u=wD|t 9R}rw} Qwm

arot
RE = �rrot

R + _
� rrot
R + 
� 
� rrot

R + 2
� _rrot
R (11)

pOt Cw=iD '7u=UWm |=ypmW Q}}eD u=R}t uO=O u=Wv |=Q@ '=yDv= QO "OQm xO=iDU=
Q@ |}xR=U |=yQDt=Q=B QF= |UQQ@ w u; ?rY p;xO}= pOt =@ xOvQB C=@ wQ l} |ak=w

"OW Oy=wN x�=Q= R}v|OOa p=Ft OvJ =ywR=@ V=aDQ=

?rY sUH R=wQB Q@ sm =L CqO=at "2
xDiQ Q=mx@ C=YDNt |=yx=oDUO w xOvQB C=@ wQ l} R= l}D=tW |}=tv 1 pmW QO
|Q}oxR=Ov= `HQt XZ |UQv}= x=oDUO "CU= xOW xO=O u=Wv u; |R=Ux}@W QO
u; =@ w CU= pYDt xOvQB x@ xz |vO@ x=oDUO w CU= |v}tR Q_=v O}O R= R=wQB Q}Ut
x=oDUO QO |O=R; xHQO xU =@ ?rY sUH R=wQB Q@ sm =L CqO=at "Ovm|t u=QwO

[17]%R= Ov=CQ=@a |vO@
m( _u+ wq) = Fx (1)

m( _w � uq) = Fz (2)

I _q = M (3)

|=yxir-wt w w u 'pkF RmQt pwL |tQH |UQv}= Qw=DWo I 'sUH sQHm =yu; QO xm
|vO@ x=oDUO QO |}x} w=RCaQU q w z w x |=yQwLt O=ODt= QO |r=kDv= CaQU
|xOvyOu=Wv M w 'i QwLt O=ODt= QO |HQ=N |wQ}v |xir-wt Fi u}vJty "CU=
xOvQB 8VNQJ |x} w=R xm O=O u=Wv u=wD|t Cr=L u}= QO "CU= |HQ=N Qw=DWo

[17]"O};|t CUO x@|}x} w=R CaQU R= 4 |xrO=at =@
_� � q = 0 (4)

xO=iDU= ?rY sUH R=wQB |R=Ux}@W QO xOWx�=Q= CqO=at R= s}v=wD@ xm u}= |=Q@
wR=@ Qy s}vm ^=Lr R}v =Q xOvQB C=@ wQ |=ywR=@ |Q}PBh=]av= QF= p=L u}a QO w s}vm
|=yQ=OQ@ CQwYx@ =Q =yu; QF= w 'xOQm =OH |RmQt sUH R= =Q u; x@ pYDt QwDwQ w

"s} Q}o|t Q_v QO u; |wQ |HQ=N Qw=DWo w wQ}v

u=UWm Q=DiQ p}rLD "3
u=mt Q=OQ@ "CU= xOW xO=O u=Wv Q_v OQwt |xOvQB C=@ wQ |xUOvy 1 pmW QO
h} QaD u}vJ w CU= |RmQt sUH pkF RmQt x@ C@Uv CU=Q CtU QwDwQ pkF RmQt

"xOvQB C=@ wQ l}D=tW |=tv "1 pmW
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wQ sDU}U l} R= xO=iDU= =@ u=wD|t =Q u; x@ pYDt QwDwQ w wR=@ Qy u=UWm CmQL

"OQm pOt |O=R; xHQO wO"
mrot 0

0 Irot

#"
�eR

� R

#
+

"
d 0
0 d

#"
_eR

_ R

#
+

"
k11 k12
k21 k22

#"
eR

 R

#
=

"
FNR

MNR

#
(16)

QO OQ=w |WtN Qw=DWo MNR w wR=@ lwv x@ OQ=w |WQ@ |wQ}v FNR x]@=Q u}= QO
%OwW|t x@U=Lt 17 \@=wQ R= xO=iDU= =@ xm CU= x]kv u;

FNR =FzRc+ FxRs = Tc� T Rs+mrotgc cos � �mgs sin �

+mq2hcgc�m _qhcgs+m _q(bc+ as)�mrotc( _w � uq)
+m _qL+mq2eR +mq2(bs� ac)�mrots( _u+ wq)

(17)

MNR = Irot _q (18)

?}=Q[ "CU= 10GRr |}=Q}t u=R}t |xOvyOu=Wv d QDt=Q=B 16 |x]@=Q QO u}vJty
%OvwW|t u}}aD u}vJ |]N |xOwOLt QO xm OvDUy |DNU T} QD=t|=yx}=QO kij
k11 = 12EIA

L3 (19)

k12 = �6EIA
L2 (20)

k21 = �6EIA
L2 (21)

k22 = 4EIA
L

(22)

L w '|FvN Q=D pwL wR=@ `]kt |L]U u=tt IA '11nv=} pwOt E \@=wQ u}= QO
x@=Wt |}x]@=Q R= R}v AJ CtU |wR=@ C=W=aDQ= uOQm pOt |=Q@ "CU= wR=@ pw]
l}t=v}O CqO=at x@ =ywR=@|v=UWm CqO=at uOwRi= =@ "OwW|t xO=iDU= 16 |x]@=Q
=@ xm O};|t CUO x@ wO x@DQt |]NQ}e p}Uv=Qi}O CqO=at R= |y=oDUO '|R=wQB
=@ =Q xLiY QO C=@ wQ R=wQB u=wD|t '�=yQwDwQ u=QW}B� swrat |OwQw |=R=x@ u; pL

"OQm |R=Ux}@W =ywR=@ V=aDQ= uDiQo Q_v QO

|R=Ux}@W G}=Dv "4
|UQQ@ w Q}PBh=]av= w ?rY |xOvQB |=yCw=iD uO=O u=Wv Qw_vtx@ CtUk u}= QO
|R=Ux}@W G}=Dv '|R=wQB Cr=L OvJ |=Q@ 'C=@ wQ C=W=aDQ= Q@ |}xR=U |=yQDt=Q=B QF=
uwtR; CLD |xOvQB C=@ wQ C=YNWt "OwW|t xU}=kt ?rY pOt Q=DiQ =@ w x�=Q=

"CU= xOt; 1 pwOH QO

Q}PBh=]av= w ?rY |xOvQB |xU}=kt "1"4
|}x} w=R |}=Hx@=H w CU=Q |wR=@ 12lwv |]N |}=Hx@=H 3 w 2 |=ypmW QO
xO=Ou=Wv u=tR ?ULQ@ (�) |}=Q}t ?} Q[ hrDNt Q}O=kt |=Q@ AJ |wR=@ lwv
Q}}eD 'CU= C@=F QwDwQ wO Qy x@ xOW p=ta= u=QW}B uwJ Cr=L u}= QO "CU= xOW

"CU= u=Um} R}v wR=@ wO Qy |=ypmW

x@ C@Uv CU=Q QwDwQ u=UWm |]N ?=DW 11 |x]@=Q QO 5 |x]@=Q |Q=Po}=H R=
"OwW|t x@U=Lt xOvQB |RmQt sUH

arot
RE =(�eRs� _qa� _qLs+ _qhcg + _qeRc

+ 2q _eRc� q2b� q2Lc� q2eRs)i

+ (�eRc� _qb� _qLc� _qeRs� q2hcg

� 2q _eRs+ q2a+ q2Ls� q2eRc)k (12)

|v=QwO ?=DW u=wD|t j} Q] u}tyx@ "CU= c = cos� w s = sin� x]@=Q u}= QO
"OQm x@U=Lt |vO@ x=oDUO QO R}v =Q �rot

RE QwDwQ u=UWm

��rot
RE =

h
0 � � R 0

iT
(13)

xOvQB pm x@ OQ=w ?rY |=y?=DW \@=wQ u}= R= xOW x@U=Lt Q}O=kt OwW|t Qw;O=}
?rY |=y?=DW CU= sRq |RmQt sUH x@ QwDwQ QF= p=kDv= |=Q@ "OwW|tv pt=W =Q
xi=[= w 8 |x]@=Q QO 12 w 10 '7 \@=wQ |Q}oQ=mx@ =@ "s} Q}o@ Q_v QO R}v =Q u;

%CW=O s}y=wN QwDwQ x@ OQ=w ?rY |=y?=DW uOQm
Frot

R = � [TR R +mrot(g sin � + _u+ wq

+ �eRs� _qa� _qLs+ _qhcg + _qeRc

+ 2q _eRc� q2b� q2Lc� q2eRs)]i

+ [TR �mrot(�g cos � + _w � uq
+ �eRc� _qb� _qLc� _qeRs� 2q _eRs

+ q2a+ q2Ls� q2hcg � q2eRc)]k (14)

R= pY=L '|rY= sUH x@ xOW pkDvt Qw=DWo u=wD|t 9 |x]@=Q R= xO=iDU= =@ p=L
"OQm x@U=Lt R}v =Q CU=Q CtU QwDwQ

M rot
R =I( � R � _q) +m(b+ Lc)(�TR/m+ _w

� uq � g cos � + �eRc� _qb� _qLc� _qeRs

� 2q _eRs+ q2a+ q2Ls� q2hcg � q2eRc)

+m(a+ Ls� hcg)(TR R/m+ _u+ wq

+ g sin � + �eRs� _qa� _qLs+ _qhcg + _qeRc

+ 2q _eRc� q2b� q2Lc� q2eRs)� TReRs

�mgeRs cos � �mgeRc sin � +mq2LeR

�mq2hcgeRs�m _qhcgeRc+mq2beRc

�m _qbeRs+mq2aeRs+m _qaeRc

+ eRs( _w � uq)� eRc( _u+ wq) (15)

QwDwQ u}= R= pY=L Qw=DWo w wQ}v u=wD|t AJ CtU QwDwQ |=Q@ OvwQ u}ty Q=QmD =@
=D 1 CqO=at CU=Q CtU ?}DQD u}= x@ w &OQm x@U=Lt R}v =Q |RmQt sUH |wQ
xm s} Q=O xrO=at 4 w pwyHt 8 'CqO=at x@ 4 |x]@=Q uOwRi= =@ "OwW|t u}}aD 3
Q_v QO =ywR=@ |=Q@ xm CU= |v=UWm |=ypmW Q}}eD x@ \w@ Qt |i=[= CqwyHt

"s}=xDiQo
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"xOvQB C=@ wQ |wR=@ lwv |}x} w=R |}=Hx@=H "3 pmW

"u=UWm pmW Q}}eD Q@ swO w pw= |=yCr=L |}=Q}t ?} Q[ Cw=iD QF= "4 pmW

"?rY p;xO}= w u=UWm |ak=w xOvQB |Q}oGw= |xwLv xU}=kt "5 pmW
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