
!"#$%&'#()#&'*+&,-$.#&'(#

."/$01$23&,4*56



!"#$%&'#()#&'*+&,-$.#&'(#

78,49-#1$'"(##$-*&:$53-*&;(*5,-$(+<+'

=9$'+$'"*6$9+*&'>$?#$",)#$;#)#-+9#;$,$636'#4,'*5$
4#'"+;$'+$;#'#(4*&#$'"#$@+(?,(;$,&;$*&)#(6#$
:*&#4,'*56$,&;$'"#$A,5+<*,&$@+($,&3$,(<*'(,(3$
6#(*,-$4,&*9B-,'+(
! C+(?,(;$:*&#4,'*561$4,99*&D$@(+4$E+*&'$),(*,<-#6$

'+$9+6*'*+&$,&;$+(*#&','*+&$+@$'"#$#&;$#@@#5'+(
! %&)#(6#$:*&#4,'*561$@*&;*&D$E+*&'$),(*,<-#6$'",'$

6,'*6@3$,$D*)#&$9+6*'*+&$,&;$+(*#&','*+&$+@$'"#$#&;$
#@@#5'+(

! A,5+<*,&1$4,99*&D$@(+4$'"#$E+*&'$)#-+5*'*#6$'+$'"#$
#&;$#@@#5'+($-*&#,($,&;$,&DB-,($)#-+5*'*#6

78,49-#1$'"(##$-*&:$53-*&;(*5,-$(+<+'



!"#$%&'#()#&'*+&,-$.#&'(#

23&,4*56$F)#()*#?

G"*-#$'"#$:*&#4,'*5$#HB,'*+&6$;#65(*<#$'"#$4+'*+&$+@$'"#$(+<+'$?*'"+B'$
5+&6*;#(,'*+&$+@$'"#$@+(5#6$'",'$9(+;B5#6$'"#$4+'*+&/
!"#$;3&,4*56$#89-*5*'-3$;#65(*<#$'"#$(#-,'*+&6"*9$<#'?##&$@+(5#$,&;$4+'*+&
!"#$;3&,4*5$+@$'"#$(+<+'$*6$&#5#66,(3$'+$5+&6*;#($*&$'"#$;#6*D&$+@$(+<+'6>$
6*4B-,'*+&$,&;$,&*4,'*+&>$,&;$*&$'"#$;#6*D&$+@$5+&'(+-$,-D+(*'46
G#$?,&'$'+$5+4#$B9$?*'"$#HB,'*+&6$+@$4+'*+&$@+($,&3$!2FC$636'#4
! %&$D#&#(,->$'"*6$?*--$5+&6*6'$+@$! 5+B9-#;$6#5+&;$+(;#($;*@@#(#&'*,-$#HB,'*+&6
!"#6#$636'#46$4,3$<#1
! I*&#,($+($&+&-*&#,(
! .+&6#(),'*)#$+($&+&5+&6#(),'*)#
G#$?,&'$'+$;#)#-+9$,&$#89(#66*+&$+@$'"#$@+(41
F&5#$?#$",)#$'"*6>$?#$5,&$B6#$*'$'+$5"++6#$,&$,99(+9(*,'#$5+&'(+--#($'",'$
?*--$9B'$+B($;3&,4*5,-$636'#4$*&$,$;#6*(#;$6','#$J5+&@*DB(,'*+&K
!"#$;3&,4*56$*6$*49+(',&'$

tqfq ,



!"#$%&'#()#&'*+&,-$.#&'(#

7B-#(LI,D(,&D#$7HB,'*+&6

G#$5,&$;#(*)#$'"#$#HB,'*+&6$+@$4+'*+&$@+($,&3$!2FC$636'#4$<3$
B6*&D$#&#(D3$4#'"+;6
! M--$?#$&##;$'+$:&+?$,(#$'"#$5+&6#(),'*)#$J:*&#'*5$,&;$9+'#&'*,-K$,&;$

&+&L5+&6#(),'*)#$J;*66*9,'*)#K$'#(46
!"*6$*6$,$6"+('5B'$'+$;#65(*<*&D$'"#$4+'*+&$+@$#,5"$9,('*5-#$*&$,$(*D*;$
<+;3$,-+&D$?*'"$'"#$5+&6'(,*&'6$'",'$@+(4$(*D*;$4+'*+&6
C+($'"*6>$?#$&##;$'+$@*(6'$B6#$)*('B,-$;*69-,5#4#&'6$6B<E#5'$'+$
"+-+&+4*5$5+&6'(,*&'6>$'"#&$B6#$'"#$9(*&5*9-#$+@$)*('B,-$?+(:>$'"#&$
@*&,--3$B6#$2NM-#4<#('N6$O(*&5*9-#$'+$;#(*)#$'"#$7B-#(LI,D(,&D#$
#HB,'*+&6$+@$4+'*+&
PB'$@*(6'>$,&$#8,49-#Q



!"#$%&'#()#&'*+&,-$.#&'(#

781$R2FC$636'#4

!+$*--B6'(,'#>$?#$;#(*)#$'"#$#HB,'*+&6$+@$4+'*+&$@+($,$R2FC$636'#4
! .+&6*;#($,$9,('*5-#$+@$4,66$"
! =6*&D$S#?'+&N6$6#5+&;$-,?1

! S+?$;#@*&#$'"#$:*&#'*5$,&;$9+'#&'*,-$#&#(D*#61

! T#?(*'#$'"#$,<+)#$;*@@#(#&'*,-$#HB,'*+&
I#@'$6*;#1

T*D"'$6*;#1

mgfym

2

2
1

ymK mgyP

y
K

dt
d

ym
ydt

d
ym

dt
d

ym 2

2
1

y
P

mgy
y

mg



!"#$%&'#()#&'*+&,-$.#&'(#

781$R2FC$636'#4

!"B6$?#$5,&$(#?(*'#$'"#$*&*'*,-$#HB,'*+&1

S+?$?#$4,:#$'"#$@+--+?*&D$;#@*&*'*+&1

# *6$5,--#;$'"#$#$%&$!%'$!
! G#$5,&$(#?(*'#$+B($#HB,'*+&$+@$4+'*+&$,D,*&1

!"B6>$'+$;#@*&#$'"#$#HB,'*+&$+@$4+'*+&$@+($'"*6$636'#4>$,--$?#$&##;$*6$,$
;#65(*9'*+&$+@$'"#$9+'#&'*,-$,&;$:*&#'*5$#&#(D*#6

y
P

f
y
K

dt
d

PKL

f
y
L

y
L

dt
d



!"#$%&'#()#&'*+&,-$.#&'(#

7B-#(LI,D(,&D#$7HB,'*+&6

%@$?#$(#9(#6#&'$'"#$),(*,<-#6$+@$'"#$636'#4$,6$D#&#(,-*U#;$5++(;*&,'#6>$'"#&$
?#$5,&$?(*'#$'"#$#HB,'*+&6$+@$4+'*+&$@+($,&$!2FC$636'#4$,61$

G#$?*--$5+4#$<,5:$'+$'"*6>$<B'$*'$*6$*49+(',&'$'+$(#5+D&*U#$'"#$@+(4$+@$'"#$
,<+)#$#HB,'*+&1$
! !"#$-#@'$6*;#$5+&',*&6$'"#$5+&6#(),'*)#$'#(46
! !"#$(*D"'$6*;#$5+&',*&6$'"#$&+&L5+&6#(),'*)#$'#(46
!"*6$@+(4B-,'*+&$-#,;6$'+$,$6#'$+@$! 5+B9-#;$V&; +(;#($;*@@#(#&'*,-$#HB,'*+&6

i
ii q
L

q
L

dt
d



!"#$%&'#()#&'*+&,-$.#&'(#

781$R2FC$636'#4

W*&D-#$-*&:>$6*&D-#$4+'+($5+B9-#;$<3$,$;(*)#$6",@'
! " ,&;$ ( ,(#$'"#$,&DB-,($;*69-,5#4#&'6$+@$'"#$6",@'$,&;$'"#$-*&:$(#69#5'*)#-3>$

(#-,'#;$<3$,$D#,($(,'*+>$&1

! W',('$<3$;#'#(4*&*&D$'"#$:*&#'*5$,&;$9+'#&'*,-$#&#(D*#61

! )" ,&;$)( ,(#$'"#$4+'+(X6",@'$,&;$-*&:$*&#('*,6$(#69#5'*)#-3$,&;$* ,&;$# ,(#$'"#$
4,66$,&;$-#&D'"$+@$'"#$-*&:$(#69#5'*)#-3

lrm

22

22

2
1

2
1

2
1

llm

llmm

JJr

JJK

l
MgL

P cos1
2



!"#$%&'#()#&'*+&,-$.#&'(#

781$R2FC$636'#4

I#'$'"#$'+',-$*&#('*,>$)>$<#$;#@*&#;$<31

S+?$?(*'#$'"#$I,D(,&D*,&1

!"B6$?#$5,&$?(*'#$'"#$#HB,'*+&$+@$4+'*+&$@+($'"*6$R2FC$636'#4$,61

!"#$(*D"'$6*;#$5+&',*&6$'"#$&+&L5+&6#(),'*)#$'#(46$6B5"$,61
! !"#$*&9B'$4+'+($'+(HB#1$
! 2,49*&D$'+(HB#61$
!"#(#@+(#$?#$5,&$(#?(*'#$'"#$#HB,'*+&$+@$4+'*+&1

lm JJrJ 2

ll
MgL

JL cos1
22

1 2

lll
MgL

J sin
2

mru
lm BrBB

u
MgL

BJ lll sin
2



!"#$%&'#()#&'*+&,-$.#&'(#

Y+-+&+4*5$5+&6'(,*&'6

Z+'*),'*+&1$(#;B5#$'"#$&B4<#($+@$2FC6$+@$'"#$636'#4
! */#/$(#;B5#$'"#$&B4<#($+@$5++(;*&,'#6$&#5#66,(3$'+$@B--3$;#65(*<#$,$636'#4$+@$

9,('*5-#6
.+&6*;#($,$6#'$+@$+ *&;#9#&;#&'$9,('*5-#6$&,>$&->$Q>$&+1
! T#HB*(#6$[+ D#&#(,-*U#;$5++(;*&,'#6$'+$@B--3$;#65(*<#$'"#$6#'

%@$?#$,;;$5+&6'(,*&'6>$'"#$&B4<#($+@$2FC6$J,&;$"#&5#$D#&#(,-*U#;$
5++(;*&,'#6K$*6$(#;B5#;



!"#$%&'#()#&'*+&,-$.#&'(#

Y+-+&+4*5$5+&6'(,*&'6

G*'"+B'$5+&6'(,*&'6>$?#$5,&$6*49-3$?(*'#1
! */#/$+ B&5+B9-#;$;*@@#(#&'*,-$#HB,'*+&6

%@$'"#(#$,(#$5+&6'(,*&'6$+&$'"#$4+'*+&$+@$'"#$9,('*5-#6>$?#$4B6'$,-6+$5+&6*;#($
5+&6'(,*&'$@+(5#6
78,49-#>$5+&6*;#($,$636'#4$+@$'?+$9,('*5-#6$?*'"$9+6*'*+&6$&,>$&-
! %@$'"#(#$,(#$&+$5+&6'(,*&'6>$?#$&##;$\$9,(,4#'#(6$'+$@B--3$;#65(*<#$'"*6$636'#4
! .+&6*;#($'"#$@+--+?*&D$5+&6'(,*&'1$'"#$;*6',&5#$<#'?##&$'"#$9,('*5-#6$*6$5+&6',&'

! S+?$?#$5,&$?(*'#$'"#$#HB,'*+&6$<3$@*&;*&D$,--$'"#$@+(5#6$'",'$?*--$#&6B(#$'"#$5+&6'(,*&'6$,(#$
4#'

ii frm

Lrrrrrr T
212121



!"#$%&'#()#&'*+&,-$.#&'(#

]*('B,-$;*69-,5#4#&'6

2#@*&*'*+&1$@+($,$636'#4$+@$+ 9,('*5-#6$?*'"$" "+-+&+4*5$5+&6'(,*&'6>$'"#$6#'$
+@$)*('B,-$;*69-,5#4#&'6$*6$'"#$6#'1
! !"#6#$;*69-,5#4#&'6$,(#$,-6+$5+&6*6'#&'$?*'"$'"#$"+-+&+4*5$5+&6'(,*&'6
781$,D,*&>$5+&6*;#($,$636'#4$+@$'?+$9,('*5-#6$'",'$",6$,$@*8#;$;*6',&5#

! S+?$6B99+6#;$'",'$<+'"$&, ,&;$&- ,(#$9#('B(<#;$<3$'"#$)*('B,-$;*69-,5#4#&'6$ &,
,&;$ &-

! !"B6>$'"#$6,4#$5+&6'(,*&'$",6$'+$<#$6,'*6@*#;1

! T#,((,&D*&D$'"*6$D*)#61

krr ,...,1

2
2121 Lrrrr T

2
22112211 Lrrrrrrrr T

2
212121212121

2
21212121

2 Lrrrrrrrrrrrr

Lrrrrrrrr
TTT

T



!"#$%&'#()#&'*+&,-$.#&'(#

]*('B,-$;*69-,5#4#&'6

%@$?#$*D&+(#$6#5+&;$+(;#($'#(46$*&$'"#$)*('B,-$;*69-,5#4#&'61

S+?$+B($*&*'*,-$5+&6'(,*&'$*61

!"#(#@+(#1

!"*6$6,36$'",'$*&$+(;#($@+($'"#$)*('B,-$;*69-,5#4#&'6$'+$6,'*6@3$'"#$"+-+&+4*5$
5+&6'(,*&'6>$'"#3$4B6'$<#$+('"+D+&,-$'+$'"#$5+&6'(,*&'$@+(5#6

C+($#8,49-#1$

2
21212121 2 Lrrrrrrrr TT

2
2121 Lrrrr T

02 2121 rrrr T



!"#$%&'#()#&'*+&,-$.#&'(#

O(*&5*9-#$+@$)*('B,-$?+(:

W+>$*@>$;B#$'+$'"#$"+-+&+4*5$5+&6'(,*&'6$+&$,$636'#4$+@$9,('*5-#6>$'"#$
5++(;*&,'#6$+@$'"#$9,('*5-#6$5,&$<#$@B--3$;#@*&#;$<3$,$6#'$+@$D#&#(,-*U#;$
5++(;*&,'#6>$'"#&$?#$5,&$?(*'#$'"#$6#'$+@$)*('B,-$;*69-,5#4#&'6$,61

! !"#(#$,(#$&+$5+&6'(,*&'6$+&$'"#$D#&#(,-*U#;$5++(;*&,'#6>$6+$'"#(#$,(#$&+$
5+&6'(,*&'6$+&$'"#$)*('B,-$;*69-,5#4#&'6$+@$'"#$D#&#(,-*U#;$5++(;*&,'#6

S+?$6B99+6#$#,5"$9,('*5-#$*6$*&$#HB*-*<(*B4
! !"B6$'"#$&#'$@+(5#$+&$#,5"$9,('*5-#$*6$U#(+
! !"*6$*49-*#6$'",'$'"#$?+(:$;+&#$<3$#,5"$6#'$+@$)*('B,-$;*69-,5#4#&'6$*6$U#(+

.' *6$'"#$'+',-$@+(5#$,5'*&D$+&$9,('*5-#$'

kiq
q
r

r
n

j
j

j

i
i ,...,1   , 

1

0
1

k

i
i

T
i rF



!"#$%&'#()#&'*+&,-$.#&'(#

O(*&5*9-#$+@$)*('B,-$?+(:

M'$'"#$<#D*&&*&D$+@$'"*6$;*65B66*+&>$?#$6,*;$'",'$,$636'#4$?*'"$
"+-+&+4*5$5+&6'(,*&'6$",6$'?+$6#'6$+@$@+(5#6$,5'*&D$+&$*'1
! 78'#(&,-$@+(5#6>$/'
! C+(5#6$'",'$*49+6#$'"#$5+&6'(,*&'6>$/'$

%@$'"#$?+(:$;+&#$<3$'"#$5+&6'(,*&'$@+(5#$*6$U#(+>$?#$5,&$?(*'#1

! !"*6$*6$'(B#$?"#&#)#($'"#$5+&6'(,*&'$@+(5#$<#'?##&$9,('*5-#6$*6$;*(#5'#;$,-+&D$
'"#$)#5'+($5+&&#5'*&D$'"#$'?+$9,('*5-#6

*/#/$'"#$)*('B,-$;*69-,5#4#&'6$,(#$+('"+D+&,-$'+$'"#$5+&6'(,*&'$@+(5#6

!"B6$?"#&$'"#$?+(:$;+&#$<3$'"#$5+&6'(,*&'$@+(5#6$*6$U#(+>$?#$5,&$,-6+$
6,3$'",'1

0
1

k

i
i

Ta
i rf

0
1

k

i
i

T
i rf



!"#$%&'#()#&'*+&,-$.#&'(#

O(*&5*9-#$+@$)*('B,-$?+(:

!"*6$*6$5,--#;$'"#$9(*&5*9-#$+@$)*('B,-$?+(:1
! !"#$?+(:$;+&#$<3$#8'#(&,-$@+(5#6$5+((#69+&;*&D$'+$,&3$6#'$+@$)*('B,-$

;*69-,5#4#&'6$*6$U#(+^
! F&-3$'(B#$*@$'"#$?+(:$;+&#$<3$'"#$5+&6'(,*&'$@+(5#6$*6$U#(+

G"*5"$*6$+&-3$'(B#$*@$'"#$5+&6'(,*&'$@+(5#6$,(#$;*(#5'#;$,-+&D$'"#$)#5'+($
5+&&#5'*&D$'?+$9,('*5-#6
%&$'"*6$5,6#$'"#$)*('B,-$;*69-,5#4#&'$)#5'+($?*--$<#$+('"+D+&,-$'+$'"#$5+&6'(,*&'$
@+(5#$)#5'+(

! !"*6$*6$<3$;#@*&*'*+&$+@$'"#$)*('B,-$;*69-,5#4#&'6$,&;$'"#$@,5'$'",'$'"#3$,-6+$4B6'$6,'*6@3$
'"#$"+-+&+4*5$5+&6'(,*&'6

781$,D,*&>$5+&6*;#($'?+$9,('*5-#6$'",'$,(#$5+&6'(,*&#;$<31
! !"#$5+&6'(,*&'$@+(5#$4B6'$<#$,-+&D$'"#$)#5'+($5+&&#5'*&D$'"#$'?+
! M66B4#$'",'$'"#(#$*6$,$(*D*;$?*(#$5+&&#5'*&D$'"#$'?+
! !"B6$'"#$5+&6'(,*&'$@+(5#$,5'*&D$+&$'"#$@*(6'$9,('*5-#$*61
! M&;$5-#,(-3$'"#$@+(5#$+&$'"#$6#5+&;$9,('*5-#$*61

2
2121 Lrrrr T

211 rrcf a

212 rrcf a



!"#$%&'#()#&'*+&,-$.#&'(#

O(*&5*9-#$+@$)*('B,-$?+(:

!"B6$?#$5,&$?(*'#$'"#$?+(:$;+&#$<3$'"#$5+&6'(,*&'$@+(5#6$,61

PB'$?#$,-(#,;3$6"+?#;$'",'$'"*6$*6$U#(+$6*&5#$'"#$)*('B,-$;*69-,5#4#&'6$
,(#$,-6+$5+&6*6'#&'$?*'"$'"#$"+-+&+4*5$5+&6'(,*&'6
! !"B6$'"#$?+(:$;+&#$<3$'"#$5+&6'(,*&'$@+(5#6$*6$U#(+
!"B6$?",'$?#$",)#$6"+?&$*6$'",'$@+($,$636'#4$+@$9+*&'6$*&$?"*5"$'"#$
9+*&'6$,(#$6B<E#5'#;$'+$"+-+&+4*5$5+&6'(,*&'6>$'"#$9(*&5*9-#$+@$)*('B,-$
?+(:$6,36$'",'$'"#$?+(:$;+&#$<3$'"#$@+(5#6$'",'$4,*&',*&$'"#$"+-+&+4*5$
5+&6'(,*&'6$*6$U#(+
G#$5,&$(#9(#6#&'$,$(*D*;$<+;3$,6$,&$*&@*&*'#$6#'$+@$9,('*5-#6$?*'"$,&$
*&@*&*'#$6#'$+@$"+-+&+4*5$5+&6'(,*&'6
! !"B6$'"#$9(*&5*9-#$+@$)*('B,-$?+(:$,-6+$"+-;6$*&$'"#$5,6#$+@$(*D*;$4+'*+&

2121

2211212211

rrrrc

rrrcrrrcrfrf
T

TTTaTa



!"#$%&'#()#&'*+&,-$.#&'(#

2NM-#4<#('N6$9(*&5*9-#

!"#$9(#)*+B6$;*65B66*+&$,66B4#;$'",'$'"#$636'#4$+@$9,('*5-#6$?,6$*&$
#HB*-*<(*B4
!+$4,:#$'"*6$4+(#$D#&#(,->$?#$,66B4#$'",'$'"#$636'#4$*6$&+'$*&$
#HB*-*<(*B4
! !"B6$,;;*&D$,&$,;;*'*+&,-$@+(5#$?*--$9B'$'"#$4+(#$D#&#(,-$636'#4$*&$

#HB*-*<(*B4$J2NM-#4<#('N6$O(*&5*9-#K
! !"*6$,;;*'*+&,-$@+(5#$*61

G"#(#$0' *6$'"#$4+4#&'B4$+@$'"#$''" 9,('*5-#
! M&;$?#$5,&$*&5-B;#$'"*6$,6$@+--+?61

! G#$5,&$,D,*&$B6#$'"#$9(*&5*9-#$+@$)*('B,-$?+(:$'+$(#4+)#$'"#$5+&6'(,*&'$
@+(5#6$@(+4$.' ,&;$'"*6$<#5+4#61

ip

0
1

k

i
i

T
ii rpF

0
11

k

i
ii

k

i
i

T
i rprf



!"#$%&'#()#&'*+&,-$.#&'(#

2NM-#4<#('N6$9(*&5*9-#

S+'#$'",'$'"#$)*('B,-$;*69-,5#4#&'6$,(#$&+'$*&;#9#&;#&'
! PB'$'"#$D#&#(,-*U#;$5++(;*&,'#6$,(#
!"B6$?#$?,&'$'+$#89(#66$'"*6$(#-,'*+&6"*9$*&$'#(46$+@$'"#$D#&#(,-*U#;$
5++(;*&,'#6$*&6'#,;$+@$'"#$)*('B,-$;*69-,5#4#&'6
! C*(6'>$(#4#4<#($'",'1

! WB<6'*'B'*&D$'"*6$*&$D*)#6$J@+($'"#$@*(6'$'#(4K1

! G"#(#$'"#$1'" D#&#(,-*U#;$@+(5#$ 1 *61

kiq
q
r

r
n

j
j

j

i
i ,...,1   , 

1

j

n

j
j

k

i

n

j
j

j

iT
i

k

i
i

T
i qq

q
r

frf
11 11

k

i j

iT
ij q

r
f

1



!"#$%&'#()#&'*+&,-$.#&'(#

2NM-#4<#('N6$9(*&5*9-#

!"#$4+4#&'B4$+@$9,('*5-#$' *61
!"#(#@+(#$?#$5,&$?(*'#$'"#$6#5+&;$'#(4$,61

S+?$&+'#$'",'1

T#,((,&D*&D$D*)#61

T#4#4<#($'",'$'"#$"+-+&+4*5$5+&6'(,*&'6$,--+?6$B6$'+$?(*'#$'"#$
5++(;*&,'#6$+@$'"#$9,('*5-#6$,61

iii rmp

j
j

i
k

i

n

j

T
iii

k

i

T
ii

k

i
i

T
i q

q
r

rmrrmrp
1 111

j

iT
ii

j

iT
ii

j

iT
ii q

r
dt
d

rm
q
r

rm
q
r

rm
dt
d

j

iT
ii

j

iT
ii

j

iT
ii q

r
dt
d

rm
q
r

rm
dt
d

q
r

rm

kiqqrr nii ,...,1   ,,...,1



!"#$%&'#()#&'*+&,-$.#&'(#

2NM-#4<#('N6$9(*&5*9-#

2*@@#(#&'*,'*&D$'"*6$D*)#61

S+'#$'",'$'"*6$*49-*#61

S+?$'"#$-,6'$'#(4$'",'$?#$&##;$'+$*;#&'*@3$*61

T#5,--$'"#$@+--+?*&D

j

n

j j

i
ii q

q
r

rv
1

j

i

j

i

q
r

q
v

n

u j

i
u

u

i

j
u

n

u uj

i

j

i

q
v

q
q
r

q
q

qq
r

q
r

dt
d

11

2

k

i j

iT
ii

j

iT
ii

k

i j

iT
ii q

r
dt
d

rm
q
r

rm
dt
d

q
r

rm
11

iv



!"#$%&'#()#&'*+&,-$.#&'(#

2NM-#4<#('N6$9(*&5*9-#

S+?$'",'$?#$:&+?$#,5"$'#(4>$?#$5,&$(#?(*'#$'"*6$,6$@+--+?61

S+?$;#@*&#$'"#$:*&#'*5$#&#(D3$+@$,$636'#4$+@$9,('*5-#61

!,:#$'"#$9,('*,-$;#(*),'*)#$+@$'"#$:*&#'*5$#&#(D3$?*'"$(#69#5'$'+$'"#$
D#&#(,-*U#;$5++(;*&,'#6$,&;$'"#*($;#(*),'*)#61

!"#(#@+(#$?#$5,&$(#?(*'#$+&5#$4+(#1

k

i j

iT
ii

j

iT
ii

k

i j

iT
ii q

v
vm

q
v

vm
dt
d

q
r

rm
11

k

i
i

T
ii vvmK

1 2
1

k

i j

iT
ii

j q
v

vm
q
K

1

k

i j

iT
ii

j q
v

vm
q
K

1

jj

k

i j

iT
ii q

K
q
K

dt
d

q
r

rm
1



!"#$%&'#()#&'*+&,-$.#&'(#

2NM-#4<#('N6$9(*&5*9-#

OB''*&D$'"*6$9,5:$*&'+$+B($@*(6'$#HB,'*+&$@+($'"#$?+(:$@(+4$
'"#$@*5'*'*+B6$@+(5#1

C*&,--3>$5+4<*&*&D$'"*6$?*'"$'"#$#8'#(&,-$@+(5#61

W*&5#$'"#$)*('B,-$;*69-,5#4#&'6$+@$'"#$D#&#(,-*U#;$
5++(;*&,'#6$,(#$*&;#9#&;#&'>$?#$5,&$6,3$'",'$#,5"$
5+#@@*5*#&'$+@$ 21 *6$U#(+1

j

n

j jj
i

k

i

T
i q

q
K

q
K

dt
drp

11

0
1

j

n

j
j

jj

q
q
K

q
K

dt
d

nj
q
K

q
K

dt
d

j
jj

,...,1   , 



!"#$%&'#()#&'*+&,-$.#&'(#

7B-#(LI,D(,&D#$7HB,'*+&6

%@$?#$,66B4#$'",'$'"#$D#&#(,-*U#;$@+(5#$ 1 *6$'"#$6B4$+@$,&$#8'#(&,-$@+(5#$
,&;$,$@+(5#$;B#$'+$9+'#&'*,-$#&#(D3>$?#$5,&$6*49-*@3$@B('"#(
! M66B4#$'",'$'"#(#$#8*6'6$,$9+'#&'*,-$#&#(D3$@B&5'*+&$3J2K$,&;$#8'#(&,-$@+(5#6$

11

! !"#&$(#4#4<#(*&D$'"#$;#@*&*'*+&$+@$'"#$I,D(,&D*,&1$#4_$5 ` 31

! !"*6$*6$'"#$7B-#(LI,D(,&D#$#HB,'*+&$,&;$*'$,--+?6$B6$'+$;#(*)#$'"#$#HB,'*+&6$
+@$4+'*+&$@+($,&$!2FC$636'#4$6B<E#5'$'+$"+-+&+4*5$5+&6'(,*&'6

j
jj q
L

q
L

dt
d

j
j

j q
P



!"#$%&'#()#&'*+&,-$.#&'(#

23&,4*56$F)#()*#?

G#$?,&'$'+$5+4#$B9$?*'"$#HB,'*+&6$+@$4+'*+&$@+($,&3$
!2FC$636'#4
! %&$D#&#(,->$'"*6$?*--$5+&6*6'$+@$! 5+B9-#;$6#5+&;$+(;#($F276

!"#6#$636'#46$4,3$<#1
! I*&#,($+($&+&-*&#,(
! .+&6#(),'*)#$+($&+&5+&6#(),'*)#

G#$?,&'$'+$;#)#-+9$,&$#89(#66*+&$+@$'"#$@+(41
F&5#$?#$",)#$'"*6>$?#$5,&$B6#$*'$'+$5"++6#$,&$
,99(+9(*,'#$5+&'(+--#($'",'$?*--$9B'$+B($;3&,4*5,-$
636'#4$*&$,$;#6*(#;$6','#$J5+&@*DB(,'*+&K

tqfq ,



!"#$%&'#()#&'*+&,-$.#&'(#

7B-#(LI,D(,&D#$7HB,'*+&6

G#$5,&$;#(*)#$'"#$#HB,'*+&6$+@$4+'*+&$@+($,&3$!2FC$636'#4$<3$
B6*&D$#&#(D3$4#'"+;6
! M--$?#$&##;$'+$:&+?$,(#$'"#$5+&6#(),'*)#$J:*&#'*5$,&;$9+'#&'*,-K$,&;$

&+&L5+&6#(),'*)#$J;*66*9,'*)#K$'#(46
%;#,--3>$'"#$'#(46$*&$'"#$7B-#(LI,D(,&D#$#HB,'*+&$,(#$@B&5'*+&6$+@$
'"#$D#&#(,-*U#;$5++(;*&,'#6
!"*6$*6$,$6"+('5B'$'+$;#65(*<*&D$'"#$4+'*+&$+@$#,5"$9,('*5-#$*&$,$(*D*;$
<+;3$,-+&D$?*'"$'"#$5+&6'(,*&'6$'",'$@+(4$(*D*;$4+'*+&6
C+($'"*6>$?#$&##;$'+$@*(6'$B6#$)*('B,-$;*69-,5#4#&'6$6B<E#5'$'+$
"+-+&+4*5$5+&6'(,*&'6>$'"#&$B6#$'"#$9(*&5*9-#$+@$)*('B,-$?+(:>$'"#&$
@*&,--3$B6#$2NM-#4<#('N6$O(*&5*9-#$'+$;#(*)#$'"#$7B-#(LI,D(,&D#$
#HB,'*+&6$+@$4+'*+&



!"#$%&'#()#&'*+&,-$.#&'(#

7B-#(LI,D(,&D#$7HB,'*+&6

%@$?#$(#9(#6#&'$'"#$),(*,<-#6$+@$'"#$636'#4$,6$D#&#(,-*U#;$
5++(;*&,'#6>$'"#&$?#$5,&$?(*'#$'"#$#HB,'*+&6$+@$4+'*+&$@+($,&$!2FC$
636'#4$,61$

%'$*6$*49+(',&'$'+$(#5+D&*U#$'"#$@+(4$+@$'"#$,<+)#$#HB,'*+&1$
! !"#$-#@'$6*;#$5+&',*&6$'"#$5+&6#(),'*)#$'#(46
! !"#$(*D"'$6*;#$5+&',*&6$'"#$&+&L5+&6#(),'*)#$'#(46
!"*6$@+(4B-,'*+&$-#,;6$'+$,$6#'$+@$! 5+B9-#;$V&; +(;#($;*@@#(#&'*,-$
#HB,'*+&6

i
ii q
L

q
L

dt
d



!"#$%&'#()#&'*+&,-$.#&'(#

a*&#'*5$7&#(D3

S##;$'+$;#@*&#$'"#$:*&#'*5$#&#(D3$@+($,&$!L-*&:$4,&*9B-,'+(
2Y$E+*&'$),(*,<-#6$,(#$'"#$D#&#(,-*U#;$5++(;*&,'#6
!"#$:*&#'*5$#&#(D3$*6$,$@B&5'*+&$'",'$',:#6$,$)#5'+($+@$E+*&'$
)#-+5*'*#6$'+$,$65,-,(
!"#$:*&#'*5$#&#(D3$*6$'"#$6B4$+@$'?+$'#(461$
! M$'(,&6-,'*+&,-$'#(4$#HB*),-#&'$'+$5+&5#&'(,'*&D$,--$'"#$4,66$,'$'"#$

5#&'#($+@$4,66
! M$(+','*+&,-$'#(4$;B#$'+$(+','*+&$,<+B'$'"#$5#&'#($+@$4,66



!"#$%&'#()#&'*+&,-$.#&'(#

a*&#'*5$7&#(D3

C+($,&$,(<*'(,(3$(*D*;$<+;3>$'"#$:*&#'*5$#&#(D3$*61

! 6 *6$'"#$-*&#,($)#-+5*'3$+@$'"#$5#&'#($+@$4,66
! *6$'"#$,&DB-,($)#-+5*'3$
– I *6$'"#$*&#('*,$'#&6+(

#89(#66#;$*&$'"#$*&#('*,-$J<,6#K$@(,4#

TTvmvK
2
1

2
1



!"#$%&'#()#&'*+&,-$.#&'(#

%&#('*,

C*(6'>$?#$&##;$'+$#89(#66$'"#$*&#('*,$*&$'"#$<+;3L,'',5"#;$@(,4#
! S+'#$'",'$'"#$(+','*+&$<#'?##&$'"#$*&#('*,-$@(,4#$,&;$'"#$<+;3$,'',5"#;$

@(,4#$*6$EB6'$7
! S+'#$,-6+$'"#$(#-,'*+&6"*9$<#'?##&$'"#$,&DB-,($)#-+5*'3$ J*&$'"#$*&#('*,-$

@(,4#K$,&;$'"#$(+','*+&,-$'(,&6@+(4,'*+&$<#'?##&$'"#$<+;3$,'',5"#;$@(,4#$
,&;$'"#$*&#('*,-$@(,4#1

! W+$'"#$*&#('*,$*&$'"#$*&#('*,-$@(,4#$*6$(#-,'#;$'+$'"#$*&#('*,$*&$'"#$<+;3$@(,4#$
<3$,$6*4*-,(*'3$'(,&6@+(41

8 *6$'"#$*&#('*,$*&$'"#$<+;3$,'',5"#;$@(,4#
! !"#$*&#('*,$*&$'"#$*&#('*,-$@(,4#$*6$;#9#&;,&'$B9+&$'"#$5+&@*DB(,'*+&
! !"#$*&#('*,$*&$'"#$<+;3$,'',5"#;$@(,4#$*6$*&;#9#&;#&'$+@$5+&@*DB(,'*+&

TRIR

TRRS



!"#$%&'#()#&'*+&,-$.#&'(#

%&#('*,

%&#('*,$*6$,&$*&'(*&6*5$9(+9#('3$+@$,$(*D*;$<+;3
! %&$'"#$<+;3$@(,4#>$*'$*6$,$5+&6',&'$[8[$4,'(*81

! !"#$;*,D+&,-$#-#4#&'6$,(#$5,--#;$'"#$9(*&5*9,-$4+4#&'6$+@$*&#('*,$,&;$,(#$,$
(#9(#6#&','*+&$+@$'"#$4,66$;*6'(*<B'*+&$+@$,$<+;3$?*'"$(#69#5'$'+$,&$,8*6$+@$
(+','*+&1

& *6$'"#$;*6',&5#$@(+4$'"#$,8*6$+@$(+','*+&$'+$'"#$9,('*5-#$

zzzyzx

yzyyyx

xzxyxx

ij

III
III
III

II

VVV
ii dxdydzzyxrdVzyxrdmrI ,,,, 222



!"#$%&'#()#&'*+&,-$.#&'(#

%&#('*,

!"#$#-#4#&'6$,(#$;#@*&#;$<31

dxdydzzyxyxI

dxdydzzyxzxI

dxdydzzyxzyI

zz

yy

xx

,,

,,

,,

22

22

22

dxdydzzyxyzII

dxdydzzyxxzII

dxdydzzyxxyII

zyyz

zxxz

yxxy

,,

,,

,,

(x,y,z) is 
the density

principal 
moments 
of inertia

cross 
products 
of inertia



!"#$%&'#()#&'*+&,-$.#&'(#

781$B&*@+(4$(#5',&DB-,($<-+5:

.+&6*;#($,$B&*@+(4$J,4+(9"+B6K$6+-*;$<-+5:$?*'"$'"#$
(#@#(#&5#$@(,4#$*&$'"#$D#+4#'(*5$5#&'#(

2222

2/

2/

322/

2/

2
2

2/

2/

2/

2/

2
3

2/

2/

2/

2/

22

2/

2/

2/

2/

2/

2/
22

2/

2/

2/

2/

2/

2/

22

1212

31212

3

,,

cb
m

cb
abc

z
z

b
abdzz

b
ab

dzyz
y

a

dydzzya

dydzxzy

dxdydzzyxzyI

c

c

c

c

c

c

b

b

c

c

b

b

c

c

b

b

a

a

c

c

b

b

a

axx

22

22

12

12

ba
m

I

ca
m

I

zz

yy

0
2

,,

2/

2/

2/

2/

2/

2/

2

2/

2/

2/

2/

2/

2/

c

c

b

b

a

a

c

c

b

b

a

axy

dydz
yx

dxdydzzyxxyI



!"#$%&'#()#&'*+&,-$.#&'(#

781$B&*@+(4$53-*&;#(

.+&6*;#($,$B&*@+(4$J,4+(9"+B6K$6+-*;$53-*&;#($?*'"$
'"#$(#@#(#&5#$@(,4#$*&$'"#$D#+4#'(*5$5#&'#(

2
1

2
1

2
1

2/

2/

2/

2/

4
1

2

0

4
1

2/

2/

2

0

4
1

2/

2/

2

0
0

4

2/

2/

2

0 0

2

2
1

2
1

24

44

,,

1

1

mr

rhrz
r

dz
r

dzd
r

dzd
r

dzrdrdzyxrI

h

h

h

h

h

h

h

h

r

h

h

r

zz



!"#$%&'#()#&'*+&,-$.#&'(#

a*&#'*5$#&#(D3$+@$,&$!L-*&:$
4,&*9B-,'+(

G#$6,*;$'",'$'"#$:*&#'*5$#&#(D3$+@$,$(*D*;$<+;3$*6$'"#$6B4$+@$'?+$'#(461

S+'*&D$'"#$(#-,'*+&$<#'?##&$'"#$*&#('*,$'#&6+($J*&#('*,-$@(,4#K$,&;$'"#$
*&#('*,$4,'(*8$J<+;3L,'',5"#;$@(,4#K>$'"*6$<#5+4#61

W*4*-,($'+$,$6#'$+@$9,('*5-#6>$'"#$'+',-$:*&#'*5$#&#(D3$@+($,&$!L-*&:$
4,&*9B-,'+($*6$'"#$6B4$+@$'"#$:*&#'*5$#&#(D3$+@$#,5"$-*&:1

TTvmvK
2
1

2
1

TTT RIRvmvK
2
1

2
1

n

i
i

T
iii

T
ii

T
ii RIRvvmK

1 2
1

2
1



!"#$%&'#()#&'*+&,-$.#&'(#

a*&#'*5$#&#(D3$+@$,&$!L-*&:$
4,&*9B-,'+(

S+'#$'",'$'"#$(+','*+&,-$4,'(*5#6$,(#$@B&5'*+&6$+@$'"#$D#&#(,-*U#;$
5++(;*&,'#6
! */#/$@B&5'*+&6$+@$'"#$E+*&'$),(*,<-#61

I,6'-3>$?#$&##;$,$(#-,'*+&$<#'?##&$'"#$E+*&'$)#-+5*'*#6$,&;$'"#$-*&#,($,&;$
,&DB-,($)#-+5*'3$+@$'"#$.Z$J.#&'#($+@$Z,66K$+@$#,5"$-*&:
! !"*6$*6$6*49-3$'"#$A,5+<*,&1

!"B6$?#$5,&$(#?(*'#$'"#$:*&#'*5$#&#(D3$,6$,$@B&5'*+&$+@$'"#$E+*&'$
),(*,<-#61

n

i
i

T
iii

T
ii

T
ii qRIqRvvmK

1 2
1

2
1

qqJqqJv
ii ivi      

n

i

T
iii

TT
v

T
v

T
i qqJqRIqRqJqqqJqJqmK

iiii
1 2

1
2
1



!"#$%&'#()#&'*+&,-$.#&'(#

a*&#'*5$#&#(D3$+@$,&$!L-*&:$
4,&*9B-,'+(

W*49-*@3*&D$'"*6$D*)#61

O(+9#('*#6$+@$'"#$*&#('*,$4,'(*81
! !48$!
! W344#'(*5
! O+6*'*)#L;#@*&*'#

qqDqqqJqRIqRqJqJqJmqK T
n

i

T
iii

T
v

T
vi

T
iiii 2

1
2
1

1

Inertia matrix



!"#$%&'#()#&'*+&,-$.#&'(#

O+'#&'*,-$#&#(D3$+@$,&$!L-*&:$
4,&*9B-,'+(

C+($,$(*D*;$4,&*9B-,'+(>$+&-3$9+'#&'*,-$#&#(D3$*6$@(+4$D(,)*'3
!"#$9+'#&'*,-$#&#(D3$+@$'"#$''" -*&:$*6$@+B&;$<3$,66B4*&D$,--$4,66$*6$
5+&5#&'(,'#;$,'$'"#$5#&'#($+@$4,66
! -#'$&9' <#$'"#$9+6*'*+&$+@$'"#$5#&'#($+@$4,66$+@$'"#$''" -*&:$J*&$'"#$*&#('*,-$

@(,4#K
! -#'$% <#$'"#$D(,)*'3$)#5'+($*&$'"#$*&#('*,-$@(,4#

O+'#&'*,-$#&#(D3$*6$*&;#9#&;#&'$+@$'"#$E+*&'$)#-+5*'*#6

n

i
ci

T
i

n

i
i rgmPP

11



!"#$%&'#()#&'*+&,-$.#&'(#

7HB,'*+&6$+@$4+'*+&

S+?$?#$,(#$@*&,--3$(#,;3$'+$B6#$'"#$7B-#(LI,D(,&D#$@+(4B-,'*+&

S+?$?#$5,&$?(*'#$'"#$I,D(,&D*,&$,61

S+?$',:#$'"#$9,('*,-$;#(*),'*)#6$+@$'"#$I,D(,&D*,&1

j
jj q
L

q
L

dt
d

qPqqqdqPqqDqPKL ji

n

j

n

i
ij

T

1 12
1

2
1

j

n

j
kj

k
ji

n

j

n

i
ij

kk

qqd

qP
q

qqqd
qq

L

1

1 12
1



!"#$%&'#()#&'*+&,-$.#&'(#

7HB,'*+&6$+@$4+'*+&

S+?$',:#$'"#$9,('*,-$;#(*),'*)#6$+@$'"#$I,D(,&D*,&1

O,('*,-$?*'"$(#69#5'$'+$'"#$9+6*'*+&61

.+4<*&*&D$'"#6#$<,5:$*&'+$'"#$7B-#(LI,D(,&D#$#HB,'*+&1

n

j
ji

n

i i

kj
j

n

j
kj

j

n

j
kjj

n

j
kj

k

qq
q
d

qd

qd
dt
d

qd
q
L

dt
d

1 11

11

k
ji

n

j

n

i k

ij

k q
P

qq
q
d

q
L

1 12
1

k
k

ji

n

j

n

i k

ij

i

kj
n

j
jkj q

P
qq

q
d

q
d

qd
1 11 2

1



!"#$%&'#()#&'*+&,-$.#&'(#

7HB,'*+&6$+@$4+'*+&

I,6'-3>$?#$;+$,$'(*5:$'+$6*49-*@3$'"#$6#5+&;$'#(4

!"#(#@+(#$'"#$6#5+&;$'#(4$5,&$<#$(#?(*''#&$,61

C+($6*49-*5*'3>$?#$4,:#$'"#$@+--+?*&D$;#@*&*'*+&1

! 9'1+ ,(#$'"#$:;&'<=>//?(4<@"A>(<
2#@*&#$'"#$D(,)*'3$@+(5#$+&$'"#$+'" -*&:$,61

ji

n

j

n

i j

ki

i

kj
ji

n

j

n

i i

kj qq
q
d

q
d

qq
q
d

1 11 1 2
1 Simply because

of the symmetry
of the inertia matrix

ji

n

j

n

i k

ij

j

ki

i

kj
ji

n

j

n

i k

ij

i

kj qq
q
d

q
d

q
d

qq
q
d

q
d

1 11 1 2
1

2
1

k

ij

j

ki

i

kj
ijk q

d
q
d

q
d

c
2
1

k
k q

P
g



!"#$%&'#()#&'*+&,-$.#&'(#

7HB,'*+&6$+@$4+'*+&

G#$&+?$?(*'#$'"#$7B-#(LI,D(,&D#$#HB,'*+&6$@+($,&$&L-*&:$
4,&*9B-,'+(1

kkji

n

j

n

i
ijk

n

j
jkj qgqqqcqqd

1 11

2 then , if iqji jiqqji  then , if

centrifugal Coriolis



!"#$%&'#()#&'*+&,-$.#&'(#

7HB,'*+&6$+@$4+'*+&

.+44+&-3>$'"*6$*6$?(*''#&$,61

BJ2K$*6$'"#$*&#('*,$4,'(*8
!"#$:4,'(*8$*6$D*)#&$,61

M&;$'"#$D(,)*'3$)#5'+($*61

!"*6$"+-;6$@+($,&3$!L-*&:$4,&*9B-,'+($'",'$",6$:*&#'*5$#&#(D3$
;#@*&#;$<3$'?+$'#(46$,&;$9+'#&'*,-$#&#(D3$'",'$*6$
*&;#9#&;#&'$+@$)#-+5*'3

qgqqqCqqD ,

n

i
iijkkj qqcc

1

T
n qqqqqqqg 21



!"#$%&'#()#&'*+&,-$.#&'(#

6B44,(3

R/ %@$?#$:&+?$'"#$5+&@*DB(,'*+&>$?#$5,&$5,-5B-,'#$'"#$A,5+<*,&
%@$?#$:&+?$'"#$A,5+<*,&>$?#$:&+?$'"#$)#-+5*'*#6$+@$#,5"$.Z

V/ F&5#$?#$:&+?$'"#$4,66$,&;$*&#('*,$9(+9#('*#6$+@$#,5"$-*&:$,&;$'"#$
-*&#,($,&;$,&DB-,($)#-+5*'*#6$+@$#,5"$-*&:>$?#$5,&$@+(4B-,'#$'"#$:*&#'*5$
#&#(D3$J@+($'"#$?"+-#$636'#4K

[/ %@$?#$:&+?$'"#$@+(?,(;$:*&#4,'*56$,&;$'"#$4,66$+@$#,5"$-*&:>$?#$5,&$
@*&;$'"#$9+6*'*+&$+@$'"#$.Z

G#$5,&$5,-5B-,'#$'"#$9+'#&'*,-$#&#(D3
b/ F&5#$?#$",)#$5 ,&;$3>$?#$5,&$#,6*-3$@+(4$#
c/ !+$+<',*&$'"#$#HB,'*+&6$+@$4+'*+&$?#$5,&1

!,:#$'"#$9,('*,-$;#(*),'*)#6$?*'"$(#69#5'$'+$'"#$E+*&'$9+6*'*+&6$,&;$)#-+5*'*#6$
J,&;$'*4#$;#(*),'*)#6K$,&;$9-BD$*&'+$'"#$7B-#(LI,D(,&D#$@+(4B-,'*+&
F($;#'#(4*&#$B>$:>$,&;$%



!"#$%&'#()#&'*+&,-$.#&'(# ES159/259

781$'?+L-*&:$5,('#6*,&$4,&*9B-,'+(

",,&;$"- ,(#$'"#$4,66#6$+@$'"#$'?+$-*&:6
d#&#(,-*U#;$5++(;*&,'#6$,(#$'"#$9(*64,'*5$;*69-,5#4#&'6
P3$*&69#5'*+&1

!"B6>$'"#$:*&#'*5$#&#(D3$*61

M&;$'"#$*&#('*,$4,'(*8$*61

2

1
2

01
10
00

2 q
q

qJv v

2

1
1

01
00
00

1 q
q

qJv v

qJJmJJmqqJJmqK v
T

vv
T

v
T

n

i
v

T
vi

T
ii 2211 21

1 2
1

2
1

2

21
21 0

0
10
01

00
01

m
mm

mmqD



!"#$%&'#()#&'*+&,-$.#&'(# ES159/259

781$'?+L-*&:$5,('#6*,&$4,&*9B-,'+(

!"#$9+'#&'*,-$#&#(D3$+@$'"#$636'#4$*61

S+'#$'",'$'"#$*&#('*,$4,'(*8$*6$&+'$,$@B&5'*+&$+@$2
! !"#(#@+(#$'"#$9,('*,-$;#(*),'*)#6$,(#$U#(+
! !"B6$'"#$."(*6'+@@#-$634<+-6$,(#$U#(+
G#$5,&$?(*'#$'"#$#HB,'*+&6$+@$4+'*+&6$,61

! G"#(#$'"#$D(,)*'3$)#5'+($*6$'"#$9,('*,-$+@$31

!"#(#@+(#>$'"#$#HB,'*+&6$+@$4+'*+&$,(#1

121
1

qmmgPqP
n

i
i

fqgqD

0  ,
2

221
1

1 q
P

gmmg
q
P

g

222

121121

fqm
fmmgqmm



!"#$%&'#()#&'*+&,-$.#&'(# ES159/259

781$'?+L-*&:$#-<+?$4,&*9B-,'+(

G#$&##;$'"#$-*&#,($,&;$,&DB-,($)#-+5*'3$+@$#,5"$
-*&:1

2

1
11

11

1

00
0cos
0sin

1 q
q

qL
qL

qJv c

c

v

2

1
21221211

21221211

2

00
coscoscos
sinsinsin

2

q
q

qqLqqLqL
qqLqqLqL

qJv

cc

cc

v



!"#$%&'#()#&'*+&,-$.#&'(# ES159/259

781$'?+L-*&:$#-<+?$4,&*9B-,'+(

S+?$'"#$,&DB-,($)#-+5*'3$+@$#,5"$-*&:1

2

1
1

01
00
00

1 q
q

qJ
2

1
2

11
00
00

2 q
q

qJ

100
0cossin
0sincos

11

11

1 qq
qq

qR
100
0cossin
0sincos

2121

2121

2 qqqq
qqqq

qR

1,

1,

1

00
000
00

zz

xx

I

I
I

2,

2,

2

00
000
00

zz

xx

I

I
I

qqJqIRqRqJq
ii

T
ii

TT
ii

T
i



!"#$%&'#()#&'*+&,-$.#&'(# ES159/259

781$'?+L-*&:$#-<+?$4,&*9B-,'+(

!"B6$'"#$(+','*+&,-$5+49+&#&'$+@$'"#$:*&#'*5$
#&#(D3$*61

q
II
III

q

qqqqq
qqqq

I

I
qqqq
qqqq

q

qqq
qq

I

I
qq
qq

q

qqJqRIqRqJqK

T

zz

xx
T

zz

xx
T

i

T
iii

TT
rot ii

22

221

2121

2121

2,

2,

2121

2121

11

11

1,

1,

11

11

2

1

00
0

2
1

11
00
00

100
0cossin
0sincos

00
000
00

100
0cossin
0sincos

100
100

2
1

01
00
00

100
0cossin
0sincos

00
000
00

100
0cossin
0sincos

000
100

2
1

2
1



!"#$%&'#()#&'*+&,-$.#&'(# ES159/259

781$'?+L-*&:$#-<+?$4,&*9B-,'+(

!"B6>$'"#$'+',-$:*&#'*5$#&#(D3$+@$'"#$636'#4$*61

M&;$'"#$*&#('*,$4,'(*8$5,&$<#$?(*''#&$,61

! G"#(#1

qIIJJmJJmq

qJIJJJmqK

v
T

vv
T

v
T

n

i
i

T
v

T
vi

T
iiii

11
11

00
01

2
1

2
1

2121

1

2211

2221

1211

dd
dd

qD

2
2

2222

22112121121
2

2212

212112121121
2

2
2

12
2

1111

)cos(cos)sin(sin

)cos(cos)sin(sin

ILmd

IqqqLLqqqLLLmd

IIqqqLLqqqLLLLmLmd

c

ccc

cccc



!"#$%&'#()#&'*+&,-$.#&'(# ES159/259

781$'?+L-*&:$#-<+?$4,&*9B-,'+(

S+?$6*&5#$5+6 5+6 e$6*& 6*& _$5+6J L K>$?#$5,&$(#?(*'#$
'"#$#-#4#&'6$+@$'"#$*&#('*,$4,'(*81

G#$&#8'$;#'#(4*&#$'"#$."(*6'+@@#-$634<+-61
2

2
2222

2221
2

2212

21221
2

2
2

12
2

1111

cos

cos2

ILmd

IqLLLmd

IIqLLLLmLmd

c

cc

ccc

2212
1

22

2

12

2

12
221

2212
2

11

1

12

2

11

1

12
121

1

11

1

11

1

11

1

11
111

sin
2
1

sin
2
1

2
1

0
2
1

2
1

qLLm
q
d

q
d

q
d

c

qLLm
q
d

q
d

q
d

q
d

c

q
d

q
d

q
d

q
d

c

c

c for k = 1



!"#$%&'#()#&'*+&,-$.#&'(# ES159/259

781$'?+L-*&:$#-<+?$4,&*9B-,'+(

G#$&#8'$;#'#(4*&#$'"#$."(*6'+@@#-$634<+-61

!"B6$?#$5,&$?(*'#$'"#$:4,'(*81

0
2
1

2
1

0
2
1

2
1

sin
2
1

2
1

2

22

2

22

2

22

2

22
222

1

22

2

12

2

21

1

22
122

2212
1

11

2

11

1

21

1

21
112

q
d

q
d

q
d

q
d

c

q
d

q
d

q
d

q
d

c

qLLm
q
d

q
d

q
d

q
d

c c

for k = 2

0sin
sinsin

,

12212

21221222212

222122

122112

221121

121111

qqLLm
qqqLLmqqLLm

cc
cc

cc
cc

qqC

c

cc



!"#$%&'#()#&'*+&,-$.#&'(# ES159/259

781$'?+L-*&:$#-<+?$4,&*9B-,'+(

G#$&#8'$;#'#(4*&#$'"#$9+'#&'*,-$#&#(D31

M&;$'"#$D(,)*'3$)#5'+(1

.+4<*&*&D$#,5"$+@$'"#6#$'#(46$D*)#6$B6$'"#$#HB,'*+&6$+@$4+'*+&1

2121122

1111

sinsin
sin

qqLqLgmP
qgLmP

c

c

2122
2

2

212211211
1

1

cos

coscos

qqgLm
q
Pg

qqgLmqgLmLm
q
Pg

c

cc

22
2

1112222121

11
2

22212121121121212111

gqcqdqd

gqcqqcqqcqdqd


