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

(/*/%00-,-0* $1' (1*-22/*-(

 3" #  !"#$! 0".')'"*'*( +-.),/ $%&' ()(*+,- .- $%(/*/%00-#

,-0* ,%0./12 $1' (1*-22/*-(

4 3" # 1'2,3,*)'$!  0+ $%&'  3" ./56'-0*/-2

789 # 4,$! 5'/, 6'*,/$)'7 $%&' :/06,1*/;&- *-,$( '6-2

<=> # 8*,3)'$! 9,$.:3,/,*) ;*') $%&' :-0*'12- /0-'*/-22-

?@7" # <))'):=, $*= >,$='*( 4,?,3,*7, +-.),/ $%&' ()(*+,- .-

'6A6'-0:- .- 2B1**/*&.- -* .- 21 ./'-:*/%0

<!" # 8*,3)',! %$&'($)'"* +-.),/ $%&' C&/.1C- /0-'*/-2

D9E # @A),*=,= 6$!/$* B'!),3 $%&' F2*'- .- 912,10 6*-0.&

33" # 0:!., 0,3 +,7"*= $%&' $&2(1*/%0 $1' (-:%0.-

>8G # ;*'&,3.$! 5'/,C D""3='*$),= $%&' 8-,$( >0/H-'(-2 G%#

%'.%006

!=D? # %$)'"*$! 9$3'*, @!,7)3"*'7. <.."7'$)'"*I 0%',- .- :%,#

,&0/:1*/%0 -0*'- 6;&/$-,-0*( ,1'/0( .%0* 2-( 6;&/$-#

,-0*(  3"

!<" # %"3/$!'E,= 8**"&$)'"* +F:$3, $%&' /00%H1*/%0( 0%',1#

2/(6-( 1& :1''6

> J # ;*/$**,=  3":*= G,H'7!, $%&' H6K/:&2- *-''-(*'- (10(

$/2%*-

LL8 # I$),3$! I"$= 53$*.?,3) $%&' *'10(A-'* .- :K1'C- 21*6'12

M=3 # J,3" 9"/,*) 0"'*) $%&' $%/0* 0&2 .- ,%,-0*

D"G # @!,7)3"*'7 +)$#'!')- D"*)3"! $%&' :%,,10.- .- (*1N/2/*6

62-:*'%0/;&-

D"3 # @!,7)3"*'7 +)$#'!')- 03"(3$/ $%&' $'%C'1,,- .- (*1N/#

2/*6 62-:*'%0/;&-

?O" # <*)'#!"7K',3.-.),/ $%&' ()(*+,- .- A'-/01C- 10*/#

N2%;&1C-

?"7 # <77,!,3$)'"* +!'L 4,(:!$)'"* $%&' '6C&21*/%0 .- 2B1::626#

'1*/%0 $%&' 2/,/*-' 2- C2/((-,-0*

7" # 7%&2-,-0* "10(  2/((-,-0*
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 !  !"# $%&'()#

 !"#"$!%& '(%()#*+&

R " #$%&'()& *&% +,&)%

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

E " #%/01& 2&1-3+.&)

C " 45&'.$

s m 6(%1.%%& 17+2.).8$&

c(s) m−1
437+(7+& *7 15&'.$

R(s) m 90:3$ *& 137+(7+& *7 15&'.$

Mm,n(R) " #$%&'()& *&% '0-+.1&% *& *.'&$%.3$ ;'<$= > 1?@1.&$-%

+,&)%

R () " A0-+.1& +3-0-.3$

t s B&'/%

t0 s !$%-0$- .$.-.0)

R0 " 9&/C+& DE&

O0 " F+.8.$& *7 +&/C+& DE&

x0 " 6E& *&% 0(%1.%%&% *7 +&/C+& DE&

y0 " 6E& *&% 3+*3$$,&% *7 +&/C+& DE&

z0 " 6E& 2&+-.10) *7 +&/C+& DE&

R " 9&/C+& )., 07 +3(3-

G " 4&$-+& *& 8+02.-, *7 +3(3-

x " 6E& *&% 0(%1.%%&% *7 +&/C+& )., 07 +3(3-

y " 6E& *&% 3+*3$$,&% *7 +&/C+& )., 07 +3(3-

z " 6E& 2&+-.10) *7 +&/C+& )., 07 +3(3-

Ri " 9&/C+& )., > )0 +37& i
Pi " G3.$- 3+.8.$& *7 +&/C+& *& )0 +37& i
xi " 6E& *&% 0(%1.%%&% *7 +&/C+& )., > )0 +37& i
yi " 6E& *&% 3+*3$$,&% *7 +&/C+& )., > )0 +37& i

pi "  &1-&7+

→

GPi /+3H&-, *0$% R
p̃i " A0-+.1& 0$-."%:',-+.I7& *& /+,/+3*7.- 2&1-3+.&) *& pi

,#)#-.")+& /0 )!1!"

l m #'/0--&'&$- ;*.%-0$1& &$-+& )J&%%.&7 020$- &- )J&%%.&7

0++.C+&=

2w m  3.& ;*.%-0$1& &$-+& )&% *&7E +37&% *J7$ 'K'& &%%.&7=

wl m L&'."23.& 80715&

wr m L&'."23.& *+3.-&

h m M07-&7+ *7 1&$-+& *& 8+02.-,

M kg A0%%& -3-0)&

Iz kg.m2
A3'&$- *J.$&+-.& -3-0) /0+ +0//3+- > )J0E& 2&+-.10)

R m 90:3$ *&% +37&%

Mw m A0%%& *&% +37&%



 !"# $%&'()#  !!

Iw kg.m2
!"#$%&# '# () $*+# ,#"-#./(# 0.*%#+$1 $2'+3%#+$1 $*+#45

N 6 7*./$# '# $*+#- '+ $*/*%

1 ≤ i ≤ N 6 !"'&3# '#- $*+#-

wi m 8*-&%&*" '# () $*+# i -#(*" x 9)$ $)99*$% : G
li m 8*-&%&*" '# () $*+# i -#(*" y 9)$ $)99*$% : G

 !"#"$!%& #&&!'$()& * +,("#" -+!.#+ /0 1!.!"

x 6  #3%#+$ ';2%)% x =
[

x y θ
]T

x m 8*-&%&*" '# G -#(*" x0

y m 8*-&%&*" '# G -#(*" y0

θ rad <"=(# '# ()3#% -+&>)"% z0

δ rad <"=(# '# /$)?+)=# '#- $*+#- )>)"%

V m/s 7*$.# '# () >&%#--#

~Ω 6  #3%#+$ >&%#--# )"=+()&$#

u 6  #3%#+$ >&%#--# =2"2$)(&-2# u =
[

u v r
]T

u m/s  &%#--# (*"=&%+'&")(# #" G -+&>)"% x

v m/s  &%#--# ()%2$)(# #" G -+&>)"% y

r rad/s  &%#--# '# ()3#% -+&>)"% z0

iroulis 6 !"'&3# '# $*+(&-

β rad <"=(# '# =(&--#.#"%

J 6 @)%$&3# A)3*/&#""#

M 6 @)%$&3# ';&"#$%&#

C 6 @)%$&3# '#- B*$3#- '# C*$&*(&-

Fc 6  #3%#+$ '#- B*$3#- '# 3*"%)3%

T 6  #3%#+$ '#- 3*+9(#- ')"- (#- $*+#-

Fx N D*$3# (*"=&%+'&")(#

Fy N D*$3# ()%2$)(#

Tz N.m @*.#"% >#$%&3)( #" G

 !"#"$!%& #&&!'$()& * +,("#" /) +# 1!0) i

δi rad <"=(# '# /$)?+)=#

αi rad <"=(# '# =(&--#.#"%

ωi rad/s  &%#--# '# $*%)%&*"

~Vi 6  #3%#+$ >&%#--# #" Pi #E9$&.2 ')"- Ri

Vi m/s  &%#--#

V 6  #3%#+$ '#- >&%#--#- '#- $*+#-

Vi 6  #3%#+$ >&%#--# =2"2$)(&-2# #" Pi #E9$&.2 ')"- Ri

vxi m/s  &%#--# (*"=&%+'&")(# -+&>)"% xi

vyi m/s  &%#--# ()%2$)(# -+&>)"% yi

vgi m/s  &%#--# '# =(&--#.#"% (*"=&%+'&")( -+&>)"% xi

Fi 6  #3%#+$ B*$3# )+ 3*"%)3% $*+#6-*(



 !!!  !"# $%&'()#

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

fx /  &%+&,$ -&0 &1#$+0 '#()*+,-*(.,2 -&0 $#,&0

Gx / 3.+$*%& -& +$.(04#$5.+*#( 67,*8.'&(+& ., +#$0&,$ -&0 &4/

4#$+0 '#()*+,-*(.,2

Fyi N "#$%& '.+6$.'&

fy /  &%+&,$ -&0 &1#$+0 '.+6$.,2 -&0 $#,&0

Gy / 3.+$*%& -& +$.(04#$5.+*#( 67,*8.'&(+& ., +#$0&,$ -&0 &4/

4#$+0 '.+6$.,2

Fzi N "#$%& (#$5.'&

Fnl,i N "#$%& (#$5.'& -9,(& $#,& ).,%:&

Fnr,i N "#$%& (#$5.'& -9,(& $#,& -$#*+&

lli m ;''#()&5&(+ -& '9.5#$+*00&,$ -9,(& $#,& ).,%:&

lri m ;''#()&5&(+ -& '9.5#$+*00&,$ -9,(& $#,& -$#*+&

Cαi
N <.*( =#0*+*4

τi N.m >#,='& .=='*7,6

Ji / 3.+$*%& ?.%#@*&((&

Jxi / A$&5*B$& '*)(& -& Ji

Jyi / C&%#(-& '*)(& -& Ji

rr / !(-*%& =#,$ -60*)(&$ '. $#,& .$$*B$& -$#*+&

rl / !(-*%& =#,$ -60*)(&$ '. $#,& .$$*B$& ).,%:&

fr / !(-*%& =#,$ -60*)(&$ '. $#,& .8.(+ -$#*+&

fl / !(-*%& =#,$ -60*)(&$ '. $#,& .8.(+ ).,%:&

f / !(-*%& =#,$ -60*)(&$ '. $#,& .8.(+ -, 5#-B'& @*%D%'&++&

r / !(-*%& =#,$ -60*)(&$ '. $#,& .$$*B$& -, 5#-B'& @*%D%'&++&

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

Te s A6$*#-& -96%:.(+*''#((.)&

X̂i|i /  &%+&,$ -96+.+ &0+*56

Pi|i / >#8.$*.(%& -& '9&$$&,$ -9&0+*5.+*#(

X /  &%+&,$ -96+.+ E=#0*+*#( &+ #$*&(+.+*#(F

Xi /  &%+&,$ -96+.+ -*0%$6+*06

P0 / A#*(+ =#0*+*#(

x m ;@0%*00& -& P0

y m G$-#((6& -& P0

P / A#*(+ =#0*+*#( -& '9.(+&((& <AC

Tx m H6%.'.)& .2*.' -& P =.$ $.==#$+ I P0

Ty m H6%.'.)& +$.(08&$0.' -& P =.$ $.==#$+ I P0

xi m ;@0%*00& -*0%$6+*06&

yi m G$-#((6& -*0%$6+*06&

θi rad G$*&(+.+*#( -*0%$6+*06&

U /  &%+&,$ -&0 &(+$6&0 -& %#55.(-&

Ui /  &%+&,$ -&0 &(+$6&0 -& %#55.(-& -*0%$6+*06

Umesi
/ 3&0,$& -, 8&%+&,$ -9&(+$6&

∆si m H*0+.(%& 6'65&(+.*$& =.$%#,$,& =&(-.(+ Te



 !"# $%&'()#  !

∆θi rad "#$%#&%'( )*)+,(&#%$, -, .#/

ri rad/s "%&,00, -, *#.,& +'1,((, +,02$),

V m/s "%&,00, *'(3%&2-%(#*,

Yi 4 562#&%'( -, 0'$&%,

xDGPSi
m 780.%00, +,02$), /#$ *, 9:;<

yDGPSi
m =$-'((), +,02$), /#$ *, 9:;<

H 4 >#&$%., -, $,*#&%'( -, 0'$&%,

Wi 4 ?$2%&0 -, +,02$, :;<

PYi
4 @'A#$%#(., -,0 8$2%&0 -, +,02$, :;<

Vi 4 ?$2%& -,0 ,$$,2$0 -, +'-)*%0#&%'(

E {b} 4 B0/)$#(., +#&C)+#&%62, -, *# A#$%#8*, -, 8$2%& b
σ2

b m2
"#$%#(., -,0 8$2%&0 .%()+#&%62,0 '2 -,0 8$2%&0 -, +,4

02$, '-'+)&$%62,

σ2
b s−2

"#$%#(., -, 8$2%& -, +,02$, 31$'0.'/%62,

Sgyro s−3/2
@DE.%,(& -, +#$.C, #*)#&'%$, 02$ *F#(3*, %(&)3$) -2 314

$'0.'/,

∆t s  (&,$A#**, -, &,+/0 ,(&$, i ,& i + 1
S mod m.s−1/2

@DE.%,(& -, +#$.C, #*)#&'%$, 02$ *# /'0%&%'( -F#/$G0 *,

+'-G*, .%()+#&%62,

PXi
4 @'A#$%#(., -,0 8$2%&0 -, +,02$, -,0 .#/&,2$0 /$'/$%'4

.,/&%H0

Q 4 @'A#$%#(., -,0 8$2%&0 -, +'-)*%0#&%'(

Fi 4 >#&$%., I#.'8%,((, -F)&#&

Jui 4 >#&$%., I#.'8%,((, -,0 ,(&$),0 -, .'++#(-,

 !"#"$!%& #&&!'$()& * +# '!,,#%-) .#/ ,!-)& 0+$&&#%"&

s 4 <2$H#., -, 3*%00,+,(&

τu N.m @'2/*, 3)()$#*%0) /'2$ *# .'++#(-, ,( A%&,00, *'(3%&24

-%(#*,

τθ N.m @'2/*, 3)()$#*%0) /'2$ *# .'++#(-, ,( *#.,&

O 4 ;'%(& .,(&$, -, *F,00%,2 #$$%G$,

ud m/s "%&,00, *'(3%&2-%(#*, -)0%$),

θd rad 7(3*, -, *#.,& -)0%$)

θ̃d rad 7(3*, -, *#.,& -)0%$) +'-%J)

d m B$$,2$ *#&)$#*,

cdθ rad.s−2
K'% -, .'++#(-, ,( *#.,&

n rad.s−2
L'(.&%'( 02$ *,0 %(.,$&%&2-,0 /'2$ *# .'++#(-, ,( *#.,&

cu m.s−2
K'% -, .'++#(-, ,( A%&,00, *'(3%&2-%(#*,

m m.s−2
L'(.&%'( 02$ *,0 %(.,$&%&2-,0 /'2$ *# .'++#(-, ,( A%4

&,00, *'(3%&2-%(#*,

σθ rad.s−2
M,$+, -, 3*%00,+,(& /'2$ *# .'++#(-, ,( *#.,&

σu m.s−2
M,$+, -, 3*%00,+,(& /'2$ *# .'++#(-, ,( A%&,00, *'(4

3%&2-%(#*,

uur 4 ",.&,2$ -,0 A%&,00,0 *'(3%&2-%(#*, ,& #(32*#%$,



  !"# $%&'()#

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

x ! 0*%&*.1 )23&(& )*4 *11*.14

εθ rad 511*.1 )* 62($76* )* 6(%*&

εu m.s−1
511*.1 )* /'&*44* 6#$7'&.)'$(6*

ε ! 0*%&*.1 )2*11*.1 76#8(6*

d0 m 9('$ -#4'&':

Kθ
p s−2

9('$ -#4'&':

Kθ
d s−1

9('$ -#4'&':

A ! ;(&1'%* %#$4&($&*

B ! ;(&1'%* %#$4&($&*

ωn s−1
<.64(&'#$ -1#-1*

ξ ! "(%&*.1 )2(=#1&'44*=*$&

Tr s >*=-4 )* 13-#$4* ? @A

P ! ;(&1'%* 4,=3&1'B.* )3C$'* -#4'&'/*

pij ! D#=-#4($&* E'FGH )* 6( =(&1'%* P
Ql ! ;(&1'%* 4,=3&1'B.* )3C$'* -#4'&'/*

a ! 9('$ -#4'&':

b ! 9('$ -#4'&':

µ s−2
9('$ -#4'&':

Ku
p s−1

9('$ -#4'&':

ρ m.s−2
9('$ -#4'&':

νu ms−1
9('$ -#4'&':

νθ ! 9('$ -#4'&':

Kgliss ! DIJ%'*$& )* 76'44*=*$& 76#8(6

K0gliss ! Kgliss ='$'=.=

Ak ! 0*%&*.14 )* 7('$4 -#4'&':4

akl ! 9('$ -#4'&':

 !"#"$!%& #&&!'$()& * +# '!,,#%-) .+!/#+) #0)' &"#/$+$&#"$!% )% +#')"

εlat m 511*.1 6(&31(6*

εang rad 511*.1 ($7.6('1* )* 6(%*&

ε rad/s 511*.1 *$ /'&*44* )* 6(%*&

εl rad/s 4*.'6 6'='&* -#4'&':

Kp m−2
9('$ -#4'&':

Kd m−1
9('$ -#4'&':

K N.s 9('$ -#4'&':

ki N.s 9('$ -#4'&':

Kωi N−1.s−2
9('$ -#4'&':

Kτi
Ns 9('$ -#4'&': )* %#==($)* %'$3=(&'B.* )* 6( 1#.* i

ωc
i rad/s 0'&*44* 134.6&($& )* 6( %#==($)* )* 4.'/' )* %K*='$

∆ωs
i rad.s−2

0(1'(&'#$ )* /'&*44* 134.6&($& )* 6( 4&(8'6'4(&'#$

Vc m/s 0'&*44* %#$4&($&* )* %#$4'7$*

rt rad/s 0'&*44* )* 6(%*& &K3#1'B.* 4($4 76'44*=*$&

Te s <31'#)* )23%K($&'66#$$(7* )* 6( %#==($)*



 !"# $%&'()#  !

Vdi m/s "#$%&&% '(&#)(% '% *+ ),-% i
Vni m/s "#$%&&% .%&-)(% '% *+ ),-% i
F c

xi N /,)0% )(&-*$+1$ '% *+ 0,..+1'% '% &-#2# '% 03%.#1

F s
xi N /,)0% )(&-*$+1$ '% *+ &$+4#*#&+$#,1

F s N /,)0% &$+4#*#&+1$%

Φ 5 /,10$#,1 '% *6+*7,)#$3.% '% &$+4#*#&+$#,1

δPred
Traj rad 817*% '% 4)+9-+7% :)('#$

δDeviation rad 817*% '% 4)+9-+7% '%& 2+)#+4*%& 1,1 :)(2#&#4*%&

δC rad 817*% '% 4)+9-+7% '% 0,..+1'%

δM rad 817*% '% 4)+9-+7% .%&-)(

δR rad 817*% '% 4)+9-+7% )(%*

δ̂R rad 817*% '% 4)+9-+7% )(%* %&$#.(

δM
[n] rad 817*% '% 4)+9-+7% .%&-)( ; *6#$()+$#,1 n

H s <,)#=,1 '% :)('#0$#,1

nH 5 >,.4)% '6#$()+$#,1& :,-) +$$%#1')% H
D 5 ?)#$@)% '% .#1#.#&+$#,1 9-+')+$#9-%



 !!  !"# $%&'()#



 !"#$%&' (

)*%&+,-.%$+*

 ! "#$%&'%&( ()*&$%*+,-& &% *$.-(%/*&0

 !" #$%&%'( )! $!*+!$*+! ),&!-.//," )%0" *!##! #+1"! ".0# -! $,"'-#%# )2'0 /%$3

#!0%$4%# !(4"#%0# )!/'4" )! 0.56$!'"!" %00,!" !0#$! -27879 :70"#4#'# )!" 8;"#15!"

70#!--4<!0#" !# )! 9.6.#4='!> -%6.$%#.4$! )! $!*+!$*+! )! -2'04&!$"4#, ?4!$$! !# @%$4!

A'$4! ?%$4" B !# )' AC98D !# -% ".*4,#, 9.6.".E# "/,*4%-4",! )%0" -% $.6.#4='! )!

"!$&4*! !# #.'# /%$#4*'-41$!5!0# -% $.6.#4='! 5.64-!F  2%//-4*%#4.0 G -% 0%&4<%#4.0

%'#.0.5! !# ",*'$4",! !"# -! *+%5/ !(/,$45!0#%- ).540%0# )%0" -! *%)$! )!" %*#4&43

#," )! 9.6.".E#F

A!##! #+1"! A7H9I % ,#, J0%0*,! /%$ -% ".*4,#, 9.6.".E#> %&!* -! ".'#4!0 )!

-2KC9L :K"".*4%#4.0 C%#4.0%-! )! -% 9!*+!$*+! L!*+04='!DF  % 0%#'$! )! *! J0%03

*!5!0# ).00! G *!##! #+1"! '0 *%)$! %//-4*%#4E /$4&4-,<4,> &' -!" 45/,$%#4E" )! /$.M!#"

)! $!*+!$*+! G *.'$# #!$5! !# -!" .6M!*#4E" *.0*'$$!0#4!-" G /-'" -.0< #!$5! )2'0! ".3

*4,#, *.55! 9.6.".E#> ='4 *+!$*+! G "! 5%40#!04$ G -% /.40#! )! -% #!*+0.-.<4!F A2!"#

/.'$='.4> -!" !(/,$45!0#%#4.0" ".0# !N!*#',!" "'$ )!" $.6.#" 5.64-!" G $.'!"> *.55!

-! 9.6'AK9 45%<40, !# *.0O' /%$ 9.6.".E# .' -! 9.6'9PA B )! -27879 *.0O' !0

*.--%6.$%#4.0 7879Q9.6.".E# !# E%6$4=', /%$ 9.6.".E#> 5%4" ,<%-!5!0# )2%'#$!" $.3

6.#" )! -27879F A!-% ,#%0#> -!" $,"'-#%#" #$.'&," 4*4 )!5!'$!0# "'R"%55!0# <,0,$%'(

/.'$ S#$! %//-4='," G )2%'#$!" &,+4*'-!"F

A! #$%&%4- "240"*$4# !0 /%$#4! )%0" -! *.0#!(#! )' /$.M!# !'$./,!0 HK8L :H%"# K'3

#.0.5.'" 9.&!$ 8;"#!5D> -%0*, /%$ -2KC9 )%0" -! *%)$! )' /$.<$%55! ?879PT207
:/$.M!# ?879PT07 − 184177D /.'$ -2,-%6.$%#4.0 )2'0 $.6.# 5.64-! %'#.0.5! #.'#3
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K$)1 ẋ =
[

ẋ ẏ θ̇
]T

0' ('81'%2 ()1'&&' /2$7'15 ,*!& 0' 2'/E2' ".' R0 '1 u =
[

u v r
]T

&* /2$7'81)$! ,*!& 0' 2'/E2' 3$4)0' R= L0& &$!1 0)5& /*2 0* 2'0*1)$!
8)!53*1)A%' &%)(*!1' M

ẋ = R (θ)u :N=O<

*('8 R (θ) 0* 3*12)8' ,' 2$1*1)$! ,5"!)' /*2 M

R (θ) =





cos θ − sin θ 0
sin θ cos θ 0

0 0 1





 !"! 7)(16.%, 3.,+516%84616./0) 10 3%,6136 -%0)84%(

K$)1 Ri 0' 2'/E2' 0)5 ; 0-*.' ,' 0* 2$%' i# ,5"!) 1'0 A%' Ri = {Pi,xi,yi, z0}=
>$%2 8B*A%' 2$%' ,-)!,)8' i# δi 8$22'&/$!, ; &$! *!+0' ,' ,)2'81)$! '1 αi 8$22'&6
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 !"#$% &'() *+$+,-.$+"%

/012 3 401 +1"5% 2% "5!44%,%1. 670!$ 8"#$% &'(9' :;+1"5% 2% "5!44%,%1. %</$!,% 5+

2!=-$%1>% %1.$% 5;+<% 501"!.#2!1+5 2% 5+ $0#% %. 5+ 2!$%>.!01 2% 401 2-/5+>%,%1.'

~Vi =
[

vxi vyi 0
]T

Ri
%4. 5+ 7!.%44% 2% 5+ $0#% i %</$!,-% 2+14 401 /$0/$% $%/?$% Ri

%1 401 >%1.$%' @"+5%,%1.A 01 10.% 5%4 B0$>%4 2;!1.%$+>.!01 $0#%C405 Fxi %. Fyi 2+14 5%4

2%#< 2!$%>.!014 501"!.#2!1+5% 7 %. 5+.-$+5% -A %. τi 5% >0#/5% /0#$ >D+E#% $0#% i'

� �

��

�
��

�
��

�
��

� �

�

 !"#$% &'() *!+%,,% -# .%/+$% -% 01 $2#%

31$ $1332$+ 1# ,20

�
��

�
��

�
��

�
�

�
��

��

 !"#$% &'4) 562$+ -% .2/+1.+ %/+$% 01

$2#% %+ 0% ,20

 !"#$%&'(' )( *#+,(-(.$ '/.' 0,1''(-(.$ 23456 ($ )( .#. 0,1''(-(.$

,/$7*/, 28596

72/,!-8$2/, 01 .22$-2//8% 02/"!+#-!/10% vxi -% 01 9!+%,,%
~Vi -% 01 $2#% i' :! 0;2/

,#332,% <#% .%00%=.! $2#0% ,1/, "0!,,%$> 102$, 2/ 3%#+ 8.$!$% )

vxi = Rωi (RSG) ?&'&@



 ! "#$%&'() *+ ,(-$./01)

 !"#$%&'!"# () *!!'%!""&+ (),&')(+ vyi %+ () -$,+##+
~Vi %+ () '!.+ i/ 0$ (1!" #.22!#+

3.+ (+ '!4!, "+ #.4$, 2)# %+ 5($##+6+", (),&')(7 #!$, 3.+ (+ 6!.-+6+", #1+8+*,.+

(!"5$,.%$")(+6+", 9 () '!.+7 )(!'# !" 2+., &*'$'+ :

vyi = 0 (NGL) ;</=>

23%4'#56)6 7) 81&66).)9'6 1498&'07&9$1 )' 1$'-($1

?)"# "!,'+ *!",+@,+ %1." '!4!, 6!4$(+ 9 '!.+# &-!(.)", 9 A).,+ -$,+##+ #.' ."

#!( "),.'+(7 (+# AB2!,AC#+# %+ D0E +, %+ FEG "+ #!", 2(.# -&'$H)4(+#/ G!"5$,.%$")I

(+6+",7 ."+ -$,+##+ %+ 5($##+6+", vgi #.22(&6+",)$'+ #+') "&5),$-+ !. 2!#$,$-+ #+(!"

3.+ () '!.+ ) ,+"%)"*+ 9 2),$"+' ;vxi = 07 ωi 6= 0> !. 9 5($##+' ;vxi 6= 07 ωi = 0>/
G),&')(+6+",7 ." %&2()*+6+", %J 9 ." 5($##+6+", %. -&A$*.(+ #+ ,')%.$, 2)' (1)22)I

'$,$!" %1." )"5(+ %+ 5($##+6+", 5(!4)( β ). "$-+). %. *+",'+ %+ 5')-$,& G %. '!4!,7

!. αi ). "$-+). %+ *A)3.+ '!.+ i7 () -$,+##+ (),&')(+ %+-+")", "!" ".((+ ;-!$' H5.'+
</K>/ G+ #B#,C6+ %+# *!!'%!""&+# %+ () -$,+##+ %+ () '!.+ i #+ 6+, #!.# () L!'6+ :

{

vix − Rωi = vgi

viy/vix = tan (αi)
;</M>

:($96.&66&49 7)6 ;4(<)6 $0 <49'$<' (40)=641

N" +"O+. 6)O+.' %)"# () 6!%&($#),$!" %1." '!4!, 6!4$(+ +" -.+ %+ (+ *!66)"%+'7

'&#$%+ %)"# (1&-)(.),$!" %+# L!'*+# +" 2'&#+"*+ 9 (1$",+')*,$!" '!.+I#!(/  +# L!'*+#

%&2+"%+", %+ %$-+'# 2)')6C,'+# ,+(# 3.+ (+# 2'!2'$&,&# %. #!(7 (+# 2'!2'$&,&# %+ () '!.+

;')$%+.' %. 2"+.7  !"#> () 5&!6&,'$+ %. *!",)*, +, () *$"&6),$3.+ ;5($##+6+",#>/ ?+

"!64'+.@ 6!%C(+# )")(B,$3.+#7 +62$'$3.+# !. #+6$I+62$'$3.+# ,+",+", %+ 6!%&($#+'

() *!62(+@$,& %+ *+ 2A&"!6C"+ 2AB#$3.+/

N" 6!%C(+ )")(B,$3.+ ).') *!66+ $"*!"-&"$+", %+ (!"5# ,+62# %+ *)(*.(# !.

$"-+'#+6+", %+# *)(*.(# "!" '&)($#,+# #1$( +#, #$62($#,+/ N" 6!%C(+ +62$'$3.+ ) *!66+

$"*!"-&"$+", 3.1$( L)., %&,+'6$"+' +" ($5"+ ." "!64'+ %+ 2)')6C,'+# $62!',)",

2!.' *)')*,&'$#+' H%C(+6+", (+ #!( *!"#$%&'&7 %1!P #) ($6$,),$!" 2!.' ."+ .,$($#),$!"

5&"&')(+/

 !66+ 6!%C(+# )")(B,$3.+#7 !" 2!.'') 6+",$!""+' () ,A&!'$+ %+ Q+',R STU<VW7 (+

6!%C(+ %+ 4'!##+ SE$6 +, F$X')-+#A7 TYYTW !. (+ 6!%C(+ %+ Z$)() S?),!.##)[%7 TYYUW/

\)'6$ (+# 6!%C(+# +62$'$3.+#7 !" 2+., %$#,$"5.+' () (!$ %+  !.(!647 (1$",+'2!(),$!"

($"&)$'+ 2)' 6!'*+).@ %+ G$  ! $%# S<]]VW7 (+ 6!%C(+ %+ \)*+OX) S<]]<W7 (+ 6!%C(+ %+

?.5!8  ! $%# STYVYW7 !. 4$+" +"*!'+ (+ 6!%C(+ %+ ^.'*XA)'%, S_$+"*X+ +, F$+(#+"7

<]]`W/ G+# 6!%C(+# #+6$I+62$'$3.+# #!", %+# 6!%C(+# L!"%&# #.' %+# (!$# %+ *!6I

2!',+6+", +62$'$3.+# 3.1$(# $",C5'+", %)"# ." *)(*.( )")(B,$3.+ %+# L!'*+#/ \)'6$

(+# 2(.# '&2)"%.#7 !" %$#,$"5.+ (+ 6!%C(+ %+ ^+XX+'Ia!"5 ;S^+XX+'7 TYVYW7 Sa!"57

TYY]W>7 (+ 6!%C(+ %+ ?)A( +, (+ 6!%C(+ %+ G.E'+ S )".%)# %+ a$, +, b#$!,')#7 TYYYW/

N" &,), %+ (1)', %+ *+# 6!%C(+# #+ ,'!.-+ %)"# (+# ,')-).@ %+ ^+"Ic6)' STYYMW7

E')"% S<]]MW !. GA!66+I?+#)5+# S<]]UW )-+* ."+ 2'!2!#$,$!" %+ *()##+6+", 2!.'

(+.' .,$($#),$!" +" L!"*,$!" %+ () '$5$%$,& %+ () '!.+ +, %. #!(/

 !"#$%&')", (+# *!",')$",+# %+ ,+62# %.+# 9 () *!66)"%+ ,+62# '&+( 9 A).,+

-$,+##+ +, (+# *!",')$",+# %+ -)'$)4$($,& %. ,B2+ %+ #!( 2+"%)", (+# %&2()*+6+",# %.

'!4!,7 (1.,$($#),$!" %+ (1." %+ *+# 6!%C(+# %+-$+", %$d*$(+ %)"# (+ *)%'+ %+ "!,'+

&,.%+/ \!.' ."+ *!66)"%+ '&)*,$-+ %+ "!,'+ '!4!,7 "!.# 2'&L&'+'!"# +#,$6+' !.
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 !"#$!$ %&#" '($!)*! !+* "!" %$,%$(-*-" )(+- .*(/#!" 0 !"#$! '!" 1(*!""!" &(+-.($!"

!* .+2#&.($!" 2&,3.&!" '# $,3,*4 !"*( .*(,+ '!" 2&(""! !+*"5 !* '6+. (/#!" 0 !"#$!"

'!" .))-&-$.*(,+"57 89,3:!)*(; !"* .(+"( '!  !**$! !+ %&.)! #+! ),  .+'! !+ ),#%&!

'!" $,#!" !+ ;,+)*(,+ '!" %$,%$(-*-" '6+. (/#!" !* )(+- .*(/#!" 2&,3.&!" '# $,3,*7

<+  ,'=&! "( %&! %,#$$. *,#*!;,(" >*$! %$,%,"- !+ %$! (=$! .%%$,?( .*(,+7

8! %$(+)(%! ;,+'. !+*.& '! &. '6+. (/#!4 .%%&(/#- @ &. $,#! i "! $-'#(* @ A

Iwω̇i = τi − RFxi 0B7C5

.1!) R &! $.6,+ '! &. $,#! !* Iw ",+  , !+* '9(+!$*(!4 "#%%,"-" ('!+*(/#!" %,#$

&9!+"! 3&! '!" $,#!"7

D,+)!$+.+* &. '6+. (/#! &.*-$.&! '! &. $,#!4 (& . -*-  ,+*$- !?%-$( !+*.&! !+*

01,($ E2#$! B7FG5 HI.)!:J.4 BGGBK /#!4 %,#$ #+ *6%! '! %+!# !* #+! ;,$)! 1!$*().&!

0Fzi5 ',++-"4 %,#$ #+ .+2&! '! 2&(""! !+* "#L".  !+* ;.(3&! 0< 1, 15 $.'54 (& !?("*!
#+ &(!+ '! %$,%,$*(,++.&(*- !+*$! &. ;,$)! &.*-$.&! !* &9.+2&! '! 2&(""! !+*7 M9,N4

%,".+* Cαi
#+ $-!& "*$()*! !+* %,"(*(;4 %,#$ )O.)#+! '!" /#.*$! $,#!" A

Fyi = Cαi
αi 0B7P5

D9!"* &. 1!$"(,+ "( %&! '! &. Q;,$ #&!  .2(/#!Q '! I.)!:J.7

R(2#$! B7FGA S,'=&! ! %($(/#! '! &. ;,$)! &.*-$.&! 1" .+2&! '! 2&(""! !+* 0.'.%*- '!

HI.)!:J.4 BGGBK5

78921))($, %1 '* .*+2(:1 ;*:$3(1,,1 %1) :$,+*:+)

T %.$*($ '! &. &,( '! ), %,"(*(,+ '!" 1(*!""!"4 +,#" !?%$( ,+" &!" 1(*!""!"

~Vi '.+"

&! $!%=$! &,).& R '# $,3,* A

[

~Vi

]

R
= ~V −

→

GPi ×~Ω 0B7U5



 ! "#$%&'() *+ ,(-$./01)

 !"#

→

GPi =
[

li wi 0
]T

R
$ %" !"#&"'( )*+,&,*- ." % (*'" "/)(,01 . -+ %" (")2(" .'

(*3*& R ) ( ( ))*(&  ' (")2(" R04 li "+& % %*-5'"'( +"%*- %6 /" x (")(1+"-&1" +'( %"

+#710 849: "& wi "+& % % (5"'( +"%*- %6 /" y .1;-," ) ( wi = wl *' wi = −wr )*'(

'-" (*'" 5 '#7" *' '-" (*'" .(*,&" <

~Vi =
[

vxi vyi 0
]T

Ri
$ %" !"#&"'( !,&"++" ." % (*'" i "/)(,01 . -+ +*- (")2("

Ri ) ( ( ))*(&  ' (")2(" R0  ' #"-&(" ." % (*'": +*,& "- '- )*,-& ;/" ) ( ( ))*(&

 ' #7=++,+ .' (*3*&: .6*> % 0?0" !,&"++"  -5'% ,(" <

~V =
[

u v 0
]T

R
$ %" !"#&"'( !,&"++" .' (*3*& "- +*- #"-&(" ." 5( !,&1 G "/@

)(,01 . -+ +*- (")2(" R ) ( ( ))*(&  ' (")2(" R0 <

"&

~Ω =
[

0 0 r
]T

R
$ %" !"#&"'( !,&"++"  -5'% ,(" .' (*3*& "/)(,01 . -+ +*- (")2("

R ) ( ( ))*(&  ' (")2(" R04

A(*B"&1" . -+ %" (")2(" ." % (*'" Ri: #"&&" ("% &,*- ."!,"-& $

Vi = R (δi)









u
v
0



− p̃i





0
0
r







 +





0
0
r





C84DE

 !"#

Vi =
[

vxi vyi r
]T

Ri
$ % !,&"++" 51-1( %,+1" ." % (*'" i "/)(,01" . -+ +*-

(")2(" Ri ) ( ( ))*(&  ' (")2(" R0  ' #"-&(" ." % (*'" <

p̃i =





0 0 wi

0 0 −li
−wi li 0





$ % 0 &(,#"  -&,@+F01&(,G'" ." )(1)(*.',& !"#&*(,"% .'

!"#&"'(

→

GPi <

"&

R (δi) =





cos (δi) sin (δi) 0
− sin (δi) cos (δi) 0

0 0 1





$ % 0 &(,#" ." (*& &,*- .' (")2(" Ri ." % 

(*'" i ) ( ( ))*(&  ' (")2(" R .' (*3*& 4

H*-# $

Vi = R (δi)





1 0 0
0 1 0

−wi li 1









u
v
r





I*'+ )*'!*-+  ,-+, "/)%,#,&"( %"+ &"(0"+ ." % 0 &(,#" B #*3,"--" Ji ∈ M3,3(R)
&( .',+ -& %"+ ("% &,*-+ #,-10 &,G'"+ ." %6,-&"( #&,*- (*'"@+*%4 J"&&" 0 &(,#" "+& .1@

;-," ) ( % ("% &,*- $

Vi = Jiu C84KE

A%'+ 51-1( %"0"-&: #*-+,.1( -& % 0 &(,#" B #*3,"--" J ∈ M3N,3(R) .1;-," ) (

%6"/)("++,*- Ju = V  !"# V %" !"#&"'( ."+ !,&"++"+ ." #7 #'-" ."+ (*'"+ i: "/)(,01"+

. -+ %"'( (")2(" )(*)(" Ri: +*,& $

V =
[

V1 V2 · · · VN

]T
<

"& $
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J =
[

J1 J2 · · · JN

]T
 

!" !#$%&"$ '

J =















(

(

(

cos δi

− sin δi

0

sin δi

cos δi

0

li sin δi − wi cos δi

li cos δi + wi sin δi

1
(

(

(















)*(+,-

./!0&$1&2 34"2 5& /&67/& 4#2!58 R0 5&2 1984$%!"2 6/1:13&;;&"$ 1"!":1&2 3& /!8<

5&;&"$ 24"2 =5%22&;&"$ )*(*- &$ 3& "!" =5%22&;&"$ 54$1/45 )*(>- 2& /11:/%?&"$ '

{

JxiR
T (θ) ẋ = Rω

JyiR
T (θ) ẋ = 0

4?&: Jxi &$ Jyi 5&2 3&8@ 6/&;%7/&2 5%="&2 3& 54 ;4$/%:& Ji( AB&2$ 5& 2C2$7;& 3&2

:!"$/4%"$&2 "!"<D!5!"!;&2(

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

E&2 1984$%!"2 3C"4;%98&2 38 2C2$7;& 2B1:/%?&"$ 2!82 F!/;& ;4$/%:%&55& '







ẋ = R (θ)u
Mu̇ + C (u)u = JTFc

Iwω̇i = τi − RFxi

)*(++-

4?&: 54 ;4$/%:& 3B%"&/$%& M ∈ M3,3(R) '

M =





M 0 0
0 M 0
0 0 Iz





54 ;4$/%:& 3&2 F!/:&2 3& A!/%!5%2 C ∈ M3,3(R) '

C (u) =





0 −Mr 0
Mr 0 0
0 0 0





5& ?&:$&8/ 3&2 &"$/1&2 %":58$ 5&2 :!865&2 4665%9812 G :D4:8"& 3&2 N /!8&2 '

T =
(

τ1 · · · τN

)T

Fc ∈ R
3N

&2$ 5& ?&:$&8/ 3&2 ;85$%65%:4$&8/2 3& E4=/4"=& 98% &@6/%;& 5&2 F!/:&2 3&

:!"$4:$ G 5B%"$&/4:$%!" /!8&<2!5H :& 98% :!//&26!"3 48@ F!/:&2 3& :!"$4:$ 5!"=%$83%"45&2

&$ 54$1/45&2 3&2 /!8&2( E4 $/4"2;%22%!" 1?&"$8&55& 3& :!865&2H "!$4;;&"$ 5!/2 38

#/4984=& 3&2 /!8&2H 2&/4 :!"2%31/1& :!;;& 8"& 6&/$8/#4$%!" 98& 5B!" "1=5%=&(

Fc =
(

Fx1 Fy1 0 · · · FxN FyN 0
)T



 ! "#$%&'()  * +(,$-./0)

123,0&4$'&25 3) 06&5')($7'&25 (2/)8420

 !"#$%&'(") *+# $",!""-+# #-' *( .!%&*$#()$!" %+ *+-' ,!./!')+.+") %0"(.$1-+2

($"#$ 1-+ *( %$3,-*)& 4 &5(*-+' *+# 6!',+# %7$")+'(,)$!" '!-+8#!*2 *+# '!9!)# .!9$*+# 4

'!-+# #!") +" :&"&'(* (##+; ,!./*+<+# 4 ,!..("%+'= >+ "!.9'+-< .!%?*+# %7$")+'(,8

)$!" @/(' +<+./*+ AB)+/C(")  ! "#$2 DEEDF2 AB+%%$G$  ! "#$2 DEEHF2 AI+" J.(' +) I$%(-%2

KLLMF2 ANC!..+8>+#(:+#  ! "#$2 DEEOFP2 %!") *+# /*-# ,!""-# #!") %&5+*!//&# /('

I(GG+'  ! "#$ AKLQOF !- R(,+SG( ADEEDF )+")+") %+ '+/'&#+")+' ,+ /C&"!.?"+ /C08

#$1-+ ,!./*+<+ 4 /(')$' %+ .!%?*+# +./$'$1-+#= N+ .!%?*+ -)$*$#& +" #$.-*()$!" +#)

%&)($**& +" D=T=K= R!-' *( .!%&*$#()$!" %+# #0#)?.+# &)-%$&#2 )!-# ,+# .!%?*+# !")

*7$",!"5&"$+") %+ "&,+##$)+' *7$%+")$U,()$!" %+ "!.9'+-< ,V3,$+")# 1-7$* +#) %$38

,$*+ %7!9)+"$' +" )+./# '&+*2 +) ,+ %(5(")(:+ +",!'+ 4 C(-)+ 5$)+##+=  7+#) /!-'1-!$2

/!-' *7&*(9!'()$!" %+ "!# *!$# %+ ,!..("%+2 !" &5$)+'( (- .(<$.-. *7+#)$.()$!"

%+# 6!',+# 4 *7$")+'(,)$!" '!-+#8#!*2 !- (*!'#2 4 )'(5+'# %+# .!%?*+# #-3#(..+")

#$./*$U&#2 #+ U(") %(5(")(:+ 4 *( .+#-'+ %+# /('(.?)'+# $"+')$+*# %- #0#)?.+ :*!9(*=

 !" #$%&'( )*+,-'$-%&./ )0( 1023.24-/50(

 !"!# $%&'()%%*+*%, -* .'+/01,')%

>+# #$.-*()$!"# +" )'!$# %$.+"#$!"# #!") '&(*$#&+# 4 /(')$' -" .!)+-' /C0#$1-+

)'?# /'&,$# (U" %7&5(*-+' *7+3,(,$)& %+# %$W&'+")# (*:!'$)C.+# %+ ,!")'X*+= N+# *!$#

%+ ,!..("%+ #!") $./*&.+")&+# +" *(":(:+  Y (- #+$" %7-"+ (',C$)+,)-'+ *!:$,$+**+

:&"&'$1-+ ,!./!#&+# %+ 9'$1-+# "!..&+# #+'5$,+#2 /+'.+))(") -"+ '&8-)$*$#()$!"

+) -" %&/*!$+.+") %+# (//*$,()$!"# '!9!)$1-+# '&(*$#&+#= Z**+ /+-) &:(*+.+") [)'+

-)$*$#&+ #("# (-,-"+ /*()+86!'.+ .&,("$1-+ '&+**+2 +" #$.-*()$!"= R(' ,!"#&1-+")2

4 /(')$' %+# .!%?*+# %7(',C$)+,)-'+# %+ '&6&'+",+ %&S4 $./*&.+")&#2 *+# (*:!'$)C.+#

%+ ,!..("%+ #!") ($#&.+") ,!%&#2 +) *+# :($"# '&:*&#= \" /+-) 5!$' /(' +<+./*+

U:-'+ D=KK *7(',C$)+,)-'+ %+# #+'5$,+# -)$*$#&# %("# *+ ,(%'+ %7-"+ "!-5+**+ (',C$)+,)-'+

:*!9(*+ %+ ,!..("%+ %7-" '!9!) ]!9-]\ H=

>+# +"5$'!""+.+") ,!./*+<+# -)$*$#(") -"+ +")$)& %+ :'("%+ %$.+"#$!" /!-' *+ #!*

#!") .!%&*$#&# (U" %7[)'+ -)$*$#&# +" #$.-*()$!" (5+, J:+$( RC0#^ A '($:C+(%  ! "#$2

DEEOF2 -" +"5$'!""+.+") %0"(.$1-+ '&(*$#)+=

_" .!%?*+ +" )'!$# %$.+"#$!"# %+# '!9!) $",*-) *+# 5$#-+*# `> +) *+# /'!/'$&)&#

/C0#$1-+# +) %0"(.$1-+# %+ ,+# #0#)?.+#= N+# *$($#!"# %+# '!9!)# .!9$*+# #!") '$:!-8

'+-#+.+") .!%&*$#&+#=  $8(/'?# "!-# /!-5!"# 5!$' *7+<+./*+ %- '!9!) .-*)$8,!'/#

]!9-]\ H=

N+# 6!',+# %+ ,!")(,) (##-'(") *+ .!-5+.+") %+# '!-+# #!") !')C!:!"(*+# 4 *(

"!'.(*+ %+ ,!")(,) %+ *( '!-+= _" .!%?*+ (5(",& %+# :*$##+.+")# %- /"+-2 9(#&

#-' *+# 6'!))+.+")# 4 *7$")+'(,)$!" '!-+8#!*2 %&,'$) %("# *7(')$,*+ %+ B;!#)(G  ! "#$

AKLQQF2 +) +</*$1-& /*-# +" %&)($*# %("# *( %!,-.+")()$!" %&%$&+

 ,!
2 +#) -)$*$#& %("#

,+ #$.-*()+-'= N( 6!',+ :*!9(*+ %+# :*$##+.+")# +#) #&/('&+ +" %+-< ,!./!#(")+#

 

 !"# $%&#' !( )"!*!(+ ,!-.'/0%"1 2%(0"%'3 )4(/-!563 7 860!-/0!%( 9/:%"/0%"4 /0 ,;<= /0

>.?/'%1 @A('!(#B1 C00DEFF5%&#1#(+1:.?/'%1#&.F&/0F!(&#G1C0-'

!

HI8JH KC46L )%5.-#(0/0!%(3 <G !"#M.(50!%()#65 2'/66 N#O#"#(5#1 PPP1/+#!/15%-
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 !"#$% &'(() *$+,!-%+-#$% .%/ /%$0!+%/

 !"#$% &'(&) 12.34% "$56,!7#% .# 829#:

8;<=

 !"#$% &'(>) 12.34% 6,?/!7#% .# 829#:

8;<=

42@"!-#.!@54% %- 45-A$54%' B5@/ +%/ .%#C .!$%+-!2@/D 4% "4!//%E%@- .# 6@%# %/- .A:

-%$E!@A' F#!/D +%--% 054%#$ .% "4!//%E%@- %/- 5//2+!A% G #@% H2$+% .# 6@%# G 65$-!$

.I#@% -594% .% $AHA$%@+% +2@-%@5@- .%/ .2@@A%/ %E6!$!7#%/' J@ 6$5-!7#% 62#$ #@



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

 !"# $% &'())%*%+ ,!(-'%. '% /+%" /%" %#%01%0 "+% ,201% $%  0!1 (2+ (*/20 !+ %. '%

*! 30(!" 4"( '% 12*/2)% /%0*%  !+ "+% 12*/%+)! (2+ $" &'())%*%+ %+ )53 (0!+ % 

*!(+ %+!+ "+ ,02  %*%+ ) ! (4"%6 720)4"% '% &'())%*%+ $%8(%+ (*/20 !+ . '! ,201%

%) 03$"( %. '% /+%" 12**%+1% 9 &'())%0 % $%) ,02  %*%+ ) $:+!*(4"%) !//!0!())%+ 6

;'" < 4"% $5" ('()%0 "+%  !-'% $% 03,30%+1% %#/'(1( %. 1% 4"( +31%))( %0!( "+ ) 21=!&%

(*/20 !+ $% $2++3%) % $% >!" %) /%0,20*!+1%). '% )(*"'! %"0 (+ 02$"( '! 8!0(!-'%

?#@(0%A"+1 (2+B%)1 4"( 12+ (%+ '%) /!0!*C 0%) $5"+% ,2+1 (2+ 0%/03)%+ 3% /!0 '%)

1DE1(%+ ) $% $%"# )/'(+%) 1"-(4"%) >%0*( (%++%) F*201%!"# $% /2':+<*%) $520$0%

 02()G6 7! ,2+1 (2+ $% ,201% $" /+%" %) !(+)( !//02#(*3%6 7%) 1DE1(%+ ) $%) )/'(+%)

)2+  0C) (+ "( (,). 1!0 (') 1200%)/2+$%+ !"# %# 0%*! $% '! ,2+1 (2+6 H% *2$C'% %) 

0%/03)%+ 3 )"0 '! I&"0% J6KL. '! ,201% 3 !+ %#/0(*3% %+ ?%M 2+) % '% &'())%*%+ 

12*/2)3. (+1'"!+ '% &'())%*%+ '2+&( "$(+!' $" /+%" !(+)( 4"% '5!+&'% $% &'())%*%+ .

)!+) "+( 36

7% 1DE1(%+ $% 0!($%"0 %) '%  !"# $5!$>30%+1% $" /+%" $!+) '! $(0%1 (2+ (+$(N

4"3%6 O' %) /2))(-'% $5!P") %0 1%  % 0!($%"0 % '5!''"0% $% '! 12"0-% $310(8!+ '! 0%'!N

 (2+ %+ 0% '! ,201% $" /+%" % '%) 12+$( (2+) /2"0 '%)4"%''%) '%) /+%") 12**%+1%+ 9

$30!/%0 /"() 9 0% 02"8%0 $% '5!$>30%+1% !8%1 '% )2'6

�

�

��������

�	
������


��������

���		�����������	�����

A(&"0% J6KLQ R2$C'% $%) ,02  %*%+ )

7%) /!0!*C 0%) )2+ 03&'3) 1(N!/0C)6

S H220$2+3%) $" /2(+ *!#(*"* T Q (1, 0; 0, 02) U
S H220$2+3%) $" /2(+ V. $3-" $% '5T):*/ 2 % Q (2, 0; 0, 01) U
S HDE1(%+ $% 0!($%"0 '2+&( "$(+!' = 10000 U

S HDE1(%+ $% 0!($%"0 '! 30!' = 100006

;2"0 $3 %0*(+%0 '%  !"# $% &'())%*%+ $" /+%". (' %) +31%))!(0% $% 12++!W 0%

'! 8( %))% !+&"'!(0% $% '! 02"%6 ;2"0 '52- %+(0. '! 8( %))% $% '! 02"% %) *()% 9 P2"0

%+ 12+ (+" /!0 (+ 3&0! (2+ $% '! )2**% $%) 12"/'%) !//'(4"3) 9 1%''%N1(. 1%) 12"/'%)

3 !+ *2 %"0. ,0%(+. % '% 12"/'% %+&%+$03 /!0 '% )2'6 7% 12"/'% %+&%+$03 /!0 '% )2'

%) 34"(8!'%+ 9 '! ,201% '2+&( "$(+!'% $" /+%"6 7%) 12"/'%) *2 %"0 % ,0%(+ )2+ $%)

%+ 03%) $3I+(%) /!0 '5" ('()! %"0. % )2+  0!( 3%) )3/!03*%+ . "+ 12"/'% *2 %"0 /2"N

8!+ /02$"(0% "+% *!01>% !00(C0%. !'20) 4"5"+ (*/20 !+ 12"/'% $% ,0%(+!&% ) 2//%

'% *2"8%*%+ $% '! 02"%. /02824"!+ '5!00X $" 83>(1"'%6
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 !"! #$%&'()*+,-'( './0,1-'2&%$'(

 !"! !7 80 9.:$;<=> <

 !"# $% &!'(% ') *(+,%- ./01

 

2 "+)# '3#*+#+"# '% $! *$!-%45+(6% (+7).!#- / 8

9)!-(% (+)%# 3"':*%"'!66%"- 6+-(3&%# %- '3(%&-(3&%#;

.3<)(% =;>?@ A+7)./01 / #)( #3-% !B%& #! 7!#%  CD0 EF% G%" H!)- 8 <!)&H%I

J% (+7+- ! :-: &+"K) 8 *!(-3( '% $! 6+'3E&!-3+" 'L)" A+7)J/A 11

!

!E" '%

<!<"%( ') *+3'# %- 'L!)<6%"-%( $! B3-%##%; D+)( &% 5!3(%2 $%# 6+-+4(:')&-%)(# #+"-

(%6*$!&:# *+)( *(3B3$:<3%( '!B!"-!<% $%# *%(5+(6!"&%# %" B3-%##%2 $%# (+)%# #+"- 6+4

'3E:%# G'3!6M-(% %- $!(<%)( (:')3-#I2 $! <!('% !) #+$ %#- :$%B:%2 $% &HN##3# %#- !$$:<:2

$% "+67(% '% 7!--%(3%# %#- '363"): G<!3" '% >?O P<I %- )"% #-()&-)(% 6+')$!3(% %#-

3"#-!$$:% #)( $% '%##)# '% $! *$!-%45+(6% *+)( $! EF!-3+" '%# '3B%(# &!*-%)(#;

QL!(&H3-%&-)(% 3"5+(6!-39)% ') (+7+- &+6*+(-% )"% &+66!"'% 6!")%$$% *%(6%-4

-!"- '% *3$+-%( '3(%&-%6%"- '%# &!(-%# R+-+(+$! RDJ??? %- )" DJ 7!# "3B%!) 9)3

<M(% $%# &+66!"'%# (:!&-3B%# ":&%##3-!"- '%# -%6*# 'L:&H!"-3$$+""!<% -(M# &+)(-#;

0)( &% DJ #+"- 3"#-!$$:# $% #S#-M6% 'L%F*$+3-!-3+" Q3")F A1/T %- '%# 737$3+-HM9)%#

'% $L!(&H3-%&-)(% $+<3&3%$$% /(+&&!6 U1%##3%(  ! "#$2 =OOVW; 0)( )" DJ *$)# H!)- "34

B%!)2 :<!$%6%"- #+)# Q3")F /(+&&!62 #+"- &+""%&-:# '%# &!*-%)(# H!)-4"3B%!) *!(

$L3"-%(6:'3!3(% 'L)"% 3"-%(5!&% XY0; JL%#- #)( &% DJ 9)% #+"- 36*$:6%"-:# $%# !$<+4

(3-H6%# 'L+7#%(B!-3+" %- '% &+66!"'% '% ':*$!&%6%"-; Q%# DJ &+66)"39)%"- *!(

 

 !!"#$%%"&'()!*+#!,-).+/&)*,*&%"&)#)0!+!1'02342"&'()!

!

555,&'6'#'*!,*&%1./%3+!+%&'64 !"##75)68,"3*
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◦/s

l 1, 20m
2w 1, 22m
h 0, 90m
M 350kg
R 0, 3m

Mw 3kg
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 !"! ! 70 8.9$8#: ;

 !"# $%"&'()!*# $+,-(.(*% -(# .!"/(.(*%# &" 0!1"023 4 )(5)$#(*%$ 6+")( 789:8

;'+")( 789:< 0!1"023 4

=( 0!1"023 4 (#% "* )!1!% .!1'-( )$,-'#$ (* >!--,1!),%'!* ,/(> 0!1!#!?%@ -( 3(*%)(

&( 0!1!%'A"( B*%$+)$( &CB-( &( ;),*>( D30BB;E (% -( =,1!),%!')( &( 0!1!%'A"( &(

F,)'# D=0F@ &$#!).,'# 5,)%'( '*%$+),*%( &( -CBGB0E (* )$5!*#( ," 5)!+),..( &(

)(>H()>H( I'*')!> -,*>$ (* 7JJK 5,) -, L')(>%'!* M$*$),-( &( -CN).(.(*% DLMNE8

O%"&'$ 5,) (P(.5-( &,*# Q=( I(**  ! "#$@ 7JJ4R@ '- #( >!.5!#( &( %)!'# .!&"-(#

)(#5(>%'/(.(*% ,>%'!**$# (% &')'+$# 5,) &("P )!"(# .!%)'>(# >!*/(*%'!**(--(#8 =(#

.!&"-(# ,/,*% (% ,))'S)( #!*% 5!#'%'!**$# #T.$%)'A"(.(*% 5,) ),55!)% ," .!&"-(

>(*%),-8 B-# #!*% )(-'$# U >( &()*'() 5,) &("P -','#!*# )!%!V&(# !)%H!+!*,-(# 5,##'/(#

5)!&"'#,*% &(# .!"/(.(*%# )(-,%'?# &( )!"-'# (% &( %,*+,+(8 M)W>( U >(# .!1'-'%$#@ -(

)!1!% >!*#()/( -( >!*%,>% &(# )!"(# ," #!- (% .,'*%'(*% ,'*#' -, %),>%'!* &(# .!&"-(#

-!)# &( 5,##,+(# #") &(# #")?,>(# '))$+"-'S)(#8 =, .!1'-'%$ &( %,*+,+( 5("% $+,-(.(*%

X%)( ,>%'/(.(*% ,>%'!**$( 5,) &(# /$)'*# HT&),"-'A"(#8 L("P >,5%(")# "-%),#!*# &C"*(

5!)%$( &( 3, 4 .S%)(# (% &("P >,5%(")# &( >!*%,>% #!*% #'%"$# U -C,/,*% (% U -C,))'S)(
&" )!1!%8 Y* MFG@ &(# +T)!.S%)(#@ &(# >,5%(")# !&!.$%)'A"(# (% "* '*>-'*!.S%)(

#!*% $+,-(.(*% &'#5!*'1-(# &,*# >H,A"( .!&"-(8

L(#>)'5%'!* GT.1!-( Z,-(")

=!*+"(") l 1, 50m
Z!'( 2w 0, 80m

[,"%(") h 0, 474m
I,##( M 140kg

0,T!* &(# )!"(# R 0, 234m
I,##( &(# )!"(# Mw 3kg

\,1-(," 78]< F,),.S%)(# &" 0!1"023 4



 ! "#$%&'()  * +(,$-./0)

 *1* *2 3) 4$5'678

 !""! #$%"!&'()*! !+" ,%+-! +.) $% *-/%012.! 34.0! 5(1".)! 101"1%$!*!0" "-$-/(*&

*%03-! 6-/7!$$! 89:; 31+#(01,$! 3%0+ $! /(**!)/!< =$ +4%>1" 3! $% ?&@%5%>!A 5(1".)!

3! *(3-$1+*! 3(0" $% 51"!++! 3! #(10"! #!." %""!103)! $!+ 60km/h %5!/ .0! '()"!

%//-$-)%"1(0< B4."1$1+%"1(0 34.0 5-71/.$! #!"1" !" #!. /(C"!.D !+" #)(#1/! E $4!D-/.&

"1(0 3! *%01#.$%"1(0+ 3%0>!)!.+!+ 3! >$1++!*!0"+ E 7%."! 51"!++!A /! 2.1 !+" #$.+

31F/1$!*!0" !051+%>!%,$! +.) 3!+ )(,("+ 3! #$.+ >)%03! "%1$$!<

B! 5-71/.$! !+" %$1*!0"- #%) G ,%""!)1!+ HAI 5($"+ !" JKLL %*#M)!+97!.)!A !" 1$

!+" 3("- 34%*()"1++!.)+ #%++1'+ +(.#$!+< B% /(2.! !0 #$%+"12.! 34()1>10! % -"- )!*&

#$%/-! #%) .0 /%)"!) !0 %$.*101.* +!)5%0" 3! +.##()" %.D 31N-)!0"+ 10+").*!0"+

!" $!+ #)("->!%0" /(0")! 34-5!0".!$+ /7(/+ !0 /%+ 3! /($$1+1(0 (. 3! )!"(.)0!*!0"<

O0 *1/)(/(0")P$!.) Q"*!>%8G: 3! $% *%)2.! Q"*!$ %++.)! $! /(0")P$!< =$ )!R(1" !"

%0%$S+! $!+ 10'()*%"1(0+ 1++.!+ 34.0! /!0")%$! 10!)"1!$$! T@!0+ !" /(**.012.! %5!/

.0 U 31+"%0" 51% .0 *(3.$! TV!! U)( 3! "-$-/(**.01/%"1(0<

W1>.)! G<8:X B! W%+"V("

W1>.)! G<8YX Q)/71"!/".)! -$!/")(012.! 3!

/(0")P$!&/(**%03! !*,%)2.-!

Z!+/)1#"1(0 @S*,($! [%$!.)

?*#%""!*!0" l 0, 486m
[(1! 2w 0, 414m

\%."!.) h 0, 264m
]%++! M 4, 7kg

^%S(0 3!+ )(.!+ R 0, 06m

_%,$!%. G<IX U%)%*M")!+ 3. W%+"V(_



 !"! #$%&'()*&($%+ ,- ./ &01+-  2

 !" #$%&'()*&($%+ ,- ./ &01+-

 !"#$ %& '&( ")*+%&+ &# %,$"-'( %"#( '&( .+*/0"-#( /0".-$+&(1 '&( /*#$+-)2$-*#(

%& '" $03(& "2 %*4"-#& %& '" +*)*$-52& 4*)-'& 6 +*2&( (*#$ +"..*+$,&( %"#( /&$$&

(&/$-*#7 80"/2#& %&( ,$2%&( .+,(&#$,&( " (2-!- 2# .+*/&((2( 4,$0*%-52& %& 4-(& &#

92!+& &$ %& !"'-%"$-*# '*+( %& (-42'"$-*#( .2-( %:&(("-( &;.,+-4&#$"2;7

 !"!# $%&'()*'+)%, -'.)/0 0+ .-1&)*0 /0* -%2%+* 3%2)(0* 4 -%50*

8*#/&+#"#$ '" '*/"'-("$-*#1 #*2( "!*#( .2 !"'-%&+ ':2$-'-("$-*# %:2# <'$+& %& ="'>

4"# ,$&#%2 ?@AB C'&( +,D,+&#/&( ?@-B1 /*++&(.*#%"#$ "2; .2)'-/"$-*#( +,"'-(,&( "2

/*2+( %& /&$$& $03(&1 (*#$ +&.*+$,&( 6 '" ."E& FFGH7 8&'2->/- &($ %,%-, 6 ':&($-4"$-*#

%& '" .*(-$-*# %"#( '& .'"# &$ %& ':*+-&#$"$-*# %:2# +*)*$ +".-%& 6 +*2&( ,!*'2"#$ (2+

2# (*' E'-(("#$7 8& $I.& %& <'$+& ,$"#$ %,J6 /*2+"44&#$ 2$-'-(,1 #*$+& "..*+$ (& (-$2&

%:"!"#$"E& %"#( 2#& 4-(& &# 92!+& "%".$,& "2 $&4.( +,&' .*2+ %& '" 0"2$& !-$&((&1

!"'-%,& '*+( %& .0"(&( &;.,+-4&#$"'&(7 K# (:"$$"/0& "-#(- 6 $&#-+ /*4.$& %&( $&4.(

%& '"$&#/& "!"#$ '" +,/&.$-*# %&( %*##,&( L@M1 "-#(- 52:6 !,+-<&+ '&2+ .&+$-#&#/&7

 !"! 6%33',/0 /0* -%2%+* 3%2)(0* 4 -%50* ,%, /)-0&+)%,7

,0((0*

@*2+ '" /*44"#%&1 '&( /*#%-$-*#( %:,!*'2$-*# %2 +*)*$ #*2( "43#&#$ 6 .+,D,+&+

2#& "..+*/0& ("#( 4*%3'& %& ':-#$&+"/$-*# +*2&>(*'7 N"#( '& /"( %:2# +*)*$ 6 +*2&(

#*# %-+&/$-*##&''&(1 #*2( .+*.*(*#( 2#& /*44"#%& ."+ 4*%&( E'-(("#$( .*2+ ("

+*)2($&((& D"/& "2; .0,#*43#&( %& E'-((&4&#$( &$ (" D"/-'-$, %& 4-(& &# 92!+&7 O#&

'*- %& /*44"#%& &# /*2.'& %& '" !-$&((& '*#E-$2%-#"'& &$ %& ':"#E'& %& '"/&$ &($ "'*+(

.+,(&#$,& %"#( ?@PB &$ ?@QB7 R''& " .&+4-( 2# (2-!- %& /0&4-# .+,/-( (2+ (*' E'-(("#$7

S&($,& &# (-42'"$-*# (2+ 2# +*)*$ 6 "+/0-$&/$2+& 4*%2'"-+&1 &''& +&($& +*)2($& %&!"#$

%&( -++,E2'"+-$,( %2 (*'7

 !"!8 6%33',/0 /0* -%2%+* 3%2)(0* 4 -%50* /)-0&+)%,,0((0*

N"#( '& /"%+& %& '" /*44"#%& %& +*)*$( 4*)-'&( 6 +*2&( %-+&/$-*##&''&(1 #*2(

"!*#( .+*.*(, 2#& 4,$0*%& %& (2-!- %& /0&4-# ($")'& &# '"/&$ ?@FB7 8*4)-#,& 6

2#& "+/0-$&/$2+& %& /*#$+T'& E'*)"'& %:2# !,0-/2'& ?U&#"-#  ! "#$1 PVVAB1 &''& .+,(&#$&

%& )*##&( .&+D*+4"#/&( &# $&+4& %& +,%2/$-*# %&( E'-((&4&#$( &$ %& 4"-#$-&# %2

(2-!- %& /0&4-# 6 0"2$& !-$&((&7 U&( +,(2'$"$( %&( &(("-( (*#$ +&.*+$,( %"#( ?@WB7

X*2( .+*.*(*#( ,E"'&4&#$ 2#& E,#,+"'-("$-*# %& /&$$& 4,$0*%& .*2+ 2#& /*44"#%&

(-42'$"#,& %&( 52"$+& +*2&( %:2# +*)*$ 6 +*2&( %-+&/$-*##&''&( 6 ':"!"#$ &$ 6 ':"++-3+&7

N"#( 2#& '*E-52&1 #*# .'2( %& '-4-$"$-*# %&( E'-((&4&#$(1 4"-( %:2$-'-("$-*# %&

/&( %&+#-&+(1 #*2( .+*.*(*#( 2#& ,$2%& /*4.*+$&4&#$"'& %&( !,0-/2'&( &# %,+"."E&

%"#( ?@YB7  $&+4&1 #*$+& *)J&/$-D (&+" %& ."+/*2+-+ 2# /0&4-#1 %"#( '&( '-4-$&( %:2#

/*2'*-+1 $*2$ &# *.$-4-("#$ '& $&4.( %& ."+/*2+( ."+ 2#& 2$-'-("$-*# J2%-/-&2(& %&(

%,+"."E&(7



 ! "#$%&'()  * +(,$-./0)



 !"#$%&' (

)*+",$-"%$*. / !"0%' 1$%'--'

 ! "#$%&'(! )*&+',(!))! - .$ ./"$.&)$'&/+ 0*1+ (/2/' 3/2&.! - (/1!)4 )/&' .*!)'&3$5

'&/+ 0! )$ %/)&'&/+ 0$+) .! %.$+ !' 0! )/+ /(&!+'$'&/+6 7'(! !+ 3!)1(! 0! 3$&+'!+&(

- 8/1( 1+! '!..! !)'&3$'&/+ 0! .$ ./"$.&)$'&/+ 01 (/2/' 01($+' )/+ 0,%.$"!3!+' !)'

&+0&)%!+)$2.!4 '$+' $1 +&9!$1 0! .$ %.$+&:"$'&/+ %/1( "$."1.!( 1+! '($8!"'/&(! )$+)
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$0!:)#E .&''-'" +%!: 7 .!# (:2+%$-"%&'# C(-) !M!8(+! O4)!c-+ !" d'.)!c#E RbbeSE

OI%)%1 !" ^:!0+!)E PQQPSE O^%#0&(  ! "#$E PQQRSE O_-'AE RbffSD? g&:# '! .*$)%)&'# .&'$

(-# 7 '&:;!-: "&:"! +- "0*&)%! .! $! ,+")!E '&:# -((+%L:-'" 7 !M(+%L:!) +!# (&%'"#

()&()!# -: $&'"!M"! -((+%$-"%BE !' )-((!+-'" "&:"!B&%# +!# *+*8!'"# !##!'"%!+# 7 #&'

:"%+%#-"%&'?

d,' ./!#"%8!) +- (&#%"%&' !" +/&)%!'"-"%&' ./:' ;*0%$:+! 7 +/-%.! ./:' "!+ ,+")!E

%+ B-:" .%#(&#!) ./:' 8&.=+! ./*;&+:"%&' .: ;*0%$:+! #&:# B&)8! .! )!()*#!'"-"%&'

./*"-" 7 "!8(# .%#$)!" .&'" +! ;!$"!:) ./*"-" !#" $&8(&#*E !'")! -:")!E .! +- (&#%"%&'



 ! "#$%&'()  * +,-$.&/$'&,0 1 #$2') 3&')//)

 ! " #$%&' (!)!'%( " * +,-'*.# / 0$)#1%&'!-2 ". 3#!& " 4)#2)( ,! (".  5! .(

)#1%&'!-2 &,*.&5'6 7.' 8 *-)7. '(5!)(! "$,*-)(!'##%(()1 9 iTe9 6%.&('! .(  5!'2, 

". + *! .& "$,!)! X̂i|i )'(5' 7. #) *%+)&')(* " #$ && .& "$ 5!'2)!'%( Pi|i / : !! 

 5!'2,  ! * !! *%+)&')(* 5%(! %;! (. 5  ( " .< ,!)= 5 > #$,!)= " =&,"'*!'%(  !

#$,!)= " *%&& *!'%(/

0$.!'#'5)!'%( ". 3#!&  ( ! 2=5 &, # '2=%5 * &!)'( 5 *%(!&)'(! 5/ 0 5 "%((, 5

& ?. 5 "%'+ (! @!& ")!, 5 )3( "$@!& .!'#'5, 5 8 # .& ;%(( ")! 9 *$ 5!A8A"'& #) ")! 

8 #)7. ## #) 2 5.& ) &, ## 2 (!  . #' ./ 0 BCD *%22.('*)(! 5 5 '(6%&2)!'%(5 )+ *

.( ! 2=5 " #)! (* "$ (+'&%( 100ms9 # 3#!& "%'!  ( ! ('& *%2=! / EF='7. 2 (!9

5' # &%;%! *%(5'",&, 5 ",=#)* 8 .( +'! 55 " 10m/s9 '# ).&) =)&*%.&. G 2H!& 

5.==#,2 (!)'& # ! 2=5 7. #$'(6%&2)!'%( " =%5'!'%( BCD ( #.' 5%'! =)&+ (. /

:$ 5! .( '(6%&2)!'%( '2=%&!)(! "%(! '# 6)."&) ! ('& *%2=! =%.& .( I)#'2 (!)A

!'%(I  J*)* " #) *%22)(" / C)& *%(!& 9 (%.5 )"2 !!%(5 *%22  <)*! 5 # 5 ")! 5

 (+%F, 5 =)& # 5 *)=! .&5 #%&5 " #$)*7.'5'!'%( " "%((, 5/ 0 5 !&)2 5 " "%((, 5

". BCD & ?. 5 *%(!' (( (! # .& ")! &, ## "$)*7.'5'!'%(/ K( =)&)##H# 9 # 5 "%((, 5

" 5 ).!& 5 *)=! .&5 5%(! ")!, 5  ( *)#)(! # .& -%&#%1 8 =)&!'& ". CCD L=.#5 A= &A

5 *%("M 6%.&(' =)& # &,* =! .& BCD/ N1)# 2 (!9 !%.! %=,&)!'%( (%( *).5)# 5 &)

8 ,+'! &9 =)&  < 2=# (%.5 ( 6 &%(5 =)5 "$'(! &=%#)!'%(5 =%.& =&,"'& " 5 2 5.& 5

6.!.& 5/ O( ).!& *%(!&)'(!  5! #) =&'5  ( *%2=! " #) +'! 55 " !&)'! 2 (! " 5

"%((, 5 =)& # 3#!& / : ## A*' "%'! @!& 5.J5)22 (! ,# +, =%.& 7. # !&)'! 2 (! )'!

 . #' . )+)(! #) &,* =!'%( " 5 =&%*-)'( 5 "%((, 5/ :$ 5! =%.&7.%' '#  5! 5%.-)'!);# 

7. # *%" 5%'! %=!'2'5, ). 2' .<9 2@2 5' # 5 *)#*.#)! .&5 )*!. #5 5%(! ",5%&2)'5

5.J5)22 (! =.'55)(!5/

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

P# 5$)1'! "$%;! ('& .( 2%"H# "$,+%#.!'%( ". +,-'*.# " #) 6%&2 Ẋ = f (X, U)
%Q # + *! .& "$,!)!9 X9 *%2=& (" #) =%5'!'%( (x, y) " #$)(! (( BCD  ( .( =%'(! P
 ! #$)(1# " #)* ! θ ". +,-'*.# =)& &)==%&! 8 .( & =H& );5%#. L7.' = .! @!& ",3('

=)& #) =%5'!'%(  ! #$%&' (!)!'%( '('!')# ". +,-'*.# M  ! %Q #$ (!&, U = .! @!& 2 5.A

&, / 0 & =H& );5%#. *-%'5' ")(5 * !! ,!." 9 R0 = {O0,x0,y0, z0}9  5! #%*)# 2 (!

!)(1 (! 8 #) 5.&6)* ". 1#%; ! && 5!& 9 x0 ,!)(! "'&'1, + &5 #$ 5!9 y0 + &5 # (%&"9

 ! # *)= !%.&()(! ")(5 # 5 (5 !&'1%(%2,!&'7. 9 8 =)&!'& " x0/ D%( R,&% = .! L=)&

 < 2=# M @!& *-%'5' 8 #$)(! (( BCD 3< 5 &+)(! " 5!)!'%( " ;)5 "'S,& (!' ## /

0$,+%#.!'%( ". +,-'*.#  5! ",*&'! =)& # 2%"H# *'(,2)!'7. " !F= +%'!.& 

5.'+)(! >

V (P,R/R0) = (V − rTy)x + rTxy

D%'!9  <=&'2, ")(5 # & =H& R0 >

{

ẋ = (V − rTy) cos θ − rTx sin θ
ẏ = (V − rTy) sin θ + rTx cos θ

T( =%.&&)'!9 8 #$,!)= " =&,"'*!'%(9 '(!,1& & (.2,&'7. 2 (! * !! ,7.)!'%(

"$,!)! 8 ! 2=5 *%(!'(./ : = (")(!9 #$'(!,1&)!'%( (.2,&'7.  5! *%U! .5  ( ! 2=59

* 7.' ($ 5! =)5 5%.-)'!);# =%.& # 5 )==#'*)!'%(5  (+'5)1, 5 '*'/ C%.& #$,+'! &9 (%.5
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 !"#$% &'() *+,-./ 0# $1213 4 51+/5!6%$

/55176 017+ %8%+3#%$ #7% 0!6+$-3!6/3!17 /99$1+,-% 0% +%33% -:#/3!17 0;-3/3< %7 +176!=

0-$/73 5%6 0177-%6 6#!>/73%6 )

? r %3 V 6173 $%69%+3!>%.%73 5/ >!3%66% /7"#5/!$% 0% 5/+%3 %3 5/ >!3%66% 5!7-/!$%

517"!3#0!7/5% 0# $1213 @

? Tx %3 Ty 0-6!"7%73 5%6 0-+/5/"%6 /A!/5 %3 3$/76>%$6/5 B916!3!C >%$6 5;/>/73< 916!3!C

>%$6 5/ "/#+,%D 0% 5;/73%77% EF* 9/$ $/991$3 /# .!5!%# 0% 5;%66!%# /$$!G$% @

? ∆si %63 5/ 0!63/7+% -5-.%73/!$% 9/$+1#$#% 9%70/73 #7% 9-$!10% 0;-+,/73!5517=

7/"% Te< %55% %63 .%6#$-% 4 9/$3!$ 0;#7 +10%#$ @

? ∆θi +1$$%69170 4 5/ >/$!/3!17 -5-.%73/!$% 0% +/9 123%7#% 4 9/$3!$ 0% 5/ .%6#$%

0% >!3%66% /7"#5/!$% 0# "H$1.G3$%< 9/$ 5;%A9$%66!17 ) ∆θi = Teri'

I7 713% Ui 5% >%+3%#$ 0;%73$-% .%6#$- B%7+1$% /99%5- J+1../70%JD )

Ui =

(

∆si

ri

)

K%6 %73$-%6 6173 /6H7+,$17%6 %3< %7 9$/3!:#%< 5% .10G5% 6%$/ J +/0%7+- J 9/$ 5%

"H$1.G3$% ) 4 +,/:#% 71#>%55% .%6#$% 0% >!3%66% /7"#5/!$%< 17 +/5+#5% 5/ >/$!/3!17

0% +/9 %7 !73-"$/73 6#$ 5;!73%$>/55% 0% 3%.96 6-9/$/73 5;!763/73 i + 1 0% 5;!763/73 i
B+%3 !73%$>/55% %63 71$./5%.%73 -"/5 4 5/ 9-$!10% 0;-+,/73!55177/"% 0# "H$1.G3$%D'

L% .M.%< 5/ >/$!/3!17 0% 0!63/7+% 9/$+1#$#% 6%$/ +/5+#5-% 9/$ 0!8-$%7+% %73$% 5%

71.2$% 0;!.9#56!176 +1.93-%6 4 5;!763/73 i + 1 %3 +%5#! 4 5;!763/73 i B.#53!95!- 9/$
5% 9/6 0;!.9#56!17 9$-=-3/5177-D'

I7 123!%73 /51$6 5% .10G5% 0;->15#3!17 0# >-,!+#5% 4 3%.96 0!6+$%3 Xi+1 = f (Xi, Ui) )






xi+1 = xi + ∆si cos (θi + ∆θi/2) − ∆θi (Tx sin θi + Ty cos θi)
yi+1 = yi + ∆si sin (θi + ∆θi/2) + ∆θi (Tx cos θi − Ty sin θi)
θi+1 = θi + ∆θi

N/ 0!63/7+% -5-.%73/!$% ∆si -3/73 9/$+1#$#% %73$% i %3 i + 1< 17 $%./$:#%$/ :#%

91#$ 0;/>/73/"% 0;%A/+3!3#0%< 5/ 9$1O%+3!17 0% +%33% 0177-% / -3- C/!3% 91#$ #7 +/9

/33%!73 %73$% +%6 0%#A !763/736< 61!3 θi + ∆θi/2'
F#!6< 5/ 615#3!17 0% 7/>!"/3!17 EF* BxDGPS< yDGPSD %63 #3!5!6-% 51$6 0% 5;-3/9%

0;126%$>/3!17 91#$ $%+/5%$ 5%6 0%#A 9$%.!G$%6 +1.916/73%6 0# >%+3%#$ 0;-3/3' N;-:#/=

3!17 0% 61$3!% %63 017+ 5!7-/!$% )

Yi =

[

xDGPSi

yDGPSi

]

= HXi + Wi



 ! "#$%&'()  * +,-$.&/$'&,0 1 #$2') 3&')//)

 !"# H =

(

1 0 0
0 1 0

)

"$ Wi %&"'(")*%" +"( *,-.$( +" )"(-," /01 (-223(4( *% '#(5

6 -((."'( +&"(24, '#" ) $74) $.8-" '-%%" "$ +" #3! ,. '#" PYi
9

 !"!" #$%&'()*+($, %-) ./0(+)

1"%3' %" :3,) %.()" +"( 48- $.3'( +- ;%$," +" < %) '5 %"( 274'3)='"(  %4 $3.,"(

(3'$ )3+4%.(4( 2 , +"( ",,"-,( #"'$,4"(5 *% '#7"(5 .'+42"'+ '$"( "$ +" ! ,. '#"(

#3''-"(9 >" *,-.$ Vi ,"2,4("'$ '$ +" : ?3'  ++.$.!" %"( ",,"-,( +" )3+4%.( $.3'9

@' (-223( '$ %"( ",,"-,( +&"($.) $.3' : .*%"(5 #"( 48- $.3'( +&4!3%-$.3' (3'$ %.'4 ,.A

(4"(  - 2,").", 3,+," B #7 8-" 4#7 '$.%%3'' 6" 23-, 3*$"'., -' )3+=%" %.'4 .," (-,

%"8-"% (", * (4 %" ;%$,"9 >" *,-.$ +" )3+4%.( $.3' Vi #3)2,"'+ %" *,-.$ (-, % )"(-,"

+" +.($ '#"5 %" *,-.$ (-, % )"(-," 6C,3(#32.8-" "$ %" *,-.$ +- )3+=%" #.'4) $.8-"9

 *4*4*5 6(2&'/ 7) 8)/2()

9)/2() ,7,8:'(&;2) 7) 7&/'$0-)

D$-+.3'( %"( ",,"-,( +"( )"(-,"( +" +42% #")"'$(5 '3' 6 -((."''"(5 "',"6.($,4"(

 !"# -' # 2$"-, 3+3)4$,.8-"9 @'$," +"-E .'($ '$(5 i "$ i + 15 %&3+3)=$," "'!3." %"

'3)*," +&.)2-%(.3'( #3,,"(23'+ '$  - '3)*," +" 2 ( 2 ,#3-,-( 2 , %" !47.#-%"9

1. n .)2-%(.3'( (3'$ ,"?-"( +-, '$ #" % 2( +" $")2(5  %3,( % +.($ '#" +&3+3)4$,."

)"(-,4" ! -$ F

ds = n × pas

G"2"'+ '$5 %3,(8-" % 2,").=," .)2-%(.3' "($ "'!3C4"5 %" !47.#-%" '& 2 ( 2 ,#3-,-

-' 2 ( "' "'$.", ) .( pas − e15 %&",,"-, e1 4$ '$ +-"  - : .$ 8-&B %&.'($ '$ i 3' '"

#3'' H$ 2 ( "E #$")"'$ % 23(.$.3' +- #3+"-,9 G"$$" ",,"-, e1 2"-$ I$," #3)2,.("

-'.:3,)4)"'$ "'$," 0 "$ pas9 J' 2"-$ (-223(", 8-" % +.($ '#" "'$," % 2,").=,"

"$ % +",'.=," .)2-%(.3' "($ #3,,"#$"5 %&3+3)=$," 4$ '$ # %.*,4 (-, +"( +.($ '#"( +"

2%-(."-,( K.%3)=$,"(9 0-.( +" )I)"5 -'" +.($ '#" '3' 2,.(" "' #3)2$" e25 #3)2,.("

-'.:3,)4)"'$ "'$," 0 "$ pas5 "($ 2 ,#3-,-"  2,=( % +",'.=," .)2-%(.3'9 +&3L F

ds = dsreel + e2 − e1

13.$ %&",,"-, 3+3)4$,.8-" "($ +4;'." #3))" 4$ '$ % +.M4,"'#" "'$," +"-E ! ,. *%"(

 %4 $3.,"( ,42 ,$."( -'.:3,)4)"'$ "'$," 0 "$ pas9 N3-( 23-!3'( +3'# )3'$,", 8-" % 

+"'(.$4 +" ,42 ,$.$.3' +- *,-.$ *5 (-, %&.'$",! %%" [−p; p]5 "($ -' $,. '6%" (C)4$,.8-"

8-" '3-(  !3'( ,"2,4("'$4 (-, % ;6-," O9O9

>&"(24, '#" ) $74) $.8-" +" % ! ,. *%" +" *,-.$ * #"'$,4" "($ 4!.+"))"'$

'-%%" F

E {b} =
∫∞

−∞
bf (b)db =

∫ 0

−p
b
(

b
p2 + 1

p

)

db +
∫ p

0
b
(

−b
p2 + 1

p

)

db

= −
∫ p

0
b
(

−b
p2 + 1

p

)

db +
∫ p

0
b
(

−b
p2 + 1

p

)

db = 0

@$ % ! ,. '#" +" b ! -$ F

σ2
b = E

{

(b − E {b})2} = E {b2} =
∫ 0

−p

(

b3

p2 + b2

p

)

db +
∫ p

0

(

−b3

p2 + b2

p

)

db

= 2
∫ p

0

(

−b3

p2 + b2

p

)

db = 2
[

−b4

4p2 + b3

3p

]p

0
= 2

(

−1
4

+ 1
3

)

p2 = p2

6
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 !"#$% &'&( )%*+!,- .% /$0121!3!,- .% 34%$$%#$ 0.05-,$!6#%

7% 1$#!, *4-,2*, /2+ "2#++!%*8 !3 +%$2 2//$09!5- /2$ #*% "2#++!%**% .4%+/-$2*:%

E {b} = 0 %, .% :0;2$!2*:% σ2
b = p2

6
/0#$ 3% <3,$% .% =2352*'

4(2/'( 56'12710$8/(

>2 ;23%#$ #,!3!+-% .2*+ 3% ;%:,%#$ .4%*,$-% U .# <3,$% %+, #* !*:$-5%*, .42*"3%8

+0!, #*% !*,-"$2,!0* .% 32 5%+#$% .-3!;$-% /2$ 3% "?$05@,$%8 %*,$% 3%+ !*+,2*,+ i
%, i + 1' >4%$$%#$ .% :%,,% 5%+#$% +%$2 +#//0+-% 132*:A% 2/$@+ $%,$2!, .# 1!2!+8

:% 6#! *4%+, /2+ ,0,23%5%*, %92:,% /#!+6#% 3% 1!2!+ *0* .-,%$5!*!+,% B!3 *% .-/%*.

/2+ .# ,%5/+ .4!*,-"$2,!0*C ;2$!% 2#9 12++%+ D$-6#%*,%+8 !*.#!+2*, #*% :0$$-32,!0*'

E42"!++2*, .4#* /$0:%++#+ .!+:$%, .% /2+ 23-2,0!$%+ .-:0$$-3-+ 3%+ #*+ .%+ 2#,$%+8 0*

/0#$$2 :0*+!.-$%$ 6#% 34%$$%#$ :055!+% %*,$% .%#9 !*+,2*,+ i %, i+1 %+, #*% 52$:A%
23-2,0!$% .% ;2$!2*:% (

σ2
b = S2

gyro∆t

2;%: Sgyro 3% :FG:!%*, .% 52$:A% 23-2,0!$% +#$ 342*"3% !*,-"$- .# "?$0+:0/% %, ∆t 3%
,%5/+ -:0#3- %*,$% i %, i+1' 7%,,% ;2$!2*:% .-/%*. .# ,%5/+ -:0#3- %*,$% .%#9 5%H
+#$%+' I33% +%$2 2J#+,-% 2 /0+,%$!0$!8 52!+ 0* /%#, $2!+0**213%5%*, /$%*.$% /0#$

;23%#$ !*!,!23% 3%+ +/-:!<:2,!0*+ ,%:A*!6#%+ .# :0*+,$#:,%#$' E42"!++2*, .# =KL

M)NOPP #,!3!+- /%*.2*, 32 :25/2"*% .4%++2!+ /$-3!5!*2!$%+ 7QEHERQ8 !3 :0*;!%*,

.% $25%*%$ 32 52$:A% 23-2,0!$% .# "?$05@,$%8 +/-:!<-% S 0, 083◦/
√

h8 %* #*% ;2H

$!2*:% B0# #* -:2$,H,?/%C 2//3!:213% S .%+ 5%+#$%+ .% ;!,%++% 2*"#32!$% S OP LT'

>2 52$:A% 23-2,0!$% +4!*,%$/$@,% :055% +#!, ( 2/$@+ #*% A%#$% .4!*,-"$2,!0*8 3% :2/

:23:#3- %+, :2$2:,-$!+- /2$ #*% %$$%#$ .% 0, 083◦ S #* -:2$,H,?/%' 7%,,% %$$%#$ %+,

.0#13-% %* U A%#$%+8 ,$!/3-% %* V A%#$%+8  !"# )% 5W5%8 2/$@+ #*% 5!*#,% .4!*,-H

"$2,!0*8 :%,,% %$$%#$ *4%+, /2+ .!;!+-% /2$ 60 52!+ +%#3%5%*, /2$
√

60' R!*+!8 %* P8O
+%:0*.%+ .4!*,-"$2,!0* B:2$ 3%+ 5%+#$%+ +0*, D2!,%+ S OP LTC8 34-:2$,H,?/% 2*"#32!$%

-"23% 0, 083
√

0, 1/3600 %* .%"$- B1$#!, %* 2*"3%C +! 0* ,$2;2!33% 2;%: ∆θi .2*+ 3%

;%:,%#$ .%+ %*,$-%+ U ' M25%*- %* ;!,%++%8 0* .!;!+% /2$ 32 .#$-% .4!*,-"$2,!0*8 +0!,
0, 083

√

0, 1/3600/0, 18 :% 6#! .0**% ( 0, 0044 %* .%"$-X+ B-:2$,H,?/% %* ;!,%++% 2*"#H
32!$% S OP LTC +! 0* ,$2;2!33% 2;%: ri .2*+ 3% ;%:,%#$ U B5#3,!/3!- %*+#!,% /2$ ti+1−tiC'

>4-6#2,!0* .401+%$;2,!0* B3401+%$;2,!0* %+, *0,-% YiC D2!, !*,%$;%*!$ 32 5%+#$%

)YZE .0*, 34%$$%#$ Wi 2 -,- 6#2*,!<-% /$-23213%5%*, B/2$ %9%5/3% ( P8O 5 .4-:2$,H

,?/% /0#$ .# )YZE MQ=C' [*% ;23%#$ 2J#+,-% -/06#% /2$ -/06#% /0#$$2!, W,$% 3#%

.2*+ #* 5%++2"% \]IR :05/3-5%*,2!$% .% :%3#! :0*,%*2*, 32 +03#,!0* .% *2;!"2,!0*'

^ .-D2#,8 +%#3%+ 3%+ +03#,!0*+ )YZE MQ= 2;%: 251!"#_,-+ <9-%+ +%$0*, #,!3!+-%+8 2;%:

#* -:2$,H,?/% :0*+,2*,8 /2$ %9%5/3% -"23 S P8O 5'



 ! "#$%&'()  * +,-$.&/$'&,0 1 #$2') 3&')//)

 *4*4*4 5(2&' 62 7,68.) -&097$'&:2)

 ! "#$!%&' !$ ($!%)%*+ )' !,-./0*-12' )' 30#!'4'5* 2$52 6!%22'4'5*7 '* 2$52 8-$59

6'4'5* )' 80#3:#3' '5*3' !'2 %52*$5*2 ),%5*+63$*%05; <!#2 !' *'4/2 +80#!+ '5*3' !'2

%52*$5*2 i '* i+1 '2* %4/03*$5*7 '* /!#2 !,'33'#3 )' 40)1!' '2* /0*'5*%'!!'4'5* %4/039

*$5*'; ='2 '33'#32 205* )058 40)+!%2+'2 8044' )'2 ($3%$:!'2 $!+$*0%3'2 6$#22%'55'2

3+2#!*$5* )' !,%5*+63$*%05 ),#5 :3#%* :!$58 >

σ2
b = S2

mod ∆t

$('8 ∆t !,%5*'3($!!' )' *'4/2 '5*3' i '* i + 1 '* !' /$3$41*3' S mod 3+6!+ )' *'!!'

203*' "#' !,+8$3*9*./' )'2 '33'#32 20%* )' ?7@ 41*3'2 $# :0#* ),#5' 2'805)' A2$#B

6!%22'4'5*2 %4/03*$5*27 %! '2* /'# /30:$:!' "#,#5 (+-%8#!' B$22' #5 +8$3* )' )+/!$9

8'4'5* 2#/+3%'#3 C @? 84 '5 #5' 2'805)'D; ='!$ 8033'2/05) C #5' ($!'#3 %5%*%$!' )'

!,+8$3*9*./' )' !,03)3' )' ?7EF 4 /0#3 ?7E 2; ='**' ($!'#3 '2* $G#2*$:!' > '!!' )+/'5)

)'2 (%*'22'27 )# *'33$%5 ),+(0!#*%05 )# (+-%8#!'7 )' 2$ 805)#%*'7  !"#

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

H'2 '5*3+'2 +*$5* $2.58-305'27 '5 /3$*%"#' !' 40)1!' 2'3$ 8$!+ 2#3 !'2 4'2#3'2 )#

6.3041*3' > C 8-$"#' 50#('!!' 4'2#3' )' (%*'22' $56#!$%3'7 05 8$!8#!' !$ ($3%$*%05

)' 8$/ '5 %5*+63$5* 2#3 !,%5*'3($!!' )' *'4/2 2+/$3$5* !,%52*$5* i + 1 )' !,%52*$5* i
A8'* %5*'3($!!' '2* 5034$!'4'5* +6$! C !$ /+3%0)' ),+8-$5*%!!055$6' )# 6.3041*3'D;

I' 4J4'7 !$ ($3%$*%05 )' )%2*$58' /$380#3#' 2'3$ 8$!8#!+' /$3 )%K+3'58' '5*3' !'

504:3' ),%4/#!2%052 804/*+'2 C !,%52*$5* i + 1 '* 8'!#% C !,%52*$5* i A4#!*%/!%+ /$3

!' /$2 ),%4/#!2%05 /3+9+*$!055+D;

H'2 :3#%*2 205* 2#//02+2 6$#22%'527 ),'2/+3$58' 4$*-+4$*%"#' 5#!!' '* )' 809

($3%$58' 8055#'; Vi *3$)#%* !,'52'4:!' )'2 :3#%*2 )' ).5$4%"#' )#2 $#L '33'#32

)' 40)+!%2$*%057 %! 804/3'5) !' :3#%* 2#3 !$ 4'2#3' )' )%2*$58' /$3 0)04+*3%' '* !'

:3#%* )# 40)1!' 8%5+4$*%"#'; PXi
'2* !$ 80($3%$58' )'2 :3#%*2 )' 4'2#3' )'2 8$/*'#32

/30/3%08'/*%B2 '* Q '2* !$ 80($3%$58' )'2 :3#%*2 )' 40)+!%2$*%05; H$ )+*'34%5$*%05

)' Q +*$5* $22'M )+!%8$*'7 205 %5N#'58' '2* 20#('5* +($!#+' /$3 )'2 2%4#!$*%052 )'

O05*'9=$3!0;

P0%* Umesi
!$ 4'2#3' )# ('8*'#3 ),'5*3+'7 +6$!' C !$ ($!'#3 3+'!!' Ui /!#2 #5 :3#%*;

Q5 !%5+$3%2$5* $# /3'4%'3 03)3' $#*0#3 )# /0%5*

(

X̂i|i , Umesi

)

7 05 0:*%'5* >

Xi+1 = f (Xi, Ui) ≈ f
(

X̂i|i , Umesi

)

+ Fi

(

Xi − X̂i|i

)

+ Jui (Ui − Umesi
) + Vi

Q* >

X̂i+1|i = f
(

X̂i|i , Umesi

)

I,0R >

Xi+1 − X̂i+1|i = Fi

(

Xi − X̂i|i

)

+ Jui (Ui − Umesi
) + Vi

S('8 >

Fi = ∂f(X,U)
∂X

∣

∣

∣

X=X̂ i|i,U=Ui

'* Jui = ∂f(X,U)
∂U

∣

∣

∣

X=X̂ i|i,U=Ui

;

H$ 80($3%$58' )' !,'33'#3 )' /3+)%8*%05 '2* $!032 )055+' /$3 >

Pi+1|i = FiPi|i F
T
i + JuiPXi

JT
ui + Q



 !"! #$%&'( )( *+%,+- .&(-)/ 01/' %( &(,02 '.(%  3

 !"!# $%&'( )*+,-(./&%0+1

 !" #$"!%&'()#*" "#*( '"+*,-%#*!" './ 0%12),()#*"3 4."")5 )6 ,#*&)!*( 27.()6)"!%

.*! "#6.()#* 2! *'&)8'()#* 9:; 2)"0#*)$6! !*(%! 6!" )*"('*(" i !( i+13 :#.% ,! <')%!5

.*! 0%12),()#* !"( !=!,(.1! !*(%! 67)*"('*( i !( 67)*"('*( 2! 6' "#6.()#* 2! *'&)8'()#*5
0.)" .*! !"()>'()#* ? ,!( )*"('*(5 !( !*@* .*! 0%12),()#* !*(%! ,!( )*"('*( !( 67)*"A

('*( i + 13 B* *#(! C.! 6! *#>$%! 27)>0.6")#*" ,#>0(1!" ? 67)*"('*( 2! 6' "#6.()#*
2! *'&)8'()#* !"( *1,!""')%!3 D.'*( ? 6' &)(!""! '*8.6')%! ri5 #* 67'006)C.!%' ".% (#.(

67)*(!%&'66! (i, i + 1)5 ,7!"( ? 2)%! ? 6' <#)" '&'*( !( '0%E" 67)*"('*( 2! 6' "#6.()#* 2!

*'&)8'()#*3

F* (!>0" %1!65 )6 !/)"(! .*! 2)G,.6(1 ".0061>!*(')%! 2! 6'(!*,!5 ,'% 6' "#6.()#*

2! *'&)8'()#* *7!"( 0'" 2)"0#*)$6! H)3!3 ,'6,.61! !( (%'*">)"!I ? 67)*"('*( #J !66! !"(

&'6)2!5 >')" 06.(K( C.!6C.!" 100ms 06." ('%23 4)*")5 #* 0%1&#)( 2! %!01%!% 67)*"('*(
2! &'6)2)(1 2! 6' "#6.()#* 2! *'&)8'()#* '. >#+!* 27.* %!0E%! (!>0#%!65 6! ::;

H0.6"! 0'% "!,#*2!I C.) !"( 67)*"('*( 2! 6' "#6.()#* 9:;5 2! <')%! 2! 6' 0%12),()#*

('*( C.! ,!((! "#6.()#* *7!"( 0'" ,#>06E(!>!*( 2)"0#*)$6!5 2! <')%! 67!"()>'()#* !(

%!,'6,.6!% 6!" 0%12),()#*" C.) #*( ".)&) 2E" 6' 2)"0#*)$)6)(1 ,#>06E(!3 L 67)*"('*( 2.

::;5 #* ,'6,.6!%' 2#*, .* 1('( 0%12)(5 C.) "!%' ,#*"!%&1 !* >1>#)%! ')*") C.! (#.(!"

6!" ,#>>'*2!" ".)&'*(!"5 '@* C.!5 ? 2)"0#*)$)6)(1 2! 6' "#6.()#* 2! *'&)8'()#*5 #*

0.)""! %!0%!*2%! 671('( 0%12)( >1>#%)"15 6! ,#%%)8!%5 !( %1.()6)"!% 6!" 2)(!" ,#>>'*2!"

M."C.7? 67)*"('*( ,#.%'*(3 :'% ,#*"1C.!*(5 6! ,#>0(!.% 2! (!>0" !"( ".,,!"")&!>!*(

)*,%1>!*(1 !*(%! ) !( 67)*"('*( 2! 6' "#6.()#* 9:;5 0.)" !*(%! 67)*"('*( 2! 6' "#6.()#*

9:; !( i + 1 !(5 !*(%! i + 1 !( 67)*"('*( 2! 6' @* 2. (!>0" 2! 6'(!*,!3
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N)8.%! O3PQ R-%#*#8%'>>! 2!" 1('0!" 2! 0%12),()#* !( !"()>'()#* !* (!>0" %1!6

 !"!2 3(4(% )*+,-(./&%0+1- 567 (..+18(- 9 :( %(-% )( ;&<&:&=

1+,0-

R!%(')*!" &'6!.%" ,-#)")!" ' 0%)#%) 2'*" 6! >#2E6! 2!" !%%!.%" "#*( 'M."('$6!"3  !

%186'8! 2. @6(%! 0#%(! !""!*()!66!>!*( ".% 6! %186'8! 2!" $%.)(" 2. >#2E6! ,)*1>'()C.!

!( 2! 6' >!".%! 8+%#>1(%)C.!3 R! %186'8! !"( ,#.%'>>!*( %1'6)"1 !>0)%)C.!>!*( !*

'*'6+"'*( 67!%%!.% 2! (%'M!,(#)%! 0%12)(! 0'% 6! @6(%! 0!*2'*( 2!" )*(!%&'66!" "'*"

,#%%!,()#* 9:; Q ,!((! !%%!.% 2#)( S(%! ,#>0%)"! 2'*" 67!*&!6#00! 2! O 1,'%("A(+0!"



 ! "#$%&'() *+ ,-.$/&0$'&-1 2 #$3') 4&')00)

 !"#$%$"& '(&# )* !)(& *% "+$*&%(%$"&, -()-.)(/)*# 0 !(+%$+ '* )( 1(%+$-* '* 2(+$(&-*3

-"2(+$(&-* *#%$14* !(+ )* 5)%+*6 7* +48)(8* -"&#$#%* 0 (9.#%*+ )*# /+.$%# !".+ +4'.$+*

-*%%* *&2*)"!!* #(&# :.* )( %+(9*-%"$+* !+4'$%* &;*& #"+%*6 <& &"%* :.* );*++*.+ '*

%+(9*-%"$+* !+4'$%* *#% -()-.)(/)* #*.)*1*&% :.(&' "& '$#!"#* '* )( %+(9*-%"$+* 2+($*6

=$&#$> "& *?*-%.* -".+(11*&% -* +48)(8* *& #$1.)(&% )*# $&%*+2())*# #(&# -"++*-%$"&

@AB> ()"+# :.;"& '$#!"#* *& C($% '*# #").%$"&# '* &(2$8(%$"& (.D:.*))*# #* +4C4+*+6

E.(&' )* +48)(8* *#% -"++*-%*1*&% C($%> "& !*.% (. 5&() 1*%%+* *& F.2+* '(&#

)* 5)%+* .& %*#% #%(%$#%$:.* #.+ )*# $&&"2(%$"&# &"+1()$#4*# (. -(++4  GHB,> ". %*#% '*

I(J()(&"/$# KL")M> NOOPQ6 R* %*#% #".2*&% .%$)$#4 *& )"-()$#(%$"&  K7(&*.+$%> NOOSQ>

KI"+*"> NOOTQ,> !*+1*% '* '4%*-%*+ )*# 42*&%.*))*# "/#*+2(%$"&# (/*++(&%*#  :.;"&

4)$1$&*+( ()"+#, !(+ )( 1*#.+* '* '$#%(&-*# GHB '"&% );*D!+*##$"& *#% '"&&4* -$3(!+U#6

NIS = [Yi − HX̂i]
T [HPXi

HT + PYi
]−1[Yi − HX̂i] < χ2

<& -"1!(+* ()"+# )*# GHB (. #*.$) '"&&4 !(+ )( )"$ '. χ2
0 N '*8+4# '* )$/*+%4> !".+

.&* !+"/(/$)$%4 ';4)$1$&(%$"& 0 %"+% '* p%6

 ! "##$%&'(%)* '+ #,)-.( /0121"0 3 4%5+$'(%)*

 ! !" #$%&'()%(*$)

7*# '4!)(-*1*&%# ';.& +"/"% V"/.R=W #"&% #$1.)4# '(&# );*&2$+"&&*1*&% !JM3

#$:.* *& %+"$# '$1*&#$"&# !+4#*&%4 0 )( #*-%$"& N6X> #.+ .& #") !)(% (2*- .&* ('J4+*&-*

'* %M!* J*+/* '"&% )*# -(+(-%4+$#%$:.*# #"&% '"&&4*# 0 -*%%* #*-%$"&6 7* V"/.R=W

*#% .& 24J$-.)* 4)*-%+$:.* 0 :.(%+* +".*# 1"%+$-*# *% 0 +".*# (2(&% '$+*-%$"&&*))*#6

RJ(-.&* '* #*# +".*# !*.% Y%+* (-%$"&&4* $&'4!*&'(11*&%6

Z$8.+* [6T\ V"/.R=W )"+# '*# *##($# 0 )(

-$%4 '* );]#!(-* '* "̂.)".#*

Z$8.+* [6S\ ]&2$+"&&*1*&% '* #$1.)(%$"&

'. +"/.R=W



 ! ! "##$%&'(%)* '+ #,)-.( /0121"0 3 4%5+$'(%)* 67

 !" #$%%&!" '(%)*+,&!" *(- ,! .$#! #+ /,0-! #! 1(,'(% *-&"!%0& *(- ,( "+)0! "$%0

2$+-%)!" *(- #3(+0-!" "!-4).!" 5676 "*&.)/8+!" !0 .$--!"*$%#!%0 9 ,3)%"0-+'!%0(0)$%

#+ 4&:).+,! ; +% -&.!*0!+- <=6 >#)?&-!%0)!, $+ %$%@A +% BC-$'D0-! !0 +% $#$'D0-!E

 ! .$#! #+ /,0-! #! 1(,'(% !"0 (#(*0& *$+- #! ,3)'*,&'!%0(0)$% 0!'*" -&!,A .$''!

#&0(),,& *-&.&#!''!%0A *$+- #!" #$%%&!" "! *-&"!%0(%0 "$+" 2$-'! #! 0-('!" :$-$F

#(0&!" *(- ,! "C"0D'! #3(.8+)")0)$% !0 #)"*$%)G,!" (+ 2+- !0 9 '!"+-!E

 !" "$,+0)$%" #! %(4)B(0)$% <=6 >!% .$$-#$%%&!" .(-0&")!%%!"@ "$%0 #&,)4-&!" *(-

,! "!-4).! <=6 >-&.!*0!+- 9 H IJA :$-" '("8+(B!@A (4!. ,!+- #(0(0)$% !0 +% )%#).(F

0!+- >$+ K(B@ #+ '$#! #! 2$%.0)$%%!'!%0 #+ -&.!*0!+- ; L)M!# *$+- N #)?&-!%0)!, OA

")%$% L,$(0)%BA $% .$%")#D-! 8+! ,! <=6 !"0 !% '$#! N %(0+-!, OE  !" .$$-#$%%&!"

B&$B-(*:)8+!" %$% +0),)"&!" ).) "$%0 &B(,!'!%0 #)"*$%)G,!" ; ,( ,(0)0+#! !0 ,( ,$%B)0+#!

!% #!B-&" !0 ,3(,0)0+#! !% 'D0-!"E

 ! "!-4).! BC-$'D0-! 2$+-%)0 ,( 4)0!""! #! -$0(0)$% !% ,(.!0 ")'+,&! >!M*-)'&! !%

-(#)(%"A ")B%&!A *$")0)4! 8+(%# $% 0$+-%! 9 B(+.:!@ !0 ,( #(0(0)$% #3(.8+)")0)$% #!"

'!"+-!" 9 ,( 2-&8+!%.! #! HP IJE

 ! "!-4).! #3$#$'&0-)! 2$+-%)0 ,! .$'*0!+- #3)'*+,")$%" >$#$'D0-!@ !0 ,( #(0(F

0)$% #! .!" )'*+,")$%"E

=$+- 0$+" .!" .(*0!+-"A +% G-+)0 #! '!"+-! G,(%. B(+"")!% !"0 (Q$+0&E  ( 4(-)(%.!

#! .! G-+)0 !"0 (Q+"0&! !% 2$%.0)$% #+ '(0&-)!, ")'+,&E  !" 4(,!+-" +0),)"&!" "$%0

-!*$-0&!" #(%" ,! 0(G,!(+ REHE

S(G,!(+ REH; S(G,!(+ #!" #$%%&!"

T!".-)*0)$% U(,!+- V%)0&

W?"!0 BC-$".$*! −0, 003 0/s
=(" $#$'D0-! 0, 0000498 m

&.(-0 0C*! '$#D,! *$")0)$% 0, 16 m
&.(-0 0C*! '$#D,! -$0(0)$% 0, 0 0

&.(-0 0C*! '!"+-! BC-$".$*! 0, 0044 0/s
&.(-0 0C*! '!"+-! B*" 2, 0 m
&.(-0 0C*! '!"+-! #B*" 0, 5 m

U)0!""! 5(M 10, 0 m/s
U)0!""! 5)% −2, 0 m/s

X%B,! #! #)-!.0)$% 5(M 0, 5 rad
X%B,! #! #)-!.0)$% 5)% −0, 5 rad

X..&,&-(0)$% 1, 0 m/s2

T&.&,&-(0)$% 1, 0 m/s2

W% $G"!-4! #(%" ,! 0(G,!(+ REH 8+! ,3&.(-0 0C*! #+ '$#D,! #! -$0(0)$% !"0 %+,A

*+)"8+! (+.+% '$#D,! %3( &0& *-$*$"& *$+- ,( -$0(0)$%E  ( 4(,!+- #! ,3&.(-0 0C*!

*$+- ,( '!"+-! BC-$".$*! #! 0, 00440/s -&"+,0! #! ,( '(-.:! (,&(0$)-! "*&.)/&! *(-



 ! "#$%&'() *+ ,-.$/&0$'&-1 2 #$3') 4&')00)

 ! "#$%&'("&!(' )0, 0830/
√

h* "#++! $#(%  ,-.#$% /012 .( 3'0"0/!++!$&4 5! +6+!7

0, 16m /! 8'(9& 3#('  - 3#%9&9#$ "#''!%3#$/'-9& 2 ($! +-'":! - 0-&#9'! /! 0, 5m/
√

s7

%#9& ($! !''!(' !$ 3#%9&9#$ /! 0, 5m 3-' '-33#'& 2  ,:;3#&:<%! =(!  #"- !+!$&7 2

'-;#$ /! "#('8('! "#$%&-$&7  ! '#8#& '#( ! %-$% > 9%%!'4

?- 3#%9&9#$ 9$9&9- !7 -9$%9 =(!  ! "-3 9$9&9- /( .0:9"( ! %#$& /0&!'+9$0% ($9=(!@

+!$& 2 3-'&9' /!% /#$$0!% ABC4 ?! "-3 /( .0:9"( ! !%& /0&!'+9$0 -3'<% =(! "! (9@"9

%! %#9& /03 -"0 /! =(! =(!% +<&'!% !$  9>$! /'#9&!4 5-$% "! "-%7  ,9$9&9- 9%-&9#$ /!

 ,-$> ! %!'- /9D0'0!4 B#(' ($ .0:9"( ! 9$9&9- !+!$& 2  ,-''6& -.!" ($! 8#$$! '0"!3@

&9#$ /! &#(&!%  !% /#$$0!% "-3&!('%7 !$ 3-'&9"( 9!'  ! ABC7  !% .9&!%%!% !& -""0 0'-&9#$%

%#$& 9$9&9- !+!$& $(  !%4

 ! !" #$%&'()(%

B#('  - %9+( -&9#$ !D!"&(0!7 $#(% #8%!'.#$% &#(& /,-8#'/  - &'-1!"&#9'! /! '0E0@

'!$"! %(9.9!7 -9$%9 =(!  !% '! !.0% ABC !&  - "#('8! /! 3#%9&9#$ "- "( 0! -.!"  ! F &'!

/! G- +-$ 0&!$/(4
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H9>('! I4JK ?#"- 9%-&9#$ &!+3% '0! -.!" F &'! /! G- +-$ 0&!$/(

?! &!+3% /! 3-'"#('% /! "! "9'"(9& !%& /! LMJ7J %!"#$/!% )!$.9'#$ N7I +9$(&!%*7

3#(' ($! .9&!%%! "#$%&-$&! /,!$.9'#$ 3m/s4 ?- +#;!$$! /!  ,!''!(' 2 OOP !%& /!

I7NJQ +<&'!% %('  ,-R! :#'9S#$&- !& /! I7NJO +<&'!% %('  ,-R! .!'&9"- 4 T("($ 3#9$&

$,!%& !$ /!:#'% /!  - S#$! /! "#$F-$"! )3'#1!"&9#$ /-$%  ! 3 -$ )R7 ;* /!% !  93%!% 2

OOP7 '!3'0%!$&0!% %('  - F>('! I4Q =(9 !%& ($ S##+ /!  - 3-'&9! "#$&!$-$&  !% 3 (%

E#'&!% 9''0>( -'9&0% /!  - F>('! I4J*4



 ! ! "##$%&'(%)* '+ #,)-.( /0121"0 3 4%5+$'(%)* 6 

 !" #$ %&!"' ()*+ #,$-&#' .' #$/'0 $1$-0 202 /3""'/0'4'-0 5-505$#562+ #' %#0"' 7"28

6'-0' .' 93--'6 7'":3"4$-/'6) ;'6 .3--2'6 <= 63-0 456'6 > #$ .567365053- .! %#0"'

0'476 "2'# ?!'#?!'6 45##56'/3-.'6 $7"@6 #$ 7"2.5/053- /3""'673-.$-0' '- 0'476+ #$

7365053- $7"@6 %#0"$&' -' 7$66' .3-/ A$4$56 7$" #'6 7365053-6 396'"B2'6+ '0 -3- 6168

024$05?!'4'-0 7$" 03!0'6 #'6 7365053-6 7"2.50'6 6!5B$-0 5442.5$0'4'-0 #$ 7365053-

396'"B2') ;$ 4'6!"' <= 7'!0 7"26'-0'" !-' '""'!" 0"$-6B'"6$#' > #$ 0"$A'/035"'+

4$56 $!665 !-' '""'!" #3-&50!.5-$#')  5 3- 7'!0+ 7$" '-."3506+ .5605-&!'" /344' !-

"'03!" '- $""5@"'+ /,'60 ?!' #,'""'!" .' 4'6!"' <= '60 B'"6 #,$""5@"')

='-.$-0 #,20$7' .,396'"B$053-+ #$ 7"56' '- /3470' .,!-' 4'6!"' <= 7$662'+ 6!58

B5' 7$" 2B'-0!'##'4'-0 .'6 20$7'6 .' 7"2.5/053- A!6?!,> #,5-60$-0 /3!"$-0+ 7"3B3?!'

!- .2/$#$&' .' #$ /3!"9' .' 7365053-+ .,3C .'6 5""2&!#$"5026 .' /'00' .'"-5@"') D,'60 !-

7E2-34@-' > 2B50'"+ /$" 5# "'-. 54736659#' #$ /344$-.' .! B2E5/!#') F- /347"3456

'60 > :$5"' '-0"' #$ #5450$053- .' /'#!58/5 '0 #$ 7"2/5653- .' #3/$#56$053-)

G5&!"' ()*H I""2&!#$"5026 .' #3/$#56$053- '- 63"05' .! %#0"'

D'"0$5-'6 654!#$053-6 43-0"'-0 ?!' #3"6?!' #,$-&#' .' #$/'0 5-505$# '60 5-/3""'/0'+

#'6 4'6!"'6 7"37"53/'705B'6 -' 73!B$-0 7$6 /3""5&'" /' 95$56+ -3!6 396'"B3-6 !- .28

/$#$&' .' #$ /3!"9') D'#$ '60 .J $! :$50 ?!' #'6 7"'45@"'6 7"2.5/053-6 4$!B$56'6 3-0

73!" /3-62?!'-/' .' :$5"' 2/E3!'" #' 0'60 .' K$E$#$-3956) ;'6 7365053-6 <= 63-0
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 !" #$%&'()*+,-,(.+/

6+$- 52#,% 7$%8!9$% 7:4-% %;71+$43+!$% 7+#$ 1% 7$+<%3 *=>?>@= A 14 *!3. 5% 12B-?

740% A =+#1+#-% %, <4,C!%$ DEEFG #, C.:!0#1% $+H#*@I .34!3 ./#!7. 52#, 0+5%#$ 3J7%
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[B[> ) H!4!- Y150/sG 400.1.$+893$%- [B[> ) H!4!- Y0, 02m.s−2
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M-%#1 +5+893$% #3!1!-. !0!G 84!- 1%- j $+#%- -+,3 ./#!7.%-QG 5+,3 +, 40/#!%$3 12!,0$.?
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&8!,,!$!(' %.&"#*&*! %!*' .''!/()&! 0, 5m %!().(' ,! )/G/H$! )! -!"#()! 9 *(! C/K
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'(&*&$& - * (* V&-! W* O> *G-,9% -) !( $)"/* 6EO+ !.(- @AB H 10$)4 X4);A0,Y+
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!0$#)* AOL+ )$ !.(-  ! "<$%) *(% 40 % () 0%%&<%) 20(,9) K*)(4  ! "<$%) ($&4&*# &,&+
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M)*,%&/$& - [04)(% 6-&$#
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#,0%$ $G/) ")*(%) !2/* 0, 1 m
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 !"! #$%&'()*+,-,(.+/ "0

 !"#$% &'()* +$$%#$ %,-!./% 01$ 2% 32-$%

%,- 02#-4- 0%,,!.!,-%5 6% 7#! -%89 : 02#-4- 166%0-%$ 2%, ,;2#-!;8, <=> ?@A 7#% 2%,

$%B%-%$ /C%8-#%22%.%8-'

D%, 3"#$%, &'(E %- &'(F ,;8- 9%, 1"$189!,,%.%8-, 9% 21 38 9%, 9%#G .1,7#%,'

HI.% 0;#$ 2% .1,7#% 9% JK ,%6;89%,5 ;8 ;L,%$C% 7#% 2M%$$%#$ 9% .;!8, 9M#8 .N-$%

%,- -$N, 21$"%.%8- !8O/$!%#$% 1#G 0$/9!6-!;8, 9# 32-$%'

 !"#$% &'(E* P;;. %8 38 9# .1,7#% 9%

JK ,%6;89%,

 !"#$% &'(F* P;;. %8 38 9# .1,7#% 9%

(K ,%6;89%,

+8 6;862#,!;85 01$ $100;$- 1#G 6;862#,!;8, -!$/%, 10$N, 2%, 0$%.!%$, %,,1!, 9%
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 ! "#$%!&' ()*"+'#! *,-#.! /* .$0&+'+-& !' /* 1+%! !& "/*(! .23&! /-+ .! (-11*&.!

.23& 4$)+(3/! 5 #-3!% &-& .+#!('+-&&!//!% $4-/3*&' 5 )*3'! 4+'!%%!6  2-,7!('+8 !%' .!

8*+#! 3& *%%!#4+%%!1!&' !& (-3"/! "/3'9' :32!& 4+'!%%! .!% #-3!%; :3+ "!34!&' </+%%!#

-3 .$#*"!#; *0& .! (-1"!&%!# (!% ")$&-1=&! .! "!#'3#,*'+-& 5 /2+&'!#*('+-& #-3!>

%-/6  ! (-&'#9/!3# #-,3%'! "*# #!'-3# .2$'*' .!4#* "!#1!''#! /! %3+4+ .! ()!1+&

.?&*1+:3! .3 #-,-'6

@-3# (! 8*+#!; &-3% *//-&% "#$%!&'!#; .*&% /! (*.#! .! (! ()*"+'#!; /! 1-.=/!

.?&*1+:3! .!% #-,-'% 1-,+/!% 5 #-3!% &-& .+#!('+-&&!//!%; /2$'3.! !& %+13/*'+-&

"-#'*&' %3# /!% (*% (-&(#!'% .23& #-,-' #-,3ABCD B !' .23& #-,-' E-,3EFGH6

I-'#! -,7!('+8 !%' /* (-11*&.! %'*,+/+%*&'! .! #-,-'% 1-,+/!% 5 #-3!% $4-/3*&' 5

)*3'! 4+'!%%! %3# .!% %-/% 5 *.)$#!&(! 4*#+*,/!6 J*&% 3& '!/ (-&'!K'!; /* "-%%+,+/+'$

.! 1-34!1!&'% #*"+.!% &$(!%%+'! 3& 1-.=/! %3L%*11!&' %+1"/! *0& .! /+1+'!#

/!% '!1"% .! (*/(3/6 J2-M 3& 1-.=/! $'*,/+ !& .!3K .+1!&%+-&%; .*&% /! "/*& .3

/*(!'6 N<*/!1!&'; /2)?"-')=%! .! #-3/!1!&' %*&% </+%%!1!&' &2$'*&' "/3% 4*/*,/!; !//!

+&.3+#*+' 3&! 8-#'! .$<#*.*'+-& .3 %3+4+ .! ()!1+&6 G2!%' "-3#:3-+ /! 1-.=/! .!4#*

'!&+# (-1"'! .!% ")$&-1=&!% .! </+%%!1!&'6

 !" #$%&'()*)+,( -' .* /,00*(-'

 !"!" #$%&'(%&$)*

 !""#$%&' %($#")*+&'

 * (-11*&.! .?&*1+:3! .!% #-,-'% 5 #-3!% &-& .+#!('+-&&!//!% * &-'*11!&' $'$

$'3.+$! "*# G*#*((+-/-  ! "#$ OPQQQR :3+ "#-"-%!&' 3&! 1$')-.! .! /+&$*#+%*'+-& "*#

#!'-3# .2$'*' "-3# 3&! (-11*&.! ,*%$! 1-.=/! 1+&+1+%*&' /! .$#*"*<! /*'$#*/ !&

+1"-%*&' 3&! "-%+'+-& .! /* "#-7!('+-& .3 (!&'#! +&%'*&'*&$ .! #-'*'+-& %3# /2*K! /-&>

<+'3.+&*/ .3 #-,-'6 S& *3'#! */<-#+')1!; 1+% !& "/*(! "*# T-U/-V%W+ !' @*U.!#%W+

OXYYZR; -[#! 3&! ,-&&! #-,3%'!%%! 8*(! *3K +&(!#'+'3.!% %3# /!% "*#*1='#!% .?&*>

1+:3!% .3 #-,-'6 \& %3""/$1!&' .! /* (-&'#*+&'! &-& )-/-&-1! .! /* (-11*&.! .!

G*#*((+-/-; +/ +&'#-.3+' /23'+/+%*'+-& .3 %+<&*/ .23& -%(+//*'!3#; #!"#+%! .! J+K-&  ! "#$

OXYYPR; "-3# 3&! (-11*&.! (+&$1*'+:3!6

]P



 ! "#$%&'() *+ ",--$./) %$( -,/)0 12&00$.'0

 !"# $%%!&# '(!'!#)( "&) #*($*+,-) ./$0($&12-##)3)&* .) *!"*) 1!&*($-&*) &!& 2!4

%!&!3)5 6$#+) #"( %$ *2+!(-) .)# 3!.)# ,%-##$&*#7 8$ 1!33$&.) '$( 3!.)# ,%-##$&*#

9!" '%"# ):$1*)3)&* 1!33$&.) ; #*("1*"() <$(-$6%) ,+&+($&* "& (+,-3) ,%-##$&*=

$ '!"( !6>)1*-? %/!6*)&*-!&5 )& 6!"1%) ?)(3+)5 ./"&) .@&$3-A") %$(,)3)&* -&.+')&4

.$&*) .) 1)%%) ." '(!1)##"# )* #"(*!"* .) #)# <$(-$*-!&# +<)&*")%%)#7 B& 1) #)&#5

)%%) ')"* C*() 1!&#-.+(+) 1!33) $''$(*)&$&* ; %$ 1%$##) .)# 1!33$&.)# (!6"#*)#7

D)**) 1!33$&.) '(+#)&*) .) ,($&.# -&*+(C*#5 1$( )%%) ')(3)* .) *($-*)( %)# #@#*E3)#

&!& %-&+$-()# $"##- 6-)& A") %)# #@#*E3)# %-&+$-()#5 %)# #@#*E3)# 3"%*-<$(-$6%)# $"##-

6-)& A") %)# #@#*E3)# 3!&!<$(-$6%)#5 %)# '(!6%E3)# .) '!"(#"-*) .) 3!.E%) !" .)

*($>)1*!-() $"##- 6-)& A") %)# '(!6%E3)# .) (+,"%$*-!&7 8$ 1!33$&.) '$( (+,-3)

,%-##$&* )#* *(E# "*-%-#+) .$&# %/-&."#*(-) 1$( )%%) ,$($&*-* "&) 1)(*$-&) (!6"#*)##)

.)<$&* %)# -&1)(*-*".)# '$($3+*(-A")# )* %)# ')(*"(6$*-!&#5 )* )%%) )#* ()%$*-<)3)&*

#-3'%)7 B%%) $ 1)')&.$&* %) .+#$<$&*$,) .) '(!<!A")( .) %$ (+*-1)&1) 9!" 6(!"*)4

3)&*= FG$%,$.!4H-3)&)I5 JKKLM5 '2+&!3E&) A") &!"# $%%!&# .+N&-( '%"# %!-&7 ON& .)

%-3-*)( 1) '2+&!3E&)5 .)# 1!33$&.)# ./!(.() .)": FP$3)(%$-&  ! "#$5 JKKQM <!-()

#"'+(-)"(5 !&* .+>; +*+ -&<)#*-,"+)#7 D)')&.$&* 1)# .)(&-E()# ()#*)&* ')" "*-%-#+)#5

1$( )%%)# #!&* $##)I 1!3'%):)# ; 3)**() )& R"<()7 8/!(.() n ./"&) 1!33$&.) '$(
3!.)# ,%-##$&*# #-,&-N) A") %/!& <$ 3)**() ; I+(! %$ <$%)"( ./"&) <$(-$6%) s .-*) .)
,%-##)3)&*5 $-&#- A") %$ <$%)"( .) *!"*)# #)# .+(-<+)# >"#A"/; %/!(.() n − 17

3$ 4,--$./) %$( -,/)0 12&00$.'0

8$ %!- .) 1!33$&.) ,%-##$&*) ." '()3-)( !(.() $ +*+ .+<)%!''+) .$&# %)# $&&+)#

STQK '$( U*V-& FSTTJ5 STQQMW U*V-&  ! "#$ FSTTTM7 8)# $''%-1$*-!&# .) %$ 1!33$&.) '$(

3!.)# ,%-##$&*# .)'"-# #$ 1(+$*-!& !&* +*+ &!36()"#)#7 B%%)# 1!3'()&&)&* "&) ,($&.)

,$33) .) .!3$-&)#5 '$( ):)3'%) X %/+%)1*(!&-A") .) '"-##$&1)5 %$ 1!33$&.) ./"&

6($# .) (!6!*5 %$ 1!33$&.) .)# 3!*)"(# +%)1*(-A")#5 !" .)# #@#*E3)# 3+1$&-A")#5

 !%$ D)**) %!- .) 1!33$&.) ')(3)* "&) '(!1+."() .) 3-#) )& R"<() '$( .+1!"'%$,)

)* "& 6!& ()>)* .)# ')(*"(6$*-!&#7 B%%) )#* (!6"#*) .)<$&* %)# -&1)(*-*".)# #"( %)# '$4

($3E*()# .@&$3-A")# ." #@#*E3)5 )* )%%) )#* -3'%+3)&*$6%) $-#+3)&* )& 1!&.-*-!&#

(+)%%)#7 D/)#* '!"(A"!- 1)**) .)(&-E() )#* %$(,)3)&* *($-*+) .$&# %$ %-**+($*"() .$&# .)

3"%*-'%)# 1$#7 H!(,)  ! "#$ FSTTLM )* O,"-%$(  ! "#$ FSTTQM '(!'!#)&* &!*$33)&* .)#

):)3'%)# .) %!-# .) 1!33$&.) '$( 3!.)# ,%-##$&*# .@&$3-A")# #$&# @ -&*+,()( %) 3!4

.E%) .@&$3-A") ." <+2-1"%)7 Y$&, )* Z-3 FSTTTM5 '"-# )&#"-*) D!(($.-&- )* [(%$&.!

FJKKJM5 1!&#-.E()&* %) 3!.E%) .@&$3-A") ./"& #@#*E3) 3!&!1@1%) %!(# .) %$ 3-#) )&

R"<() .) %)"( %!- .) 1!33$&.) )& "*-%-#$&* %$ 1!&*($-&*) 1-&+3$*-A") &!& 2!%!&!3)

.) <-*)##) %$*+($%) &"%%)7 P$3)(%$-&  ! "#$ FJKK\M *-)&&)&* 1!3'*) ." &!& ()#')1* .)#

1!&*($-&*)# &!& 2!%!&!3)# )& 1!&.-*-!&# (+)%%)#7 D)')&.$&*5 %) '(!6%E3) )#* ?!(3$4

%-#+ '!"( %) 1$# '$(*-1"%-)( ." 3!.E%) .@&$3-A") '$(*-)%%)3)&* %-&+$(-#+ ./"& (!6!*

3!&!1@1%)7

 !"# #",,+(!&# -1- "&) $''(!12) .-0+()&*) $<)1 %$ 1!33$&.) '$( 3!.)# ,%-##$&*#

.)# 1!"'%)# .)# (!")# &!& .-()1*-!&&)%%)# ./"& (!6!* 3!6-%) ($'-.) )& *)&$&* 1!3'*)

.) #!& 3!.E%) .@&$3-A")7 8/!6>)1*-? )#* .) #"-<() "& 12)3-& .!&&+ ; ()%$*-<)3)&*

2$"*) <-*)##)5 %) #@#*E3) +*$&* $%!(# $##)(<- )& $&,%) .) %$1)* '!"( "&) 1!&<)(,)&1) $"

12)3-& $-&#- A"/)& <-*)##) %!&,-*".-&$%) ./$<$&1)7 8) #!% 1!&#-.+(+ )#* *2+!(-A")3)&*

2!(-I!&*$% )* ()%$*-<)3)&* %-##) '$( ($''!(* $": .-3)&#-!&# .)# (!")#7 G- %$ '%"'$(*



 !"! #$%&'()*)+,( -' .* /,00*(-' 12

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

"()" 0#%""!'!)* "$)* "(*%"1(%*!"2 &!**! 345$*3."! )6!"* 5(" 7(#% ! 8 3(-*! 7%*!""!2 #!

0#%""!'!)*  !" ,$-!" +*()* )$) )+0#%0!(9#!: ;) ,(%"$)  ! #(  4)('%/-!  - 7+3%&-#!

!*  ! #( "(*-,(*%$)  !" 1$,&!" ( '%""%9#!" (- )%7!(-  - "$#2 #! 0#%""!'!)* ,+ -%* #(

"*(9%#%*+  !"  +5#(&!'!)*"  - ,$9$*: <! &$)*,=#!-, %'5#+'!)*+  !7,( >*,! ,$9-"*!

 !7()* &!" 53+)$'.)!" (?)  6(""-,!, /-! #! ,$9$* "-%7! !) &$)*%)- #! &3!'%)  !

&$)"%0)!:

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

<6$9@!&*%1  ! 9("!  ! #( &$''() ! 5(, '$ !" 0#%""()*" !"*  6(**%,!, #!" +*(*"

 - "4"*.'!  ()" -)! ,+0%$) &$)7!)(9#!'!)* "+#!&*%$))+!2 5-%"  ! &$)&!7$%, -)! #$%

 ! &$''() ! /-% '(%)*%!))! *$-@$-," #! "4"*.'!  ()" &!**! ,+0%$): ;) ,+"-'+2

-)! &$''() ! 5(, ,+0%'! 0#%""()* !"*  %7%"+! !)  !-A 5(,*%!" BCD#$*%)! !* <%2 EFFEG2

CH*I%)2 EFFJG2 CK!L(,#$  ! "#$2 EFMMGN B7$%, O%0-,! PPP:J:EN Q

E: K+*!,'%)(*%$)  6-)! ,+0%$)  ! #6!"5(&!  6+*(* *!##! /-6-)! 1$%" /-! #! "4"*.'!

"! *,$-7!  ()" &!**! ,+0%$)2 %# (%* #! &$'5$,*!'!)*  +"%,+:

J: K+?)%*%$)  6-)! #$%  ! &$''() ! /-% &$) -%"! #! "4"*.'! @-"/-68 &!**! ,+0%$)

 ! #6!"5(&!  6+*(*: <!"  !-A &$'5$"()*!"  ! #( &$''() ! u = ueq +uglis2 "$)* Q

ueq Q <( &$''() ! +/-%7(#!)*! $- )$'%)(#! !"*  +*!,'%)+! 5(, #! '$ .#!  -

"4"*.'!: L!**! 5(,*%! !"* &$)R-! (7!& #( '+*3$ !  ! #( &$''() ! +/-%7(#!)*!2

 $)* #! 5,%)&%5! !"* 9("+ "-, #(  +*!,'%)(*%$)  - &$'5$,*!'!)*  - "4"*.'!

#$,"/-6%# !"* "-, #( "-,1(&!  ! 0#%""!'!)*  +?)%! 5(, s = 0 !*  $)* #6!A5,!""%$)

"!,(  $))+! 5#-" #$%):

uglis Q <! 0#%""!'!)* !"* -*%#! 5$-, &$'5!)"!, #!" %)&!,*%*- !"  - '$ .#!: P#

!"* &$)"*%*-+  ! #( 1$)&*%$) "%0)! 6"%0)6  ! #( "-,1(&!  ! 0#%""!'!)*2 '-#*%5#%+!

5(, -)! &$)"*()*! "*,%&*!'!)* 5$"%*%7!: <( "-,1(&!  ! 0#%""!'!)* !"*  +?)%!

 ()" #6!"5(&!  6+*(*  !" !,,!-," B(7!& #6!,,!-, ε = consigne−mesureN (?)  !

0(,()*%, #( &$)7!,0!)&!  !" +*(*":
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O%0-,! S:EQ L$)7!,0!)&!  - "4"*.'! 0#%""()*



 ! "#$%&'() !* "+,,$-.) %$( ,+.)/ 01&//$-'/

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

 !"# $! %&!'()*+, $+# ("-+&'('*.+# #*& $+ #/#'01+ 2 -311!".+& %&343)*+"' *"+

53"+ .6("-+&'('*.+ #*& $! #*&7!-+ .+ 8$(##+1+"' &9+$$+: ;!& -3"#9)*+"' s 6= 0 +' $+
'+&1+ .+ 8$(##+1+"' "3" $("9!(&+, )*( ! *" -31%3&'+1+"' !"!$38*+ 2 *"+ 73"-'(3"

#(8"+, ("'&3.*(' .+# 3#-($$!'(3"# +" +##!/!"' .+ &+4+"(& 2 s = 0 +" *" '+1%# '<93&(=
)*+1+"' "*$: >3&#)*+ $63" %!##+ .+ %!&' +' .6!*'&+ .+ $! #*&7!-+ .+ 8$(##+1+"', $!

-311!".+ -<!"8+ .+ #(8"+: ?+''+ 3#-($$!'(3" !* 43(#("!8+ .+ $! #*&7!-+ +#' !%%+$9+

&9'(-+"-+ 3* @&3*'+1+"': >! &9'(-+"-+ +#' (".9#(&!@$+, -!& +$$+ (".*(' .+# ./"!1()*+#

.+ <!*'+ 7&9)*+"-+, !*81+"'!"' $! -3"#311!'(3" 9"+&89'()*+ )*( %+*' +".311!8+&

$+# !-'(3""+*&#: >! A8*&+ B:C 13"'&+ $6+D+' .+ $! &9'(-+"-+ .!"# $! -3"4+&8+"-+ .*

#/#'01+:
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E(8*&+ B:CF ;<9"310"+ .+ &9'(-+"-+

GA" .+ &9.*(&+ $! &9'(-+"-+, 3" %+*' 13.(A+& $! 73"-'(3" #(8"+ +" !H3*'!"' *"

'+&1+ %3#('(7 ν !* .9"31("!'+*& IA8*&+ B:JK 3* $! &+1%$!-+& %!& $! 73"-'(3" !&-=
'!"8+"'+ IA8*&+ B:BK, !A" .+ $(1('+& $! %+"'+ .+ $! 73"-'(3" #(8"+ !* 43(#("!8+ .+

59&3:

E(8*&+ B:JF E3"-'(3"

s
‖s‖+ν E(8*&+ B:BF E3"-'(3" arctan (νs)/0, 5π
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 !" #$%%&'() (*+' ,$-$. / ,$+)0 '$' (1,)2.1$'3

')44)0

 !"#$ %&'$(($ $)* )&+)!,,$-* "./&)*$ 0.&" 123*$" &-$ ,.41(3)!*3.- 4$) 5."#$) 6

('3-*$"!#*3.- ".&$)7).( $- 0"1)$-#$ 4$ 8(3))$,$-*)9 &-$ (.3 4$ #.,,!-4$ 0!" ,.4$)

8(3))!-*) $)* !00(3%&1$ 6 &- "./.* ,./3($ 6 ".&$) -.- 43"$#*3.--$(($): ;$**$ #.,7

,!-4$ 0$",$**"! &- !))$"23))$,$-* "$)0$#*32$,$-* $- 23*$))$ (3-1!3"$ $* $- !-8($

4$ (!#$*:

<$) 1%&!*3.-) 4& ,.4=($ 4>-!,3%&$ 81-1"!( ?@:AAB ).-* "$0"3)$) !2$# )$) -.*!7

*3.-) 41*!3((1$) 0"1#14$,,$-*: ;$) 4$"-3="$) ).-* )3,0(3C1$) $- #.-)341"!-* ($ #!)

0!"*3#&(3$" 4$ -.- /"!%&!8$ 4$) ".&$) δi = 0: <! 4>-!,3%&$ (!*1"!($ 4$ #$ *>0$
4$ 21D3#&($ -'1*!-* 0!) #.-*"E(!/($9 -.&) &*3(3)$".-) &-3%&$,$-* ($) 1%&!*3.-) 4>-!7

,3%&$) 0".F$*1$) )$(.- x $* z0 0.&" &-$ 0".#14&"$ 4$ ,3)$ $- G&2"$ 0!" 41#.&0(!8$9

0.&" (! #.,,!-4$ "$)0$#*32$,$-* 4$ ('!-8($ 4$ (!#$* $* 4$ (! 23*$))$ (3-1!3"$ 4& "./.*:

H.3* ('$-*3$" i ∈ [1; N ] !2$# N ($ -.,/"$ 4$ ".&$) 4& )>)*=,$9 41C-3)).-) ($)

4$&I #.&0($) 81-1"!(3)1) τu $* τθ9 &-35.",1,$-* 43)*"3/&1) 6 *"!2$") ($) #.&0($) τi 4$

#D!%&$ ".&$ 4'3-43#$ i )$(.- J















τu =
N
∑

i=1

τi

τθ =
N
∑

i=1

−wi

R
τi

?K:AB

�

�

�
�
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�

�
�

��

��

��

L38&"$ K:MJ N3)*"3/&*3.- 4$) #.&0($)

 !" (! )&3*$9 (! ,3)$ $- G&2"$ 4$ (! (.3 4$ #.,,!-4$ $)* $O$#*&1$ 4'!0"=) (! *D1.7

"3$ 4$ (! #.,,!-4$ 4$) )>)*=,$) 0!" ,.4$) 8(3))!-*) 0"1#.-3)1$ 0!" H#3!23##. $* H3#3(3!-.

PAQQRS: ;$**$ *D1."3$ 41F6 $,0(.>1$ -.*!,,$-* 0.&" (! #.,,!-4$ 4'&- )>)*=,$

).&)7!#*3.--1 P<&#$*  ! "#$9 @TTUS $)* 41#"3*$ 0(&) $- 41*!3() 4!-) &- ,!-&)#"3* 4$

V$"81 P@TTWS:



 ! "#$%&'() *+ ",--$./) %$( -,/)0 12&00$.'0

 !"!# $%%&'()%%&*&+, -& ./0+1.& -& .02&, θ

*+3+4+4 5&0) ). 678() /) 2$ 2,& /) 9,--$./)

 !"# $% &!# '()" *+,+- . *+)%# "+" '/*%&-/+""%$$%#0 %12*/3+"# $! '4"!3/5)% ')

$!&%- . 2!*-/* '%# 65)!-/+"# '% $! '4"!3/5)% 76"6*!$% 89:;;< =

Iz ṙ =
N
∑

i=1

(−wiFxi + liFyi) 8>:9<

? 2!*-/* '% $! '6@"/-/+" ') &+)2$% τθ %- '%# 65)!-/+"# 89:A< %- 8>:9<0 "+)# +,-%B

"+"# =

ṙ = λτθ + Λθω̇ + DθFy 8>:C<

!D%& =

λ = 1
Iz

;

Λθ = Iω

IzR
[· · ·wi · · ·] ;

ω̇ = [· · · ω̇i · · ·]T ;
Dθ = 1

Iz
[· · · li · · ·] ;

Fy = [· · ·Fyi · · ·]T .

E! &+**%&-/+" '% $! '/*%&-/+" ') D6F/&)$% "(%#- 2!# #)G#!"-% 2+)* !##)*%* #!

&+"D%*7%"&% D%*# $% &F%3/": H$ I!)- 67!$%3%"- &+**/7%* $(6&!*- $!-6*!$0 #/"+" /$ -%"'*!

D%*# )" '62$!&%3%"- 2!*!$$J$% !) &F%3/" '% *6I6*%"&%0 "+" I+*&63%"- &+"I+"') !D%&

&%$)/B&/: K(%#- 2+)*5)+/ "+)# !$$+"# 3+'/@%* $(!"7$% '% $!&%- '6#/*6 θd0 &+33% 2*+2+#6

'!"# '(!)-*%# -*!D!)1 LEF+33%B %#!7%#  ! "#$0 9MMNO:
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 !"#$% &'() *+$+,-.$%/ 0# /#!1! 0% 23%,!4



 !"! #$%%&'() (*+' ,$-$. / ,$+)0 '$' (1,)2.1$'')33)0 45

 ! "#$#% &#'% ()'*"! +! ,-!.'/0 +! 1#'/% &! "232"!/,! P 2%4/% 5 ,-46)! '/(%4/%

+4 1"#7!,%'#/ &! (#/ ,!/%"! &! .4((! G ()" ,!+)'8,'9 :;/ &! %!/'" ,#.1%! &! +<2,4"%

+4%2"4+0 #/ 47#)%! 5 θd )/ %!".! $#"/2 !/%"! −π
2
!%

π
2
6)' ,"#'% ,#/%'/)!.!/% 4*!,

+<2,4"% d0 +4 3#/,%'#/ &2;/'((4/% ,! %!".! 2%4/% 2=4+!.!/% '.14'"! 4;/ &! =4"4/%'" )/
,#.1#"%!.!/% 4/4+#=)! &! 14"% !% &<4)%"! &) ,-!.'/9 >/ &2;/'% 4'/(' +! ,41 &2('"2

.#&';2 θ̃d %!+ 6)! ?

θ̃d = θd + arctan

(

d

d0

)

@A9AB

4*!, d0 )/ =4'/ 1#('%'3 &! "2=+4=! &! +<'/%!/('%2 &! +4 ,#""!,%'#/ &! +<!""!)" +4%2"4+!

d9

C#)" +4 .'(! !/ D)*"! &! +4 ,#..4/&!0 /#)( 1"#,2&#/( 5 )/ ,-4/=!.!/% 1"#*'8

(#'"! &! +4 *4"'4$+! &! ,#..4/&! !/ "!.1+4E4/% +! ,#)1+! =2/2"4+'(2 τθ9 F +4 1+4,!0

/#)( '/%"#&)'(#/( cdθ 6)' "!1"2(!/%! +4 +#' &! ,#..4/&! 5 411+'6)!" !/ !/%"2! &)

(G(%H.! !% n (θ, r, ṙ) +4 3#/,%'#/ &!( '/,!"%'%)&!( ()" θ0 r !% ṙ &4/( +!( 26)4%'#/(

&G/4.'6)!(9 I#)( 4*#/( 4+#"( +4 "!+4%'#/ ()'*4/%! ?

ṙ = cdθ − n (θ, r, ṙ) @A9JB

 4 +#' &! ,#..4/&! !(% ,-#'('! &! +4 3#".! ?

cdθ = ˙̃rd + Kθ
pεθ + Kθ

d ε̇θ + σθ @A9KB

L++! ,#.1"!/& 6)4%"! %!".!( ?

M

˙̃rd )/ %!".! 4/%','14%'30 &2"'*2! (!,#/&! &! θ̃d N

M εθ = θ̃d − θ +<!""!)" &! +<4/=+! &! +4,!% N
M Kθ

p !% Kθ
d &!)O ,#/(%4/%!( 1#('%'*!( 6)' 3#".!/% )/ "2=)+4%!)" 1"#1#"%'#//!+

!% &2"'*20 1!".!%%4/% &! &2;/'" +! %!.1( &! "21#/(! 5 5% !% +! &214((!.!/%

&) (G(%H.! !/ $#),+! 3!".2!0 +'/24'"! +#"(6)! +! %!".! &! =+'((!.!/% (<4//)+! N

M σθ +! %!".! &! =+'((!.!/% 6)' &#'% =4"4/%'" +4 "#$)(%!((!0 &#/% /#)( 4++#/( &28

%!".'/!" +<!O1"!(('#/9

 !"!6!" 78+&.1$'0 (&'0 3*)09&2) (*:.&. ()0 ),,)+,0

P4+,)+#/( +4 &2"'*2! (!,#/&! &! εθ ?

ε̈θ = ˙̃rd − ṙ

= ˙̃rd − cdθ + n

= ˙̃rd −
(

˙̃rd + Kθ
pεθ + Kθ

d ε̇θ + σθ

)

+ n
= −Kθ

pεθ − Kθ
d ε̇θ + (n − σθ)

@A9QB

C#(#/( +! *!,%!)" &<2%4% &!( !""!)"( ? x =

(

εθ

ε̇θ

)

9 R<#S +<26)4%'#/ &<2%4% ?

ẋ = Ax + B (n − σθ) @A9TB

4*!, ? A =

(

0 1
−Kθ

p −Kθ
d

)

; B =

(

0
1

)

9



 ! "#$%&'() *+ ",--$./) %$( -,/)0 12&00$.'0

 ! σθ = 0 "#$!% &'()*+*,% n = 0- )$.#/01!) ,12 ( 3(# 41*..*0. 4* +$45)* 6 7$..!'*.8-
)* #2#%5+* *#% )!,&(!.* *% )*# 9()*0.# 4* Kθ

p *% Kθ
d #$,% 7:$!#!*# %*))*# /0* Kθ

p = ω2
n *%

Kθ
d = 2ξωn (;, 4* 4&;,!. 0, #2#%5+* 40 #*7$,4 $.4.*< ωn *#% )( 30)#(%!$, 3.$3.* *%

ξ )* =(7%*0. 41(+$.%!##*+*,%< >$0. )( 4&;,!%!$, 4* 9()*0.# ,0+&.!/0*#- !,%.$40!#$,#

)* %*+3# 4* .&3$,#* 6 5%- ,$%& Tr- *% 4&;,! 3(.  !(..2 ?@ABAC %*) /0* D Tr = 4,2
ξωn

< >(.

)( #0!%*- ,$0# .5')*.$,# ξ *% Tr- 4*0E 3(.(+5%.*# /0! ;E*,% )*# 3*.=$.+(,7*# 4&#!.&*#

*, F$07)* =*.+&*<

*+3+4+5 6.$270) /) 2$ 0'$8&2&'9

G;, 41(F$.4*. )* 3.$F)5+* 4* )( #%(F!)!%& 40 #2#%5+* *, F$07)* =*.+&*- )( 3$0.H

#0!%* 4* )1(,')* 4* )(7*% 4&#!.& θ̃d 3*0% I%.* &%04!&* *, 0%!)!#(,% )( =$,7%!$, 7(,4!4(%*

4* J2(30,$9 V = xT Px- (9*7 P 0,* +(%.!7* #2+&%.!/0* 4&;,!* 3$#!%!9*< K1(3.5#

)* %:&$.5+* 4* J2(30,$9 ? (#%.2- @AAAC- )1&%(% x = 0 *#% #%(F)* #! *% #*0)*+*,% #! D

V (0) = 0 ; ∀x 6= 0 V (x) > 0 et V̇ (x) < 0 "L<A8

J*# 4*0E 3.*+!5.*# &/0(%!$,# &%(,% !++&4!(%*+*,% 9&.!;&*#- !) .*#%* 6 &%(F)!. )(

%.$!#!5+*< M 3(.%!. 4* )1&/0(%!$, "L<B8- $, 7()70)* )( 4&.!9&* D

V̇ (x) = ẋT Px + xT P ẋ

=
(

xT AT + nBT − σθB
T
)

Px

+xT P (Ax + Bn − Bσθ)
= xT

(

AT P + PA
)

x + 2xT PB (n − σθ)

"L<@N8

J( 4*.,!5.* &'()!%& *#% $F%*,0* *, 7$,#!4&.(,% /0* s = BT Px *#% 0, #7()(!.*- 41$O

BT Px = xT PB< >0!#- )( +(%.!7* > *#% 7()70)&* (;, 41$F%*,!. )1&/0(%!$, "L<@@8

7!H(3.5# D

AT P + PA = −Ql "L<@@8

(9*7 Ql 0,* +(%.!7* #2+&%.!/0* 4&;,!* 3$#!%!9* P 71*#% )1&/0(%!$, 4* J2(30,$9< K(,#

7* 7(#- )1&/0(%!$, "L<@N8 4*9!*,% D

V̇ = −xT Qlx + 2xT PB (n − σθ)

Q) *#% ,&7*##(!.* /0* V̇ #$!% ,&'(%!9* 3$0. )* +(!,%!*, 4* )( #%(F!)!%&< J* 3.*+!*.

%*.+* 40 +*+F.* 4* 4.$!%* *#% ,&'(%!= *% )* #*7$,4 %*.+* #1(,,0)* #! x (33(.%!*,% (0

,$2(0 4* BT P < R$.# 40 ,$2(0- !) =(0% /0* )* #*7$,4 %*.+* #$!% )* 3)0# 3*%!% 3$##!F)*<

>$#$,# s = BT Px< J1&'()!%& s = 0 *#% )* 7(# ,0) !4&()< S1*#% )1&/0(%!$, 4* )1:23*.3)(,
4&;,!##(,% )( #0.=(7* 4* ')!##*+*,%< J* +(!,%!*, 4* )( #0.=(7* 4* ')!##*+*,% s 6 T&.$

*#% ()$.# &/0!9()*,% 6 )( 3$0.#0!%* 40 9*7%*0. 4*# &%(%# 4&#!.&#- )* 9*7%*0. 41&%(% 4*#

*..*0.# x #1(,,0)(,%< S*%%* #0.=(7* 3(##(,% 3(. )1$.!'!,*- )1*..*0. #%(%!/0* εθ #*.(

,0))*<

>.$3$#$,# )( )$! 4* 7$++(,4* 3(. +$4*# ')!##(,%# σθ D

σθ = µ
s

‖s‖ "L<@U8
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 ! "# $ %&'"'() "* $ +,) )%-"'.')$$) .) s/ )& µ )(& %$ (-*"*'+) 0 ('&'12

3) -4 '5 - $.%'& 6 7

s (n − σθ) = sn − µ
s2

‖s‖ = sn − µ ‖s‖ ≤ ‖s‖ (‖n‖ − µ)

8 $-/ ")( - $.'&' $( .) - $9)+:)$-) ( $& 7 ‖n‖ ≤ nMax < ∞ )& %$ -4 '5 .) µ > nMax

;%' :*+*$&'& ") +)(0)-& .)( 4<0 &4=()( .% &4> +=,) .) ?<*0%$ 92 @" +(/ "* (&*A'"'&>

.) "* " ' .) - ,,*$.) )(& :*+*$&') ('  $ *. 0&) "* " ' .) - ,,*$.) BC2DEF2

G'$*"),)$&/  $ %&'"'() "* " ' .) - ,,*$.) 7

cdθ = ˙̃rd + Kθ
pεθ + Kθ

d ε̇θ + µ
s

‖s‖ BC2DHF

*9)- s = BT Px2

 !"!6! 780$3+.1$' () 3*89+&.1$' () :;&<+'$=

I %+ "* +>( "%&' $ .) "#>;%*&' $ BC2DDF/ "* ,*&+'-) Ql )(& -4 '(') &)"") ;%) 7

Ql =

(

a 0
0 b

)

*9)- a > 0 )& b > 02
?* ,*&+'-) A >&*$& .>&)+,'$>)/ "* ,*&+'-) P )(& 7

P =

(

1,05·b
ξ2·Tr

+ 5·a·ξ2·Tr

21
+ a·Tr

16,8
a·ξ2·Tr

2

35,28
a·ξ2·Tr

2

35,28
b·Tr

16,8
+ a·ξ2·T 3

r

296,352

)

BC2DCF

8>&)+,'$ $( "#'$J%)$-) .)( - ,0 (*$&)( .) Q2

3 ,,) $ %( "#*9 $( .>K$' 0+>->.),,)$&/ "* .+ '&) .) :"'((),)$& * 0 %+ >;%*&' $ 7

s = BT Px = p21εθ + p22ε̇θ

*9)- p21 )& p22/ .)%5 - ,0 (*$&)( .) "* ,*&+'-) P .>K$')/ 0 ('&'9) )& (<,>&+';%)

'$&)+9)$*$& .*$( "#)50+)((' $ .) "* 1 $-&' $ -*$.'.*&) .) ?<*0%$ 92

@% 9 '('$*:) .) "* .+ '&) .) :"'((),)$&/  $ 9>+'K) *" +( 7 s = p21εθ + p22ε̇θ = 02
3)&&) >;%*&' $ .'L>+)$&')"") .% 0+),')+  +.+) * 0 %+ ( "%&' $ 7

εθ (t) = εθ (τ) exp [(−p21/p22) (t − τ)]

*9)- εθ (τ) %$) - $(&*$&) +>)"") ;%' .>0)$. .)( - $.'&' $( '$'&'*")( 6 "#'$(&*$& τ
" +(;%) ") (<(&=,) *++'9) *% 9 '('$*:) .) "* .+ '&) .) :"'((),)$&2

I*+ - $(>;%)$&/  $ .>.%'& .) -)&&) ( "%&' $ ;%) 0 %+ *$$%")+ "#)++)%+/ '" 1*%&

*%:,)$&)+ "* 9*")%+ .) p21 )& .','$%)+ "* 9*")%+ .) p222 M+/ .#*0+=( "#)50+)((' $

BC2DCF .) "* ,*&+'-) P /  $ - $$*N& -)( .)%5 - ,0 (*$&)(2 M$ )$ .>.%'&/ ;%#*K$ .)

+*0'.),)$& >"','$)+ "#)++)%+ )$ 0 ('&' $/ '" 1*%& *%:,)$&)+ "* 9*")%+ .) a )& .','$%)+

-)"") .) b2 O$ -) ;%' - $-)+$) "* .+ '&) .) :"'((),)$&/ -)&&) , .'K-*&' $ .)( .'L>+)$&(

- )P-')$&( *%:,)$&) "* 0)$&) .) -)"")Q-'2
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 !"#$% &'() *+$!+,!-./ 0% 1+ 2%.,% 0% 1+ 0$-!,% 0% "1!//%3%.,

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

4%2$%.-./ 1% 3-051% 06.+3!7#% /%1-. 18+9% 1-."!,#0!.+1 : 2+$,!$ 0%/ ;7#+,!-./

0% 1+ 06.+3!7#% ";.;$+1% <='>>? )

M (u̇ − rv) =
N
∑

i=1

Fxi <&'>@?

A 2+$,!$ 0% 1+ 0;B.!,!-. 0# C-#21% τu %, 0%/ ;7#+,!-./ <='@? %, <&'>@?D .-#/ !/-1-./

18+CC;1;$+,!-. 1-."!,#0!.+1% )

u̇ = γτu + Λu

N
∑

i=1

ω̇i + rv <&'>E?

+F%C )

γ = 1
MR

;
Λu = −Iω

MR
.

G% 3H3% 7#% 2$;C;0%33%.,D cu %/, 1+ 1-! 0% C-33+.0% %, m (u, u̇) 1+ I-.C,!-. 0%/
!.C%$,!,#0%/ /#$ u %, u̇ 0+./ 1%/ ;7#+,!-./ 0% 1+ 06.+3!7#% 0# /6/,53%' J-#/ +F-./

1%/ $%1+,!-./ /#!F+.,%/ )

u̇ = cu − m (u, u̇) <&'>(?

K+ 1-! 0% C-33+.0% %/, )

cu = u̇d + Ku
p εu + σu <&'>L?

+F%C )

M u̇d #. ,%$3% +.,!C!2+,!I N

M εu = ud − u 18%$$%#$ %. F!,%//% N

M Ku
p #.% C-./,+.,% 2-/!,!F% 2%$3%,,+., 0% 0;B.!$ 1% ,%32/ 0% $;2-./% : 5% 0#

/6/,53% %. O-#C1% I%$3;% N

M σu 1+ 1-! 0% C-33+.0% 2+$ 3-0%/ "1!//+.,/'

P-./!0;$+., 1+ I-.C,!-. C+.0!0+,% 0% K6+2#.-F V = 1
2
ε2

uD !1 %/, !33;0!+, 7#% 1+

/,+O!1!,; 0# /6/,53% %/, "+$+.,!% 2+$ 1% CQ-!9 0% 1+ 1-! 0% C-33+.0% 2+$ 3-0%/

"1!//+.,/ σu = ρ εu

‖εu‖
D +F%C ρ #. /C+1+!$% 2-/!,!ID 0-., 1+ F+1%#$ %/, /#R/+33%.,

;1%F;% 0%F+., 1%/ !.C%$,!,#0%/ /#$ 1+ 06.+3!7#% 1-."!,#0!.+1% 0# /6/,53%'
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 !"!# $%&'())*+, -( ./ .+* -( 0+11/,-( 2.+3/.(

 !" #$ %&#'(%$ )$ *+&",-."$ #$ %&/(0$"0$1 ," %$-*)20$ )2 3,"0/(," 4(5"$ *2% )2

3,"0/(,"

s
‖s‖+ν

$" 26,'/2"/ '" *2%2-./%$ *,4(/(3 #$ 32(7)$ 82)$'% ν 2' #&",-("2/$'%9

:("2)$-$"/1 ," 2**)(;'$ )$4 0,'*)$4 4'(82"/4 < 0+20'"$ #$4 N %,'$4 =

τi =
1

N

[

τu −
R

wi

τθ

]

>?9@AB

28$0 τu $/ τθ %$02)0')&4 *2% '" 0+2"5$-$"/ #$ 82%(27)$1 < *2%/(% #$ )C("8$%4$ #' -,#.)$

#D"2-(;'$ #' %,7,/ >&;'2/(,"4 >?9@EB $/ >?9FB #2"4 )$4;'$))$4 )$4 200&)&%2/(,"4 u̇ $/
θ̇ ,"/ &/& %$-*)20&$4 %$4*$0/(8$-$"/ *2% )$4 ),(4 #$ 0,--2"#$ >?9@GB $/ >?9@FBB =

τu =
1

γ

(

u̇d + Ku
p εu + ρ

εu

‖εu‖ + νu

− Λu

N
∑

i=1

ω̇i − rv

)

>?9HIB

τθ =
1

λ

(

˙̃rd + Kθ
pεθ + Kθ

d ε̇θ + µ
BT Px

‖BT Px‖ + νθ

−Λθω̇ − DθFy) >?9H@B

J,'% )C$4/(-2/(," #$ )2 82)$'% #$4 3,%0$4 )2/&%2)$4 Fy1 )2 3,%-')$ -25(;'$ #$

J20$6K2 LHIIHM *$'/ N/%$ '/()(4&$ $" /$"2"/ 0,-*/$ #$ )C2"5)$ #$ 5)(44$-$"/9 O$*$"P

#2"/1 )2 0,--2"#$ *2% -,#$4 5)(442"/4 &/2"/ 4'Q42--$"/ %,7'4/$1 $/ '"$ -$4'%$

#C2"5)$ #$ 5)(44$-$"/ 4C28&%2"/ *$' *%&0(4$1 Fy *,'%%2 N/%$ /%2(/&$ 0,--$ '"$ *$%P

/'%72/(," < %$6$/$% ;'( 4$%2 ("0)'$ #2"4 )$ 8$0/$'% #$4 ("0$%/(/'#$49

 !" #$$%&'()&*+ , -+ .*/*) ,  .*-01

 !#!4 5*16./7*+,) (, (,8*'+,,(1(,7 #9

R2 ),( #$ 0,--2"#$ $4/ /$4/&$ $" 4(-')2/(," 4'% '" %,7,/ -,7()$ < ;'2/%$

%,'$4 >N = 4B "," #(%$0/(,""$))$49 S,'4 $T$0/',"4 )$4 %&5)25$4 = Ku
p = 400s−1

1

Kθ
p = 700s−2

1 Kθ
d = 10s−1

1 νu = 0, 10ms−1
1 νθ = 0, 101 a = 10 $/ b = 1 >a $/ b 4,"/

)$4 #$'U 0,"4/2"/$4 *,4(/(8$4 #&!"(442"/ )2 -2/%(0$ Ql1 4,)'/(," #$ )C&;'2/(," #$ RD2P

*'",8 >?9@@BB9 R2 82)$'% #$4 0,'*)$4 #2"4 )$4 %,'$4 $4/ #&/$%-("&$ *2% )C$U*%$44(,"

?9@A #$ )2 ),( #$ 0,--2"#$ &/27)($ *%&0&#$--$"/1 #2"4 )$ 024 #C'" %,7,/ < ;'2/%$

%,'$49 R2 4(-')2/(," 0,"4(4/$ < 4'(8%$ '" 0+$-(" $" 0,'#$9 V%,(4 4(-')2/(,"4 4,"/

$T$0/'&$4 = '"$ '"(;'$-$"/ 28$0 '"$ 0,%%$0/(," *%,*,%/(,""$))$ $/ #&%(8&$1 '"$ 28$0

ρ = 10ms−2
$/ µ = 1000s−2

W $/ !"2)$-$"/ '"$ 28$0 ρ = 10ms−2
$/ µ = 400s−2

9

R2 *,4(/(," #' %,7,/ $4/ /%20&$ 4'% )2 !5'%$ ?9G $/ )C&8,)'/(," #$4 82%(27)$4 εθ $/ εu

$" 3,"0/(," #' /$-*4 $4/ 2Q0+&$ 4'% )2 !5'%$ ?9@I9  8$0 '"$ ),( #$ 0,--2"#$ *%,P

*,%/(,""$))$1 )$ 8&+(0')$ ,40())$ 2**%,U(-2/(8$-$"/ 2' 8,(4("25$ #' 0+$-(" < 4'(8%$

$" %2(4," #$ 5)(44$-$"/4 < )C("/$%20/(," %,'$P4,) "," -,#&)(4&49 RC26,'/ #C'" /$%-$

#$ 0,--2"#$ *2% -,#$4 5)(442"/41 28$0 µ = 1000s−2
1 *$%-$/ '" -$())$'% 4'(8( #$

0+$-("9 X" ,74$%8$ 0$*$"#2"/ )C2**2%(/(," #C'" *+&",-."$ #$ %&/(0$"0$1 8(4(7)$ 4'%

)2 !5'%$ ?9@I 4'% )2 0,'%7$ #C$%%$'% $" )20$/ $/ &52)$-$"/ 4'% )2 !5'%$ ?9G < )C2740(44$
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 !"#$%&'%() *+,-(.! /0.!1$

2,&0''!,!)' l 1, 34m
/(%! 2w 0, 81m

301'!1$ h 0, 75m
40""! M 140kg

50+() 6!" $(1!" R 0, 234m
40""! 6!" $(1!" Mw 3kg

70-.!01 89:; <0$0,='$!" 61 $(-(' "%,1.>
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?%@1$! 89A; <("%'%() B,C

?%@1$! 89D; <E('( 61 $(-(' "%F

,1.>

21, 9m9 GH) 6! $>61%$! .I!$$!1$ 6I>'0' "'0'%J1!K )(1" 0L()" #E(%"% 1)! L0.!1$ 6! ρ
>.!L>!K 0H) 6! 6())!$ 6I0L0)'0@! 6I%)'!)"%'> 01 '!$,! 6I!)'$>! 6! $(-1"'!""! 6! .0

#(,,0)6!9 M!#% 0 >@0.!,!)' &(1$ #()">J1!)#! 6! &$(L(J1!$ 1) N($' &E>)(,=)! 6!

$>'%#!)#! J1% "! '$061%' &0$ 6!" L%-$0'%()" )() 0##!&'0-.!" 01 )%L!01 6!" 0#'%()F

)!1$"9 <(1$ 1) -() #(,&$(,%"K .! "1%L% 6! #E!,%) .! &.1" &$>#%" &(1$ 1) ,%)%,1,

6! $>'%#!)#! !"' '$0#> &(1$ 1)! L0.!1$ 6! ρ = 400ms−2
9 O0 L0.!1$ 0-"(.1! 6! .I!$$!1$

6! L%'!""! .()@%'16%)0.! !"' '(1P(1$" %)N>$%!1$! Q 0, 5ms−1
K "(%' %)N>$%!1$! Q 16, 7% 6!

.0 L%'!""! 6! 3ms−1
9 O! #()'$R.!1$ !"' $(-1"'! &(1$ .! "1%L% 6! #E!,%) 61 L>E%#1.!K

,0.@$> 1)! N0%-.! 06E>$!)#! 01 "(.9

 !"!# $%%&'% ()*+%

*+3+!+4 5-%26-).'$'&,. /) 2$ 2,& /) 7,--$./)

O0 #(,,0)6! &0$ ,(6!" @.%""0)'" !"' '!"'>! 0L!# .! $(-(' $(-1?G*7 G B&$>"!)'>

Q .0 "!#'%() S989S9:C "1$ 1) '!$$0%) &.0' 0""!T @.%""0)'9 O!" 6%$!#'%()" 0L0)' !' 0$$%=$!

61 L>E%#1.! "()' -.(J1>!" 0H) 6I0""1$!$ .! N()#'%())!,!)' !) ,(6! $(1!" )() 6%$!#F

'%())!..!"9

OI%,&.>,!)'0'%() 6! .0 .(% 6! #(,,0)6! !) #()6%'%()" $>!..!" )>#!""%'! 1) #!$'0%)

)(,-$! 6! ,!"1$!" !' 6I(-"!$L0'%()"9 2) &0$'%#1.%!$ .0 )($,! 6! .0 L%'!""! 6I0L0)#!
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 !"#$% &'()* +$$%#$ %, -./%0 %0 %, 1!0%22% -3,"!0#4!,.-%

4# $35306 7%2#$8% 9.$ -% :;<6 43!0 =0$% 48/379328% %, 2. /37932.,0% -.08$.-% %0

2. /37932.,0% -3,"!0#4!,.-%' >%00% 48/37932!0!3, %20 $%,4#% 9322!5-% 9.$ -?.@3#0

4?#, 352%$1.0%#$ 4% -?.,"-% 4% "-!22%7%,0 A>.$!3#  ! "#$6 B))CD6 -. /3,,.!22.,/% 4%

/%0 .,"-% %0 4% -. ,3$7% 4% -. 1!0%22% ,3#2 9%$7%00.,0 4% E.!$% #,% 9$3@%/0!3, 2#$

-%2 .F%2 4# $%9G$% 4# $3530'

H. /377.,4% %20 !79-87%,08% %, 4%#F 0%792' I3#0 4?.53$4 #,% /377.,4% 9$3J

93$0!3,,%--% 48$!18% 2#$ -%2 1.$!.5-%2 K .22%$1!$ %20 $8"-8% .# 7!%#F 93#$ #, 2#!1! 4%

/L%7!,' ;#!2 -. /377.,4% 9.$ 734%2 "-!22.,02 %20 .@3#08% %0 2%2 ".!,2 $8"-82'

H. /377.,4% 9.$ 734%2 "-!22.,02 80.,0 #,% /377.,4% %, /3#9-%6 #,% 4!M/#-08

1!%,0 4# E.!0 N#% -% $3530 $35# .20 O %20 .22%$1! %, 1!0%22%' P- E.#0 43,/ /3,1%$0!$

-?.79-!0#4% 4%2 /3#9-%2 "8,8$82 9.$ -. /377.,4% %, 1!0%22% 4?.1.,/% 4%2 $3#%2' <%

$8E8$.,0 K -?8N#.0!3, QB'RS 4% -. 4T,.7!N#% 4%2 $3#%26 3, 9%#0 /3,2!48$%$ N#?!,20.,J

0.,87%,06 -?.@3#0 4?#, !,/$87%,0 4% E3$/% 4.,2 #,% $3#% $%1!%,0 K .#"7%,0%$ 4?#,

!,/$87%,0 2. 1!0%22% .,"#-.!$%6 23!0 *

∆ω ≡ R

Iω

∆F

H%2 9%$0%2 4.,2 -. 0$.,27!22!3, 4# 73#1%7%,06 4#%2 .# /3,0./0 $3#%J23-6 23,0 4%2

9%$0#$5.0!3,2 2#99328%2 /379%,28%2 9.$ -. /377.,4%' >%00% 780L34% %20 ,30.7J

7%,0 @#20!U8% 4.,2 #, 5$%1%0 AV32L!W.X.6 B))YD'

H?!,%$0!% Iω %20 480%$7!,8% %, .,.-T2.,0 -. 0$.,27!22!3, 4% 73#1%7%,0 %,0$% -%

730%#$ %0 -. $3#%' <3!0 Im -?!,%$0!% 4# 730%#$6 Ir -?!,%$0!% 4# $84#/0%#$6 Ieq -?!,%$0!%

������

��

��	�
����

��

���������

 !"#$% &'((* I$.,27!22!3, 4# 730%#$ K -. $3#%

8N#!1.-%,0% K -?%,2%75-% 730%#$ 9-#2 $84#/0%#$ %0 I ′
ω -?!,%$0!% 4% -. $3#% 2%#-%' <3!0



 ! "#$%&'() !* "+,,$-.) %$( ,+.)/ 01&//$-'/

Cm  ! Cr " # $%&'" # (%! &)  ! )*+&$! &), Ωm  ! Ωr " # -.! ## # /01&"/.) # + # /2 #

+& (%! &)  ! +& )*+&$! &),  ! K " )/''%)! + )*+&$!.%0 +& )*+&$! &), /"%)# 3

Cm = Im
dΩm

dt
; Cr = Ieq

dΩr

dt
; KCm = Ieq

1

K

dΩm

dt

#%.! 3

Ieq = K2Im

4&.# "/ -/" &) + Iω  #! .((*+./! ( 0! %5! 0& '/) "/ #%(( Iω = Ieq + I ′
ω + Ir6

7/0# " $/# +8&0 (%! &) 9/)-."%) :; <= + 2, 06kg  ! +8&0 )*+&$! &) /- $ K = 16,
%0 / Iω = 0, 364kg.m2

6

!*2*3*3 45/61'$'/ .)/ )//$&/

; )%5%! # +*'"/$ /- $ &0 $%0#.10  0 -.! ## + 3ms−1
" "%01 +8&0 $> (.0

 0 $%&)5 #.(."/.) ? $ "" *!&+.*  0 #.(&"/!.%06 @0 $%((/0+ ')%'%)!.%00 "" +*A

).-*  #! /''".B&* /& )%5%!, '&.# "/ $%((/0+ '/) (%+ # 1".##/0!#  #! .('"*( 0!* 6

; # $%&)5 # + '%#.!.%0 #%0! /C$>* # D1&) E6F=  0 (G!) #, '%&) &0 )*1"/1 + #

1/.0# /H/0! ' )(.# " ( ."" &) #&.-. + $> (.0, #%.! 3 Ku
p = 0, 05s−1

, Kθ
d = 0, 02s−1

,

Kθ
p = Kθ

d
2
/4ξ2

, ξ = 0, 70, Tr = 0, 5s, νu = 0, 01ms−1
, νθ = 0, 02, a = 0, 10, b = 0, 1,

µ = 0, 1s−2
 ! ρ = 0, 01ms−2

6
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I.1&) E6F=3 4%#.!.%0 J(K

;/ D1&) E6FL B&. .0+.B& "/ $%&)5&) +& $> (.0 + )*M*) 0$ /& $%&)# +& ! ('#,

' )( ! +8/-%.) "8.0M%)(/!.%0 + '%#.!.%0 +& )%5%! '%&) "8/0/"H# + "8*-%"&!.%0 + # #

+.N*) 0! # -/)./5" # +8*!/! /& $%&)# +& ! ('#, #%.! "8 )) &) "/!*)/" D1&) E6FE, "8 )A

) &)  0 "/$ ! D1&) E6FO, "8 )) &)  0 -.! ## "%01.!&+.0/" D1&) E6FP  ! " # $%0#.10 #

 0 $%&'" D1&) # E6F<  ! E6FQ6
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 !"# $%&'# ()*##!"+#, %" -%*+ #./ )! 0%./1' &' 2%#*+*%" '" /%.(' 3.' )' -45*0.)'

#.*+ )' 05'$*" &' 0%"#*("' !-'0 ." 2'+*+ &40!)!('6 72/8# ." -*/!(', )' /%1%+ $'+ ."

0'/+!*" +'$2# 2%./ 0%"-'/('/ -'/# )' 05'$*"6 9! #.00'##*%" &' -*/!('# '"+/'+*'"+ *0*

0' &40!)!('6 7-'0 $%&'# ()*##!"+#, )! 0%./1' &' 2%#*+*%" '" 1)'. 0%"-'/(' 1'!.0%.2

$*'.: -'/# )' 05'$*" &' 0%"#*("' !-'0 0'2'"&!"+ ." 2'+*+ &40/%05!(' 0%"#'/-4,

&;'"-*/%" )! )%"(.'./ &;."' -%*' &. -45*0.)', '"+/' )' #'0%"& '+ )' +/%*#*8$' -*/!('6
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<*(./' =6>?@ A%./1./' &. 05'$*" &'

0%"#*("' !. 0%./# &. +'$2# B$

 !

C
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<*(./' =6>=@ D//'./ )!+4/!)' 2!/ /!2E

2%/+ !. 05'$*" B$C

A')! #;':2)*3.' &. F!*+ &' );*"'/+*' &. -45*0.)' '" ()*##'$'"+ #./ ." #%) 5.$*&', )'

+'$2# &' /'+!/& &'# !0+*%""'./# '+ );'//'./ '" !"()' &' )!0'+ '#+ 3.!#* ".))' 2'"&!"+

0'++' 24/*%&', 0%$$' %" 2'.+ )' -%*/ !.+%./ &' >= #'0%"&'# #./ )! 0%./1' 1)'.' &' )!

G(./' =6>H6 I) J ! &%"0 ."*3.'$'"+ ."' '//'./ )!+4/!)' K 0%//*('/, 0' 3.* *$2)*3.' ."'

0%"-'/('"0' 2).# )'"+'6 A'++' -*+'##' &' 0%"-'/('"0' '#+ /4()!1)' !-'0 )' 0LM0*'"+

d0 &' );43.!+*%" B=6=C, $!*# ."' -!)'./ +/%2 4)'-4' *"&.*/! ." /*#3.' &;*"#+!1*)*+4 '"

)!0'+ &. /%1%+ 3.* 2%.//!*+ #' /'+%./"'/ '" -*/!('6

 ./ )! G(./' =6>= &'# '//'./# )!+4/!)'#, %" -%*+ ."' 1%""' 0%//'0+*%" N.#3.;!. #'0%"&

-*/!(' B11sC !-'0 ."' '//'./ +%.N%./# *"F4/*'./' K 0, 6m %#0*))!"+ !.+%./ &' 0, 2m,
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 !"#$% &'()* +$$%#$ %, -,".% /% .-0%1

2/%"3
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 !"#$% &'(4* +$$%#$ /% 5!1%66% .7,"!1#8

/!,-.% 29:63



  !"#$%&'( )* !+,,#-.( $#' ,+.(/ 01%//#-&/

 !"#$ %&'(!!( )#"*+ ,&$%&'- 1, 8m $ .$ /"0($ 1!2$$ .+$3

4! .'5  6 $ 0( 0278#(.)( $21.29) +2:( )".)(#. .+ !'(##(&# (. ! )(+ $ .$ (+  :() ! 

)"// .0( 6 # /"0($ 1!2$$ .+$; (<)(6+8 6"&# ! )"// .0( $ .$ /"0($ 1!2$$ .+$ %&2

6#8$(.+( %&(!%&($ 02=)&!+8$ - #(,"2.0#( !( )>(/2.  6#?$ !( 0(#.2(# +"&#. .+ @15sA3
B .02$ %&( !( 1 2. (. (=) )2+8  :() ! )"// .0( 6 # /"0($ 1!2$$ .+$ 6"&# !' $$(#C

:2$$(/(.+ (. :2+($$( ($+ ."+ D!( 91&#( E3FG3 H. ."+(# !( 6>8."/?.( 0( D#"&+(/(.+

6(.0 .+ !( $()".0 +"&#. .+ @11sA; %&2 $( +# 0&2+ 6 # 0( I"#+($ "$)2!! +2".$ $&# ! 

)"&#D( 0( :2+($$( (. D!(&3
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J21&#( E3FKL M"&6!($ $ .$ ! )"// .0(

6 # /"0($ 1!2$$ .+$ @N/A
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J21&#( E3FOL M"&6!($  :() ! )"/C

/ .0( 6 # /"0($ 1!2$$ .+$ @N/A

P 02/2.&+2". 0($ (##(&#$ (. :2+($$( $( +# 0&2+ $&# !($ )"&#D($ 0( )".$21.($ (.

)"&6!( 6 # &.( : !(&# 6!&$ 8!(:8( @)"&#D( D!(&( 0( ! 91&#( E3FOA; $+ D2!2$8(  &+"&#

0( 30Nm3 Q&# !($ )".$21.($ 0( )"&6!( 6"&# !' $$(#:2$$(/(.+ (. ! )(+; ". #(+#"&:( !($

62)$ 0( : !(&#$ 6"&# !($ +#"2$ :2# 1($ @7s; 11s (+ 15sA;  :() 0($ : !(&#$ 6!&$ 8!(:8($

$ .$ /"0($ 1!2$$ .+$ (. # 2$". 0'(##(&#$ 6!&$ 2/6"#+ .+($ - )"##21(# 6"&# #(,"2.0#(

!( )>(/2.3

R.9.; $&# 6!&$2(&#$ ,"&#$ 0'($$ 2$; ."&$  :".$ 6& )".$+ +(# &.(  &1/(.+ +2". 0(

! )".$"// +2". 0'8.(#12( 0( STU - VTU  :() ! )"// .0( 6 # /"0($ 1!2$$ .+$; !($

D ++(#2($ 0& #"D"+ $( 08)> #1( .+ 6!&$ :2+( - ) &$( 0'&.( $"!!2)2+ +2". 6!&$ I#8%&(.+(

0($  )+2"..(&#$3 M( 0(#.2(# 6"2.+ )".$+2+&( &.( )".+# 2.+(  $$(W I"#+(; ! I"&#.2+&#(

0'8.(#12( 8+ .+ &.( 6#"D!8/ +2%&( 2/6"#+ .+( (. #"D"+2%&( /"D2!(3 X2.$2; )(++( !"2

0( )"// .0( 6"&## 2+ Y+#( &+2!2$8( 6 # 2.+(#/2++(.)(; !"#$%&'(!!( $' :?#( .8)($$ 2#(3



 ! ! "##$%&'(%)* '+ ,)-)( ,)-+./0 1 12

 ! "##$%&'(%)* '+ ,)-)( ,)-+./0 1

 ! !" #$%&'%()*+ ,-. /-01*02%+3-. -+ .)2'&%()*+

 !"#$%&' () *+' ,+-!$*"($)- #" .%#/() #0&+.$1") #2"& 345$*"() 6 '$7 -%")' 8N =
69: () ;%<";=> ? ,-4')&!4 6 (+ ')*!$%& @ABA@A@A C) ,+-+.4!-+D) #" *%&!-E()"- )'! F+$!
+$&'$ G Ku

p = 1s−1
: Kθ

p = 12s−2
: Kθ

d = 0, 10s−1
: ξ = 0, 70: Tr = 2s: νu = 0, 01ms−1

:

νθ = 0, 01: a = 0, 1 )! b = 0, 1 8a )! b 4!+&! ()' #)"7 *%&'!+&!)' ,%'$!$3)' #4H&$''+&!
(+ .+!-$*) Ql: '%("!$%& #) (241"+!$%& #) C0+,"&%3 8BAII99A C+ 3+()"- #)' *%",()'

+,,($1"4' '"- (2+7) #)' -%")' )'! *+(*"(4) )& !).,' -4)( 6 ,+-!$- #) (+ (%$ #) *%..+&#)

#4H&$) +" ,+-+D-+,5) ,-4*4#)&!A

J)'*-$,!$%& K0.<%() L+()"-

C%&D")"- l 1, 50m
L%$) 2w 0, 80m

M+"!)"- h 0, 474m
N+'') M 140kg
O&)-!$) Iz 188kg · m2

;+0%& #)' -%")' R 0, 234m
N+'') #)' -%")' Mw 3kg
O&)-!$) #)' -%")' Iw 0, 351kg · m2

P+<()+" BA@G Q+-+./!-)' #" ;%<";=> ? '$."(4

 ! !4 5')$) ,- 36-2)+ .'0 .*& /&%(

R%"' +3%&' 43+("4 (+ *%..+&#) ,+- .%#)' D($''+&!' 1") &%"' *%.,+-%&' 6 "&)

*%..+&#) *$&4.+!$1") *(+''$1")A C+ HD"-) BAIS +T*5) () *5).$& #) -4F4-)&*) )! ()

#4,(+*).)&! %<!)&" ,%"- ()' #)"7 *%&!-E()"-'A
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U$D"-) BAISG Q%'$!$%& #" -%<%!

V&) ,-).$/-) '$."(+!$%& *%&'$'!) 6 '"$3-) "& *5).$& )& *%"-<) '"- "& '%( ,(+!A C)

345$*"() ') #4,(+*) 6 ,("' #) 10km/h: '%$! )&3$-%& 3m.s−1
A C)' D+$&' #) (+ *%..+&#)

,+- .%#)' D($''+&!' '%&! -4D(4' +$&'$ G ρ = 1ms−2
)! µ = 18s−2

A C)' #4,(+*).)&!' #"



 ! "#$%&'() *+ ",--$./) %$( -,/)0 12&00$.'0
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 !"#$% &'()* +$$%#$ %, -./%0
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 !"#$% &'(1* +$$%#$ %, 2!0%33% -!,4.!$%

567#589 : 36,0 .;/<43 3#$ -. ="#$% &'1> %0 -%3 426-#0!6,3 ?%3 2.$!.7-%3 εθ %0 εu .2%/

-. /6@@.,?% A.$ @6?%3 "-!33.,03 36,0 $%3A%/0!2%@%,0 .;/<4%3 3#$ -. ="#$% &'() %0

3#$ -. ="#$% &'(1' B2%/ #,% /6@@.,?% /!,4@.0!C#%D -% $6760 A$43%,0% ?%3 ?!;/#-043

E /6,2%$"%$ 2%$3 -% /<%@!, ?% $4F4$%,/% E /.#3% ?%3 A<4,6@G,%3 ?% "-!33%@%,0 E

-H!,0%$./0!6, $6#%I36- C#! ,H6,0 A.3 404 A$!3 %, /6@A0%'

+, /6,34C#%,0D -% $6760 C#! ?4$.A% $%J6!,0 A$6"$%33!2%@%,0 -% /<%@!, .A$G3 /<.C#%

2!$."%'

B2%/ -. /6@@.,?% A.$ @6?%3 "-!33.,03D -% /<%@!, %30 @!%#K 3#!2!D -%3 /6#A-%3

40.,0 /6$$!"43 %, /6,0!,#' L4.,@6!,3D ?%3 63/!--.0!6,3 ?% -H%$$%#$ %, .,"-% ?% -./%0

0$./4% ="#$% &'() 36,0 2!3!7-%3D /H%30 -% A<4,6@G,% ?% $40!/%,/% 4".-%@%,0 2!3!7-%

="#$% &'1>' M6#$ $4?#!$% -H%$$%#$ 30.0!C#%D -%3 ".!,3 ?% -. /6@@.,?% A%#2%,0 N0$%

.#"@%,043' O.!3 P. .#$. 4".-%@%,0 A6#$ /6,34C#%,/% ?H.//$6Q0$% -. $40!/%,/% %0 -%

24<!/#-% A6#$$.!0 A$43%,0%$ ?%3 2!7$.0!6,3 ,6, .//%A0.7-%3' R% @%!--%#$ /6@A$6@!3

.2%/ #, 3#!2! ?% /<%@!, /6$$%/0 %30 $%A6$04 .2%/ -%3 2.-%#$3 3#!2.,0%3' RH%$$%#$ .736I

-#% ?H.,"-% ?% -./%0 @.K!@.-% %30 ?% 0, 2rad -6$3 ?% -. A$!3% ?H#, 06#$,.,0 %0 -H%$$%#$
.736-#% ?% -. 2!0%33% -!,4.!$% %30 06#J6#$3 !,F4$!%#$% E 0, 4ms−1

' L606,3 C#% /%00%

/6@@.,?% %30 7!%, $67#30% A#!3C#% -%3 F$600%@%,03 2.$!%,0 %0 /%$0.!,3 A<4,6@G,%3

S/6@@% -%3 A$6A$!4043 ?% -H!,0%$F./% A,%#T36-U ,H6,0 A.3 404 A$!3 %, /6@A0%'

 ! !" #$%&% '( )*(+%, -$. -/0 -%,$-/1'20

B# /6#$3 ?% /%00% 3!@#-.0!6,D !- %30 A$6A634 ?% 3#!2$% -% @N@% /<%@!, C#% A$4/4I

?%@@%,0 .2%/ -. @N@% /6,3!",% ?% 2!0%33%D @.!3 .2%/ #, 36- ?!V4$%,0 ,6, <6$!W6,0.-

.=, ?% 0%30%$ -. $67#30%33% ?% -. /6@@.,?% 2!3IEI2!3 ?% /% 0XA% ?% A%$0#$7.0!6,' R%

36- /<6!3! %30 ?% F6$@% 3!,#36Y?.-% .2%/ #,% .@A-!0#?% ?% 0, 2mD 36!0 #, A%# @6!,3
C#% -% $.X6, ?%3 $6#%3 ?# 567#589 :D %0 #,% A4$!6?% ?% 2mD 36!0 #, A%# A-#3 C#%
3. -6,"#%#$D /% 36- 40.,0 2!3!7-% 3#$ -. ="#$% &'(('

B# /6#$3 ?% -. 3!@#-.0!6,D 6, 673%$2% #, 3#!2! ?% /<%@!, C#.3!@%,0 .#33! /6,/-#.,0

C#% A$4/4?%@@%,0' R. ?!V4$%,/% %,0$% -%3 %$$%#$3 %, A63!0!6, ?%3 ?%#K 3!@#-.0!6,3

.# /6#$3 ?# 0%@A3D .2%/ A#!3 3.,3 36- A-.0D %30 0$./4 ="#$% &'(Z'

8, 673%$2% ?%3 [#/0#.0!6,3 ?% -. /6#$7% %,0$% −0, 2m %0 0, 2mD 36!0 ?% -H6$?$% ?%
()\ A.$ $.AA6$0 .#K ?!@%,3!6,3 ?# 24<!/#-%' 8, A%#0 ?6,/ %, ?4?#!$% C#% -. /6@I
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 !"#$% &'(5) 6!78$%1-% %19$% 0%/ %$$%#$/ %1 :+/!9!+1 ;<=

<413% %/9 > :%# :$?/ 4#//! %@-4-% A#% :$8-83%<<%19 4B%- #1% %$$%#$ %1 :+/!9!+1

A#! 4#"<%19% 0+$/ 3% 04 :$!/% 3% B!$4"%/'  !140%<%19C +1 %1 -+1-0#9 A#% 04 -+<<413%

:4$ <+3%/ "0!//419/ %/9 /#@/4<<%19 $+,#/9% :+#$ 04 -+<<413% 3D#1 /E/9?<% *+F

,#*GH .C /+1 %@-4-!98 89419 :$+#B8% <I<% %1 :$8/%1-% 3% :%$9#$,49!+1/ 3#%/ 4#J

K#-9#49!+1/ 3# 1!B%4# 3# /+0'

6%/ /!<#049!+1/ +19 898 L4!9%/ 341/ 0D%1B!$+11%<%19 :$8/%198 > 04 /%-9!+1 ('&'M'

G1 4 :# 38<+19$%$C :+#$ 04 -+<<413% :4$ <+3%/ "0!//419/ 3D#1 $+,+9 3% 9E:% -N4$C

3% ,+11%/ :%$L+$<41-%/ %1 9%$<%/ 3% /#!B!' O!1/! 04 0+! 3% -+<<413% :4$ <+3%/

"0!//419/ :%#9 I9$% -+1/!38$8% -+<<% 89419 $+,#/9% 3%B419 0%/ !<:$8-!/!+1/ 3# <+3?0%

3E14<!A#% %9 0%/ :%$9#$,49!+1/ 0!8%/ > 0D8949 3# /+0'

 ! ! "#$%$&'('$) *+,) -./-'0)( *0 12'&&030)( 45#'5620 0)

7$)-('$) *0 -#'(8#0& *0 &(56'2'(9

68P1!//+1/ 0% -Q@-!%19 3% "0!//%<%19 "0+,40 Kgliss =

(

ρ
µ

)

C 4B%- ρ %9 µ 0%/

3%#J -Q@-!%19/ 3% "0!//%<%19 3%/ 0+!/ 3% -+<<413% 3D4//%$B!//%<%19 %1 B!9%//%

0+1"!9#3!140% %9 %1 04-%9C 38P1!/ 341/ 0%/ 8A#49!+1/ ;&'MR= %9 ;&'M(=' S+$/ 3D#1%

:$!/% 3% B!$4"%C 04 B40%#$ 3# -Q@-!%19 3% "0!//%<%19 3+!9 I9$% /#@/4<<%19 80%B8%

:+#$ :%$<%99$% #1 ,+1 /#!B! 3% $+#9% 3# B8N!-#0%' T4$ 4!00%#$/C #1% L+!/ 0% $+,+9

:$+-N% 3# -N%<!1C !0 /%$4!9 4B4194"%#J 3% 3!<!1#%$ 04 B40%#$ 3% -% -Q@-!%19 4P1

3D8B!9%$ 3%/ B!,$49!+1/ 3% L+$9%/ 4<:0!9#3%/ A#! -+13#!$4!%19 > <%99$% %1 341"%$

0D!198"$!98 3# /E/9?<%C 0% L4!$% 3!B%$"%$ 3# -N%<!1 +# /% $%9+#$1%$' SD!<:+$941-% 3%

L4!$% B4$!%$ 0% -Q@-!%19 3% 04 -+<<413% 3% "0!//%<%19 %/9 3+1- 8B!3%19%' H+1/!38$419

0% B%-9%#$ 3%/ B!9%//%/ $83#!9 4#J B!9%//%/ 0+1"!9#3!140% %9 41"#04!$% uurC 38P1! :4$
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uur =
(

u r
)T

 !" #$%&'(()&" *+!,,!-, ε ∈ R
2

.), / ε =
(

εu εθ

)T
 *! 0120'!&"

#! 3*'((!4!&" !(" ,!#$%&' )'&(' /

Kgliss = K0gliss + A1 ‖uur‖ + A2 ‖ε‖ + A3 ‖ε̇‖ 567889

:! ;!0"!-, K0gliss =
(

ρ0 µ0

)T
0<&(")&" 0<,,!(.<&# = *) ;)*!-, 4'&'4)*! #! Kgliss

)%& #! "<-><-,( ;$,'%!, *) 0<&#'"'<& #! (")?'*'"$ #- (@("A4! !& ?<-0*! B!,4$! $&<&0$!

.),"'! 6787C7D7

:!( ;!0"!-,( A1 =
(

a11 a12

)T
 A2 =

(

a21 a22

)T
!" A3 =

(

a31 a32

)T
(<&"

*!( 0120'!&"( = #$"!,4'&!,7

E' *) 0<44)&#! .), 4<#!( 3*'(()&"( $")?*'! '0' (+)"")0F! = ,$3-*!, *+)&3*! #! *)0!"

)'&(' G-! *) ;'"!((! *<&3'"-#'&)*! #- ,<?<" !**! &! "'!&" .)( 0<4."! #!( ,'(G-!( #!

,!&;!,(!4!&" *)"$,)* <- *<&3'"-#'&)*7 H& .<-,,)'" )*<,( .,!&#,! !& 0<4."! 0!,")'&(

'&#'0)"!-,( #! (")?'*'"$ #<&" -&! *'("! &<& !IF)-("';! ) #$>= $"$ $&<&0$! .),"'! 87C7D7

:! ,'(G-! #! ,!&;!,(!4!&" *)"$,)* $3)*!4!&" )..!*$ "'.J<;!, <- 0).<")3! $")&" !&

3$&$,)* ?!)-0<-. .*-( 0,'"'G-! 5;<', .), !I!4.*! *) .F<"< 67869 &<-( &<-( .,<.<(<&(

K'3-,! 6786/ L!(()3! #+);!,"'((!4!&" #+-& ;$F'0-*! 6I6

L!,0-,@ L),'&!,

��

K'3-,! 678M/ N4<,"'((!-,

#+-"'*'(!, *! ::O 5:)"!,)* :<)# O,)&(B!, PQ'**!(.'! CRR8S9 '&#'0! ;),')&" !&",! −1
!" 1 ",)#-'()&" *! ",)&(B!," #! 0F),3! *)"$,)* 0+!("J=J#',! *! ")-I #! ,$.),"'"'<& #!(

B<,0!( &<,4)*!( !I!,0$!( !&",!( *!( .&!-( !" *! (<*7 T* (! #$%&'" )'&(' /

LLT =

∑N
i=1 (Fnr,i − Fnl,i)

∑N
i=1 (Fnr,i + Fnl,i)

5678D9

Fnl,i !" Fnr,i (<&" *!( B<,0!( &<,4)*!( #!( ,<-!( 3)-0F! !" #,<'"! )- &';!)- #!

0F)G-! )I! i7 |LLT | = 1 0<,,!(.<&# = *) *'4'"! .<-, *)G-!**! *+'&"!,)0"'<& ,<-!J(<*

!(" ,<4.-!7 H& 0<&('#A,! PQU(.U,  ! "#$ 8VVMS G-! *) (")?'*'"$ !& ,<-*'( !(" .,$(!,J

;$! (' *) W<&! 0,'"'G-! #- ::O ('"-$! #)&( *+'&"!,;)**! [0, 85; 0, 95] &+!(" .)( #$.)(($!7

X!.!&#)&" *) 4!(-,! #',!0"! #!( B<,0!( = *+'&"!,)0"'<& ,<-!J(<* &+$")&" .)( !&;'()J

3!)?*! 0! 4<#A*! &+!(" .)( -"'*'()?*! !& .,)"'G-!7 Y<-( .,<.<(<&( #! *! ,!B<,4-*!,

)'&(' /

iroulis =

∑N
i=1 (lri − lli)

∑m
i=1 (lri + lli)

567869

lri !" lli (<&" *!( *<&3-!-,( #+)**<&3!4!&" )- &';!)- #!( )4<,"'((!-,( #!( ,<-!(

3)-0F! !" #,<'"! #! 0F)G-! )I! i7 H& ,!4),G-! G-! 0!""! ,!B<,4-*)"'<& &+!(" ;)*)?*!



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

 !" #$%& '" ($& #)!% &*' +'$,- ()"&,./.#01" "% +1$,0 !" +*!1 !% &*' #*%, '"& 0%23$'0,2&

&*%, %23'03"$4'"& +$1 1$++*1, $! #0$56,1" #"& 1*!"& #! 1*4*,7 8*!1 !% 1*4*, &$%&

$5*1,0&&"!1&- *% +"!, ,"%01 (*5+," #" ')$+'$,0&&"5"%, #! +%"!7 9$ +10&" "% (*5+,"

#" (", 0%#0(" #" &,$40'0,2 "% 1*!'0& 5*#0:" ')";+1"&&0*% #! (<=(0"%, #" 3'0&&"5"%, >

Kgliss = K0gliss + A1 ‖uur‖ + A2 ‖ε‖ + A3 ‖ε̇‖ − A4 ‖iroulis‖ ?@7ABC

9" #"1%0"1 ,"15" #" (",," ";+1"&&0*% 2,$%, %23$,0D- &*% $5+'0,!#" "&, '050,2" $:%

#)2E0,"1 #"& 10& !" #)0%&,$40'0,2 #! &F&,65" "% 4*!('" D"152"7

G0%&0- (",," %*!E"''" ";+1"&&0*% #*0, +"15",,1" #" D*1,"5"%, 12#!01" '"& +H2%*.

56%"& #" 12,0("%(" $! E*0&0%$3" #" '$ &!1D$(" #" 3'0&&"5"%,7 I"& ,"&,& / E"%01 $!1*%,

+*!1 *4J"(, '$ E$'0#$,0*% #" (",," HF+*,H6&"7

 !" #$%&'()*$%)

K% (*%('!&0*%- '$ (*55$%#" +$1 5*#"& 3'0&&$%,& 2,$4'0" $ 2,2 &05!'2" ", ,"&,2" &!1

!% 1*4*, /  !$,1" 1*!"& "% 5*#" %*% #01"(,0*%%"'- +*!1 !%" &,1$,230" #" (*55$%#"

"% (*!+'"7 L"''".(0 &" 12E6'" $'*1& M,1" 1*4!&," #"E$%, '"& (*%#0,0*%& #)$#H21"%(" #"&

1*!"& #! 1*4*, $! &*'- F (*5+10& '*1& #" &!0E0 #" (H"50%& &0%!"!;7 G! (*!1& #"& "&&$0&-

'" +H2%*56%" #" 12,0("%(" &" ,1$#!0, "&&"%,0"''"5"%, +$1 !%" D*1," (*%&*55$,0*%

#)2%"130"7 N' "&, 23$'"5"%, +1*+*&2 #)05+'25"%,"1 (",," '*0 #" (*55$%#" &!1 '" 1*4*,

5*#!'$01" 1*4!OPL Q7 I"& &05!'$,0*%& +"15",,"%, #)*4&"1E"1 !%" 4*%%" 1*4!&,"&&"

#" ("''".(0 #"E$%, '"& 01123!'$10,2& #! &*'7 G:% #" #050%!"1 '$ 12,0("%(" ", #*%( '$

(*%&*55$,0*% "% 2%"130"- !%" E$10$,0*% #"& (<=(0"%,& #" 3'0&&"5"%, $E"( '$ +10&" "%

(*5+," &!++'25"%,$01" #)!% (10,61" #" &,$40'0,2 "% 1*!'0&7 I2J/ E$'0#2"& "% &05!'$,0*%-

#"& "&&$0& 12"'& &!1 '" 1*4*, #"E1*%, E"%01 (*%:15"1 ("& 5*#0:($,0*%& ", '"& '050,"&

#" 1*4!&,"&&" #" '$ (*55$%#" +$1 1$++*1, / '$ 32*52,10" #! &*'7 9" ($& 2(H2$%,- &0

'$ (*%&*55$,0*% "% 2%"130" &)$E61" M,1" ,*!J*!1& ,1*+ 05+*1,$%,"- ')05+'25"%,$,0*%

#)!%" '*0 #" (*55$%#" +$1 5*#"& 3'0&&$%,& #)*1#1" &!+210"!1 &"1$ / "%E0&$3"17



 ! "#$%&'() *+ ",--$./) %$( -,/)0 12&00$.'0



 !"#$%&' (

)%"*$+$,"%$-. '. +"/'% 012. &-*-% 3

&-2', 0$&'/%$-..'++',

 ! "!#$%!&$'" !(&'"')* *" )$+$*( '(#*,& ,-.'"/ !(0 1*2'$"2 /* /$#*,2 /')!$"*23

&*+2 4(* +! 2(,#*$++!"5*3 +6!..',& /* 2*5'(,23 +6!%,$5(+&(,*3  !"#  ! ,*57*,57* /!"2 5*2

/')!$"*2 /'$& .,'.'2*, /*2 ,'1'&2 .,-5$2 *& 8!1+*23 -#'+(!"& 9 2(:2!))*"& 7!(&*

#$&*22*; <*&&* .,'1+-)!&$4(* ,*2&* !(='(,/67($ '(#*,&*3 /6!(&!"& .+(2 4(6*" )$+$*(

"!&(,*+3 +*2 &*,,!$"2 2(, +*24(*+2 +* ,'1'& -#'+(* 2'"& 2'(#*"& %+$22!"&23 /* "!&(,* *&

/* %-')-&,$* #!,$!1+*2;  6(&$+$2!&$'" /* +'$2 /* 5'))!"/* 5+!22$4(*23 5'))* 5*+! *2&

.,'.'2- .!, >$5!*++$ *& ?!)2'" @ABBCD '( .!, <!"(/!2 /* E$&  ! $%# @ABBFD3 %-"G,*

/6$).',&!"&*2 .*,&(,1!&$'"2 H/$)$"(&$'" /* +! .,-5$2$'" /( 2($#$ /* 57*)$"I3 2$ 5*

"6*2& .!2 ("* .*,&* /* 5'"&,J+* &'&!+* H&K&*L9L4(*(*I; <*2 .7-"')G"*2 2'"& !55*"L

&(-2 9 7!(&* #$&*22*3 *" ,!$2'" /( &*).2 /* ,-.'"2* /*2 !5&$'""*(,2 *& /( &*).2

/6-&!1+$22*)*"& .'(, !&&*$"/,* +! #!+*(, /* 5'"2$%"* 4($ 2'"& &'(='(,2 $"-#$&!1+*2;

<6*2& .'(,4('$ "'(2 /*#'"2 )*&&,* *" .+!5* ("* +'$ /* 5'))!"/* !#!"5-*3 &*"!"&

5').&* /* +! /M"!)$4(* /( 2M2&G)* 2(, (" 2'+ 9 N!$1+* !/7-,*"5*; O!"2 5* 57!.$&,*3

+*2 57*)$"2 9 2($#,* 2*,'"& &'(='(,2 5$"-)!&$4(*)*"& !/)$22$1+*23 56*2&L9L/$,* 4(6$+2

2'"& 5').!&$1+*2 !#*5 +*(, 2($#$ *" ,'(+*)*"& 2!"2 %+$22*)*"&;

O6!(&,*2 &M.*2 /6!..,'57*2 '"& /-=9 -&- (&$+$2-*2 .'(, &,!$&*, 5*2 .,'1+G)*2;

 7'))*LO*2!%*2  ! $%# @PQQBD .,'.'2*"& ("* .,'5-/(,* /6*2&$)!&$'" /*2 !"%+*2 /*

%+$22*)*"&2 *" +$%"*; <*&&* *2&$)!&$'" 2* 1!2* 2(, /*2 )'/G+*2 &*,,!)-5!"$4(*2; R++*

*2& *"2($&* (&$+$2-* /!"2 ("* +'$ /* 5'))!"/* .'(, !)-+$',*, +* 2($#$ /* 57*)$" 2(,

/*2 2'+2 /$:5$+*2; S-!")'$"23 5*&&* !..,'57* "-5*22$&* ("* *2&$)!&$'" .,-5$2* /*2

)'(#*)*"&2 /( ,'1'&3 5* 4($ "6*2& .!2 &'(='(,2 *"#$2!%*!1+*; T"* !(&,* 2'+(&$'" *2&

+! /-8"$&$'" 7',2L+$%"* /6(" /')!$"* /* 2&!1$+$&- H#$&*22*U!"%+* /* /$,*5&$'"I .,'.'L

2-* .!, V*&*,2 *& W!%"*))! @PQQXD; <*.*"/!"& *" %-"-,!+3 +*2 5'"/$&$'"2 /6!/7-,*"5*

/'$#*"& K&,* 2(..'2-*2 5'"2&!"&*2 *& 5'""(*2; Y8" /* 5').*"2*, +*2 /-,!.!%*2 *"

&*).2 ,-*+3 5*,&!$"*2 +'$2 /* 5'))!"/* ,'1(2&*2 @Z7!"%  ! $%#3 PQQCD &,!$&*"& +*2 %+$2L

2*)*"&2 5'))* ("* .*,&(,1!&$'" 9 ,*=*&*,; ?$ 5* ,*=*& *2& *:5!5* 9 N!$1+* #$&*22* *"

*"#$,'""*)*"& 2&,(5&(,-3 5*2 &M.*2 /6!+%',$&7)*2 &,'. 5'"2*,#!&$N2 "* 2!&$2N'"& .!2

9 /*2 5'"/$&$'"2 /* 7!(&* #$&*22* *" )$+$*( "!&(,*+;

S'&,* '1=*5&$N *2& /6'1&*"$, ("* +'$ /* 5'))!"/* .'(, 2&!1$+$2*, (" ,'1'& )'1$+*

9 ,'(*23 .,*"!"& /*2 #$,!%*2 9 N',&* 5'(,1(,* 2(, &*,,!$" %+$22!"& 9 %,!"/* #$&*22*;

[C



 ! "#$%&'() *+ ,'$-&.&/$'&01 )1 .$2)'

 !"# $%&!'# (!") *%+, -,),'./) +, *!'.)0+,1/+/.2 $" #3#.45% #,'# (!") ,".,'. +/5/.%)

+6/'.%'#/.2 $%# %'.)2%# $% *!55,'$%7 .,'. ," '/&%," $%# )!"%# 8"% $% +, $/)%*./!'9

:%. ,+-!)/.;5% $!/. <.)% )!1"#.% $%&,'. +%# /'*%)./."$%# $%# $!''2%# *,(.%")# +!)#

$% $2(+,*%5%'.# ),(/$%#9 :%..% *!55,'$% #%), $3',5/8"% ," #%'# 8"% +%# %'.)2%#

$" #3#.45% #!'. +%# *!"(+%# ,((+/8"2# ,"= )!"%# $" )!1!.9

>,'# +% *,# $6"' &2;/*"+% ? )!"%# $/)%*./!''%++%#7 +%# '!'@+/'2,)/.2# $" 5!$4+%

$3',5/8"% *!5(+/8"%'. +, 5/#% %' A"&)% $6"'% +!/ $% *!55,'$% -+!1,+%9 :6%#.

"' ()!B%. ,##%C *!5(+/8"2 8"/ , $2B? 2.2 %'.)%()/#7 '!.,55%'. (,) D,5#!' EFGGHI9

J,/# +%# ()!()/2.2# $" 5!$4+% 2."$/2 #% )%.)!"&,'. $,'# +, +!/ $% *!55,'$%7 *%..%

$%)'/4)% %#. 1/%' #!"&%'. $/K*/+% ? 5%..)% %' A"&)% %' (),./8"%7 '2*%##/.,'. $%

'!51)%"= *,(.%")# %. $6/5(!).,'.# .%5(# $% *,+*"+9 :6%#. (!")8"!/ '!"# ()!(!#!'#

"'% '!"&%++% 52.;!$% $% #.,1/+/#,./!' '!' 1,#2% 5!$4+%7 $!'. +% ()/'*/(% %#. $% 5!@

$"+%) +%# *!"(+%# $6,*./!''%5%'. $%# )!"%# ,L' $% )2$"/)% +6%))%") %' &/.%##% $% +,*%.9

M"/#8"6/+ #6,-/. $% #"/&)% "' *;%5/' $!''2 ? ;,".% &/.%##%7 .!". %' ,##"),'. +,

*!55,'$% $" #3#.45%7 +% .),&,/+ ()2#%'.2 /*/ (!")), <.)% *!5(,)2 ? +6N+%*.)!'/*

D.,1/+/.3 :!'.)!+ OND:P9 Q((,)" $,'# +% $!5,/'% $% +6,".!5!1/+% %' N")!(% $,'#

+%# ,''2%# FGGR7 /+ , (%)5/# $% )2$"/)% +%# )/#8"%# $6,**/$%'.# $% &!/.")%# ES,)5%)7

THHUI9 V6ND: 2.,'. $2#/-'2 (,) $/W2)%'.# '!5# %' X!'*./!' $% +6%'.)%()/#% 8"/ +%

$2&%+!((%7 /+ %#. #!"&%'. (+"# *!''" #!"# +% '!5 $6N+%*.)!'/* D.,1/+/.3 M)!-),5

ONDMP9 :% .3(% $% *!'.)0+%7 '!' ,$,(.2 ? +, )!1!./8"% %' 5/+/%" !"&%).7 (%". <.)%

*!5(+2.2 %' %W%*.",'. "'% 2."$% ? (,)./) $6"' 5!$4+% $3',5/8"% '!'@+/'2,/)% $6"'

)!1!. 5!1/+% ? )!"%#7 .%','. *!5(.% $" X,/. 8"% +%# ,'-+%# $% $/)%*./!' %. $% $2)/&%

(%"&%'. <.)% /5(!).,'.#9 Y-,+%5%'.7 '!.)% ,+-!)/.;5% #% $25,)8"% $% +6NDM %' *%

#%'# 8"% *;,8"% )!"% $" #3#.45% #%), .),/.2% /'$2(%'$,55%'.7 *!55% "'% %'.)2%

$% *!55,'$% ? (,). %'./4)%9 Z' 5"+./(+/% ,+!)# +%# (!##/1/+/.2# $% 5,[.)/#% $% #,

$3',5/8"%7 %' .%','. *!5(.% $% +6/'\"%'*% $6"'% )!"% (,) ),((!). ,"= ,".)%#7 %'

X!'*./!' $" *!5(!).%5%'. ,..%'$"9

>,'# +, #"/.% $% *% *;,(/.)%7 "'% ,',+3#% $" 5!$4+% $3',5/8"% $6"' #3#.45%

? 8",.)% )!"%# $% .3(% &!/.")% %#. 5%'2% ,L' $62.,1+/) '!.)% '!"&%+ ,+-!)/.;5% $%

*!55,'$%9 ]+ #% '!"))/. $% +, 5%#")% $% +, &/.%##% +/'2,/)% -+!1,+%7 $% +, &/.%##%

,'-"+,/)% $% +,*%.7 ,/'#/ 8"% $% +6,'-+% $% $/)%*./!' $" #3#.45%9 Q".)%5%'. $/.7 /+

#6,-/. $6"' ,+-!)/.;5% #.,1/+/#,'. $% 5!$"+,./!' $" &%*.%") $% *!55,'$% $%# )!"%#7

!(2),'. %' (,),++4+% $6"'% *!55,'$% $% #"/&/ $% *;%5/'9 Q()4# ,&!/) 2.2 .%#.2 %'

#/5"+,./!'7 *%. ,+-!)/.;5% %#. /5(+25%'.2 #") +% )!1!. )!1"SQD^ Q9 :!51/'2 ?

$%# *!55,'$%# ,$,(.,./&%# %. ()2$/*./&%# $% +6,'-+% $% 1),8",-% ,&,'.7 /+ %#. ,+!)#

&,+/$2 %' *!'$/./!'# )2%++%# #") #!+ -+/##,'.9  !"# %' ()!(!#!'# %'#"/.% "'% '!"&%++%

&%)#/!'7 (!") "' )!1!. ? )!"%# $/)%*.)/*%# ? +6,&,'. %. ? +6,))/4)%7 .%','. *!5(.% $%

+, $3',5/8"% $" )!1!. $,'# +% (+,' $" +,*%.7 *%..% 52.;!$% 2.,'. -2'2),+/#,1+% ?

.!". &2;/*"+% ?  )!"%# 5!.)/*%#7 $/)%*.)/*%# !" '!' $/)%*.)/*%#9



 !"! #$%&'()*+,-./ /+ *00$%12/ $/+/3./ 4 

 !" #$%&'()*+,-./ /+ *00$%12/ $/+/3./

 !"!" #$ %&''$()* %+(,'$-+./* %0$11+./* *- 1*1 0+'+-*1

 ! "#$%&$"! '()%! &*++,%'! &$%-+,.$/)! &0,11$/)! '! 1)$2$ '! &3!+$% &*%')$.

4 &*++,%'!# 0(,%50! δ '! '$#!&.$*% '!1 #*)!1 ,2,%. ') #*6*. !% .!%,%. &*+".! '!
0(!##!)# 0,.-#,0! εlat !. '! 0(!##!)# ,%5)0,$#! εang '! 0,&!. 7

δ = f(εlat, εang)

*8 f !1. )%! 9*%&.$*% /)$ '-"!%' '! 0(!##!)# 0,.-#,0! :!% +;.#!1< !. '! 0(!##!)# ,%=

5)0,$#! '! 0,&!. :!% #,'$,%1<>

?*)1 ,2*%1 $+"0-+!%.- &! .@"! '! &*++,%'! '! 0, '$#!&.$*% ,2,%. 1)# 0! #*6*.>

A*)# &!0,B %*)1 ,2*%1 &*%1$'-#- 0, 0*$ '! &*++,%'! &$%-+,.$/)! '-2!0*""-! ",#

C3)$0*. DEFFGHB 6,1-! 1)# 0(3@"*.3;1! '! #*)0!+!%. 1,%1 50$11!+!%.B -.,60$! 4 ",#.$#

'! 0, .#,%19*#+,.$*% !% 1@1.;+! &3,I%- '! J,+1*% DEFFGH> K!..! 0*$ !1. '! 0, 9*#+! 7

δ = arctan
(

l
[

cos3 εang

(1−c(s)εlat)
2 (c(s) (1 − c(s)εlat) tan2 εang

−Kpεlat − Kd (1 − c(s)εlat) tan εang) + c(s) cos εang

1−c(s)εlat

])

:G>E<

c(s) !1. 0, &*)#6)#! ') &3!+$% :!% m−1
< ,2!& s 1*% ,61&$11! &)#2$0$5%!> Kp !. Kd

1*%. 0!1 '!)L 5,$%1 "*1$.$91B #-50,%. 0, '$1.,%&! '(-.,60$11!+!%.>
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M$5)#! G>E7 J@1.;+! ,11!#2$ ,2!& 0, &*++,%'! &$%-+,.$/)!

A,# ,$00!)#1B )%! &*%1$5%! '! 2$.!11! 50*6,0! '! %*#+! Vc &*%1.,%.! !1. !%2*@-!>

N(,"#;1 0, 0*$ :O>P< '! &*+"*1$.$*% '!1 2$.!11!1B &!..! '!#%$;#! !1. '$1.#$6)-! ,)L

/),.#! #*)!1 ') 2-3$&)0! 1!0*% 0!1 #!0,.$*%1 7

Vrr = Vc + rwr

Vrl = Vc − rwl

Vfr =
√

(Vc + rwr)
2 + (lr)2

Vfl =
√

(Vc − rwl)
2 + (lr)2

:G>O<



 ! "#$%&'() *+ ,'$-&.&/$'&01 )1 .$2)'

 !""! #$% &! '$(()*&! ) #+),)*")-! &+."/! )%01(!*" %(2#1(!*")3#!4 0$* !52/!06

0%$* 1")*" )00!7 0%(2#! !" 0) (%0! !* 2#)'! *1'!00%")*" 8*%98!(!*" 8* :;<=  !#)

1")*"4 2!*01! 2$8/ &!0 &12#)'!(!*"0 0)*0 -#%00!(!*"0 08/ 8* "!//)%* >$/%7$*")#4 !##!

*! '$*0%&?/! *$")((!*" 2)0 #!0 '$*0198!*'!0 &! @$/"!0 0$##%'%")"%$*0 &A*)(%98!0 08/

#! '$(2$/"!(!*" #)"1/)# &8 0A0"?(!=

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

B* @$*'"%$* &! #) &A*)(%98! &8 0A0"?(! !" &!0 2/$2/%1"10 -1$(1"/%98!0 !" "!//)6

(1')*%98!0 &8 0$#4 &!0 )*-#!0 &! -#%00!(!*"0 )22)/)%00!*" C #+%*"!/)'"%$* /$8!060$#=

 !0 -#%00!(!*"0 %(2)'"!*" #! '$(2$/"!(!*" -#$3)# &8 /$3$"4 &$*" *$")((!*" 0$*

($8,!(!*" !* #)'!"=

D! 0'>1() E=F /!2/10!*"! #) '%*1()"%98! &8 0A0"?(! 3%'A'#!""! !* 2/10!*'! &! -#%06

0!(!*"0=

�������������������
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G%-8/! E=FH  %*1()"%98! &8 0A0"?(! 3%'A'#!""!

I* !* "%/! #!0 /!#)"%$*0 08%,)*"!0 H















tan αr = h
d

tan (δ + αf ) = h+l
d

Vh = dr
Vh = Vr cos αr

&$*' H

{

r = 1
d
Vr cos αr

l
d

= tan (δ + αf ) − tan αr

&+$J H

r = Vr cos αr
tan (δ + αf ) − tan αr

l
KE=LM

<)*0 -#%00!(!*"4 '!""! ,%"!00! )*-8#)%/! &! #)'!" 2/!*& #) @$/(! H

rt = Vr
tan δ

l
 !"#$



δ
Vr
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 ! "#$%&'() *+ ,'$-&.&/$'&01 )1 .$2)'

 ! "#$%$ &'#( )*!+$( !( ),#&! - #(! %$.!""! &! 6 m.s−1
/

� � �� �� �� �� ��
�

�

��

��

��

��

��

�

�

��	�
��
	������	��	

������
	��
�����
��	�������
��

0$1#2! 3/34 5,"$.$,( 6+7

� �� �� �� �� �� �� �� 	�

��


��


��


��


��


��


��


�

�

�

��

�

�


�

����
��
�

������

0$1#2! 3/84 9(1 ! &! 1 $""!+!(. :%:(.

6&!17
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0$1#2! 3/;4 9(1 ! &! 1 $""!+!(. :22$<2!

6&!17

=: .2:>!).,$2! &# 2,?,. !". @2A"!(.A! "#2  : B1#2! 3/3/ =!" ),#2?!" &',?"!2%:.$,(

&!" :(1 !" &! 1 $""!+!(." :%:(. !. :22$<2! ",(. A1: !+!(. 2!@,2.A!" "#2  !" B1#2!"

3/8 !. 3/;/ C!" :(1 !" &! 1 $""!+!(. ",(. !D@2$+A" !( &!12A" !( E,().$,( &!  ':?")$""!

)#2%$ $1(! !( +<.2!"/ ='!22!#2  :.A2: ! :..!$(. #( +:D$+#+ &! FGH +<.2!" :# ?,#. &!

HGI "!),(&!" - #(! :?")$""! )#2%$ $1(! &! JK +<.2!"G !( @ !$( %$2:1!/ L )!. $(".:(.G

 ! %A*$)# ! !". @:2.$ !( ",#"M%$2:1!G :N:(. :..!$(. &!" :(1 !" &! 1 $""!+!(. :%:(. !.

:22$<2! &'!(%$2,( F; &!12A"/ O#2  : ),#2?! &! @,"$.$,(G  ! %A*$)# ! !". - #(! :?")$""!

&'!(%$2,( FK +<.2!"/ C!..! ),++:(&! (! @!2+!. ($ &! .!($2 ),+@.! ($ &! ),22$1!2  !"

1 $""!+!(." :@@:2#" :# ),#2" &# +,#%!+!(./ 9$("$G  '!22!#2 )2,P. :%!)  !" 1 $""!+!(."

&# 2,?,./ 5,#2 #(! %$.!""! "#@A2$!#2! - 6 m.s−1
G  ! 2,?,. (! "#$. @ #"  ! )*!+$( "#2

)! .N@! &! ", / Q &A)2,)*! :# ($%!:# &# %$2:1!/ =: ),++:(&! )$(A+:.$R#! ) :""$R#!

R#$ "':%<2! &,() $(:&:@.A! &:(" )!..! "$.#:.$,(G &,$. S.2! ),+@ A.A!/



 !"! #$%&'()*+,-. /. 0+%1*&*0%+*(2 34

 !"! #$$%&'() *+)' ,&-./*01&2 -. '&.$/) -3.2) %&.)

 !"# $% &!# '% '()$!&%*%"+# ,!)-'%# './" ,010+ *01-$%2 '%# 3$-##%*%"+# !))!4

,!-##%"+5 6%# 3$-##%*%"+# -"7/%"+ #/, $! 8-+%##% '% $!&%+2 %"3%"',!"+ '%# ,-#9/%# '%

#/,8-,!3% 0/ '% #0/#48-,!3% 9/./"% &0**!"'% &-"(*!+-9/% &$!##-9/% ".%#+ )!# %"

*%#/,% '% &0,,-3%,5

:0,# '% $.%##!- ),($-*-"!-,%2 /"% #-*)$% &0**!"'% '% 8-+%##% &0"#+!"+% ! (+(

-*)$(*%"+(%2 !8%& /"% ,!*)% '.!&&($(,!+-0" %" '(1/+ %+ %" ;" '% &<%*-" )0/,

'%# ,!-#0"# (8-'%"+%# '% #(&/,-+(5 6%++% &0"#-3"% '% 8-+%##% %#+ %"#/-+% &0"8%,+-%

%" &0/)$%# !))$-9/(# !/= ,0/%#5 :%# 8!$%/,# '% &%# &0/)$%# #0"+ '(+%,*-"(%# )!, $!

&0**!"'% 1!# "-8%!/ '% +>)% ),0)0,+-0""%$$% ?

τi = Kτi
(Vdi − Vni)

@ Kτi
%#+ /" 3!-" #+,-&+%*%"+ )0#-+-A B-&- Kτi

= 200NsC5
@ Vdi %#+ $! 8-+%##% '(#-,(%2 '(+%,*-"(% )0/, &<!9/% ,0/% !),D# '-#+,-1/+-0" '%#

8-+%##%#5

@ Vni %#+ $! 8-+%##% ,(%$$% *%#/,(% %" /+-$-#!"+ $% *0'D$% &-"(*!+-9/% '% *0/8%4

*%"+ '% $! ,0/%5

 !"# $% &!# 0E $! &0"'-+-0" '% ,0/$%*%"+ #!"# 3$-##%*%"+ ".%#+ )$/# 8(,-;(%2 $%#

&0/)$%# '%# ,0/%#2 $%# /"%# )!, ,!))0,+ !/= !/+,%#2 '0-8%"+ F+,% *0'-;(# !;" '%

,(+!1$-, $% "0" 3$-##%*%"+5

 !" #$%&'()*+,-. /. 0+%1*&*0%+*(2

:! &0**!"'% &-"(*!+-9/% &$!##-9/% (+!"+ '.0,%# %+ '(GH ),(#%"+% !;" '% ,(3/4

$%, $! 8-+%##% 3$01!$% %+ $! '-,%&+-0" '/ 8(<-&/$%2 "0/# !$$0"# &0"&%80-, $.!$30,-+<*%

'% #+!1-$-#!+-0" 9/- ),(8-%"',! &%# '%/= )<("0*D"%# '% #0/# %+ #/,48-,!3%2 !;" '%

*!-"+%"-, $% &0"+,I$% '/ 8(<-&/$%5

:%# &,-+D,%# '% $! &0**!"'% )%/8%"+ #.%=),-*%, !-"#-5 J"% 8-+%##% '% $!&%+ +<(04

,-9/% rt (+!"+ '0""(% %+ $! 8-+%##% '% $!&%+ ,(%$$% r (+!"+ *%#/,(%2 /"% ,(3/$!+-0" '%#
&0/)$%# τi = RFxi '%# ,0/%# '0-+ F+,% (+!1$-% !;" 9/% $! &0"+,I$!1-$-+( '/ 8(<-&/$%

#0-+ 3!,!"+-% %" 8-,!3%5

K0/, &%$!2 /" &0/)$% "(3!+-A %#+ !))$-9/( H $./"% '%# 9/!+,% ,0/%#2 &0"+,!"+ !-"#-

$%# 3$-##%*%"+# %+ &0"#%,8!"+ $.!'<(,%"&% '%# ,0/%# !/ #0$5 L+/'-0"# '0"& $.-"7/%"&%

'%# '-M(,%"+%# 8!,-!1$%# '.%"+,(% #/, $.%,,%/, '% 8-+%##% '% $!&%+ '(;"-% )!, ?

ε = rt − r

 !4!" 50.-) -) /3126.)2') -)7 +*%1*8/)7 -3)20%9)

60"#-'(,0"# $% *0'D$% '>"!*-9/% './" 8(<-&/$% "0"4<0$0"0*% H 9/!+,% ,0/%#

*0+,-&%#2 !8%& $%# ,0/%# !8!"+ '-,%&+-0""%$$%# B;3/,% N5OC5 P0/# (+!1$-##0"# &% *0'D$%

%" ,%A0,*/$!"+ $% *0'D$% '>"!*-9/% 3("(,!$ BQ5RRC )0/, N = 45 :%# (9/!+-0"# '/



 ! "#$%&'() *+ ,'$-&.&/$'&01 )1 .$2)'

 !"#$ $%&' ()!*$&+$, -.%, /$ )$(0)$ /!1./ R /2+ ." #+321"/$' ,4$5()2 $%& ,!", /.

6!) $  .&)212$//$ 7

{

Mu̇ + C(u)u = Gxfx + Gyfy
ẋ = R (θ)u

89:9;

Gx $& Gy ,!%& /$,  .&)21$, -$ &).%,6!) .&2!% +<"2#./$%&$, ." &!),$") -$, $=!)&,

/!%>2&"-2%."5 fx $& /.&+)."5 fy' $5()2 + ." 1$%&)$ -$  .,,$ G -.%, /$, )$(0)$, -$,

)!"$,: ?//$, #./$%& 7

fx =
(

Fxrl Fxrr Fxfl Fxfr

)T

Gx =





1 1 cos δfl cos δfr

0 0 sin δfl sin δfr

−wl wr lf sin δfl − wl cos δfl lf sin δfr + wr cos δfr





fy =
(

Fyrl Fyrr Fyfl Fyfr

)T

Gy =





0 0 − sin δfl − sin δfr

1 1 cos δfl cos δfr

−lr −lr lf cos δfl + wl sin δfl lf cos δfr − wr sin δfr





Fxi $& Fyi ,!%& /$, 6!)1$, -42%&$).1&2!% )!"$@,!/ ,$/!% )$,($1&2#$ $%&' /. -2)$1&2!% /!%@

>2&"-2%./$ x $& /. -2)$1&2!% /.&+)./$ y -$ 13.<"$ )!"$: A$"), 2%-21$, i ,!%& $5(/212&+,
(.) fl' fr' rl $& rr 8.#$1 6 $& ) (!") .#.%& $& .))20)$' ("2, / $& ) (!") >."13$ $&
-)!2&$;:

A$, .%>/$, -$ -2)$1&2!% -$, )!"$, .#.%& >."13$ δfl $& -)!2&$ δfr ,!%& B!)%+, (δfl, δfr) ∈
]

−π
2
; π

2

]2
: C4!D' cos δfl ≥ 0' cos δfr ≥ 0 $&' /$, ,2>%$, -$ sin δfl $& sin δfr ,4!B&2$%%$%&

E (.)&2) -$, #./$"), -$ δfl $& δfr: C.%, /$ ,F,&0 $ -$ -2)$1&2!% E G +(")$ -$ H.%@

&$." I' /$, .%>/$, -$ B).<".>$ -$, )!"$, ,!%& 1!"(/+, (.) "%  +1.%2, $ E B.))$,

.)&21"/+$,: J2%,2' ,2 /4!% 1!%,2-0)$ /4.%>/$ -$ B).<".>$  !F$% δ 1!))$,(!%-.%& ."
 !-0/$ B21F1/$&&$' %!", .#!%, /$, )$/.&2!%, 7

tan δfl = l
d−wl

; tan δ = l
d

; tan δfr = l
d+wr

.#$1 d /. 1! (!,.%&$ -" #$1&$")
→

GC ,$/!% /4.5$ ~y -" )$(0)$ ()!()$ ." )!B!&:
C4!D 7

cotan δfl = cotan δ − wl

l
; cotan δfr = cotan δ + wr

l
89:K;

A$, .%>/$, δfl' δfr $& δ ,!%& -!%1 &!"*!"), -$  L $ ,2>%$ $& ,!%& )$/2+, (.) /. )$/.&2!%
89:K;:

A$, +<".&2!%, 89:9; #!%& %!", ($) $&&)$ -4+&.B/2) /42%M"$%1$ -$, 6!)1$, Fxi ,") /.

-F%. 2<"$ >/!B./$ -" ,F,&0 $:

3145)12) 6) Fxi 7

N O"2#.%& /4.5$ 5 7

∂Fx

∂Fxi
= cos δi:

N O"2#.%& /4.5$ F 7

∂Fy

∂Fxi
= sin δi:

N J"&!") -$ /4.5$ P 7

∂Tz

∂Fxi
= lf sin δi − wi cos δi:



 !"! #$%&'()*+,-. /. 0+%1*&*0%+*(2 34

 !"#$% &'() *+$+,-.$+"% /# 010.2,%

34#0 54#0 67+8450 /+50 7% 9+0 6+$.!9#7!%$ /:#5 ;-<!9#7% 01,-.$!=#% 6+$ $+664$. +#

67+5 ,-/!+5> 4? 7:45 ;-$!@% 7+ 6$46$!-.- wl = wr = w> 04!. wi = w 64#$ 7%0 $4#%0 /%

"+#9<% %. wi = −w 64#$ 7%0 $4#%0 /% /$4!.%'

562+,70.

A%0 $-0#7.+.0 /% 7:-.#/% 6$-9-/%5.% 045. 015.<-.!0-0 /+50 7% .+B7%+# &'C' D7 +E9<%

7:!5F#%59% /%0 G4$9%0 /% 945.+9. /% 9<+9#5% /%0 =#+.$% $4#%0 0#$ 7:!5.%50!.- /%0 %H4$.0

"-5-$+7!0-0 I− 64#$ #5% $-/#9.!45> + 64#$ #5% +#",%5.+.!45> = 0! +#9#5% !5F#%59%J'

Fxfl Fxfr Fxrl Fxrr

Fx + + + +

Fy

δfr ≤ δ ≤ δfl < 0
δ = δfr = δfl = 0
δfl ≥ δ ≥ δfr > 0

−
=
+

−
=
+

= =

Tz

δfr < arctan(−w
lf

)

δfr = arctan(−w
lf

)

arctan(−w
lf

) < δfr ≤ δ ≤ δfl < arctan( w
lf

)

δfl = arctan( w
lf

)

δfl > arctan( w
lf

)

−
−
−
=
+

−
=
+
+
+

− +

K+B7%+# &'C) K+B7%+# /% 015.<20%

L@5 /% /-.%$,!5%$ 7% 94,64$.%,%5. /# ;-<!9#7%> !7 %0. 5-9%00+!$% /% /!0.!5"#%$

0:!7 .4#$5% /+50 7% 0%50 /% θ 640!.!G I+5.!M<4$+!$%J 4# 5-"+.!G I<4$+!$%J'



 ! "#$%&'() *+ ,'$-&.&/$'&01 )1 .$2)'

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

 !""! #"$%! !&" '!(#! ) *+,"-, %$ "+./!+$ %! &0("12&! 3454

3&($4) 5$1/ .) /)1/ $1'&6#0($&()

6+(& 7! 7+&8 /!& 9+/!$,& %! rt !" δ &:(" *:&-"-9!&4 ;! &-<(! %! ε !&" %#%$-" %! /+
'!&$,! %! r =#>$+"-:( =34?@@4

A- ε < 0 8 /+ 9+/!$, %! r !&" ",:* <,+(%!8 &:-" /! 9#1-7$/! &$,B9-,!4 C/ D+$" +/:,& %-'-B
($!, /+ 9+/!$, %$ ':'!(" Tz4 6E+*,2& /! "+./!+$ %! &0("12&! 3458 -/ !&" *:&&-./! %E+*B

*/->$!, $(! D:,7! (#<+"-9! ) /+ ,:$! +9+(" %,:-"! Fxfr :$ ) /+ ,:$! +,,-2,! %,:-"! Fxrr4

 !*!(%+("8 Fxfr *!,'!" $( %#*/+7!'!(" /+"#,+/ &!/:( /E+F! −y =Fy = Fxfr sin δfr@8

%E:G $(! '!-//!$,! &"+.-/-"#4 6:(7 $(! D:,7! (#<+"-9! Fxfr !&" +**/->$#!4

A- ε > 0 8 /+ 9+/!$, %! r !&" ",:* D+-./!8 &:-" /! 9#1-7$/! &:$&B9-,!4 C/ D+$" +/:,&
+$<'!("!, /+ 9+/!$, %$ ':'!(" Tz4 6E+*,2& /! "+./!+$ %! &0("12&! 3458 -/ !&" *:&&-./!

%E+**/->$!, $(! D:,7! (#<+"-9! ) /+ ,:$! +,,-2,! <+$71! Fxrl :$ ) /+ ,:$! +9+(" <+$71!

Fxfl4  !*!(%+(" +9!7 Fxfl8 /+ 9+/!$, %! Tz +$<'!("! $(->$!'!(" &- δfl < arctan( w
lf

)

!" +9!7 ':-(& %E+'*/-"$%! >$! Fxrl4 6! */$&8 /! %#*/+7!'!(" /+"#,+/ =Fy = Fxfl sin δfl@

!&" -(%#&-,+./!4 6:(7 $(! D:,7! (#<+"-9! Fxrl !&" +**/->$#!4

3&($4) 5$1/ .) /)1/ #0($&()

6+(& 7! 7+&8 /!& 9+/!$,& %! rt !" δ &:(" (#<+"-9!&4

A- ε < 0 8 /+ 9+/!$, %! r !&" ",:* D+-./!8 &:-" /! 9#1-7$/! &:$&B9-,!4 C/ D+$" +/:,&
%-'-($!, /+ 9+/!$, %$ ':'!(" Tz4 6E+*,2& /! "+./!+$ %! &0("12&! 3458 -/ !&" *:&&-./!

%E+**/->$!, $(! D:,7! (#<+"-9! ) /+ ,:$! +,,-2,! %,:-"! Fxrr4 H(! D:,7! (#<+"-9! Fxrr

!&" %:(7 +**/->$#!4

A- ε > 0 8 /+ 9+/!$, %! r !&" ",:* <,+(%!8 &:-" /! 9#1-7$/! &$,B9-,!4 C/ D+$" +/:,&
+$<'!("!, /+ 9+/!$, %$ ':'!(" Tz4 6E+*,2& /! "+./!+$ %! &0("12&! 3458 -/ !&" *:&&-./!

%E+**/->$!, $(! D:,7! (#<+"-9! ) /+ ,:$! +,,-2,! <+$71! Fxrl :$ ) /+ ,:$! +9+(" <+$71!

Fxfl4  !*!(%+("8 Fxfl *!,'!" $( %#*/+7!'!(" /+"#,+/ =Fy = Fxfl sin δfl@8 %E:G $(!

'!-//!$,! &"+.-/-"#4 6:(7 $(! D:,7! (#<+"-9! Fxfl !&" +**/->$#!4

 !"!- .*/01+$23' &' 456$274'

6#I(-&&:(& /!& D:,7!& %! *,:*$/&-:( Fxi %!& ,:$!& !( D:(7"-:( %! /+ D:,7! ,#&$/"+("

%! /+ 7:''+(%! %! &$-9- %! 71!'-( F c
xi !" %! /+ D:,7! +J:$"#! *:$, /+ &"+.-/-&+"-:(

%$ ':$9!'!(" !( /+7!" F s
xi K

Fxi = F c
xi + F s

xi

;E:.J!7"-D %! /E+/<:,-"1'! %! &"+.-/-&+"-:( !&" %! %#"!,'-(!, /!& D:,7!& %! *,:B

*$/&-:( >$- 9:(" <#(#,!, $( ':'!(" #>$-9+/!(" Tz +I( %! 7:'*!(&!, /E!,,!$, !(

9-"!&&! %! /+7!" ε4 6#*!(%+(" #<+/!'!(" %! /E+(</! %! .,+>$+<! δ8 7!& D:,7!& &:(" %!
/+ D:,'! K

F s
xi = Φ(δ, ε)

;+ D:(7"-:( Φ8 %#I(-! ) *+,"-, %! /E#"$%! *,#7#%!("!8 !&" I(+/!'!(" %#"+-//#!
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 !"#$%&' (























F s = −Kε
)! (δ< 0) & (ε< −εl) #*+%' F s

xrr = F s

)! (δ< 0) & (ε > εl) #*+%' F s
xfl = F s

)! (δ > 0) & (ε< −εl) #*+%' F s
xfr = F s

)! (δ > 0) & (ε > εl) #*+%' F s
xrl = F s

,# *!-!./ εl 0123!. */ '/4!* 05# .!6#.!+3 0/  /. #*7+%!.8-/ 0/ '.#9!*!'#.!+3: ,5/;$%/'"

'!+3 0/ *# <+% / F s
/'. 6+*+3.#!%/-/3.  8+!'!/ *# $*4' '!-$*/ $+''!9*/= $%+$+%.!+33/**/

> *5/%%/4% ε= $+4% 43/ 16#*4#.!+3  *#!%/ 0/  / 3+46/* #*7+%!.8-/: K /'. 43 $#%#-&.%/

'.%! ./-/3. $+'!.!< ?45!* '/%# !3.1%/''#3. 0/ <#!%/ 6#%!/% $#% *# '4!./= /3 <+3 .!+3 0/

*# 3#.4%/ 04 '+* +4 0/ *# 0@3#-!?4/ 04 '@'.&-/:

 !"!# $%&'()*&)+%* ,* &-../0,* &-.123)*

A+4' #6+3' $%1'/3.1 43/  +--#30/  !31-#.!?4/ $#% .%#3'<+%-#.!+3 /3 '@'.&-/

 8#B31 0/ *5#37*/ 0/ 0!%/ .!+3 #6#3. 0543 %+9+. -+9!*/ > %+4/' #6#3. 0!%/ .!+33/**/':

C23 05+$.!-!'/% *# $%1 !'!+3 04 '4!6! 0/  8/-!3=  /../ *+! 0/  +--#30/ #0#$.#.!6/

/'. #-1*!+%#9*/ /3 ./3#3.  +-$./ */' 7*!''/-/3.' #6#3. /. #%%!&%/ 0#3' *#  !31-#"

.!?4/ 7*+9#*/ 04 '@'.&-/: D#3' *# -/'4%/ +E */  8/-!3 /'.  +334= *5#F+4. 0543 ./%-/

$%10! .!< 6!/3. 17#*/-/3.  +-$*1./%  /../  +--#30/ 0/ *# 0!%/ .!+3: G323= 3+.%/ #*"

7+%!.8-/ 0/ '.#9!*!'#.!+3 6!/3. 0!%/ ./-/3.  +%%!7/% */ 7*!''/-/3. $#% 43/  +--#30/

 !9*1/ 04 -+46/-/3. 0/' %+4/' $+4% 43 #''/%6!''/-/3. 0/ *# 6!./''/ 0/ *# /.: H/'

*+!' 0/  +--#30/ '+3. 01.#!**1/'  !"#$%&':

#(* /. 5(--%2/. 5*26-%+*78. 9%) +)%20:()-%+*(2 .2 0;0+<-. 5,%=26 %>.5

5(-9.20%+*(2 /.0 '&*00.-.2+0

H/../ *+! 0/  +--#30/  !31-#.!?4/ 0/ '4!6! 0/  8/-!3 /'. 01.#!**1/ 0#3' *# .8&'/

0/ ,/3#!3 IJKKLM: H5/'. 43/ #-1*!+%#.!+3 0/ *51?4#.!+3 NL:OP /3 ./3#3.  +-$./ 0/'

#37*/' 0/ 7*!''/-/3. #6#3. αf /. #%%!&%/ αr $+4% #F4'./% *5#''/%6!''/-/3. 0/ *5#37*/

0/ 9%#?4#7/: ,/' 7*!''/-/3.' '+3. %/ +3'.%4!.' > *5#!0/ 0543 +9'/%6#./4% 051.#.:

H/../ *+! 0/  +--#30/  +%%!71/ # $+4% /;$%/''!+3 (

δ = arctan

(

tan αr +
l

cos αr

(

c (s) cos εang2

γ
+

Z cos3 εang2

γ2

))

− αf NL:QP

#6/ (







εang2 = εang + αr

γ = 1 − c(s)εlat

Z = −Kpεlat − Kdγ tan εang2 + c(s)γ tan2 εang2

#(* /. 5(--%2/. 9)6/*5+*>.

,/ $%!3 !$/ 0/  /../ *+! 0/  +--#30/ N6+!% IH#%!+4  ! "#$= JKKRMP /'. 0/ $%16+!%

*#  +4%94%/ 04  8/-!3 '4!6! '4% 43 8+%!S+3 0/ $%10! .!+3  8+!'!= #23 05#F+4./% > *#



 ! "#$%&'() *+ ,'$-&.&/$'&01 )1 .$2)'

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

# ,*!$$&-+/0 1# (!* 23045 .&-, /& +66 +*+& 7

δ = arctan (p + q) − αf

#8& 7

{

p = l
cos αr

· c(s) · cos εang2

γ

q = l
cos αr

· Z · cos3 εang2

γ2 + tan αr

9!$/*%6+!$/ (:&;.+&//*!$ 7

arctan (a + b) = arctan (a) + arctan

(

b

1 + a · b + b2

)

<(!+/ (# (!* %&  !""#$%& 23045 .&-, =,+& +66 +*,& 7

δ = δTraj + δDeviation

#8& 7

{

δTraj = arctan(p)

δDeviation = arctan
(

q
1+p·q+p2

)

− αf

1& ,&+"& δDeviation %6.&$%#$, &$ "#>&-+& .#+,*& %&/ 8#+*#)(&/ %& '(*//&"&$, &, %&

%68*#,*!$ %-  ?&"*$ @-* $& .&-8&$, .#/ =,+& #$,* *.6/A *( $:&/, .#/ *$ (-/ %#$/ (:#(B

'!+*,?"& %& .+6%* ,*!$0 1& ,&+"& δTraj %6.&$%#$, &$ "#>&-+& .#+,*& %&/ .+!.+*6,6/

%-  ?&"*$ %& +6C6+&$ &A (&/ !)>& ,*C/ (*6/ D  & ,&+"& .&-8&$, =,+&  #( -(6/ %#$/ (:#(B

'!+*,?"& %& .+6%* ,*!$0 E#+  !$/6@-&$,A &$ .+6/&$ & %& 8*+#'&/A (# (!* %&  !""#$%&

.+6%* ,*8& &$,+#F$& (& +&".(# &"&$, %- ,&+"& δTraj .#+ -$ $!-8&#- ,&+"& δPred
Traj %6B

,&+"*$6 &$ C!$ ,*!$ %& (#  !-+)-+& %-  ?&"*$ &, %&/  #+# ,6+*/,*@-&/ %& (:# ,*!$$&-+

%& %*+& ,*!$ %- 86?* -(&0 G:!H (# (!* %&  !""#$%& 7

δ = δPred
Traj + δDeviation 230I5

J!*, δC
(# 8#+*#)(& %&  !""#$%& #..(*@-6& D (:# ,*!$$&-+ %& %*+& ,*!$ %- 86?*B

 -(&0 J!*, δR
(:#$'(& %& %*+& ,*!$ +6&( "&/-+6 +6/-(,#$, %& (#  !""#$%& δC

&, @-* D

(# "&/-+& $ 8#-, δR
[n] = δM

[n] − δDeviation[n] #8& δM
[n] (# "&/-+& C!-+$*& .#+ (&  #.,&-+0

<K$ %:&/,*"&+ (:#$'(& %& %*+& ,*!$ +6&( D #..(*@-&+A !$  ?&+ ?& D "*$*"*/&+ (&

,&+"& D %6K$* .#+ (# +&(#,*!$ D(n) =
∑nH

i=0

(

δ̂R
[n+i] − δRef

[n+i]

)2

.!-+ ,&$%+& 8&+/ δRef
A

(:68!(-,*!$ %6/*+6& %& (:#$'(& δR
D (:?!+*L!$ %& .+6%* ,*!$ H0 nH &/, (& $!")+& %:*,6B

+#,*!$/ %& (# .6+*!%& %:6 ?#$,*((!$$#'& $6 &//#*+&/ .!-+ #,,&*$%+& H &, δ̂R
&/, (:&/,*B

"#,*!$ %& (:#$'(& %& %*+& ,*!$ +6&(A !),&$-& D .#+,*+ %& D0

E-*/A #K$ %:!),&$*+ (& ,&+"& δPr ed
Traj D *$>& ,&+ %#$/ (# (!* %&  !""#$%& 230I5A *( $!-/

C#-, *%&$,*K&+ -$ "!%M(& %- /& !$% !+%+& .!-+ %6,&+"*$&+ (# +6.!$/& %& (:# ,*!$$&-+

%& %*+& ,*!$ δR
&$ C!$ ,*!$ %& (:&$,+6& δC

0
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4&'()*+,-. /. 0+%1*&*0%+*(2

 ! "#$%&''& (#))!"*& +,!-'.& !/., ."*+0&"*!))&", 1$2 '&1 3$!,2& 2#$&1 *$ 2#-#,

0!2 '4!5#$, *4$"& 6#2(&7 &" %$& *& (#22./&2 '&1 &22&$21 &" %.,&11& *& '!(&,8 9#",2!.:

2&)&", !$; '#.1 *& (#))!"*& (."+)!,.3$&1 02+(+*&",&17 &''& "4&1, 0!1 (#"<$& 0#$2

!*!0,&2 '&1 (#"1./"&1 &"%#=+&1 !$; !(,.#""&$21 &" 6#"(,.#" *$ /'.11&)&",7 )!.1 0#$2

(#22./&2 (& /'.11&)&",8 >/!'&)&",7 &''& "4!/., 0!1 1$2 '! *.2&(,.#" *$ %+?.($'&8 9&1

'#.1 *& (#))!"*& 1#", *#"( (#)0!,.-'&1 &, (#)0'+)&",!.2&18

 #213$& '&1 &",2+&1 *& (#))!"*& *$ 1=1,@)& 1#", '&1 %.,&11&1 *&1 2#$&1 !$ '.&$

*& '&$21 (#$0'&17 "#$1 0#$%#"1 $,.'.1&2 '! %!2.!,.#" *&1 %.,&11&1 *&1 2#$&1 ?#)#/@"&

A $"& !((+'+2!,.#"7 (#))& (&'! &1, *+5A 2&(#))!"*+7 0!2 &;&)0'& *!"1 $" -2&%&,

BC#1?.D!E!7 FGGHI J*+,!.'1 !$ 0!2!/2!0?& K8L8F8MN8 O."1.7 '! '#. *& (#))!"*& *&

1,!-.'.1!,.#" *&%.&", P

{

∆ωs
i = KωiΦ(δ, ε)

ε = rt − r

Q$.17 '! %.,&11& A !00'.3$&2 A '! 2#$& &1, *+,&2)."+& !."1. P

ωi = ωc
i + ∆ωs

i Te

Kωi &1, '& /!." *& 0!11!/& *& '! 6#2(& *& 02#0$'1.#" A '4!((+'+2!,.#" J2+/'+ &;0+2.:

)&",!'&)&",N7 Te &1, '! 0+2.#*& *4+(?!",.''#""!/& &, ωc
i &1, '! %.,&11& !"/$'!.2& *&

'! 2#$& *+,&2)."+& 0!2 '! (#))!"*& (."+)!,.3$&8

4)5,*+.5+6). /. 5(--%2/. '&(1%&.

 4."(.*&"(& *& '4!'/#2.,?)& *& 1,!-.'.1!,.#" 1$2 '&1 /'.11&)&",1 &1, #-1&2%+& &"

'./"& !%&( '4#-1&2%!,&$2 *#", '&1 ."6#2)!,.#"1 1#", &"1$.,& $,.'.1+&1 0!2 '! (#))!"*&

*& '! *.2&(,.#"8  4!2(?.,&(,$2& /'#-!'& &1, *+,!.''+& 1$2 '& 1(?+)! -'#( R8S8

T./$2& R8SP U(?+)! -'#( *$ 1=1,@)& &" -#$('& 6&2)+&



 ! "#$%&'() *+ ,'$-&.&/$'&01 )1 .$2)'

 !" #$%&'%()*+ ,-. /-01*02%+3-. -+ .)2'&%()*+

 ! "#$%&!'#() *"' *+,-%',* *) *).#/())*$*)' 01)!$#2%* *) %'#&#"!)' &* 3(4%567

0,89 :/(:(", :(%/ &*" "#$%&!'#()" 0* &(-!&#"!'#() 0% -;!:#'/* <= %) /(4(' "#$#&!#/*

!% 3(4%>6?@ 6A ?*" :/(:/#,'," :;1"#2%*" "()' 0,'!#&&,*" 0!)" &* '!4&*!% BACA

@!4&*!% BACD E/(:/#,'," 0% 3(4%567

F*"-/#:'#() ?1$4(&* G!&*%/

H$:!''*$*)' 0% .,;#-%&* & 2, 1 m
G(#* 0% .,;#-%&* CI 1, 2 m

F#"'!)-* *)'/* &*" /(%*" !.!)'

*' &* -*)'/* 0* J/!.#', lf 1, 1 m
F#"'!)-* *)'/* &*" /(%*" !//#K/*

*' &* -*)'/* 0* J/!.#', lr 1, 0 m
L!""* 0% .,;#-%&* L 500 kg

L($*)' 0M#)*/'#* 0% .,;#-%&* N 244 kg · m2

 *" :!/!$K'/*" 0* &M!&J(/#';$* 0* "'!4#&#"!'#() "()' /,J&," !#)"# D K = 60N.s *'
εl = 0.4rad.s−1

A

 M!::/(-;* :/(:(",* -()"#"'* 9 !0!:'*/ &*" O(/-*" !::&#2%,*" "%/ &M!+* 0*" /(%*"

0M!:/K" &M!&J(/#';$* ,'!4&# :/,-,0*$$*)'A  M,2%!'#() PBAQR :*/$*' 0* 0,S)#/ &! .#T

'*""* 0* &!-*' ';,(/#2%* rtA

6:/K" !.(#/ !''*#)' %)* .#'*""* 0* 4m.s−1
= &! "#$%&!'#() -()"#"'* 9 "%#./* %) -;*$#)

"#)%*%+A ?%/ &! SJ%/* BAUV= &! -(%/4* 0% -;*$#) *$:/%)', :!/ &* .,;#-%&* *"' '/!-,*

!.*- *' "!)" "'!4#&#"!'#()= !#)"# 2%M!.*- &! &(# 0* -($$!)0* -#),$!'#2%* ,'*)0%*

W *)!#)  ! "#$= CVVXY '*)!)' -($:'* 0*" :;,)($K)*" 0* J&#""*$*)'A
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 !" #$ %&!"' ()**+ #$ ,-!".' /' #0'""'!" '1 234'55' /' #$,'4+ '67"389' '1 rad.s−1
+

'54 4"$,9' $! ,-!"5 /'5 538!#$43-15 $2', '4 5$15 54$.3#35$43-1) :'5 ;-",'5 $77#3<!9'5

7'1/$14 #'5 /97#$,'8'145 /! "-.-4 $2', $=-!4 /' #0$#&-"34>8' /' 54$.3#35$43-1+ 5-14

$?,>9'5 5!" #$ %&!"' ()*@ '1 A'B4-15)

��
�
��

�

�����������	���
���
���
��	

���������������
���
���
��	

C3&!"' ()**D E""'!" '1 234'55' /' #$,'4

���

���

���

���

�

�

C3&!"' ()*@D C-",'5 $77#3<!9'5 $2', 54$.3F

#35$43-1

G-!4 /0$.-"/+ 4-!"1$14 /$15 #$ /3"',43-1 /' #0$1&#' θ 7-5343;+ -1 -.5'"2' $2',

!1' ,-88$1/' ,3198$43<!' 5$15 54$.3#35$43-1 5!" #$ %&!"' ()*H !1 5-!5F23"$&' /!

29>3,!#') I'#$ $ 7-!" ,-159<!'1,' !1' '""'!" '1 234'55' /' #$,'4 7-53432' 2353.#' 5!"

#$ %&!"' ()**)

J7"K5 $=-!4 /' #0$#&-"34>8' /' 54$.3#35$43-1+ -1 -.5'"2' %&!"' ()*@ !1' ;-",'

19&$432' /0'123"-1 34N $77#3<!9' L #$ "-!' $""3K"' /"-34' $%1 /' 7"92'13" ,' 5-!5F

23"$&') M!35+ #-"5<!' #' 29>3,!#' 4-!"1' /$15 #' 5'15 θ 19&$43;+ #' 29>3,!#' $ /' 1-!2'$!
4'1/$1,' L 5-!5F23"'"+ /0-N !1' 234'55' /' #$,'4 19&$432' '4 7$" ,-159<!'14 !1' ;-",'

19&$432' /0'123"-1 37N '54 $77#3<!9' 5!" #$ "-!' $""3K"' &$!,>') O #03154$14 t = 10s+
-1 2-34 5!" #$ %&!"' ()** <!' #$ ,-!".' /' #0'""'!" '1 234'55' /' #$,'4 $2', 54$.3#35$43-1

/'23'14 ."3K2'8'14 7-53432'+ ,' <!3 '67#3<!' !1' ;-",' 19&$432' /' 12N $77#3<!9' 5!"

#$ "-!' $2$14 /"-34') :-"5<!' #' "-.-4 4-!"1' /' 1-!2'$! /$15 #' 5'15 /' θ 7-5343;+

!1' 7'434' '""'!" '1 234'55' /' #$,'4 $77$"$P4+ /0-N !1' ;-",' 19&$432' /' 15N $7F

7#3<!9' 5!" #$ "-!' $2$14 &$!,>') E1%1+ -1 -.5'"2' /' 1-!2'$! #'5 /'!6 7"'83'"5 ,$5)

C31$#'8'14+ #0$#&-"34>8' /' 54$.3#35$43-1 '54 ,-87$"9 L #$ #-3 /' ,-88$1/' ,3F

198$43<!' 94'1/!') :'5 /97#$,'8'145 /! "-.-4 2353.#'5 %&!"' ()*H 8-14"'14 <!'

,'44' #-3 /' ,-88$1/'+ $2', /'5 &$315 ,-""',4'8'14 $=!5495+ 7'"8'4 !1 5!323 /'

,>'831 4"K5 %/K#') I'7'1/$14+ !1' 3154$.3#349 /!' L /'5 -5,3##$43-15 /! 29>3,!#' $

4'1/$1,' L $77$"$P4"') J2', /0$!4"'5 "9&#$&'5 /'5 &$315+ -1 8313835'"$ ,'5 -5,3##$F

43-15+ /949"3-"$14 $#-"5 ;-"4'8'14 #' 5!323 /' ,>'831) Q149&"$14 #'5 &#355'8'145 7-!"

#$ ,-""',43-1 /' #$ /3"',43-1+ #$ ,-88$1/' ,3198$43<!' 94'1/!' $89#3-"' #' 5!323

/' ,>'831) I'7'1/$14+ 1' #'5 ,-""3&'$14 7$5+ '##' 1' 7'"8'44"$ 7$5 /' ,-""3&'" #'5

7"-.#K8'5 /03154$.3#349)



  !"#$%&'( )* +&#,%-%.#&%/0 (0 -#1(&

 !" #$%&'()(% *+,$-./*0()&+

 !" #!"#" $%# &#& !'!(#)&" *+!( ,! -$.$# /$.)0123 1 ")- ,! "4#! 5) 6!7*8-!9 5!

:$%#$,5-! ;1)+!-8%!< *=% 5! +*,45!- !>?&-47!%#*,!7!%# ,!" ?!-9$-7*%(!" 5! ,* ,$4

5! ($77*%5! 5! "#*.4,4"*#4$%@ *4%"4 A)! "* ($7.4%*4"$% *+!( ,!" ,$4" 5! ($77*%5!

(4%&7*#4A)!" 5&BC 47?,&7!%#&!" ")- ,! -$.$#D

 !"!# $%&'()*+),- ./ *(,+,',0% %1*2()3%-+40

E!%5*%# #$)#! ,* 5)-&! 5!" !""*4"@ ,!" !%#-&!" 5! ($77*%5! 5) -$.$# -$.)0123 1

"$%# ,!" A)*#-! +4#!""!" 4%5&?!%5*%#!" 5!" -$)!" !# ,* 54-!(#4$% *+*%#D F! -$.$# * ?$)-

($%"48%! 5! ")4+-! 54'&-!%#" #G?!" 5! (H!74%" C 54'&-!%#!" +4#!""!" *+!( ,I!7?,$4

5!" ($77*%5!" &%)7&-&!" ?-&(&5!77!%#D 3$)" ,!" !""*4" $%# ,4!) ")- )% 7J7!

#!--*4% *""!K 8,4""*%# 5! #G?! 8*K$%D F! (H!74% 5! ($%"48%! !"# 5&=%4 ?*- )%! ")4#!

5! ($$-5$%%&!" LE2D F!" ?$"4#4$%" "$%# ?-&!%-!84"#-&!" *) B$G"#4(M C 9*4.,! +4#!""!

;1m.s−1
<D
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"!,$% ,! (H$4> 5!" ,$4" 5! ($77*%5! )#4,4"&!" !# ,* +4#!""! 8,$.*,! 5I*+*%(!D  !" +45&$"

"$%# &8*,!7!%# -&*,4"&!" ?$)- (!-#*4%" !""*4"D

N, !"# 47?$-#*%# 5! -!7*-A)!- A)I)%! .$%%! -&?&#*.4,4#& 5! (H*()% 5! (!" !""*4"@

!% #!-7! 5! ?$4%#" 5! ?*""*8! 5) -$.$#@ 5*%" #$)" ,!" #G?!" 5! ($%=8)-*#4$% ;+4#!""!"@

#G?!" 5! (H!74%"@ ($77*%5!"@  !"#< * &#& +&-4=&!D
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!# 8m.s−1
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,! -*G$% 5! ($)-.)-! 7$G!% 5) +4-*8! !"# 5I!%+4-$% W@P 7X#-!" ;-*G$% 5! ($)-.)-!

74%47*, 5! P@T 7X#-!"<D F! "$, !"# H)745!@ 9*+$-4"*%# 5I47?$-#*%#" 8,4""!7!%#"D

)*2*3*3 89&#%- :(. (..#%. $/6' 60( 7%&(..( ;-/,#-( :9.%'9( :( 4m.s−1

E$)- (H*A)! ($%=8)-*#4$% 5!" ,$4" 5! ($77*%5!@ %$)" *+$%" #-*(& ,!" ($)-.!"

5!" #!"#" -&*,4"&" ?$)- ,!" -&8,*8!" 5!" 8*4%" ,!" ?,)" !Y(*(!"D O$)" ?-&"!%#$%" 4(4

,I&+$,)#4$% 5) -$.$# *+!( ,* ,$4 5! ($77*%5! (4%&7*#4A)! &#!%5)! 5! ,I*%8,! 5!

.-*A)*8!@ #!%*%# ($7?#! 5!" 8,4""!7!%#"@ ($7?,&#&! *+!( ,* ?-&54(#4$% ;66ZE<D



 !"! #$%&'()(% *+,$-./*0()&+ 12

 !"# $" %&'()'& *'(%#+ ',,' '#* !%%,)-$.' #'$,'/ 0$)#+ "1*&' 21((!"3' #*!4),)#!"*'

'#* )(%,.('"*.' '* ,'# &.#$,*!*# #1"* 21(%!&.#/ 5'# 21$&4'# &'%&.#'"*!"* ,6.71,$*)1"

3'# 3)8.&'"*'# 7!&)!4,'# 36.*!* #1"* '9%&)(.'# '" :1"2*)1" 3' ,6!4#2)##' 2$&7),);"'

<'" (=*&'#>+ %1$& !71)& $"' 41""' 7)#$!,)#!*)1" 3' ,! ?1"' 3$ 7)&!;'/

�� �� �� �� �� �� �� �� �� �� ��
�

��

��

��

��

	

	


��	
��������������

���
�
������������
�
���
��

���
�
������������
�
���
��

@);$&' A/BCD 01#)*)1" <(>

E" 14#'&7' ,1;)-$'('"* 3'# 21$&4'# !7'2 ,'# '&&'$&# ,'# %,$# )(%1&*!"*'# 3!"#

,' 2!# 3' ,! FFG0 #'$,' <21$&4'# &1$;'# '" %1)"*),,.#>/ 56!H1$* 3' ,6!,;1&)*I(' 3'

#*!4),)#!*)1" <21$&4'# 4,'$'# %,')"' ,);"'> %'&('* 3' 41""'# 21&&'2*)1"# %1"2*$',,'#+

%&)"2)%!,'('"* '" '"*&.' '* '" #1&*)' 3$ 7)&!;'+ ,J 1K ,'# &)#-$'# 3' ;,)##'('"* #1"*
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/#$ -2 $8#% 2$$!@$% "2#9H% 4$8#% ME5 %, %,1$;% .% 3!$2"% F8#$ ;3!1%$ #, /8#/?3!$2"%K

F#!/ .2,/ #, /%98,. 1%0F/ /#$ -2 $8#% 232,1 .$8!1% 4$8#%  M5 %, /8$1!% .% 3!$2"%

F8#$ ;3!1%$ #, /#$3!$2"%'

E%/ $;/#-121/ .2,/ 9%/ 98,.!1!8,/ /8,1 98,9-#2,1/' E2 980<!,2!/8, .% -G2-"8$!1H0%

.% /12<!-!/21!8, 23%9 -2 NNC7 /% $;3@-% 2//%O %P929% F#!/Q#% ,8#/ 98,/1218,/ #,

0%!--%#$ /#!3! .% 9H%0!, 23%9 #,% $;.#91!8, .%/ .R,20!Q#%/ S H2#1% T$;Q#%,9%

498#$<%/ .G2,"-%/ .% "-!//%0%,1 08!,/ <$#!1;%/5'

U#%--% Q#% /8!1 -2 98002,.% #1!-!/;%K !- %/1 .!P9!-% .G%/F;$%$ .% 0%!--%#$/ $;/#-?

121/ /2,/ 08.!V921!8, .# <2/ ,!3%2#' C, %W%1K -% 1%0F/ .% $;F8,/% .% -2 .!$%91!8,

%/1 .% -G8$.$% .% X&B 0/K /8!1 YBB 0/ .% $%12$. F#$ 2#Q#%- 8, 2:8#1% -% 1%0F/ .%

08,1;% .G%,3!$8, (&B 0/ F8#$ #, 2,"-% !,T;$!%#$ S (B .%"$;/' N!?.%//8#/ -%/ 98#$<%/
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*) "#22)$ !  ! %1)+&*&%)1&#$ !1 *) "#2+&$)&%#$  ! "!%  !.4  !,$&D,!% "#22)$ !%7
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6 7%11% 3!1%//%8 -% 9:;,<0=,% .% /<#/>3!$2"% /?277%,1#% %, $2!/<, .# 1%09/ .% $;>

9<,/% ,;7%//2!$% @ #,% 7<,/!",% .% A$2B#2"% 9-#/ !09<$12,1%' C,% ,<, 2,1!7!921!<,

.# 3!$2"% 2!,/! B#% .?!09<$12,1/ "-!//%0%,1/8 D<,1 B#?23%7 -2 7<002,.% 7!,;021!B#%

4&'E58 -?%$$%#$ -21;$2-% 211%!,1 9$%/B#% ) 0=1$%/ 47<#$A%/ 7<002,.% 7!,;021!B#% 02>

"%,12/ %, 9<!,1!--;/5'

F?2G<#1 .% -?2-"<$!1:0% .% /12A!-!/21!<, 47<#$A%/ /2,/ HHIJ 23%7 /12A!-!/21!<,

9-%!,% -!",% %, 7K2,5 D2!1 92//%$ -?%$$%#$ -21;$2-% 02L!02-% @ (8&( 0=1$%/ 4M"#$% &'(N5

-<$/ .# /<#/>3!$2"%8 %1 !- 9%$0%1 ;"2-%0%,1 %,/#!1% .% -!0!1%$ -% /#$>3!$2"%' O2!/ -%

9-#/ !09<$12,18 3!/!A-% /#$ -2 M"#$% &'() .?2,"-% .% "-!//%0%,1 232,18 %/1 /<, !09271

/#$ -2 -!0!121!<, .%/ "-!//%0%,1/' C, 9!7 .% "-!//%0%,1/ @ >N& .%"$;/ %/1 $29!.%0%,1

7<09%,/;8 7% B#! 9%$0%1 #,% 0%!--%#$% 02P1$!/% .# 0<#3%0%,1 .# 3;:!7#-% %, -27%1'

F2 7<002,.% 7!,;021!B#% ;1%,.#% 23%7 9$;.!71!<, 47<#$A%/ 23%7 HHIJ /2,/

/12A!-!/21!<, $<#"%/ %, 9<!,1!--;/58 9%$0%1 .?%,1$%$ .2,/ -% 3!$2"% 2# 9-#/ 9$Q18 02!/

7?%/1 2-<$/ #, /#$3!$2"% %, /<$1!% .# 1<#$,2,1 B#! .%3!%,1 .!R7!-% @ 7<$$!"%$' F% /#!3!

.% 7:%0!, 23%7 #,% 7<#$A#$% 9-#/ !09<$12,1% !,.#!1 .% "$2,./ 2,"-%/ .% "-!//%0%,1/8

211%!",2,1 >)&8S .%"$;/8 B#! 0%11%,1 #, 7%$12!, 1%09/ @ .;7$<P1$%' H%/ "-!//%0%,1/

B#! 72#/%,1 #, /#$>3!$2"%8 1$2.#!/%,1 #, .2,"%$ .% 9%$1% .?2.:;$%,7% .%/ $<#%/ 2#

/<-8 9<#32,1 2-<$/ %,"%,.$%$ #, 1Q1%>@>B#%#%'

F2 7<002,.% "-<A2-% 47<#$A%/ HHIJ 23%7 /12A!-!/21!<, 9-%!,% -!",% %, A-%#5

9$;/%,1% -%/ 232,12"%/ 7<0A!,;/ .?#, A<, /#!3! .% 7:%0!, 4%$$%#$ -21;$2-% 02L!02-%

.% T8US 0=1$%/ M, .% 3!$2"%5 .2,/ .% A<,,%/ 7<,.!1!<,/ .?2.:;$%,7%' F?2,"-% .%

"-!//%0%,1 232,1 211%!,1 $29!.%0%,1 #, 02L!0#0 .% >N& .%"$;/ @ 72#/% .?#, .;9-2>

7%0%,1 2# 9-#/ 9$<7:% .# 7:%0!, .% 7<,/!",% 23%7 -2 7<#$A#$% -2 9-#/ !09<$12,1%'

H% "-!//%0%,1 %/1 2-<$/ $29!.%0%,1 7<09%,/; "$V7% @ -?2-"<$!1:0% .% /12A!-!/21!<,'

F%/ .%#L 9%$1#$A21!<,/ .% /<#/>3!$2"% 9#!/ /#$3!$2"% <,1 2!,/! ;1; $%G%1;%/ .% 02>

,!=$% /21!/D2!/2,1%' I1 -% 7<09<$1%0%,1 .# 3;:!7#-% %/1 "-<A2-%0%,1 9-#/ /12A-% 4%,

1%$0% .?</7!--21!<,/5'
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!)& 0&1*& %& ,()*1S4& %! .-I",!4& O!" 0'1* &) %-1'0'/&6 9&**& 0&1*& %5'%I-1&),& &#*

T'.(1"#-& 0'1 !) #(4 I!2"%& O!" ',,1(,I& 0&!6

Q(1#O!& 4' ,(22')%& %& #*'8"4"#'*"() &#* 01-#&)*& ?,(!18&# &) 84&!@$ 4& 1(8(* '1N
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(1"2+  *+  *"A *++,'+3 B,#+ ), +/,0')'+,/'1#7 )* (,+  " /:/*5C56"*"* *+/ $'+'0)* +"2 ),

(1"20* 21"-* *# 81'#/'))%+7 $*2+ "#* ,0+('++* ("2$')'-#*  * D> .9/2*+7 )12+6"* )!,#-)*

 * -)'++*.*#/ *+/'.% +,/"2* C 5EF  *-2%+3 G)12+ 6"!,$*( ), +/,0')'+,/'1#7 )!,#-)*  *

-)'++*.*#/ *+/ +'-#'=(,/'$*.*#/ 2% "'/ ,$*( "#* $,)*"2 .'#'.,)*  * /2,#+'/'1#  * 5H>

 *-2%+ 6"' 8*2.*/  * .,'#/*#'2 ), (1#/2I),0')'/%  " +J+/9.* 81"2 ,++"2*2 )* +"'$'  *

(&*.'#3

K* /*)+ 2%+")/,/+ +1#/ 10/*#"+ -2L(* ," (1#/2I)*  'M%2*#/'*)  *+ 21"*+3 N*+ '#(2%5

.*#/+  * )'.'/,/'1#  *+ $'/*++*+ 10/*#"+ 81"2 (&,6"* 21"*7 ," (1"2+  * )!*++,' +,#+

/:/*5C56"*"*7 +1#/ ,O(&%+ +"2 ), =-"2* >3?E3 P"+/* ,$,#/ )* $'2,-*7 *# 2,'+1#  !"#*

*22*"2 *# $'/*++*  * ),(*/ #%-,/'$*7 ), $'/*++*  * ), 21"* ,22'92*  21'/*  %(21Q/  !*#$'5

21# DFR 81"2 (122'-*2 "# +"2$'2,-*3 S"'+7 )12+6"* )* $%&'(")* (1..*#(* C +1"+5$'2*2

 ,#+ )* /1"2#,#/7 "# 2*/2,'/  !"# '#(2%.*#/  * $'/*++* (122*(/'T  * 82*+6"* EFR *+/

,88)'6"% +"2 ), 21"* ,22'92* -,"(&*3 4# +12/'*  * $'2,-*7  *+ '#(2%.*#/+  * $'/*++*  *

8)"+  * ?FR */ *#+"'/*  !*#$'21# D>R +1#/ +"((*++'$*.*#/ 2*/2,#(&%+ ,"A $'/*++*+

 * ), 21"* ,$,#/  21'/* 8"'+  * ), 21"* ,22'92*  21'/* 81"2 (122'-*2 "# +"2$'2,-*3

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

U#* $'#-/,'#*  !*++,'+ +1#/ *M*(/"%+ 81"2  'M%2*#/*+ (1.0'#,'+1#+  *+ )1'+  *

(1..,# *+ ,$*( "#* $'/*++* )1#-'/" '#,)* -)10,)*  * (1#+'-#* $,2',#/ *#/2* 3m.s−1

*/ 6m.s−1
3

*+!+3+4 "#)5&1 /6&7&

������ ����	�


V'-"2* >3?WX ;&*.'# )'-#*  21'/* *#

8*#/* V'-"2* >3DFX S&1/1  * ), 8*#/*

S1"2 (*+ *++,'+7 )* 2101/  1'/ +"'$2* "# (&*.'# *# )'-#*  21'/* 12/&1-1#,)*.*#/

C "#* 8*#/*  !*#$'21# DF  *-2%+3 Y-,)*.*#/7 ," (1"2+  * +1# %$1)"/'1# )* $%&'(")*

*+/ +1".'+ ," 8,++,-*  !"# 8*/'/ (2*"A  !"#  ',.9/2*  !*#$'21# D .9/2*+ 81"2 "#*

821T1# *"2  * H C > (*#/'.9/2*+3 N* +1) *+/ +*( ,$*( "# /*.8+ (&," 3



 !"! #$%&'()(% *+,$-./*0()&+ 1 

 !"# $%&!$#'%( )*) +%( *!,$-%( .% &!()#)!" /%" 01#$%(23 4)"() 5,% +%( *!,$-%( .6%$7

$%,$ %" 8)#%((% .% +4*%# /%" .%9:(23 +%( *!,$-%( .%( 4"9+%( .% 9+)((%0%"# %(#)0'( 484"#

%# 4$$)1$% /%" .%92 %" ;!"*#)!" .% +64-(*)((% *,$8)+)9"% /%" 01#$%(2< =!,( .)(*,#!"(

+%( .%,> %((4)( 48%* +4 ??@A3 (4"( (#4-)+)(4#)!" &,)( 48%* +4 (#4-)+)(4#)!"<

 !"!2!3 4$().' 5*% *%%).% ,6&- &0* 7.(*%%* 8'69)'* 5$%.-$* 5* 6m.s−1
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B)9,$% C<DEF A!()#)!" /02
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B)9,$% C<DGF @$$%,$ %" 8)#%((% .% +4*%#

/.%9:(2
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B)9,$% C<DDF H"9+% .% 9+)((%0%"# 484"#

/.%92
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B)9,$% C<DIF H"9+% .% 9+)((%0%"# 4$7

$)1$% /.%92

J% $!-!# 5,) .!)# (,)8$% ,"% +)9"% .$!)#% %" &%"#% 4 #%".4"*% K 9+)((%$ 8%$( +4

.$!)#%< J%( $'(,+#4#( +%( &+,( "!#4-+%( .% *%( %((4)( *!"*%$"%"# ,"% -!""% .)0)",#)!"

.%( 4"9+%( .% 9+)((%0%"# 9$L*% K +64+9!$)#M0% .% (#4-)+)(4#)!" %" $'.,)(4"# %"8)$!"

.% 0!)#)' +6%$$%,$ %" 8)#%((% .% +4*%# /*!,$-% $!,9% %" &!)"#)++'( (4"( (#4-)+)(4#)!"

%# *!,$-% %" -+%, 48%* (#4-)+)(4#)!"2< J64+9!$)#M0% .% (#4-)+)(4#)!" 4,$4 &%$0)( ,"%

-!""% .)0)",#)!" .%( 9+)((%0%"#( 4)"() 5,6,"% -!""% $'4*#)8)#' &!,$ +4 *!0&%"(4#)!"

.%( %$$%,$( %" 8)#%((% .% +4*%#3 4&$1( +% &4((49% ., *$%,><



 ! "#$%&'() *+ ,'$-&.&/$'&01 )1 .$2)'

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

 !" #$"!#%&!" "''%&' '(!# ")"*#+,' -(+$ .&),$"!#"' *(/0&!%&'(!' ."' 1(&' ." *(/2

/%!."'3 %4"* .&),$"!#' $,51%5"' ."' 5%&!'3 %4"* +!" 4&#"''" 1(!5&#+.&!%1" 51(0%1" ."

*(!'&5!" 4%$&%!# "!#$" 4m.s−1
"# 8m.s−1

-(+$ +!" 4&#"''" $,"11" /%6&/%1" .7"!4&$(!

7m.s−1
8

*+3+3+4 "#)5&1 /6&7&

9(+$ *"' "''%&'3 1" $(0(# :(0+;<=> < .(&# '+&4$" +! *?"/&! %4"* ."+6 4&$%5"'

'+**"''&@' "! @($/" ." =8 A" #B-" ." '+&4& ." *?"/&! "'# *(/-%$%01" C +!" /%!D+4$"

.7,4&#"/"!# .7(0'#%*1"8

������ ����	�


;&5+$" E8FEG A?"/&! .(+01" '&5/(H."

*+3+3+8 9:'$&. ;)/ )//$&/ %06( 61) 7&')//) <.0-$.) ;:/&(:) ;) 6m.s−1

 !" #$ %&'$ ($ #)$*+,- .$ '/00/1$ 2 6m.s−1
($ ./ '"$*+3"$ 0+1*45($ #4*'406$ ($

($!7 8+"/1$0 $, 0$,0 4''4060- #4,0%+%!$ !,$ (+9#!.%6 +*'4"%/,%$: ;,$ 04"%+$ ($ 8+<

"/1$ $0% +,68+%/=.$- /8$# !,$ #4**/,($ #+,6*/%+>!$ ?#4!"=$0 */!8$0 $, '4+,%+..60@-

$, /=0$,#$ ($ 0%/=+.+0/%+4,: AB/C4!% ($ .B/.14"+%)*$ ($ 0%/=+.+0/%+4, ?#4!"=$0 #&/,

'.$+,$ .+1,$@ '$"*$% !, 0!+8+- /!<*4+,0 /''"47+*/%+D- (! #)$*+, (/,0 04, +,%61"/.+%6:

E, 4=0$"8$ !,$ =4,,$ #4*'$,0/%+4, ($ .B$""$!" ./%6"/.$ ?$, 16,6"/.$ +,D6"+$!"$ 2 !,

*3%"$@ /8$# !,$ =4,,$ #4,8$"1$,#$ ($ ./ '40+%+4, (/,0 .$0 04"%+$0 ($ 8+"/1$0: F,

/C4!%/,% ./ #4**/,($ #+,6*/%+>!$ /8$# #4*'$,0/%+4, ($0 1.+00$*$,%0 $% '"6(+#%+4,

?#4!"=$0 =.$!$0 '.$+,$ .+1,$@- .$ 0!+8+ ($ #)$*+, $0% /*6.+4"6- ,4%/**$,% .$ '"$*+$"

8+"/1$ $,  :
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G+1!"$ H:IJK L40+%+4, ?*@
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 !"#$% &'()* +$$%#$ ,-./$-,% 012
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 !"#$% &'(3* +$$%#$ %4 5-6 07%"2
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 !"#$% &'89* :4",% 7% ",!;;%1%4. -<-4.

07%"2
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 !"#$% &'8=* :4",% 7% ",!;;%1%4. -$>

$!?$% 07%"2

@A-,"B$!.C1% 7% ;.-D!,!;-.!B4 6%$1%. 7% DB44%; 5B$$%5.!B4; 6B45.#%,,%;E -<%5 6$!4>

5!6-,%1%4. #4% DB44% 5B16%4;-.!B4 7%; ",!;;%1%4.; <!;!D,% ;#$ ,%; 5B#$D%; 7A-4",%;

7% ",!;;%1%4. -<-4. %. -$$!?$%' F-4; 5% 5-; 7A%;;-!;E ,- 5B1D!4-!;B4 7% ,- GG+H %.

7% ,A-,"B$!.C1% 7% ;.-D!,!;-.!B4E 5B1D!4% ,%#$; -<-4.-"%; -<%5 #4% I#-,!./ 7% ;#!<! 7%

5C%1!4 -1/,!B$/% "$J5% K #4% DB44% -4.!5!6-.!B4 7%; <!$-"%; %.E -<%5 #4% 1%!,,%#$%

5B16%4;-.!B4 7%; 6!5; 7A-4",%; 7% ",!;;%1%4.;'

G!>-6$?; ;B4. .$-5/%; ,%; 5B#$D%; 7%; 6B#$5%4.-"%; 7% <!.%;;%; -LB#./; 6-$ ,A-,>

"B$!.C1% 7% ;.-D!,!;-.!B4 ,B$; 7% ,A%;;-! -<%5 ,- GG+H %. ,- ;.-D!,!;-.!B4 05B#$D%;

6$/5/7%4.%; %4 D,%# 6,%!4% ,!"4%2'

M4 BD;%$<% #4 6!5 7% 6B#$5%4.-"% 7% <!.%;;% -LB#./% 7% >=NO ;#$ ,- $B#% -$$!?$%

"-#5C% 05B#$D% L-#4% %4 6B!4.!,,/;2 6B#$ /<!.%$ #4 ;B#;><!$-"% ,B$; 7% ,- 6$!;% 7#

6$%1!%$ .B#$4-4. K "-#5C%E 6#!; %4;#!.% #4 6!5 7% 6B#$5%4.-"% 7% <!.%;;% ;#$ ,- $B#%

-<-4. 7$B!.% 05B#$D% $B#"%2 6B#$ /<!.%$ #4 ;#$><!$-"% .B#LB#$; ,B$; 7% ,- 6$!;% 7#

6$%1!%$ .B#$4-4. K "-#5C%' +. B4 BD;%$<% #4 6!5 7% 6B#$5%4.-"% 7% <!.%;;% -LB#./%

;#$ ,- $B#% -$$!?$% 7$B!.% 05B#$D% D,%#%2 6B#$ /<!.%$ #4 ;B#;><!$-"% ,B$; 7% ,- 6$!;%

7# ;%5B47 .B#$4-4. 7% 5%..% 6$%1!?$% 6B$.!B4 7% 5C%1!4 %4 P' @% ;#!<! 7% 5C%1!4

/.-4. 1%!,,%#$ %4;#!.%E B4 BD;%$<% 7%; 6!5; -<%5 1B!4; 7A!4.%4;!./E 6B#$ #4% 6$!;%

7% .B#$4-4.; K 7$B!.% 6#!; K "-#5C%' Q4 ;B#;><!$-"%E 6#!; #4 ;#$<!$-"% ;B4. 5B$$!"/;



 ! "#$%&'() *+ ,'$-&.&/$'&01 )1 .$2)'
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 !"#$% &'()* +,#$-%./0"% 1%2 3!/%22%2 04,#/5%2 03%- 2/06!7!20/!,. 89:

7,$2 1% 70 ;$!2% 1# ;$%<!%$ /,#$.0./ = 1$,!/%> 03%- #.% 1!<!.#/!,. 1% 70 3!/%22% 1%

70 $,#% 0$$!?$% 1$,!/%> ;#!2 1% 70 $,#% 030./ "0#-@%' A/ #. 2,#2B3!$0"% %2/ -,$$!"5

10.2 7% 2%-,.1 /,#$.0./ = "0#-@% 03%- #. $%/$0!/ 1% 3!/%22% 1% 70 $,#% 0$$!?$% "0#-@%'

A. -,.25C#%.-%> <D<% 10.2 7% -02 1E#.% ;$!2% 1% ;7#2!%#$2 3!$0"%2 -,.25-#/!F2>

7E07",$!/@<% 1% 2/06!7!20/!,. $%2/% ;%$/!.%./> -0$ 2#G20<<%./ $50-/!F'

 !"! #$%&'()*$%) +, -.$'(,*$%) +%.*)/0+/1'+)

H%2 %220!2 %. -,.1!/!,.2 $5%77%2 1% .,/$% 07",$!/@<% ,./ ;%$<!2 1E%. 307!1%$ 7E%FB

I-0-!/5> /0./ ;,#$ 022#$%$ 7% 2#!3! 1% -@%<!. 7,$2 1% 70 ;$!2% 1% 3!$0"%2 C#% ;,#$ 70

-,<;%.20/!,. 53%./#%77% 1% "7!22%<%./2 %. ;%./%' JI. 1E,;/!<!2%$ -%2 $52#7/0/2> 7%

"0!. 1% 7E07",$!/@<% 1% 2/06!7!20/!,.> 15I.!220./ 7E!./%.2!/5 1% 7E!.-$5<%./ 1% 3!/%22%

= 0;;7!C#%$ 2#$ #.% $,#%> 1,!/ D/$% $%15I.! %. F,.-/!,. 1% 70 1K.0<!C#% 1# $,6,/'

L.% /%77% 53,7#/!,. %2/ ;$,;,25% 10.2 70 2%-/!,. C#! 2#!/ 03%- #. "0!. C#! 2E010;/%

%. -,./!.# = 70 1K.0<!C#% "5.5$07% %. 70-%/' L.% 2%-,.1% 53,7#/!,. $52!1% 10.2

7E#/!7!20/!,. 1%2 C#0/$% $,#%2 1# $,6,/ 2!<#7/0.5<%./ %. ;$,;,20./ %. %./$5% 1%2

-,#;7%2 ;,2!/!F2 ,# .5"0/!F2> 1,./ 7E!./%.2!/5 %2/ 15/%$<!.5% %. F,.-/!,. 1% 70 1K.0B

<!C#% 152!$5%' A.I.> .,#2 ;$,;,2,.2 1% /$0!/%$ 7% -02 ;7#2 "5.5$07 1E#. $,6,/ = $,#%2

1!$%-/!,..%77%2 5"07%<%./ = 7E0$$!?$%> 70 1!$%-/!,. 0$$!?$% ;%$<%//0./ ;0$ 0!77%#$2 1%

-,<;%.2%$ 7%2 %$$%#$2 %. -0; %/ 70 1!$%-/!,. 030./ 1% -,<;%.2%$ 7%2 %$$%#$2 70/5$07%2'
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 ! "#$%&'()(*+' ,& -) .+%%)',& /+#0 #' 0+1+(

1*2,*0&.(*+''&-

 ! "#$%&! $'()"*+,! (#( &*(-)*.! -/)0&* 1.-2-$!""!(/ 1)./*! 34546 $)(7 &! .!8

1%.! &#2)& [x, y, θ]T !7/ ),9"!(/- ):( $! 2#(7*$-.!. &) $*.!2/*#( )..*%.!4 ;! <-=*2,&!

> +,)/.! .#,!7 "#/.*2!7 )<!2 $*.!2/*#( $! ?)(/!), > &@)<)(/ )*(7* +,@> &@)..*%.! !7/

-/,$*- 2*8)1.%74

A( .)11!&&!.) +,@,(! )07!(2! $! 2##.$*()/*#( 1.-2*7! !(/.! &!7 /.)*(7 $*.!2/!,.7

)<)(/ !/ )..*%.! !(/.)B()(/ ) 1.*#.* ,(! (#( 2#C(2*$!(2! $!7 $.#*/!7 #./=#9#()&!7 ),D

.#,!7 !( ,( 1#*(/ ;E $*/ 2!(/.! *(7/)(/)(- $! .#/)/*#(E ),.) 1#,. 2#(7-+,!(2! &@)11)8

.*/*#( $@)(9&!7 $! 9&*77!"!(/ αi ), (*<!), $!7 .#,!74 F! G)H#( 9-(-.)&!E &@,/*&*7)/*#(

$@,(! $#,0&! $*.!2/*#( G)<#.*7! $#(2E "I"! *(<#&#(/)*.!"!(/E &@)11).*/*#( $! 1!/*/7

9&*77!"!(/7 2#"1!(7)/#*.!7 &#.7 $! &) 1.*7! $! <*.)9!74  ) 2#"")($! 1.-2*7! $! 2!

/'1! $! 7'7/%"! ) -/- -/,$*-! 1). J!."#7*&&#  ! "#$ K5LLMNO J!."#7*&&# !/ P!Q=)<)/

K5LLMN !/ 1). R!0)* !/ ST#,)#,* K5LLUNE $!7 /!7/7 )')(/ (#/)""!(/ -/- .-)&*7-7 7,.

$!7 !(9*(7 /!&7 +,! &! ;';)0 #, &! R#0,;SR4 S&#.7 +,! $)(7 2!7 )./*2&!7E &@)11.#2=!

1.*<*&-9*-! !7/ 1&,/V/ $@-<*/!. 2!7 1=-(#"%(!7 $! 9&*77!"!(/E #( 1#,..)*/ *(<!.7!"!(/

*")9*(!. &@,/*&*7)/*#( $! 2! /'1! $! 7'7/%"! 0*8$*.!2/*#((!& 1#,. 1.#<#+,!. $, 9&*78

7!"!(/ > &) ")(*%.! $!7 2#($,2/!,.7 $! .)&&'!4

 ! !" #$%&'()* +* ,-.,/012&'3*

W)0&!), 34MX W)0&!), $! 7'(/=%7! YY

Fxfl Fxfr Fxrl Fxrr

Fx + + + +

Fy

δfr ≤ δf ≤ δfl < 0
δf = δfl = δfr = 0
δfl ≥ δf ≥ δfr > 0

δrl ≤ δr ≤ δrr < 0
δrl = δr = δrr = 0
δrr ≥ δr ≥ δrl > 0

−
=
+

−
=
+

−
=
+

−
=
+

Tz

δfr < arctan(−wr

lf
)

δfr = arctan(−wr

lf
)

arctan(−wr

lf
) < δf ≤ δf ≤ δfl < arctan(wl

lf
)

δfl = arctan(wl

lf
)

δfl > arctan(wl

lf
)

δrl < arctan(−wl

lr
)

δrl = arctan(−wl

lr
)

arctan(−wl

lr
) < δrl ≤ δr ≤ δrr < arctan(wr

lr
)

δrr = arctan(wr

lr
)

δrr > arctan(wr

lr
)

−
−
−
=

+

−
=

+

+

+

+

=

−
−
−

+

+

+

=

−



 !! "#$%&'() *+ ,'$-&.&/$'&01 )1 .$2)'

 ! "#$%!#& '! ()*"+,(! -./0/'!*" !(" 12( 3 45&. 3 -#."2. '! %62*7&!*0! '!( 85.0!(

Fxfl9 Fxfr9 Fxrl !" Fxrr (&. %!( 85.0!( :/*/.#%2(/!( '& ()(",1! '#*( %! -%#* '& %#0!";

 # 05&.$&.! '& 0+!12* (&2<2 /"#*" 1/d9 '#*( %! 0#( '6&* .5$5" $2='2.!0"25**!%

(#*( :%2((!1!*"9 5* # %# .!%#"25* >

1/d = (tan δf − tan δr)/l ?@;AB

C6#-.,( %6/D&#"25* ?@;AB9 %# .!%#"25* -./0/'!*"! ?@;EB '! <2"!((! #*:&%#2.! '! %#0!"

"+/5.2D&! !* 05*'2"25* '! .5&%!1!*" (#*( :%2((!1!*" '!<2!*" >

rt =
Vr

l
(tan δf − tan δr) ?@;FGB

H&2(9 3 -#."2. '! 0!""! *5&<!%%! .!%#"25* ?@;FGB9 5* -!&" 1!(&.!. %!( #*:%!( '!

'2.!0"25* #<#*" !" #..2,.! δf !" δr !" %# <2"!((! %2*/#2.! Vr '& .5$5"9 !" !* '/'&2.! %#

<2"!((! #*:&%#2.! '! %#0!" '/(2./! !* "!1-( ./!% #I* '! '/"!.12*!. %# *5&<!%%! !..!&. ε;

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

 # <#%!&. '! %# 85.0! #--%2D&/! '#*( 0+#D&! 0#( !(" 0+52(2! "!%%! D&! > F s = kiε;
ki %! :#2* '/I*2((#*" %62*"!*(2"/ '! %# 85.0! 3 #--%2D&!. -!&" J".! '/"!.12*/ 3 -#."2. '!

%# ')*#12D&! '& ()(",1!; K5*(2'/.#*" %# ')*#12D&! !* %#0!" '& ()(",1!9 %62*7&!*0!

'! 0+#0&*! '!( 85.0!( 15".20!( (&. %# <2"!((! '! %#0!" !(" D&#*"2"#"2<!1!*" 2'!*"2I/!;

H#. !L!1-%! >

Iz ṙ = Fxfl (−wl cos (δfl) + lf sin (δfl)) + ...

C65M9 05**#2((#*" %# <#%!&. '! %6!..!&. 3 051-!*(!. ε = rt − r !"9 05*(2'/.#*"

0!""! !..!&. 0511! /"#*" &*! <#.2#"25* '! <2"!((! '! %#0!" 3 #--5."!. ε = ∆r9 5*
0+52(2.# #%5.( %# 85.0! F s

xfl "!%%! D&! > F
s
xfl = Izε/N(−wl cos (δfl) + lf sin (δfl)) #<!0 N

&* !*"2!. -5(2"28 05..!(-5*'#*" #& *51$.! '! .5&!( 2*"!.<!*#*" 3 %62*("#*" 05*(2'/./

-5&. %# 05..!0"25* '! %6!..!&. ε;
C#*( 0! 0#(9 %! :#2* kfl </.2I#*" F s

xfl = kflε # -5&. !L-.!((25* >

∀δfl 6= arctan
(

wl

lf

)

; kfl = Iz/N (−wl cos (δfl) + lf sin (δfl)) ?@;FFB

C! 1J1! -5&. %!( #&".!( .5&!( >

∀δfr 6= arctan
(

−wr

lf

)

; kfr = Iz/N (wr cos (δfr) + lf sin (δfr)) ?@;FNB

∀δrl 6= arctan
(

−wl

lr

)

; krl = Iz/N (−wl cos (δrl) − lr sin (δrl)) ?@;FOB

∀δrr 6= arctan
(

wr

lr

)

; krr = Iz/N (wr cos (δrr) − lr sin (δrr)) ?@;FEB



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

 ! "!#$%& '$( !)*#$( '$ '+&$,-+.) '$ ,/!,%)$ '$( 0%!-&$ &.%$( $(- '1-$&2+)1$

($#.) #$ 232$ 4&+),+4$ 0%$ #510%!-+.) 6789:8 ;+)(+< #! "!#$%& '$( !)*#$ '$ '+&$,-+.)

!"!)- $- !&&+=&$ δf $- δr 1-!)- 2$(%&1$( > #5!+'$ '$ ,.'$%&(< #$( '+&$,-+.)( '$( 0%!-&$

&.%$( (%+"$)- #$( &$#!-+.)( ?

cotan δfl = cotan δf − wl

l
; cotan δfr = cotan δf + wr

l
678@7:

$-

cotan δrl = cotan δr + wl

l
; cotan δrr = cotan δr − wr

l
678@9:

A+)!#$2$)-< #$( !24#+-%'$( '$( B.&,$( > !44#+0%$& !C!)- 1-1 '1-$&2+)1$(< #$ ).%D

"$# !#*.&+-/2$ &1(%#-!)- ($ 2$- (.%( #! B.&2$ ?

 ! ε < − limit "# ε > limit
$"%&' F s

xfl ())*!+#,'-

$"%&' F s
xfr ())*!+#,'-

$"%&' F s
xrl ())*!+#,'-

$"%&' F s
xrr ())*!+#,'-

$!. ε < − limit "# ε > limit

E.%& ,$- !#*.&+-/2$ ,.24#$- 0%+ ($&! $F41&+2$)-1 4&.,/!+)$2$)-< ,$ (.)- '.),

#5$)($2G#$ '$( 0%!-&$ &.%$( 0%+ ($&.)- '1(.&2!+( -.%H.%&( (.##+,+-1$( !I) '$ *!&!)-+&

#! (-!G+#+-1 $) #!,$- '% &.G.-8

 !" #$%&'()*$%)

J$ ,/!4+-&$ $(- '1'+1 > #! 2+($ $) K%"&$ $- > #51"!#%!-+.) $) (+2%#!-+.) $- #.&(

'5$((!+( $F41&+2$)-!%F< '5%) !#*.&+-/2$ '$ (-!G+#+(!-+.) $) #!,$-8 J$- !#*.&+-/2$

$(- +)-1*&1 > %)$ !&,/+-$,-%&$ '$ ,.22!)'$ *#.G!#$ 4.%& #! ,.22!)'$ $) (%+"+ '$

,/$2+) &!4+'$ '5%) &.G.- 2.G+#$ > 0%!-&$ &.%$( '+&$,-+.))$##$( > #5!"!)-8 L$(-1 4.%&

#! ,.22!)'$ '5%)$ ($%#$ &.%$ > #! B.+(< +# 4&1($)-$ '$ -&=( G.))$( 4$&B.&2!),$(< -!)-

'% 4.+)- '$ "%$ '$ #! #+2+-!-+.) '$( !)*#$( '$ *#+(($2$)- '% &.G.- 0%$ '% 4.+)- '$

"%$ '$ #5!21#+.&!-+.) '$ (.) (%+"+ '$ ,/$2+)8 M$( $((!+( $) 4$)-$ 2$--$)- $) 1"+'$),$

%)$ G.))$ ,.24$)(!-+.) '$ #! '1&+"$ '% &.G.- "$&( #$ G!(8 N)I)< #$( 4$&B.&2!),$(

.G-$)%$( #.&( '$ #! 4&+($ '$ 4#%(+$%&( "+&!*$( (%,,$((+B( -$)'$)- > "!#+'$& (.) %-+#+(!D

-+.) #.&( '51"+-$2$)- '5.G(-!,#$(8  51".#%-+.) '$ ,$- !#*.&+-/2$ 4.%& %)$ ,.22!)'$

(+2%#-!)1$ '$( 0%!-&$ &.%$( '% "1/+,%#$ 4$&2$--&! '5.4-+2+($& ,$( &1(%#-!-(8 J$--$

,.22!)'$ '$( &.%$( ($ G!($ !#.&( (%& %)$ %-+#+(!-+.) '% 2.'=#$ 'C)!2+0%$ '% &.D

G.-8 O# $(- 1*!#$2$)- 4&.4.(1 '$ #51-$)'&$ 4.%& %)$ !&,/+-$,-%&$ 21,!)+0%$ '$ &.G.-

G+D'+&$,-+.))$#8  $ ,!( 1,/1!)-< +# ($&!+- !+(12$)- *1)1&!#+(!G#$ > %) &.G.- > P &.%$(8
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 !"# $%# &'!()*+%# (+,&,-%"*#. "/0# "/0# #/11%# !(($)20,# 3 4!+!"*)+ $% #0)5) -%

&'%1)" -60" +/7/* 1/7)$% 3 +/0%#. %* ($0# (!+*)&0$)8+%1%"* !0 &'!()*+% (+,&,-%"*. 3

%" $)1)*%+ $%# 4$)##%1%"*#9 :/0# "/0# (+/(/#/"# )&) -% *+!)*%+ $% (+/7$81% -0 (!+&/0+#

/(*)1!$ -60" &/0$/)+ -0 (/)"* -% 50% *%1(/+%$9 :/*+% #;#*81% #% -,($!&% -!"# 0"

&/0$/)+ (/05!"* <*+% #)"0%0=. "/*!11%"* $/+#206)$ ; ! ",&%##)*, -% >!)+% -% $6,5)*%?

1%"* -6/7#*!&$%#9 :/*+% /7@%&*)> %#* -/"& -% >!)+% -% $! &/11!"-% -;"!1)20% -60"

+/7/* 1/7)$% 3 '!0*% 5)*%##%. %" +%(+/-0)#!"* $%# *%&'")20%# -% &/"-0)*% -% &/"-0&?

*%0+# %=(,+)1%"*,# ,5/$0!"* $! ($0(!+* -0 *%1(# -!"# -%# &/"-)*)/"# -!"4%+%0#%# 3

$! $)1)*% -% $! #*!7)$)*,. 5/)+ 1<1% %" -%'/+# %" >!5/+)#!"* $60*)$)#!*)/" 5/$/"*!)+% -0

-,+!(!4%9 A(+8# 0"% (+%1)8+% -%#&+)(*)/" -%# *+!5!0= !&&/1($)# !&*0%$$%1%"* -!"#

&% -/1!)"%. "/0# (+/(/#/"# -6,*%"-+% &%**% !((+/&'% !5%& 0"% +,!$)#!*)/" -% 4$)#?

#%1%"*# %" "/0# !B+!"&')##!"* -% $6%#*)1!*)/" -% $! 5!$%0+ -%# >/+&%# %" @%09 :/0#

(+,#%"*/"# !$/+# $%# +,#0$*!*# -%# (+%1)%+# *+!5!0= +,!$)#,# 3 &% @/0+9

 !" #$%&'&()%&*+ %,'$*-,.., /01+ (1&2& (%)3., /, 45,6

'&+

 !"!" #$%&' &' () &*+),-.%' '+ /%-0- &' 12',-+

 !""! #"$%! &'()&*(+! %! ,- ".#/+(! %#0!,/**#! *-+ 1!,!)(& !" 2&(/"+-& 34556-78797%:

%! ,'()&"("$" %! "!9.)/,/;(! %! <#/+;(!= >,,! - */$+ /8?!9"(@ %'#"-8,(+ ,!& 9/)&(;)!& %!

9/AA-)%! /*"(A-,!& B -**,(C$!+ B )/"+! &D&"EA! ,/+& %! &/) #0/,$"(/)7 9!& 9/)&(;)!&

*/$0-)" *-+ ,- &$("! F"+! A/%$,#!& !) @/)9"(/) %! 9+("E+!& %! &"-8(,("#=

 /)&(%#+/)& $) +/8/" A/8(,! B %(+!9"(/) -0-)" &$(0-)" $) 9.!A() *+#G%#H)(7

%/)" /) 9/))-I" ,!& ,(A("!& %'-99#,#+-"(/) !" ,!& 9/)%("(/)& -$J ,(A("!&7 9'!&"GBG%(+! ,!&

*/&("(/)& !" 0("!&&!& ()("(-,!& !" H)-,!&= K/$& -,,/)& -,/+& %#"!+A()!+ ,! 9/A*/+"!A!)"

B -%/*"!+ ,! ,/); %$ 9.!A() -H) %'-8/$"(+ -$ &$(0( %! 9!,$(G9( !) $) A()(A$A %!

"!A*&=

L! 9.!A() !&" %#H)( !) 9.-C$! */()" *-+ &/) -8&9(&&! 9$+0(,(;)! s !" &/) +-D/) %!
9/$+8$+! R(s) /$ %! @-M/) #C$(0-,!)"! *-+ &- 9/$+8$+! k(s)= N"(,(&-)" 9!& )/"-"(/)&7
,!& #C$-"(/)& %$ A/$0!A!)" &/)" $&$!,,!A!)" %#H)(!& *-+ O
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dt2
= Ft ;
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R (s)
= Fn
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C

{

Ft = FXR cos β + FXF cos (δ − β) + FY R sin β − FY F sin (δ − β)
Fn = −FXR sin β + FXF sin (δ − β) + FY R cos β + FY F cos (δ − β)

Fmax
t

Fmax
n

(

Ft

Fmax
t

)2

+

(

Fn

Fmax
n

)2

≤ 1

Fmax
t

Fmax
n

Ft

F 2
t +

(

Fmax
t

Fmax
n

)2

F 2
n ≤ (Fmax

t )2

|Ft| ≤

√

(Fmax
t )2 −

(

Fmax
t

Fmax
n

)2

F 2
n
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 !"#$ %&'()*+ ,&-./'#"!0 12345 6

|Ft| ≤

√

(Fmax
t )2 −

(

Fmax
t

Fmax
n

)2
M2

R2 (s)

(

ds

dt

)4

70#)!%/"+'0# /08 0!/98,,8 9')"':,8 %8 ;!<<'0%8 u %-=0"8 #8,,8 ./8 u ∈ [−1; +1]$ ,'
;!0#)'"0#8 %8 ;!<<'0%8 123>5 (8/# +8 )--;)")8 6

Ft = u

√

(Fmax
t )2 −

(

Fmax
t

Fmax
n

)2
M2

R2 (s)

(

ds

dt

)4

123?5

 " ,&!0 +/((!+8 ,' %@0'<"./8 %/ )!:!# ;!))8;#8<80# %-=0"8 8# +' ;!0#)A,':","#-

<'"0#80/8$ ", ' -#- ()!/9- (') B8,80"+ 8# C+"!#)'+ DEFFG%H %&'()*+ ,8 ()"0;"(8 %8

<'I"</< %8 J!0#)@'K"0$ ./8 (!/) /0 #8<(+ %8 #)'L8# <"0"</< ,' M!);8 <'I"<',8

%"+(!0":,8 8+# #!/L!/)+ 0-;8++'")83 N&8+#OPO%")8 ./8 ,' ;!<<'0%8 !(#"<',8 ;!0+"+#8

80 /08 +/;;8++"!0 %&';;-,-)'#"!0+ <'I"<',8+ 1u = +15 8# %-;-,-)'#"!0+ <'I"<',8+
1u = −153 7, 8I"+#8 /08 9"#8++8 ;)"#"./8

ds

dt

∣

∣

∣

∣

critique

= Vcritique =

√

R (s)

M
Fmax

n 123G5

(!/) Fn = Fmax
n 8# Ft = 03 Q' ;'(';"#- %&';;-,-)'#"!0 #!#',8 %/ 9-R";/,8 8+# /#","+-8

(!/) ()!%/")8 ,' M!);8 ;80#)"(*#8 0-;8++'")8$ 8# (') ;!0+-./80#$ ", 0&@ ' (,/+ %8 M!);8

#'0K80#8 %"+(!0":,83 V = Vcritique ;!))8+(!0% P ,' ,"<"#8 %8 ;!0#)A,':","#-$ ;&8+# ,'

9"#8++8 <'I"<',8 '##8"K0':,8 80 #!/# (!"0# %/ ;R8<"03

 !"!# $%&%'()*+& ,- .+/0-.-&)1

S&'()*+ ,' +8;#"!0 ()-;-%80#8$ ,8 +/"9" !(#"<', %&/0 ;R8<"0 %/ (!"0# %8 9/8

#8<(!)8, %!"# +8 M'")8 80 +8 )'<80'0# ,8 (,/+ ()!;R8 (!++":,8 %&/08 9"#8++8 V =
Vcritique$ #!/# 80 /#","+'0# ,&80#)-8 %8 ;!<<'0%8 Ft %-=0"8 (') ,&-./'#"!0 123?5 '98;

u = +1 !/ u = −13 Vcritique -#'0# %")8;#8<80# ()!(!)#"!008,,8 '/ )'@!0 R (s) 80

;R'./8 (!"0# %/ ;R8<"03 N8 +!0# ,8+ T/;#/'#"!0+ %8 ;8 )'@!0 ./" 9!0# (8)<8##)8

%&-#':,") ,8 ()!=, %8 9"#8++83 J') ;!0+-./80#$ +!"# C /0 ;R8<"0 ./8,;!0./8 8# R ,'

;!/):8 %8 ,' M!0;#"!0 R (s) ;!))8+(!0%'0#8$ ;!0+"%-)!0+ ,8+ <"0"<' ,!;'/I %8 R3

U/#!/) %8 ;8+ (!"0#+$ ,8 ()!=, ;!0+"+#8 80 /08 (,8"08 %-;-,-)'#"!0 1u = −15 '9'0#$ 8#
/08 (,8"08 ';;-,-)'#"!0 1u = +15 '()*+3 Q' 9"#8++8 80 ;R';/0 %8 ;8+ <"0"<' ,!;'/I

8+# -K',8 P Vcritique (!/) ,8 )'@!0 <"0"<', %!00-3  " ,8 ,!0K %/ ;R8<"0 C$ ", @ '

%8+ "0#8)9',,8+ %8 )'@!0 ;!0+#'0#$ ,8 ()!=, %8 9"#8++8 8+# ;!0+#'0# '98; /08 9"#8++8

,' (,/+ ()!;R8 (!++":,8 %8 Vcritique3 Q8+ ;!0%"#"!0+ '/I ,"<"#8+ (8)<8##80# %8 980")

;!<(,-#8) ,' ;')';#-)"+#"./8 %8 9"#8++8 '98; (,8"08 ';;-,-)'#"!0 1u = +15 P (')#")

%/ (!"0# "0"#"', 8# /08 (,8"08 %-;-,-)'#"!0 1u = −15 '9'0# ,8 (!"0# =0',3 C!/+ ;8+

()!=,+ -#'0# -#':,"+$ ,' 9"#8++8 !(#"<',8 80 ;R'./8 (!"0# %/ ;R8<"0 8+# ,8 <"0"</<

%8 #!/#8+ ;8+ ;')';#-)"+#"./8+$ +8/, ()!=, K-0-)', 809"+'K8':,8 '/ )8K')% %8+ ,"<"#8+

%&';;-,-)'#"!0 %/ 9-R";/,83

N!00'"++'0# ,8+ ;!0%"#"!0+ %&-9!,/#"!0 %/ 9-R";/,8 1,8+ ;!<(!+'0#8+ %8 ,' 9"#8++8

ẋ 8# ẏ$ ,&!)"80#'#"!0 δ$ ,' 9"#8++8 %8 ,';8# θ̇5 8# ,' K-!<-#)"8 %/ ;R8<"0$ !0 (8/#
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 !"#$% &'() *+%,-.% /% 0!1%22% 3-1!,4.% -3#$ .% 2#!0! /5#6 78%,!6 %6 9

74.7#.%$ .4 :3$7% 7%61$!-;1% Fn 6<7%224!$% = -4$1!$ /% .5<>#41!36 ?&'@A %6 7362!/<$461

ds/dt = V =
√

ẋ2 + ẏ2
' B#!2C 36 74.7#.% .4 :3$7% 146"%61% 4# 78%,!6 Ft = -4$1!$ /%

.5<>#41!36 ?&'DA'

E%11% 18<3$!% %21 73,-4$4F.% = .4 /G64,!>#% /5#6% 03!1#$% /% :3$,#.% @C 2G21;,%

/361 .53FH%71!: %21 /54..%$ .% -.#2 0!1% -322!F.% /462 .%2 .!,!1%2 /5#6 73#.3!$ /<I6! -4$

.% 7!$7#!1C 2462 H4,4!2 -%$/$% .54/8<$%67% /%2 $3#%2 4# 23.' J.3$2 >#5#6 636 $%2-%71

/% .4 .!,!1% /% 0!1%22% V = Vcritique -%#1 /366%$ .!%# = /%2 /<$4-4"%2 .41<$4#+ /#

$3F31C -8<63,;6%2 #2#%.2 /462 /%2 /!27!-.!6%2 1%..%2 >#% .% $4..G%' K4!2 /462 7% 742

V > VcritiqueC .% 2G21;,% /%0!%61 636 7361$L.4F.% %1 .4 18<3$!% -$<7</%61% 65%21 -.#2

0<$!I4F.%'

M%-$%6362 .5%+%,-.% /% .4 I"#$% &'(' N! 63#2 -4$0%6362 = 7$<%$ %1 = 7361$L.%$

#6% -842% /% -%$1% /54/8<$%67% -%6/461 13#1% .4 /#$<% /% .4 -$!2% /% 0!$4"% 4#13#$

/# -3!61 M 2462 ,3/!I%$ .% 73,-3$1%,%61 /# 0<8!7#.% 2#$ .% $%21% /# -4$73#$2C

63#2 -3#0362 4.3$2 %2-<$%$ 411%!6/$% #6% 0!1%22% 2#-<$!%#$% = Vcritique -%6/461 7%11%

-842% %1 4!62! 4,<.!3$%$ %673$% .% 1%,-2 /% -4$73#$2 /# 78%,!6' E5%21 7% 1G-% /%

,46O#0$%C %673$% 4--%.<%  !"#$C 73#$4,,%61 #1!.!2<% -4$ .%2 736/#71%#$2 /% $4..G%C

>#% 63#2 4..362 !60%21!"#%$'

 !" #$%&'()*%+'$ (, -.+//,0,$%/ 1')& ., /)+2+ (, *3,4

0+$

N! .%  !"#$ %21 #1!.!2< /%-#!2 .36"1%,-2 /462 .%2 73#$2%2 /% $4..G% -4$ /%2 -$3:%2P

2!366%.2 %6 "<6<$4. 422!21<2 /5#6 73-!.31%C 3#1$% -3#$ 236 42-%71 %218<1!>#%C 75%21 F!%6

>#5#6% -%$1% -$30!23!$% /54/8<$%67% -%$,%1 /% 7362%$0%$ #6% 0!1%22% !,-3$1461% .3$2

/% -4224"%2 /% 78%,!6 = :3$1% 73#$F#$%C %1 /367 /% "4"6%$ /# 1%,-2' E%-%6/461C
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