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6/7:KÒ 3[/>/:30/3VM2/J3KM46TK/8 J/M238K.KS

I

:3XTKM-30M:34Ob3:/F7JG4/$ 7V43[:7M/-30M:344/:

[2.-2 .K8/K.50/8 X7K/8 30 S

I

M2/3:6.KTK/8 M3K34>/

M2/G:3X4/J30 7JT4M.*8/476K[.M2 M.J/*>7:6.05T0-/:*

M7.0M6.0 JT4M.*3:.5.074K.054/*X3MM4/0/-̂ 0/M[3:̂

)!*

O

12/3TMGTMV43[:7M/.0V3:J7M.30 .0 X3MM4/0/-̂ .KJ78/

TK/M3.JG:3>/S

I

V//8X7-̂ -30M:344/:[2.-2 .K8/*

K.50/8 X6J7̂.05TK/3VM2//::3:.0V3:J7M.30 3V/FG/-*

M/8 sT/T/4/05M2O12/.JG:3>/J/0M27K/0270-/8 M2/

:T00.05KG//8 708 J.0.K2/8 M2/M:7-̂.05/::3:

)%*

O

a7K/8 30 M2/7X3>/4.M/:7MT:/K$ M2.KG7G/:[.44G:3G3K/

7K.JG4/708 7GG4.-7X4/J/M238$ M38/K.50 7:3XTKMS

I

-305/KM.30 V//8X7-̂ -30M:344/:3VM2/JT4M.*3:.5.074K.0*

54/*X3MM4/0/-̂ 0/M[3:̂$ M3G:/>/0M-305/KM.30$ J7F.*

J.m/M2//VV.-./0-63VM2/0/M[3:̂$ 708 74K3M3:/74.m/

:3XTKMKM7X.4.m7M.30 K3M27MM.J/*8/476.0V4T/0-/[.44X/

8/J34.K2/8O

!"IA2,)(9S(8?A*=-*23

AJT4M.*3:.5.074K.054/*X3MM4/0/-̂ 0/M[3:̂-305/K*

M.30 V//8X7-̂ -30M:34K6KM/J.KK23[0 .0 V.5O!O

U2/:/$ a"&#

'

" 8/03M/KM2/7-MT744/05M2 3VM2/

87M7XTVV/:sT/T/3VX3MM4/0/-̂ 038/$ a

C

"&# D" .KM2/

/FG/-M/8 J7F.JTJ4/05M2 3VM2/87M7XTVV/:sT/T/$ .K

M2/87M73TMGTM:7M/78iTKM/8 X6-305/KM.30 -30M:34

V//8X7-̂ K6KM/JV:3J/7-2 3:.5.074% +

1

"&I

0

1

# .KM2/87*

M7.0GTM:7M/3V/7-2 3:.5.07430 X3MM4/0/-̂ 038/%

0

1



ò

å
=

n

i
i tr

1
)(

å
=

-
n

i
ii tr

1
)( τ�

Originals

Backward Controllers

Forward
q(t)

q (t)
e(t)
c(t)

b.5O!#A0/M[3:̂-305/KM.30 -30M:34V//8X7-̂ K6KM/J

KM708KV3:M2/T0-/:M7.0 M.J/*8/4763V/7-2 3:.5.074$

K7M.KV6.05"

#0

1

"&#

#0

P

% A"&# .KM2/87M73TMGTM:7M/

3VX3MM4/0/-̂ 038/O12/8607J.-J38/43VM2.KK6KM/J

-70 X//FG:/KK/8 7K

)$*

&

-

O"&# '

$

!

1'!

+

1

"&(

0

1

# (A"&# "!#

>(99+ !

!%"

#R.>/0 G470ME"Z#$ -30M:344/:#"Z#$

[/.52M/8 VT0-M.30 V

a

"Z# [.M2 788.M.>/T0-/:M7.0M6$ EH

E

"

"! EV

a

# $ 03:JT0-/:M7.0M6$

%

"Z#$

%

"Z#

*

:

@

;

S

I

O

"!# b3:788.M.>/T0-/:M7.0M63V706G470M$ M2/

0/-/KK7:6708 KTVV.-./0M-308.M.30 V3:K6KM/J]K:3XTKM

KM7X.4.m7M.30 .KM27M&

1

M2/:/.K7-30M:344/:#[2.-2

J7̂/KM2/V//8X7-̂ -30M:34K6KM/JK23[0 .0 V.5O% X/

KM7X4/V3:706

%

"Z#

*

:

@

;

S

I

O

Z W

K(s) P(s)

D(s) W (s)

P (s)

b.5O%#N30M:34K6KM/J[.M2 788.M.>/T0-/:M7.0M6

2

"! E#E

"

#

B!

#V

a

I

C!$.O/O$"FE#E

"

#

B!

#V

a

*

@S

I

%

"%# b3:JT4M.G4.-7M.>/T0-/:M7.0M6$ M2/0/-/KK7:6

708 KTVV.-./0M-308.M.30 V3:K6KM/J]K:3XTKMKM7X.4.m7M.30

.KM27M&

1

M2/:/.K7-30M:344/:e[2.-2 J7̂/KM2/V//8*

X7-̂ -30M:34K6KM/JK23[0 .0 V.5O$ X/KM7X4/V3:706

%

"Z#

*

:

@

;

S

I

O

2

"FEE

"

##

B!

E#V

a

I

C!$ .O /O$ " FE

E

"

##

B!

E

"

#V

a

*

@S

I

O

>(99+ #& _/MEHJ

!

Y

B!

!

HJ

%

Y

B!

%

*

*/

I

708

Z W

K(s) P(s)

D(s) W (s)

P (s)

b.5O$#N30M:34K6KM/J[.M2 JT4M.G4.-7M.>/T0-/:M7.0M6

J

%

Y

[ ]
%

H

J

!

Y

[ ]
!

V$ VT:M2/:J3:/$ .VEHJY

B!

*

*S

I

708

:.52M:/47M.>/46G:.J/V7-M3:7X4/$ M2/0 Y

B!

*

*S

I

$ 708

-70 M7̂/VHY

B!

O

12/:/V3:/$ M2/7X3>/V//8X7-̂ K6KM/J]KE

"

-70 X/

:/47M.>/46G:.J/V7-M3:/8 7KE

"

HJY

B!

$ M2/K/MV3:#M3

KM7X.4.m/E

"

.K

:EYV

=BJV

&J:EY={ }H!

$ [2/:/:$=$V

7:/744KM7X4/$ :/5T47:$ :/74:7M.3074VT0-M.30O

#"L;(-

e

R((6,+?V523-A2))(AS(8*Q342A

523Q(8-*23523-A2)

N30K.8/:.05M2/G:.0-.G.73V/>/:63:.5.074V7.:0/KK

"K/MM2/0TJX/:3V3:.5.074K.K!#$ K/M+

1

"&# .K8/M/:*

J.0/8 X6V3443[.05-30M:3447[&

+

1

"&# '%

C1

C"&# )

!

!

%

A1

A"&# "%#

##[2/:/C"&# HaC"&# Ba"&#$ M2/0 7V//8X7-̂ K6K*

M/JX43-̂ .KK23[0 7KV.5O+

))*

O

Q (s)
K (s)

E(s)

C(s)

R(s)
P(s)

Q(s)
1/S

K (s)/n

b.5O+#a43-̂ -27:M3VV//8X7-̂ K6KM/J

Q0 V.5O+$ E"Z# KM708KV3:M2/8/476G3.0M$ .K7

JT4M.*.0GTMK.054/*3TMGTMK6KM/J "LQ,@#$ .MKM:70KV/:

VT0-M.30 .KE"Z# H C

B

0

!

Z

$+$C

B

0

![ ]Z % #

C

"Z# 708 #

A

"Z# KM708 V3:M2/V//8X7-̂ -30M:344/:K$ M2/:/7:/K.0*

54/*.0GTMJT4M.*3TMGTMK6KM/JK$ M2/.:M:70KV/:VT0-M.30K

7:/#

!?"(

$%

# iÞ×

$

q

&

rþ

S

I

fkïEX8�Bð/ÒïEc�Î

#



#

C

"Z# ')#

1

C!

"Z#$+$#

1

C!

*

1

M

##708

#

A

"Z# ')#

1

A!

"Z#$+$#

1

A!

"Z#*

N

##:/KG/-M.>/46%*"Z# H)*

1

!

"Z#$+$*

1

!

"Z#*

1

.KM2/

-30M:344/8 3TMGTM:7M/3V3:.5.074KO

,TGG3K/d"Z# H

E"Z#

Z

H

!

Z

)C

B

0

!

Z

$+$C

B

0

!

Z

*$d

"

"Z# H

!

Z

)!$+$!* M2/0

d"Z#

d

"

"Z#

B! ) C

B

0

!

Z

B! $

+$ C

B

0

!

Z

B! *

#

V

N

"i

/

# $[2/:/V

&

"i

/

# H

)V

&!

"i

/

#$+$V

&!

"i

/

#*$ 708 V3:

@/*

*$ "

N0

1

"&#

N0

P

[/27>/

V

!

"i

/

#

O

C

(i

0

P

/

"$#

##L;(2A(9 !#QVM2/0/M[3:̂*-305/KM.30*-30K.8*

/:/8 T0-/:M7.0 8/476K6KM/J.K/07X4/8 :3XTKMKM7X.4.m7*

M.30$ 7MM2/K7J/M.J/$ M2/0/M[3:̂ :/7-2/K.MKJ7F.*

JTJTM.4.m.05/VV.-./0-6$ 708 -30M:344/:#

C

"Z# 7GG/7:K

" G347:$ M2/0$ G/:V3:J70-/ .08/F

6

B!

V

Z

Y"=BJV#

V

&

J":EYV#

I

N

! JTKMX/K7M.KV./8OU2/:/$

J"Z#$Y"Z# 7:/M2/:/47M.>/46G:.J/V7-M3:.m7M.30 3Vd

"

"Z#$.O/O$J"Z#Y

B!

"Z# Hd

"

"Z#$708 Y"Z# H

Z

ZE

%

$J

"Z# H

!

ZE

%

)!$+$!*$

%

.K706K-747:47:5/:M2/0 "%:

"Z# H

%

!

)!$+$!*

1

$="Z# H!$ J"Z#:"Z# EY"Z#=

"Z# H!%V"Z# .K7KM7X4/$ :/5T47:708 :/74:7M.3074

VT0-M.30% V

Z

"Z# .KM2/K/0K.M.>/[/.52M/8 VT0-M.30O

IA224# a/.05G/:-/.>/8$ M2/M2/3:/J.K.0>34>/8

[.M2 70 3GM.J74G:3X4/J30 J.F/8 K/0K.M.>.M6V7J.4.7:M3

/05.0//:.057GG4.-7M.30KO

b:3J4/JJ7!$ M2/7X3>/J/0M.30/8 T0-/:M7.0

8/476K6KM/J-70 X/:3XTKMKM7X.4.m/8$ .V708 3046.VM2/

03J.074K6KM/J3Vd

"

"Z# -70 X/KM7X.4.m/8$ 708 K7M.K*

V./KG/:V3:J70-/.08/F

)&*

&

V

&

"Z#d

"

"Z##

C

"Z#"! )d

"

"Z##

C

"Z##

(!

I

N

!

"+#

##b:3J4/JJ7%$ M2/03J.074K6KM/J-70 X/:3XTKM

KM7X.4.m/8$ .V708 3046.V.MK7M.KV./K

#

C

"Z# '":"Z# )Y"Z#V"Z#"="Z# (J"Z#V"Z###

(!

")#

##bT:M2/:J3:/8/:.>7M.>/M3C"&#$ [/5/M

-C"&# '(

$

!

1'!

#

C1

C"&(

0

1

# (

!

!

$

!

1'!

#

A1

A"&(

0

1

# )A"&#

"&#

127M.K

0"Z#

5"Z#

'

! (

!

!

$

!

1'!

#

A1

"Z#C

(

0

1

Z

Z)

$

!

1'!

#

C1

"Z#C

(

0

1

Z

"'#

##b3:5T7:70M//.05M27MM2/KM/786/::3:3Va"&#

M:7-̂.05a

C

" &# .K"$ V:3J 7X3>/ V3:JT47$ [/

27>/

$

!

1'!

#

A1

""# '! 708

$

!

1'!

#

C1

""#

(

I

% .0 >./[3V

M2//>/:63:.5.074V7.:0/KK$ M7̂/#

A1

""# H!% 708 ^03[*

.05M27M#

C1

"Z# 27K7G347:ZH"$ M2/:/V3:/V:3J/5T7O

")# [/̂ 03[=""# HJ""#V""#$ .O/O$V""# H

%

!

)!$+$!*

1

% K/MV"Z# H

%

!

)!$+$!*

1

$"Z#$ M2/0

M2/:/.K$""# H! 3X>.3TK46$ M2TK

#

C

"Z# '

%

!

! )

Z$"Z#

Z)

%

! (

%

$"Z#

Z)











%

)!$+$!*

1

"(#

b:3JV.5O+$ [/-70 ^03[

0"Z# 'a

C

""! )d

"

"Z##

C

"Z##

(!

)

!

Z

(

!

!

d

"

"Z##

A

"Z#5"Z#"! )d

"

"Z##

C

"Z( )# (!

"?#

##Q0 3:8/:M3J7̂/M2/0/M[3:̂ 7MM7.0 7J7F.JTJ

/VV.-./0-6$ 0"Z#

I

K23T48 X/KJ7447KK330 7KG3KK.*

X4/$ -70 4/M

!

Z

B

!

!

d

"

"Z##

A

"Z# H"$ .O/O$

$

!

1'!

#

A1

"Z#

'! Ob:3JM2//>/:63:.5.074V7.:0/KK$ -70 M7̂/#

A1

"Z# H!O12/:/V3:/$ V3:5T7:70M//.050/M*TM.4.m.05/VV.*

-./0-6$ V3443[.05S

I

G/:V3:J70-/.08/F0//8KM3K7M.K*

V6[.M2)'*&

6

(!

V

Z

"Z#"! )d

"

"Z##

C

"Z#

(!

#

I

N

! "!"#

%?"(

&

#

'

#

(

#

)

#

*

#

+

#

,

!"

"



U2/:/

6

D" .KM2/S

I

G/:V3:J70-/.08/F-23K/0O

Q0 3:8/:V3:J7̂.05-30M:344/:#

C

"Z# G:/K/0MG347:

"$ 708 .0 M2/J/70 M.J/$ V3:5T7:70M//.05M27M0"Z#

27K747:5/:7MM/0T7M.30 .0 43[V:/sT/0-6X708$ M7̂/V

Z

"Z# H

!

Z

%

O,60M2/K.m.05G/:V3:J70-/.08.-/K/5T7KO"+#

708 "!"#$ [/27>/

V

&

"Z#d

"

"Z##

C

"Z#"! )d

"

"Z##

C

"Z##

(!

6

(!

V

Z

"Z#"! )d

"

"Z##

C

"Z##

(!

I

N

!

"!!#

##L7̂.05TK/3V/5T7O")#$ [/5/M

6

(!

V

Z

"Z#Y"Z#"="Z# (J"Z#V"Z##

V

&

"Z#J"Z#":"Z# )Y"Z#V"Z##

I

"!%#

##12/M2/3:/J.KG:3>/8O

=3M/& b3:JT47:/5T7O"!%# -70 X/VT:M2/:M:70K*

V3:J/8 7K

V

&

"Z#

%

Z)

%

! )

Z

Z)

%

$"Z( )#
6

(!

V

Z

"Z#

Z

Z)

%

! )

%

Z)

%

$"Z( )#
N

! "!$#

##A83GM.05M2/V:/sT/0-683J7.0 M:7.0.05J/M238$

[/-70 6./48 $"Z# V:3J/5T7O"!$#% M2/:/X65/M7

-305/KM.30*-30M:344.05̀

I

V//8X7-̂ -30M:344/:O

$"529=1-*3Q /<+9=)(

,/MM2/X3MM4/0/-̂ 038/3TMGTM:7M/3V7-305/K*

M.30*-30M:344.05K6KM/J X/A"&# H! """ E!""K.0

""<!&#$ &

'

"% M2//FG/-M/8 4/05M2 3VXTVV/:sT/T/.K

a

C

"&# H!""% M2/J7F.JTJ8/4763VM2/K6KM/J.K

0

P

H

"<!% S

I

G/:V3:J70-/.08/F.KM33̂ 7K

6

H!O

12/0$ .M .K ^03[0 M27M C

BH

0

P

/

B!

N

"<%!H

/

"<!H

/

E!

$

@/*

*O12TK-70 -233K/V

&

"Z# H

"<%!Z

"<!ZE!

$ 708 -233K/[/.52M/8 K/0K.M.>.M6VT0-M.30

V

Z

"Z# H

!

Z

%

$ d

"

"Z# H

!

Z

)!$+$!*Ob:3JM2//>/:63*

:.5.074V7.:0/KK$ 30460//8 M3:/K/7:-2 30/3VM23K/

3:.5.074K]S

I

-30M:344/:K#

C1

"Z#O12TK6./48&

#

C1

"Z# '

!

Z

Z

+

(!

Z

+

(

;

"Z#

! )

;

"Z#

M

U2/:/$

;

"Z# '

Z

%

""<!Z)!#"Z)%<!!#

""<%!Z

$

)"<'Z

%

)!<!'Z)!#"Z(%<!!#

M

%"523?)18*23

12/8/K.50 G:3X4/J30 M2/:3XTKM̀

I

V//8X7-̂

-30M:344/:3VM2/-305/KM.30*-30M:344.05V3:JT4M.*3:.5.*

074K.054/*X3MM4/0/-̂ 0/M[3:̂ 27KX//0 KMT8./8 .0 M2.K

G7G/:OA0/M[3:̂*-305/KM.30*-30M:34K6KM/J27KX//0

8607J.-7446J38/4/8$ M2/0 M2/-305/KM.30*-30M:344.05

S

I

V//8X7-̂ -30M:344/:27KX//0 8/K.50/8$ 708 M2/

G/:V3:J70-/:/sT.:/J/0MM3M2/-30M:344/:27KX//0 70*

746m/8O12/G7G/:27KG:3>/8 M27MM2/S

I

V//8X7-̂

-30M:344/:3V-305/KM.30 -30M:345/MM2/53743VG:/>/0*

M.05-305/KM.30 708 J7F.J.m.05M2//VV.-./0-63V0/M*

[3:̂7GG4.-7M.30 X6783GM.05V:/sT/0-683J7.0 8/K.50

J/M238O12/J/M238 -70 :/74.m/7>3.8.050/M[3:̂*-30*

5/KM.30 708 J7F.J.m.05M2/0/M[3:̂*TM.4.m.05/VV.-./0*

-6Ob:3JM2/-3JGTM.05G:3-/KK.0 M2//F7JG4/8/J30*

KM:7M/8$ M2/J/M238 G:3G3K/8 27KK23[0 .MKK.JG4.-.M6

708 7GG4.-7X.4.M6O

'(4(A(3?(8

!#U705_S$,-2[./X/:M_OZ3XTKM-30M:34708 :7M/-33:8.07M.30 V3:/V*

V.-./0-6708 V7.J/KK.0 AaZM:7VV.-[.M2 /FG4.-.M:7M/J7:̂.05OW:3-O

3VM2/AJ/:.-70 N30M:34N30V/:/0-/$N2.-753$ Q_$ %"""$!?')!!?'?

%#N23.̀ $̀N2T05LPOL/J3:64/KKS

I

-30M:344/:8/K.50 V3:4.0/7:

K6KM/JK[.M2 8/476/8 KM7M/708 -30M:34OATM3J7M.-7$ !??)%$! "&#&

?!'!?!?

$#f2/05R705$ ,305S3052T7$170 L.0Ò 6X:.8 J38/4.05708 70746K.K
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