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gobobbobboogoobbbbuoooooboobbooooooooboobobbooo
gbobobbuoooogbbobobboboooooobobobbobooooobobbbbuoooon
gobobobboooogooooobboooooooboobbbooooobobbbboooon
gbobboooobbbuooobbbbouooobboboaon
g3dgdboobobobbodboobboobuooboobbboooboobobo
gbobobobuoooogoboobobboooooobbobbbooooobobbbbuoooon
gboogbbogbboobuoobuooboobboobboboboobobuooobobo
gbobobobooooggbobobboooogobbobbuoooooobobbbuoooon
gobobobooogooobobobbobooooobbooboboboooooooboboobbooo
gboboboboooogoobbbbuoooooooobbooooobbbbooooan
gooboooobooo

400000000000 DO0O0ODOOODLOODODDOoO0ObLDOOoDOOoOoDbLOOnD
gobobobboooooooobobbboooooobobboooooobobbbuoooon
goobobbodoooooobobboboooooobobbooooobbobbobuoooon
gobbbobobbuouooooobbbbboogoouooooobobbbbooggo
gobooboboooggobobobbodooooobobboooooobobbobuoooon
goo
gsdgggooobbuoogooobbobobbodooooobobbobooogaa
gboboboboooooobobbbouooooobbobobboooobobbobboooon
goobooboboooogoobobobotoooooobooboboboooooobbbbuoooon
gboboboboooooobobbbouooooobbobbooooobbbbobuoooon
goobooboooogobooboboooobbbobuoooooobobobbobuoooon
gboboboboooogbbobobbboooooobboobobboooobobbbobuoooan
goobobobboooogoboobobbooooooobobbooooobbbbbuoooon
gobooogo
gedduoobbbbouooooouoobbobtooooooooobbobbboooga
gbobobobboooogobobobbooooooboboobbboooobobbbbuoooon
goboobobooooooobbobbuooooooboobbobooooooobbobuoooon
gbobboooobbbuoogbobbbouooobboboooobbbod
grobboogobboboooobbooooobbuoooon
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20 OO0O0Ooondgn

21 0O0O0O0O

goboboboooooobobbbtodooooboboobboooooobbboooon
gbobobbooooogbbobobbooooobobobboooooobbbbobuoooon
goboobobboooooooobboooodoobobboooooobobbbuoooon
gbobobbooooogoobobbbooooobbbobboooooobbbbuoooan
goobod

22 OJ0O0O0OOOOOOODOOOO

221 JUOO0bUobooooobobbuooooad

000000000000000000000000002.1000 [8][9]00 2.100d[k]
000000000000000000000000QOP,00000000000000
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000000000000S000000 7000000 (2.1)(2.2)
000000000000 QO0000000000000000(10)00000000
00 QUDO00000000000000000000 (022000000000000
0oooooo)d

1SGw) =1 - Qw)| (2.1)
T(jw)| = 1Q(w)] (2:2)

goboboboboooooobbobtboooooooobbooooooobbooboboouoa
gbogbboobuogbooboobobouoobboobboobbaobuoobbo
goboobbobooogoooboobobbdoooooboboboooooobbobobboooo
gbobobboooogooobobboooogobbobuouoooobbbbobuoooon
goboobobooogooooobobotoooooobobboooooobbbobuoooon
gbobobobooooooboobobbooooobbobuoooooobbbbobuoooon
gobobboogbooboooobobooooboboboooobobboooooooo
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2200000000000000

ref ’g(k) output
+ + + %
- A C - A P >

Magnitude

| |
107" 10° 10’ 107 10° 10’
Frequency Frequency

()30 000000000 (bhyADOODOOoOoooOo

U222 0000000000000000Ob0O000O0LODOO0

222 H , OO0O0OODOOO

H.,O0OOoOoOoooooboboooboboobuo™@ooobooooboooobo
O000000000000000000000000000 1120000000000
goobobboooooobobboodooooobobboooooobobbbuoooon
gboboboooobbbuoogbobbbouooobboboooobbbod

ODO00H 00000000 2300000000000 0b00bDO0bOO00obDOobOobooOO
gbobobobobooogogbbbbuoooogbobobbboooooobobboboooon
gobobbooogoooobobbboooooooboobobbooooobobbbboooon
000 (23)000000000000000000O0O0O00O0O0 W, OWsOOOOooOd
goboboooobbobuoooobobboooboboboooobobobooooobooo

Lzl &

Oo0d0b0H 0000000 0booboboboobobobuoooooooooooo
gbobobobuooooooobbbbuoooooobooobbooooobobbboooon
gboobogoooboooooo
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020 O0O0O0bOobOoooon

P>

tZz (V) TZ]
4 Ws
Rl

C

023 H,O0O0DOODODOOOOOoooooobooobooo

'y

223 UJUO0bObbOooooobbuoooooon

gobbbbbooogbobobbouooooooboboobobbuooooobbboggo
goboobobbooooooobbobobuobodooooobbooooobbbobuoooon
gbobobobotbogooobobbboooooobbobbuooooobbbbbuoooon
gobobobooogoobobooboboooooobobbooooobobbbobuoooon
gboboboboooogbbbbuoooooobbobbuooooobobbbuoooon
gobobobbbooogoobobbuodooooobboboooooooboboobobooo
gbobobooogbobboooobon

gboobooobobbodaon

0000000000000000000000000000000000000000
0000000000000000000000000000 (240000000000
0000000000240 00000000000000000+: 0000006: 00
DO0O0OM(6): 00000C(,9): 00000000000 Og(e): 00000000000

= M(8)d + C(8,0) + g(0) (2.4)

goboboooooogooboobobbooooooboobobooooobobbbuoooaon
O0ed0O0O (25)0000000000000000O0O00O0OOOOOOOOOOO

Mé+ Ke =0 (2.5)

00000000000000000000000 (24 00000000000000O
goobbbbbbodooooooobbbotdoouoooooooooboboobooo
gbbbbooooogbbobbooooobobboboboooobobbbobuoooon
gobobobboooooooobboooooooobbbooooobobbbuoooon
goobbbobbbobooooooooobboobboouooooobobbbbbooo
gooboboooobobooboogao

gboodbbogoboobbuoobbbogbboobobbuoobbooobobg 25
gobooboboooggoboobboboooooobobboooooobbbobuoooon
O000000000000000000 e00O0 (26)000000000O
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2300000000000

Oa—s

Inverse
9% —=IDynamics
+ +4 T 0
9d Manipulatorf—

024 0000000000000000O00O0O0O0DO0ODOODODO

0d . » |Inverse | T . 0
GIT»Dynamics—ﬂMampulatorl—#
r

Od ‘VA_ 1

+

g 25 0000000bbbo000obbooooan

ée+Ke=0 (2.6)

23 UO0OO0OOOOOOOODO

gboboobouooogbobbouoooobbbbuoooooobobbbuoooan
goboboooobbbuooobbbbogoboobogo

23.1 JUO0oboboooooobogd

gbobbbuoooogobbbbuooooobbbbuoooooobbbbuoooan
gboodz2e0ddbbodoobbuooobogugboobooobbooboonooboo
gboboboboooogobobobboooooobbobobbooooobobobbbuoooan
goboobooooooobobbbooooooobooobbbooooobobbbuoooon
OOboO0odd2600refUoutputDd0 0000000 0O0OOOOODOOOOOOCOPRPO
gbobobooooboboooobbooodonoo

gbobboouoooogoboboooooobbobbbuooooobbobbbuoooan
gooobooogoooobobotooogooobboooooobbobobuoooon
000000000000000000 (0 2.70
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020 O0O0O0bOobOoooon

<external world> <externa world>

<internal world> <interna world>

!
N N
N N

N N

N N

N N

N N

N N

N !

N N

N N

N N

voutput  ref

N N C
\ ' +

N N

N N

N N

N N

N N

A

026 00000000000O00O0000OO O27n00000000000DO000O000
gobooogo 000000000 (boo)oooooo

<externa world>

<interna world>

ref - output
! output 9 M ani pul ator —

U028 000000000000000O0 U 29 0000bo00bobooobbo
gooboodad gobobooooboboboooooon

23.2 JUOOObOOoOooooon

gboboobbodbooobuooobbooboobboobooboboobb 2800
gobogobooobogoboobboobbooobooobbuoobbooobobo
gbboggbbuogdbbogbobooboboboodbbooobugbboobbobo

goboboooooogooboooooobobobbooooobbobbbuoooaon
gbobobobooooggboobbouooooobboobbooooobobbobobuoooon
gboobodbboobbodbbooodouobooobboobboobbod 280
gboboboboooogobobobboooooobobobboooooobobbbbuoooon
gboboboodgo290000bboboogoon

24 O0O00O0O0OO0OOOOODOOODOO

goboboboooogoboboboooooobbobboooooobobbbuoooan
gboboboboooogbobobobbooooobobobobobooooobobobbbuoooon
gooboooon

gbobbobuoooogobbbouooooobbbbouooooobobbbuoooan
gobooboboboogooobbobotoooooobooobobboooooobbbuoooon
gbooggboboubbogbboboogbbooboboooboboobuobboogbobo
gobobboggboboboooobobooooboboooobobbooooooobo

gbobboouogoggbbbbuouooooobbbbuoooooobobobbuoooan
gbobogobobogdbbodboboooboobboobooobboobboobbobo
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25000

gbodbogbogbuoboobooboobbobboouobouoobboboobad
goobbbobbobbododoooooobobboobbotbdoooooobobobobbooo
gboboboboooogobobobbouooooobboobobboooobbbbbuoooon
goobobobboooooooobboooooooboobbbooooobbobbboooon
gboboboboooooobobbbboooooobboobboooooobbbbuoooon
goboboooobbooon

2.5 0O0OO

goboboboooooobobobbooooobbobbooooobbobbbuoooan
gboogbbboouoboboobbobbooboobboboboobabbuoobobo
gboboogobogbdogobboogbbuooobooobbuoooboobooobobo
gboboboooooobbbboooooobbobbuoooooobbbobuoooan
gboobogbboobuodboobbuoobboobuoobooboobbooobuoobo
gobbobbouoggooobobbobobboooooooobbobobbbooggoo
goboobobbooogooobooboooooobobboooooobobobbuoooon
gboboboooobbboooobbob
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30 Uttt
Jooooboboon

3.1 O0O0OO0

3.1.1 0OO0O0OOoooon

gbobobbooooogobobbboooooobbobbooooobbbbboooo
goboobobbooogoooobbooooooobooobbbooooobobbbuoooon
gboobboobuodgbobooobuoobuoobboobbuoobuodgboogbobo
gbobogobogboooobooboobooobooboosagbooobogboo
gboobodgogbbooboobbuobogg32bgdbooobuaabboodgoon
gob3200000000b000bbo0obooboboobooobuoobobooboo
gbogbboobuoboobboobdogbuoobboobbuooboboobuoobobo
gbobooogobobooobobbouoooob33gbobobuooobobooooobboon
034000000000000000wp,000D0O0DOO0O0ODOODOOOODOOO
gobobobboooogoboobboooooobobbooooobbobbobuoooon
gboboboboooooobobbbbuoooobobobbuoooobobobbbuoooon
00000000000 DL0D0DO0DO0DO0DOO00O00O0DO0O0OO0OOrefOoutputD
sensor0d0d 0000000000000 0O0OCOODDODOOOOCOOOOOOOOOOO
OOocoprpO0O0O0OO0ODO0ODODOOOOODODODOO

gbooobobogbgs320boogbugbbodbobobboobuagbobonobon
gooboboooobboboooobobobooooboobbooonboon

gobbb330000aagooboo (GDDDD)DDDDDDDDDDDDDDDD
goboobobbooogoooobobbooooooobobobooooobobbbuoooon
goobbob2000000000000 200000000000000000000
gboboboooobbobuooobobbboooon

<external world> <external world>

<internal world> N
Voutput  ref

031 00dbobooogoboooobbon 032 000000000b0o00anoboon
gobooogo gubdubobdgboboobobobgobg
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2000000000000 0000DOODOOOLDOO

sensor sensor

G &llc

d UrrF d
ref +l output ref y 7 output
_+’<f_' C ¥ P > _+’<f_' Cr—= P >

0 33 000oobboouabbogd 034 0000000000000000
gobooo goboboogoboboobooon

0340000000000000 (upp,0000)00000O0O0O0O0O0OOOOOOO
goboobobboooooooobobboooooooboobboooooobobbbuoooon
gboobooogbbbog3sbboougaoon

3.1.2 0OJUobogooooobuoooo

gobobboooogobobobbooooobbobbooooooobobbbuoooan
gbogbobodbooobbboobbdbuoobuoobobbuoobbobbboooboo
gooboobobooogoooobooboboooooooboobbbooooobbbbuoooon
gbobobobbooooooobbbuouoooobbboboooooobbbobboooo
gobogdbbodbboobbuogbobuooobooobuooobbooobboobbo

Whitel Tomizuka DO O OO OO00000OO00OO0O0OO0OOCODOODOOOO0OOODOOO
O000000000000000000000 [13]0000Panmud HorowitzO OO OO O
gbobobobooooggboobbouooooobboobbooooobobbbobuoooan
000 [140000Beak0Lee 0000000000000 OOOOODOOOOODOOOO
O000000000000000000 [15]0

gobobobooooooboboboooooobbobbooooooobobbbuoooaon
gbobobooboobobboobobbobbobobobbobbobbobobobo
gobobbboogoooboobbooooooobooobbooooobbbbobuoooon
gboboboooobbbuogbbobboooobbobuooobbon

3.2 U0O00O0OO00OO0OO0Ooooboooooguboooogd

3.2.1 UUO0bOoooooooouoadd

gbobobobogbogboobobboboobuogbogboobobboboo
O0000000D0D00 ARX(Auto-Regressive eXogen eous) 000 G(z 1) 000000
000 G(>-")0000000000 ARXODOODOD w(k)0O0 y(k) 0000000
0 (31)0000000000w(k)00000000 (3.1)0000000 y(k)00D00
0000000000000 0000y(k)00O (3.2)0000000000000000O0
gooo
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0 s0 doogbbobdooobbobooooobobbooooon

y(k) +ary(k — 1) +agy(k —2) + - +an,y(k — N,)
=biu(k — 1) + bou(k —2) + - + by,u(k — Np) + w(k) (3.1)

y(k) = —ary(k — 1) — ay(k — 2) — -+ — an,y(k — N,)
+ blu(k — 1) + bgu(k — 2) + -4 bNbu(k - Nb) + ’U)(k) (32)

vV = [(1/1, as, - - -, a/Na,I, aNaa bl) b?) Ty bNbfla bNb]T (33)

‘P(k) = [_y(k - 1)7 Tt _y(k - Na)au(k - 1)7 o 7u(k - Nb)]T

0(3.2)0000 (3.3)0(34)0000000000000000 0000000 ¢(k) O
00000000000 (3.2)00 (35 0000000000000000000000

y(k) = v (k) + w(k) (3.5)
0O00D0O00

A =14+az7 +agz 2+ +ay,z (3.6)
Bz =biz7 by 4o by, 2™

O00000000000ARXODOOOO (3.8)0(3.9)000000000000000O
000000000000 (3.10)00000000000000 35000000 Gz
OARXOOOOOOODOOOOOyk)DODODDOO0O0O0O0O00D0ooooo (k—-1)000d
gooboooobobobooan

A = B + (k) (3.5)
o) = S0+ o (59)
o B(z‘l) 1
y(k) = A(Z_l)u(k) + A(Z_l)w(k) (3.10)

3.2.2 JUOO0OOOOOOOOOOOODOO

000000000000000 (3.1)000000000y(k)00000000000
000000000000000000000000 y(k)00000000000000
00000000000000000000000000000000000000000
0000000000000000000000000000000000000000
y(k)0OODOOd(k) 0000000 w(k)0DO0O000 senseor(k) 00000000000
00000000004k 0000000000000000004(*)00000 upp(k)
0ooo

036000000000000000000000000000000003.600Q
0000000000000PR, 00000 POOO0ODONOOOOOOOO0O0O0OOOO
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2000000000000 0000DOODOOOLDOO

Sensor
clle
UrrF d
ref 4+ vy Ty output
Q Q/Pn
I :'m: I
IA
d
035 000000 ARXOOODOO 036:00dk)00000O0O0OOOOODO

gooboogn

000000000000000000000000000 R,00000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000004k 000000000000000000000000 d(k)0
000003600000000000000004d(k)000000000000000
0d(k)00 (312)0000000000000

P Q

Ak ={-17¢cpp ~ 1+0PQHﬂ)—wwﬂ@—f%H (3.11)
L 4P
= H_CPQ{d() upr (k) — §(k)} (3.12)

0 (312)00&Kk)0000000000000000000 (3.12)0 P, =P0000
000000 (3.13)000000000000000000000000000d(k)00
000 dk)+upr(k)00000000000000Q-d(k)0000000O000

d(k) = Q{d(k) — upr(k) — £(k)} (3.13)
Q-d(k) =d(k) + Q- upp(k) + Q- (k) (3.14)

00000 (3.14)0000000000000000000000000000Q0O0
0000000000000000000000000000000000000000
00 sensor(k) 000000000 QOOO00000 (34000000 (3.16)0 ARXO
00000000000000000

@(k) =[-Q-d(k —1),---,=Q-d(k — No),
Q - sensor(k —1),---,Q - sensor(k — N;)]" (3.15)
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0 s0 doogbbobdooobbobooooobobbooooon

=[d(k—1) = Q- upp(k — 1)+, —d(k = No) = Q - upp(k — No),
Q - sensor(k —1),---,Q - sensor(k — N,)|* (3.16)

3.3 U0oobooboboobobooboogbooouoood

3.3.1 UUO0boooooooobogd

00000000000000000 ARXOOOODOOOOOO0O0O000000000
00 (3.5)00d(k)0 100000 d(kly) 00 (317)000000000

d(k|lv) = vT (k) (3.17)
0000000000000 d(k) 000000 e(k,»)00 (3.18)0000000
e(k,v) =d(k) — v (k) (3.18)

0000000000000000000000000000000000000000
0000 (3.19)0(32000000000

In(v) = %kz_j 2(k, v) (3.19)
— Ly - v )y (3.20)

obooooobooobbdk=1~NOOOODOOODOODOODOODOODOOO
gboboboboooogbbobobboooogbobbobbooooooobbobobuoooon
goboggbobuogoboobboobbuooobooobbuooobooobobobbo
gboboboboooogobobobbboooogoboboobbbooooobobobbbuoooon
goboboooooboboooodbob vy bbboooobbbboooo
gboboboodgobboooobbbooan

3.3.2 OUOO0OO0OOOO0OoUooboooooon

gbobbbuoooogobbbbuooooobbbobobuooooobobbbuoooan
gooboogd

goobooooboboboooobobod

0000000000000000000 (321)0000000000000000
©k)000000 0000000000 (k-1)e(k)000000000000 (k) =
d(k) — 0"k —1)e(k)00000000000000»000000000000000
00000000000 (322)00000000000000(x)00000000000
0000000000

L'k —1)p(k)
1.0+ @ (k)T (k — 1) (k)

p(k) =k —1) + (k)
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jggudobbobuogobboboooobobbooon

e(k) = y(k) — 0" (k — 1)(k)
T(k)=T(k—1)— L(k—1p(k)e" (E)L(k—1)

1.0+ T ()T (k — () (3:21)

In(v) = %kz_j 2(k, v) (3.22)

gbobobooogbbboooobboboooon

0000000000000 0000000000 (3.23)0000000000000
gboboboboobboboobuodoboobobboobobboboobooboo
oooboboooboboooroboboobobooobooboNYUObDooboboooo
Ooooooobooooo A AObOobobobobobobooboobobooboooonoo
O0000000000000O00000000O00O0ODOOO (3.249) 0000000000
goo

L(k—1)p(k)
A+ " (k)L (k — 1)e(k)
y(k) — 0" (k — 1)p(k)
1 T'(k— Do(k)e” (k)T (k1)
R S U s S 7] Ny P

p(k) =k —1) + (k)

[©)
—

)
~

I

} (3.23)

In(v) = kz_: MV =R2 (B v) (3.24)

gbobobooogbobbooooobon

O00000000000000000000 (3.25)0000000000000000
gboboboboooogbobobobbbooooobobbobboboooooobobbbuoooan
O000MNkOOODODDODOOUODOOODe(k)D0ODOO0O0ODOO0ODDODOO0ODODOOODDOO

gbobbobuoooogobbbbouoooobbobbooooobbbuoooon
00000000000 AN00O0O0O0Q0OQ00O0O0O0O0O0000000000o0on (3.25)0
O00T(k—1ek)0000000000O0000000000O0O0O0O0O0 (00000
0000000000)0000000000000O000O0000OOoO0O0DOoOooOO
000000000000d0ooooo +T(0)000000oooooooooooo™
0000000000000 00000000 (326)0000000000OOOO

T(k — 1)e(k)
1.0+ T (k)T(k — 1)(k)
e(k) = y(k) = &' (k = 1)ep(k)
1 T'(k—1)p(k)e" (k)T (k- 1)
L'(k) = m{r(k -1- 1.0+ @T(k)L(k — 1)p(k)
B IT(k = De(k)|? 1
MR =10 = TG ST Tk — D (R) #r(0)

o(k) =k — 1)+ (k)

}

(3.25)
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0 s0 doogbbobdooobbobooooobobbooooon

N

Iy(v) = kz_: k)N R (k, v) (3.26)

3.4 O0O0OO0O0OOOOOO

000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000000000000000000000
0(3.1)00000ARXOOOOO0O0O0O00 (k—1)0000000000000000
000004k 0000000 dkry)00 (328000000

d(klv) = B(z ")sensor(k) + {1 — A(z~")}d(k) (3.27)
=vlp(k) (3.28)

gbobbobooogoooboooooobbobobbuooooobbobbbuoooan
gbooogbobobogboboodgb 322000b000boooboboooboboobobooon
O00000000000dk)00000000000000O0000O000O0O0O00O00
gobobobooooboboobooan

3.4.1 OUU00ObOogooobouoooooobbuooooobbogd

0(3.14)00000000000000000000000000000 d(k)0 Q-d(k)=
dk) +Q-upp(k) 0000000000000000000 d(k)+ Q- upp(k) 00 (3.28)
000000000000000000000000

upp(klv) = B(z V) sensor(k) + {1 — A(z71)}Q - d(k) (3.29)
= B(z Y)sensor(k) + {1 — A(z"YHd(k) + Q - upp(k)} (3.30)

000000000000000000000000000000 {1-A(z )}k 0000
00000QO000000000000000000000000000 B(z~")sensor(k)
00000000000000000000 uppe(kly)00000000000000 (3.31)
0000000000000000

urpa(klv) = {1 — fl(z’l)}{d(k) +Q-upp(k)} + QB(Z’I)sensor(k) (3.31)

3.4.2 JUOO0OO0OOOOOOOOOOOOOOOUOObLDOObLOO

000000000000000000000000000000000000000
0000000000000000000000000000000000000000
oooooo

000000000000 0000ARXOOOO0O00003500000000000
0000000000000350 yk) ~y(k)00000000000 (dk) ~ upp(k))
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40000000000

000000000000 (3.28)04d(k)0000000000 upp(k)00000000
000000000000

upps(klv) = {1 — A(z")Yupp(k) + B(z"")sensor (k) (3.32)

343 UOU0OOOOOOOOOOOOOOOOOO

OO00O0O0O00O0O00 ARXOODOOOODOOoODOOoODOOoOobOooboobooooo
O00O0DOCOCOO0O0O000DOOO0 ARXOOOUOODOOOOODOOOODODOO
gobobbobobbododooooooooobbboboooooobbobobooooa
gboboboooobbouoobbobod

gbobobooobobbbuoobbbooobbbbuooobobbod

0(3.13)00 (3.3)00oooo

d(k) = Q{d(k) — urr(k) — £(k)} (3-33)
A(7Y)d(k) = Q{B(z™")sensor (k) — A(="upp(k) — A(z"")é(k)} (3.34)
= Q[B(z")sensor(k) + {1 — A(z"")}upp (k) — upp(k) — A(z"1)E(K)] (3.35)
= Q[B(z")sensor(k) + {1 — A(z"")}ur r(k)
{1 = AT HAR) + Q- upr(k)} — QB(="")sensor (k) — A(z"")¢(k)]

(3.36)

goboobobboooooobbobboboooooobobobbooooooboboboooo
0QO0D0D00000000000000000000000000 (3.36)00 (3.37)0
goboboooobobobooan

l = @ 27 h — 3 2 Y Ysensor
U0 = o Ay ET) ~ By
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