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DahlODODOOOODOODODO.

dF F
— _ 2.
o ov c]v] (2.5)



000 F=ozOUOOOOOOOODOOOOODOODDOODODDODO.

dF alv|
= p— 21 2.
T (2:6)

222 JUOO0OOOOO

Haessig O Friedland OO0 000000000000 O0O0OOOOO0OO0OOOOOO
00000000 [27. 0000000000000 0000O0OO0O000OBOOOO
gbogoooobo.gbooobooobbuobbuooboooboobboobn
gb.oogo 23000. 000b000bbooobboobbobobboobn
gboobooooobbooooboobobooooboboo.ooobbboooobo.

F= ZUO (ZUZ - bi) (2-7)

DoOOobobOoobooboboo.N:0O0O0ODoey: 00000, DODOODOO
b, OUODOOO0OOODLOOO0ODOODOOOOObOOOoDOobOOOobLOODO.obooo
gbuogbooobodbuoobbo. gbuoobuooboooboobbobobn
gbogboogbb.oobobuoobobuooboooobooobooooboobon
gboooooobobooog.

223 0JU0O0ObOOOOd

Haessig O Friedland D0 0000000000 OOOOOOOOO [27. 0O0O0O
goggoboobboobobbbouodotbuddooooooobobob. ooooobbon
gooobobboooooobbobodoodooooobobboooooobbobobo
g.gbobobobobbboooooooobbbobbbbudg . 00ggobobbobobb
gooboooon.

dz {O,if(v>0and2220) or (v<0andz< z) (2.8)
dt '

v, otherwize

I A I

F = (1+a(2))o0(v)z + a]jl—j (2.9)



DDDDUI%DDDDDDDDDDDDDDDDDDDD.DDDDDDDDDDD
g-oo-gbbuoodgbbouobobbuooobbooobbbuoodg.bbooon

00000000000 a(z)00000000.

o(z) = { a,if|z| < 2 (2.10)

0, otherwize

000000 |2|< 2 0000000000000000000O0O0O0OOOO0O
gbboboududd 0b0000. 000b0bb xL0bbbooobbbb 00
O000000a(z) 0000000000000 O0OOO. OODOOOOOOO0OO0O0
000 o(v) DOO00ODOOO0O0ODOOOO0OO. OO00D0OD0O0OO0O0OD ODDOOO
gbbobg bbobogbbooobbboobbbooobooooboooabn
gbooboboooon.

2.2.4 Bliman [ Sorine

Bliman [0 Sorine 0 O Rabinowicz D0 0000000000 ODOOODOODOODOO
0000 [28,29]. 00O0O0O0ODO0OO0OO0OOOOsgn(v) DOODOODODDOODODOODODODOO
UsOO0oooobobboog.

5= /Ot () [dr (2.11)

Bliman-Sorine OO0 000000000000 OOOOOO0OO0O0LOOOOOODOO
goggoobobooobboobbbood. bbobbobououoooooooobbon
00 [30)000000000000. 0000000000000 0o0oooOoOoo0o
gboboooooboboooo.

d
dzs — Az, + Bu, (2.12)
F = Cu, (2.13)

O0000Ows =sgn(v) D00, Bliman-Sorine 0000000000000 OOOO
O.0boooooooboboon.
1

A=——, B= figg, C=1 (2.14)
€f

gobboodggboboouogooboooooobn.

L Ly VL (215)
at  dsdat  'ds e \0 g ‘

10



0000F.=fic=L0=1000Dahl00000000. 000001000

O0o000bodbOobO0ddRabinowicz UOO0ODOOOOODOODOOODOODOOO
gbogobogbogoboo.gobooboobooooboooboobboooon

gooboo.

0o -1

L ¢f

ST
A= | ™ ] (2.16)

f2
L €

c = [11] (2.18)

[ A
B = | ™ } (2.17)

OO000fl1-f20s-0J0000OO0ODOODOODODODOODOODO. ODOODDOOO
OO DabhlO0OODOODO DabhlOOOOOOOOOOOOOOOOOO. ObDOobOoD
goggobgoobboobbbbtbdddoood. oo oooboo
O00000000000000000000000 (0 24)000 [28). ODOOOO
O00000000000000 (dissipative) DOOOOOOOOOO. 00O Bliman
O Sorine0 e, - 0000000000000O0O0O0O0O0O0O0O0O0O0O0O0OOOOOO
goggoooboobboboobbbbboddooooooobooobbobbDb. 0o
goooobbbooooobbobobuoodoooobboboooooooobobobooo
gbuogboboobodo. bbooboooboobbobobbbobbobodabb
gbuogbobooboob.boobbboobuooboboboobboooboabn
goo.

225 0JUOO0oOoO0

gboodgbbobobodbooobbuoobuooboo. gboooobooboon
gooooooooo.bgboobgooboboooobobuobobdgb. Harnoy
O Friedland DD O0OOO0OODOOOOCOOOOODOODODODOOOOOOOODOD
gbbogdgbb.gobbooooboooboooboboooo.ouogoobooon
efooggbooooooobbooooob.bboooobbobooooobooboba.

Ko
V1 —¢€?
gobooooooooogboooobooboobooooboobooooobb

F = Kl(E - Gtr)2A +

v (2.19)

11



O0.)00000000DO0ODOOOO.

_{ 1, for € > ¢, (2.20)

0, otherwize

gobbbbobougogoobobbbbooooooobobobbooooooon
gbuogbobooob.ggbooobodboobbobboobboboooboabn
goooooo.oboobobobobobobobuob.obobbbo0Ol Hess
O Soom DUOOODOODOODOODOODO. DO0OOO0OOOLOOOOOODOOODOD
gbobb.gbobbbuooooobbbboooobbbbboooobboboooab
gbooogobboog.

2.2.6 LuGred 0

LuGre 0000 Canudas de Wit OO0 O DO O0O00O00O0O0O0OCODODOODOODOO
3. 00O0OO00OOlsson0 00000000 2. 00O0O0DOO Haessig O Friedland O
goggogoobooobbobobbbbbdddoodu. oo ooobobn
gbbobouooodgbbooboo. bbboooobbbuoooobbbbo oobobn
gbbob. bogoodgoobbbooooooob bboooda. obbboboob
gogobodgobbbbbbbbobodubuooododdo. gooooooobbboboo
gbuogbobbbogbuoobb.bobouoboooboooboobboobb
gbbobbouooodb. gobbbbuoooobbbbooobobbbboooobbh
gbuogbobobuogbuoobobo. gbuooobooboboobbooobodabn
gbbobooobobbbooobb.booobobboooooboon.

% =v—ooyy2 } (2.21)

F =002+ 01(v)% + f(v)
000000000000000,00¢9(w)0000000000O0OOOOOO
O00000.¢(v) 00000000000 OODOODOD.

g(v) = ag + age /w0’ (2.22)

UO0ODay+a 00000000000 UOUODOOOOO000oud. vo2ooooo

O0gv) D00 ap<glv) S+ 000000000OC0O00OODOOOOOOO.

oodbbboooooobooboodnbbboboboo. bodoguoooo
goddoobooooooooo.

d(0z)

dt

= v (2.23)

12



0F = 090, + (01(0) + f'(0))ov (2.24)

0000000006 0000000000000 (v)D00000O0O0O. 000
gbbooooobbobooobobbo.

F = g(v)sgn(v) + £(v) (2.25)

0000f(v)00000000000000000. f(v)00000000000
0 fw)=aw 00000, (221)00 (222)000000000000000000
00000000 . 00000000000000000.

dz |v|
e L 2.26
- v aog@)z (2.26)
g(v) = ag+age " (2.27)
F = ooz+ 012+ av (2.28)

U0 00b0odoodgouooboooooooooobon.
o1(v) = gye” /W)’ (2.29)

gobobbbooogoogoobbboooogooobobbbooouoooon
gbogbobuobogbuogoboguagbbaooboooobooob. g 25000
gggoboooobb. ooooobbbobbbbodduoooooooobon
gbboboooobbboooobbuoodg zbbbuooobbbboooobon
guo.

227 0JUU0obooood

ggdbbbobbdooooobobbbbboooooobbbbooooooon
000000000000 2. 0000 DahlD0O00OOOO0OOODODOOODODODOO
gbbobbbbooooooobbbboooobbboouoooobbobooo
gbuogbobooobodbbogbubooboboooboobbo.goboobb
gbbobobbdooooobobbobbbooooobbbobbbooooobboboo
gboobobbboougbouoooooobboobboouoooobbobooon
ooob0obOobooobobooobboooboboobo. oooooobOoo LuGre
goggoboboobbob. obbboboobbobobbbbouodoooooooobbon
gbogboogboggbboobuooboobboobooboobobooobon
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gooboooooooobboboodddooooobooobboooooobbooboobo
gbooboboobooboobobobobuooboooobuoobooobg. Bliman
O Serine000000D00O0O0DOOODOOOODOOOOOOODOOOOOOOODO
gogobobobbbbdotbotudoooododooooob. oooooooobobDbbo
gbbbodgbbooobbuoodobbooobbbooobbbouoabbboddde
gobooooobooboboboooobobobobobobooboobO. LuGred
gbbobbbdoooooobbobobbboooobbobbbuoooooobboboo
goggbobobb. dooooobobbbbbouobuodooooooooobbobn
goggoboboobboboobbbood. bbobobobobouodoooooooobbon
gbbobobbdoooooobbbobbooooobbobobobbooooobobobooo
gbbbboooooobooooobbooog.

23 0O0OOO

23.1 UO0O0O0OO

Dbooboboobz2600000000000DOODOOOO.DOODOODODOO
gbuogbbooboobbodobbobbooboboboobbobboa. bob
gbbbooobobbboogobobbuoooobboooon.

Doobo2vy0boobg,ogbuoboogboboobobobobuonoooobog
gbobo.buoodgobbouooobbboooobbbboooooobb.

gbobogbboboooboooboobboo,bogbbobbuoobboon
gbuogbobuogboooboooboobboobbuoobobuoobo28000
gbboboo-oobbbbooob. ogbbbbououogoboobuoooooobon
uo.

Mij(t) + Fy(t) + Ky(t) = u(t) (2.30)

DO0O0O0F()00000KDODODO0O0Ow(#)00000000.

00000000000 F() 00000 w(t) 000 yt) 0000000000
0D00000000. 0000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000.
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232 JUU0bbobuoooobobobboboooobobobuogaaa

gobou-gbougbbbuoogbbboogobooooboooooboogn
gboooo.

Mi(t) + (D + eo(t)y(t) + Ky(t) = u(t) (2.31)

b0y OO0, MODOOOOO, DO00D00O0O0O0O0O0ODO,eUb0O0OOOg, KO
gbobobodd,«.000gogbbob. gggbbooooobobooooonDob.

’60(25)’ S MEd
000 000000, (231)0000000000O0O0OODO.
§(t) + (a1 + €(t))y(t) + aoy(t) = bu(t). (2.32)

000 a1 =2 >0a =5 >0b=1L>0et) =9 a,et) 0000 0000

e(t) 000 000000,

le(t)] < eq

000000000000000000000000,0000000000000
oooooo.

00000000000000.

Do0o00o0o000]

00000000000000000000000000000000000,00
0000 POOO0O0O0O0O0O00O0000000,000000000,00000 «
0000000,0000000000000 DOOOO (D+e(t)(y) 00000,

233 UU0O0bbobuboobobbouooobobbouoooon

OO00oOobooo0oooobDoD luGre00DO0OO0oO0. DOO0O0OODODOOOO
Ood 000000000,00000000 ¢y,000 Fp,O0000000000
gooo.

Fy = o0pz+4 012+ 09y (2.33)
: = —ﬁ%z+y (2.34)
o(§) = Uio{fc+ (fo— £.) expl—(3/5:)}) (2.35)

15



o0 oo UDbOonoboonobobbb, s gobooobod,e, oo
O, f0000000DODO0O, 0000000,y D000000DODO0ODOO.
OO0 z=0000000000,00000000000000000000.

Fro = oui+ ong(i)sen(s) (2.36)
Puwra0O0O0OOO0OOOOOOOOOOOOOOOOOOOOOODOO [31).
(Frs0(v1) — Freo(v2))(v1 — v2) > Avy — v2)?, Yo, v € R (2.37)
oo

Froo(v) = 00g(v)
FfsDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD.

(Fys(v1) = Frs(v2))(v1 = v2) > (A + 02) (01 — 12)?, (2.38)
Yui,v9 € R (2.39)

(237)00000000000000000000000000000000000
0 A00000000D00000000. (237)00 A=000000000000
0oooooooo.

00000000000000000000000O0.

Doooo0o0o0o0)

00000000000000 LuGre 0000000000 F(1) 0000000
00 ¢t) 00000000000 »000000.000000000000000
000000yt 0000,00000 y)0O0O0O00000 F(t)00000.

Doooo0o0o0o0)

0000000000000000000000000000000000000
00,000000 F(¢)0000,0000000 F(#)000000000000
0,00000000000000000000

00000,000000000000000000000000.

24 0O00O0OO

OO0oDooooobobooooOo,0b wGreDODODOODOoOOoDOODOOOO
gbogbobuogboooboobboobbooboobbo,gbbobbodabn
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gooobobboooooobobobboooooobboobbbooooobbbobo

gobobobooooobboooobobboooobboooono.
gbhoodbbodbbdoobooobodobo,bbodbbodobbobboob

g,bboggoobda,obbbooobobbbuoooobbooab.
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M
OB
Z
Oy i—
] O sp
D oeHE
D geq P
[
—> [ Oggn
(a)dod
S alaislals IDDDDDI
|
\(Z

| k020 —spoooo
(b)HooOoo

021:00000000 [26].
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O

2 Xoo Xoo

<Y

0 22 DabhlO00O0O00OD0OODOOOODOOODO.

Relative velocity

«—

023 00000000.



Friction

| Fefife

Stictior®™ |

Kk
bea Pre-sliding
O_
Stribeckgﬁct
Fo S S—

0 Displacement

0 2.4: Bliman-Sorinne 0 00 0000000000000 [28].

friction force [N]

05|

_1'5 1 1 1 1 1

1.5 T T T T T

0.5

-1.5 -1 -0.5 0 05 1 15
velocity [m/s]

0 2.5: LuGreO OO OO
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Encoder E M ] DC Motor

g 26:0000000.

g27n00000000000.
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30 ooudu

3.1 0O0O0O0O

goobbobooogogoobobbotbooogooooobboooooooon
gogobobbbobobbbbbbbtbdddooodoob. oooooooobbobo
O00000000000000. Pack0DO0O0O 23]0000000000O0OOODOO
gogogobbbobobbbbbbbtbdddoodd. ouoooooooobbobo
gbbobo,touuogobbbboooobbbboooog. oug,ggoooo
gbuogbobuogboogoboo,bgbbuogbbuogboooboobbodabb
gbbobbbboooooobobobbboooooobobbbboooobbbobob
gd. jogooooooobbboobbbbbbbouodoooooooobbon
gboboo,0bbooobboooobuooobbooobbobooobobobo.oobo
O00000 Kalman-Buey DO OO0 O0OO0OO0O0O0O0O0OOOOOOOODOOODOODO
gboogob,dgbbogbogbbodgbuogboooboobbuoobbodabn
gboboo,ggbbooggbobbbooobbouoobbo,ogbbooobobn
gbobboboooobobboogoboobobooogbboooon.

3.2 O0O0O0O0UO0OUOOoobOuoobuoobuooood
oo

Ooooogooooogoooogno.
i = 0(0)E(t) (3.1)

O00,¢¢) 0000o0ooooooooon,é() 000oooooo,0o0oooo
goggbobobobobbbouooooodg. boodouodoogoooooobon
goo.

‘9(15) — 90| S €0
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6000000, 000000, 31)00000DO00O0O0O0OODOD.
& = 6o&(¢) + e()E(1) (3.2)
oo
e(t) = 0(t) — 0, (3.3)

x00000 z00000000000000O0OO0DOOOOODO.

A~

b= —k(@ — )+ B()E(t) — e(t)sgn(d — 2)|E(0) (3.4)

O00k>0000.sgn()00000000.00000000 e(t) =&(t) —2(t) 0
00000,0000000

é = —ke + B(DE() — e(t)sen(e)|€(1)] — () (3.5)

00064t =6 -6 000.0000000000000000.

0(t) = 0(t) = —ve(H)E() (3.6)

é(t) = le(t)l1€ ()] (3.7)

O00>0000.000 (3.6)00000000000,B.7 000000000
0,(32)0000000000C0000DO000OD0OO. DOODDOOOUOOoOOOd
u.

O00ParkO0OODO 23)]0000000000O0O00OOOODOOOO

00 3.1 00000000000000000000000000
e = —ke+O(t)E(t)

000000000004 000000000000 00ObOOOOOODOOOO
gbobbodgad

6(t)] < e.
()| <

24



gbooobooooobobood

b = —e(t)

0000000000000000e#)00000000 M={e:le|</¢}00
0ooo

go:0o0bodgggbobooogoobobod

¢ = —ke 4+ 0()E(L)
0 = —vyeg(t) —O(t)

gbobbooooobbuooogboobod

Vo= eé—l——@é

1 -~ .
< —ke® + =|0]|6)
gl
< —k&—%gﬁ
gl
D00000e000MOODOOODOOOOV<00O00D0O0000e000D0O0
MODOODOODOODOO0OO0O0DO0004040000000000000000
0000000Doo0o0

(0000

000 Park00000040 k0000000000000000e(t)00000
0000000000000000000000000000000000¢(t),é00
000000000000000000000000006()=46(t)—61)0000
0000000000000000000000000, 000000000000
000000000000000000400000000000000000000
000000000000000000000000
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goodboboobobboobooboboboobooboobooboobon
O0000000000000000e(t) - 0(t —o0)00000000O0OOOOO
gbooog.

00 3.2000000 (35)00000,00000000000000000000
go.

000 limywé(t) =0 000 limoo 6,(t) =0, 000 6.(t) =6(t) —6(t) OO .
00:(3.5),(3.6),(3.7) 000

&= —ke +0(1)E(1) — é(t)sgn(e) £(1)] — e(t)E(#)
0 = —yet(t)

e = lell€(®)]
0000000000000000000.

V= ; <e2<t) + ,1y92(t> + €2(t>> (3.8)

D00 €t =¢ét)—e000.00000000000000.
Vo= it lGiti
Py .
= e(—ke+0(t)E(t) — e(t)sgn(e)|E(t)| — e(D)E)) + %éé + &€

~ 1= . .
= —ke*+ 0 <e§ + —0) — eésgn(e)|&(t)| — ee€ + é€ — egé
Y

= —ke?* — (eef + ecosgn(e)E(t)])
= —ke® — (ee€ + eole]|€(2)])
—ke® + |e|le||€] — eole][¢]
—ke? <0

IN

IN

D000 €€ LoNLow,0 € Log,é € Loy DO0DD0D0 €€ Log,0 € Log,é € Lo, é € Log O
O0. Barbalat 00000 limywe(t) =0. 00« 0000000000,

= 0(1)E(t) — e(t)sgn(e) € ()] — e(t)E(t)
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000000D00000000000
&(t) = —ke(t) + u(t)
000 limy s é(t)=0000

lim (A(t) — 6y — e(t)) = lim (8(t) — 6(t)) = 0

t—o00 t—o00

goooo

3.3 Ubooooooboooboood

00000000000000 (34)0,36)0,3.700000,0000000

e0)
fe@)ooooooo YC9 opppooooo.

~

df(;f(t)) — () = _/Ot ve(T)E(T)dr (3.9)

0000000 2() 000000000000 «(¢) 0000000 &) 00000
000000000000. 0000000 fz(t)=2¢) 000000 f(z(t) 00
0000000000. 00000000000 ¢¢) 0 1000.00000000
Dooooo0oooooo.

i = —k(@—2)+0(t) —e(t)sgn(z — z) (3.10)
0(t) = —ve(t),é(t) = le(t)] (3.11)

gbbboboogobbooagd.

b= b = - | "e(r)dr (3.12)

0000000000000 ¢y)ooooo0ooo,000oooooooo (34)0
gbbooboogob.bboooobbboooobn.

~ ~

by = —h(@ — 2) + 0¢(t) — e(t)sen(d — 2)|E(0) (3.13)

oooooooooooo 40 G 4, 00000000000000.
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3.4 000O0O0O0O0O0O -sin00O00O00O0

PaukOODOOODOODODOODOOOOODOOODOODODOODOOOODODDODOO
O0000000000000000000000OMATLAB/Simulink00000000O
gboboboooooo

z(t) = 1 +sin(t) + w(t)

D000w(t) e N0,10%)00000N(0,103) 00000000 0.001000000
000000310000000000000000320000 N(0,10°%)0000
D0000000Pak0O0000000O0000000O0O0O0OO0O0O00000O0OO
0000000000000000000000000000000k,~0000kO
00000 k=60000000000000000000~00000Park000
000000000000~ =110000000000y=1050000000000
33,3400000000000000 PakO0O0O0OO0O0OO0O0O000 2(:)000000
0000000000000000000035000000(0,2)/000 ParkOO0O
0000 «2(¢)000000000000000000000000000000000
036000000000000000000000000Park00000O0000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
000000000

00000000000000000000003.7380000,Pak00000
000000 2()00000000000000000000000003.90000
00[0,2)000 PakO0OOOODD 2()0000000000000000000
000000000000003100000000000000000000000
D0Pak0000000000000000000000O0O0O0O00000O0OOO
00000000000000000000000000000000000000
0000000000000000000000

035360000 Pak000000000000O0000O0O0O0OOOOOOO
000,Pak00000~y=19000000000~=10500000000000
0000 3.11,312000. 00000000000000000000000000
000. 0000000000000000003.13,314000. 00000000
0000 000000000000000000000000000000000
oooo.
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3.0 Uubobdbootbodbootdon

gobobbboouougogoobbbobooogogoooobboooooogon
gbobboooobbuoooooboobuooodgoo

00000000000 -t)D000000D00O0000 () 00O0O0O0O0ODOO
gbooobooooooboo

z(t) — x(t) + n(t)

0000000000000 000000000000 ét),()000000000
0000000000000000 Pak0000000000000000000O0
000000000000(B4)000000000000000002:000000
0000000000000000000000000000«(6)0 z(#)+n@)000
000000000000000000000000000000000000¢=1
00000000

i=—k(Z—z—n)+0()
000000000000 e(t)=2—200000000000000000O00O0OO

e(t) = —k(e(t) — n(t)) + 0(t)

gbbbboooobbboooobbbooodon
1

E(s) = "y k(é(s) + kN(s))

DO0O00E(s),O(s), N(s)DOOOOe(t),6(t),n(t) 0000000000000000
0000000000000e=2-2020000000000000000000
000000000000000000#)0 z(¢)+n(#)000000000000
000000000000000000

0(t) = —(e(t) = n(t))
000000000000E(s)000000000000000000

(=56(5) + AN (5)) =7 (O(s) + kN(5))
(5 + K)(=56(s) + 1N () = (O(s) + kN ()
(52 + ks +7)O(s) = ysN(s)

s
-7 N
@<S) s+ ks+ -y (s)
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00000000000 2000000000, - 00000000000000
000000000000000000000000000

0000D00000D000000000000000 4= x35(+n) 00000
0000 00000000043 000.

00000 ¢000000000000000000000. 031500000
D00D000000000. 000000004 =100,10,1 000000. 0 3.160
0000000000000 00000000. 00000000N =0.01,01,1 0
00000.000000000000000000000000000000000
0000000000000 0000000000000000000000000
0000000000000 0000000000000000000000000

goooo.

3.6 U0OUOOOUOOOOOO

0000000000 z(t)=14+sin(2¢) 00000000000OOOOO,000
gbooboobuod kb yOODOO,b00DO0O0ODOODOODDODOODOO
ooooo 3170, £=1,10,100,500 D OO0 vO0O0OO0OO0O,0000000
0000000000000000000,0000000. 00 N(0,1073) 000
gbuodgb,ggbodgbboobbobbuoobbooboooboobbodabb
obb20000000oboobbbuodgooooooboobobboogo1udd
ooooooog yO00OO0O0OO0OO0O0OOOOOOODOOOODOOO k=10000O0
oobooooboooboo,0b0b k0000 bbO0bOoobo0.kOOObOoOD
gbogbodb 20000 2000000000000 egbooboo,0b0Oo0
bbbt yboooobbbbooooobbbbuoooooobboooo. b
OO0 k=l10000000020000000000DLO0DO0O0ODOODODOODO
b, k=100,000 00000 vOOOODLOOOODOODODOODDOOOODDOO
gboooogoobobood.

obhoboooooboboooobobooboboooobooobo Ngboooo,
gbogoboooboboboboobuooobob,k=10000000b000DbbDODDOO
gbogooos3.8gdb. k=10000000000000DLD0O0ODLODOODOO
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gobobbboouougogoobbbobooogogoooobboooooogon
gbobobboooobobuoogobooooooobn.

LuGre 0000 Canudasde Wit OO0 0D 0OO00O0O0OOOODOOOOOODOO Dahl
gbo,ggobdoobo,oboboooboobboobbooobboob,oon
0000000000000 000000O0000O0O0000O0OO0O0 [3,34]. 000
goggoooboobbobobobbbboddooooooobooobb. oobobbon
oodooooodan -, 00000000 ¢g,000 F,OO000000000000
gbooog.

Ff = 09z + 0'12 + ng (432)
z = —%z + 9 (4.33)
o(i) = %U%Hﬂ—ﬂﬁm%@@ﬁﬂ (4.34)

0000000000 000000000000000(v) 00000000, 050
oooooo, f00b0obooobon, f,oobooobogb,y, 00b0oooogon
gooo.

gobobooggbbougobbbooooobobbboooon.

Mi(t) + Fr(t) + Ky(t) = u(t) (4.35)

00000 M,0000 KOOOOOOO Fp()) DODOODOOOO0O0O. 000 Fe(t)
gbbooogoboboboooobooo.

Ff(t) = Ffz(z,y) + Oy (4.36)
odo
F ( lwm)z (4.37)
., = |og—o01— )
/ )
0 = o1+ 09 (438)

00 [3,16,19,32)00,000000000000000000.

|[Fp= ()] < Fu() (4.39)
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00 [32,35,19,36)00, 0000 F,(y) 0000000000 O0O0OOOOOOO
gboooboooooboobo.

Fru() = k7¢(9) + ¢ (4.40)
k=[ki, - kp]" (4.41)

e000D000 ¢ ODOOODOODOOOO.

pas (4(t))

¢y = : (4.43)
i ias (9(1)
gobooboooobobbooooboobobboooobbuoooon.
v — ;)2
pai(v) = exp <—%> (4.44)
w;, = w, j=1,---,L (4.45)

0000 ¢ 0000000, WangOOOO (1800 L—-ooO000000,L000
gbboboboooobobboogoboobbuooogbobooooonDon.

€] < €q (4.46)

4.3.1 0O00O0UO0OO0OOOOOOOODOOOO0

000000000000000000 GeOOOODODOODOOOOO [32]000
Oo000oDOoOo0b0O.000Db0 GeODOOOODOOOODODOODOOODOD
gbbob,gdobobouoobbbooobobbbodadd.

. 1 N A
i = M(u — kTngn(r) — Oy — ésgn(r) — Kg) — ki1é — kqe (4.47)

0O e=9g—y,r=é¢c+ae,a>0000. «c JUDOOODOOODOO0ODOOODOOO.
OO0 k, k, OOODOOOOODODODOODO, -keée—keD yOgOOO0OoOoDOOoOoO
gbboboooo.bbboooobbbuooogooo.

F = (k1 — a)(é + fBe) + ]\145 (4.48)
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K + Mk,
6 = m (4.49)
£ = —I%Tngn(r) + Fy, — 0y — ésgn(r) (4.50)
0 = 6—90 (4.51)

O00.0000000000 kL,kOkBKh>af=a000000000,0000
gbbboooobbboad.

GeOODODODOOODOOOOOOODO 32. '0DOO0O0OOO ym,»OOODODOOO
gooood.

-
I

o = T¢I (4.53)
0 = myr (4.54)
¢ = mlrl (4.55)

Dooooooooo.
00 4.3 (4.53),(4.54), (4-55)00000000000 limyer(t)=000000.
0000000000000000000000.

M lor = 1 5 1
V="t kI 'kt _—0"+ _—&
2r —|—2 +2% —1—2726

O00 e=e—gU000.00000000O0O0DO0OOO.

. ~ X 1 ~x 1 .
Vo= —M—a)?+ré+k Tk + —00 + —¢
! Y2
~ X ~ 1 » 1 =
< —Mwy—mﬁ+kﬂ—QA+F*m+ﬂ@gw+7®+%—@—dw+—%®
1

V2

VAN

—M(ky — a)r?* + |r|(e — €q)
~M(k; — a)r?

IN

0Dooo00,r0000000.

(0oo)
0000000000000000000000. LuGre 10000000000
00000000000. 00000000000000000000000000

00000000000000000000000000000.
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4.3.2 U0O0O0O0OOOOOOOOOOOoOO
gobogobbuogobuooobboobobouobbdogbbodg. 00 4.2
O000OO0O0OOg({dsS)ooo0.0ooooooooooooooo.

. 1 ~ A~ °
io= M@fk%%mm—@—@@w—Km—ha%w (4.56)

oo -0 -00000o0ob0.000000ODObDObOOODOD.

I
I

|| (4.57)

0 — mir (4.58)

e = lf (4.59)
00O000000O000O0DO0oon.

=k ¢@3) (4.60)

0000000000000000000000000000000000000
0000.0000000 Ge(2000),Wang(2001),Sato(2004) 00000000000
00000000000000.

4.3.3 O0O0O0O0OO0OOO

OO00O0DO00o00boon luGre0O00OO00OO0OODODOODOODODOO.

M = 10[kg], K = 10[N/m], 00 = 100[kg/s?], o1 = 2[kg/s],05 = 0.01[kg/s],
fe = 1[N], fs = 1.5[N],vs = 0.1[m/s]

000 LuGre0 000000000 GeOODOO [32]0000000O0OO0ODODO. OO
gbbbooobobbboooon.

y(0) = 0,5(0) = 0.2, 2(0) = 1

000000 u=U(t—1)(sint+2),000 U)000000000000. OO0
000000000000000000000000000. Stone-Weierstrass 0 O
00000000000000000000000000000000000000
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g, ggbobooogoobboooo. bbb boooobbbbooonoboon
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w; =0.5,(j=1,---,5),
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gboobobdob0 ef0bO0o0obO0oO0oO0bOODDO. kODDODDOODDOO
goobooo.

Dobooboooobbobb,oobooboobuoob. 045000000 w
(00)OUOOOOO0O y(OD0)OOO. 0000000000 000000 LuGre O
gbbbbooobbboooobbboooobbn.

0460000 (00)000000 (0D0)OOO.00000D0DO0O0OO0OOOOOO
gbobo,bogbbbboooobbbobooogobbob.bbbouooooboo,
gbbbooobobbbooobb,uoobbbooobbboo.

04700000 »y(00)OODODDOOOOOODODOODOOOOOOODOOO g
(00)0O00.000000000D0D0DDDOO0OOO0000DUDODOoDOOoOoOOOn.

04800000 y(DD)DDDDDDDDDDDDDDDD;&(DD)DDD.DDD
glogogboboobobdoa. guogbouobobobobuoboobooboboon
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04600,0000000000000000,000000000000000
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4.4 U00OOUOUOOOOOOUOLOOOOOOOoOn

goodgbbodgbbgoboogoboogboa,bogbboobbobboon
gbobooboouooogogoobb. obbbbuooooobbooooogooooobo.
gboogob,dgbodbbodgbboobuoguobogboooboboobbogbn
good.bobooooo LMIoooboobooboboboooooooooob. o
goggoobooobbobobbbbtboddoooooooooobobbo. obobbon
OO000o00ooooOO0oboobooooO,00b00b00b0,0b0D00ob00D0g, LuGreO
gbbboooobbboooobobobooodaobn.

44.1 0000

gboodbbodgbbdoo,bogobbobbuoobbodbboobbobboob
O0000000D0oD. z(t) OO0 ¢t0O0OO0O0O0OO,(t)DOC0O0O0OOOODOO
go.

— =60 (4.61)

0000000 6(t) D000000000000O.
0,(t) = 010 + €(t) (4.62)
000 0, 00000,e¢t) 000000000000 OOOODO.
le(t)] < € (4.63)

00 eUUbbuoobb.odbbooobbogbboobbooboboobn.

+(t)00000000,0000000000000,00000 6,(4)00000
DOooooooo.
00000000000000000000000000000. 2(¢) 00000
DDD“”DDDDDDDDDDDDDDDDDDDD

T = —k(i—1x)+ 6, (t) — é(t)sgn(i — x) (4.64)
0u(t) = —(@(t) — (1), é(t) = |(2(t) — z(1))] (4.65)

68



000 k>0000.#¢) 000000000000

b = /0 " (3(7) — a(r))dr (4.66)

0000000000000 00000000000. 00000000 e(t) =2(t)—
x(t)000000,0000000000000O00O.

& = —ke + 01 (t) — é(t)sgn(e) — e(t) (4.67)

000 6,(t) =6,(t)— 6o 000,

4.4.2 00000

00000000 LMIOOOOOOOOO [37]. 6,(t) DO0000000O0O0OOO
gboooooo.

d*z(t)
dt?

gbbbbooobobbbuooodgbbbouooobbooon.

x(t) D0000000,0000000000000,000 60000000
gboboobog.

4.4.3 LMIOUOOOO0OOOOOOOOO

OoOoo LMIObOOooooooboobooboooo,bobobuogobooooobo
gbbooboooob.bouoggbbooooobobboooooob.

i = Az +b(ITE®1)) + byw(t) (4.69)
y = o4 dw(t) (4.70)

000,Ae R b € R",c, e R"O00,A00000,(eRMO0O0OOOOO0O
00,le R 00000000, w(t)000000000000000000000
0o.

. T 2
zll—rgof : w(t) w(t)dt < M
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(A,h,q) DOODDODO0O0OODOOOOO0O0.0000DO0DOOOODOOOOOOO.

i o= Az +b(T()E®R)) (4.71)
= % (4.72)

<>

000 (0000000 (0D000000. 00 [24|00000000000000
uo.

I(t) = —£(t) (aF (p) +7) y(t) = 6(2) (4.73)
a,y 0000000000000, D000 F(p)DDDDDDDD.
F(p) = hp)d,(p), (4.74)
d.(p) = (cf(pI—A)""by)~" (4.75)
1
h(p) = (rp+ Ly (4.76)

ooon04d.(p) 000, mO000D00C0O,r>0000000000.
O0000000ooooon (37, 24].

00 4.4 (4.71)00 (472)00000000000000000 (4.73)00000
0000, (07¢(¢) 00000000, 000000000000 P,QOO0OO0OO
8.6, 00000000000000 (elt),i(t) := (z(t) — &(t), 1 —i(t) DOOD
ooooooooodgao.
ATP + PA + 2e5c1¢l Pby — ' Py
bI'pP —cf — 5 0 | <0,

b7 P 0 —%

K, >0

gboboboooooboobad.

. 1 T (5w2d2+¢2) K2
lim — Te(t))’dt < L 222
Ao (cret))dt < 2 t 1, 0
DO0D0000000O0O0.
« 3? 1
Ki = “(1—e)-"2 _ =
A T
K, = =
5
2
Ky — a B 1
fr2 22
% = [F@)(ea(pl = A)bo + di) + di|o
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00 4.1 00000 (4.73) 00000 «=0000,0000000000000
gboboboooobbobooon.

444 O0O0O0O0OOOOOO

¢, 000000000000 00O0000 ¢ 00000000000000000O0
gooao.
23 (t)
dt?
goooo e:i‘—xDDDDD,&DDDDDDDDDDDDDDD egdgooono
0.00wm0 e0000 p+ap+e, 00000000000.000 p=2400
o. oo [37]DDDDDDDDDDD.
. 2
@@):-(&W +7> e(t) (4.78)
ot avy0dooooooooo,r>000000000n.

= éQ - CLlé — Qg€ (477)

4.4.5 0U0O0OO

gobbboooobbooouob, bbb boooooobooa.
z(t) = 2r(t) +sint + w(t) (4.79)

000 r@) 0 r(t)=¢t0000000,wt) 000000 NO0,109)000. O 4.9
0 z()00000000.0 4100 z()000000000. 000000000
00000000000000000000000. 000000 #¢)=30000
0009000O00OoO.

4.4.6 UO0OUO0OOOOO

000 F(t) 00000 () 000000000000000.
Mij(t) + Fy(t) = u(t) (4.80)
000 MOOO,yO0000000. 0000 F}(t)DDDDDDDDDDDDD.
Fy(t) = u(t) — Mij(t) (4.81)
D00 ¢g(t) 0000000000000,
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447 DOOOODOOOOO

0000000000000, 00000 480)0000000 M=3kg 00O
gbooooogoobobooo.

gbobobogo

0000000000000000000000,
Fy(t) = 029 (4.82)

00000000 o,=08[kg/s] . OODODOODOOODOOOOOOOOOOOOOO
gooo.

0000 vw=sin0.1:000.

0411 000000000000000(0DO0)0O00O0OOO(@OO)DOOO. 0O 412
0000 (00)0ooOoOoo (bO)OO0o0. 00000000000 bOoOoOoOoOOoO
goo.

gooboooon

0000000000000 0000 |0ooo0o0o00o0oooooo.

Fy(t) = fesgn(y) (4.83)

oono fo=05000. 00000D00OO00O0OODODODOOOOODLDOO. DODOD
gbb 10000 ol10o0obbbboogd.

0 4130000000000000000((O0O0)00O0O0O0O(@CO)OOO. O
O0000000o0oo0o0o0o0o00oooOo0o0o0on. 04140000 (00O)0O0O
0000 (00)b0o0. 00000000000 oooooooooooooooo.
gooogbooobobobobobobobD Mm=3000b0b00b0O0bDOobDO0
gbogobuogb,gbbodgbbgobuogoboobboooboobbuogbn
goggoboboobbobobobbood. bobobobooboodoogooooooobon
uo.
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LuGre OO 0O

Canudas de Wit OO0, 000000000, 000000C00000O0,00000
O (Dahl0O0,0000000,00000000000D0)00000O0O0DOOO0O
0000000000 (3). 0000000000000000000000000
gbboobouogodbb. :gubobbboooobbbbod,yboooobobb
oooooooo,0o0o0 Ffobogooogon.

Fr = o9z + 012+ 09y
. 9] :
z = ———=z+Yy
9(9)

g(y) = U_{fc + (fs - fc) eXp{_(y/ys)2}}

ugbibeebbboobbuodboub, s 0gbbooobbud, e 0o
od, f,0obooooogooo, fgooooooooobo,y,0obobooboo o
O0000.0000000000000000000 [32]00000000.

oo = 100[kg/s*], 01 = 2[kg/s],00 = 0.01[kg/s], f. = 1|N], fs = 1.5[N],vs = 0.1]m/s]

gbooogooboboooooboo.

00000000 1,2,50000000 MATLAB/Simulink 0000000000
O000000000000000000000.000000000000000 u(t)
O000000000000000000000. w(t)=1sin0.3¢t000,0 4150 O
4160000000000 (D0)ODODOODOO (DO)ODOD.ODODDODDOOOOOO
O000000. u(t)=2sin03t000,0 4170 0 4180000000000 (O
0)0O000O0(00)0o0o0.00000000000S00000000000A0.
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4.5 UOOOO

gobbuoogbbbboooooo,oogobboogoobooo,bbbooon
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gobobbboouougogoobbbobooogogoooobboooooogon
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gbbobobbdoooodobobbbbbodoooobbbobbbooooobboboo
gbboobdg.obouoobboooobbbbooobobooboboo.bbbodabb
gbuogbobuogboooboobbodobbodb,obbooboobbodabb
gbuogboobbobbabobogboobbobbobb.oobooboobb
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00 y,000 F,O000000000000C000000.
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i = —a(@)lilz+i (52)
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fc + (fs - fc) eXp{_(y/ys>2}

0000000000, 000000000000000n 00000000, 0,00
oo0Ooo, 0000000000, £ 0000000,y,00000000000
oo,

00000000000 00000000000000.
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00000 ofy) 000000000000 OOOOODOODOODODOO.

ay) = k¢(H) + ¢ (5.5)
k=[k, - k] (5.6)
i) =[¢w, - @] (5.7)

000 ¢ 000000,¢0D000DOOD.

) wlift)
S S 0] 8

gbbboooobbboogobbbuoooobboooon.

(v —7)°

) (5.9)
o; = o, j=1,--- L (5.10)

fai(v) = exp(—

0000 ¢ 0000000,WangDOOO (1800000000 0OOOOOOO. O
gbo,0boo0bogoboooo,cobooobooboboboboobobobobon
goo.

€4 < € (5.11)
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(54)00000000000000.00000 4% 000000000000000
00.00000 e=y,—y00000. 0000000000000 5000 yO
00000000 «00000.
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00000000 Canudas de Wit0OOOOOO00000000000000O00O0O
ooo.

u = Miq+ H(pe+ F (5.13)
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0.0000 (G4)000000O0ODODOODODOOOO.

e = G(p):z (5.15)
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000 H(p) O G(p) 0000 (SPR)O0OOOOOOOO0. 000000000
ooooooooooo.
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01 0'1p+0'0
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000 p=o0e/o, 000. Hp)=Kp+K,000000007000000000.
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O00000.00000 pO000C0OODO (COQOODL),000000oooooo-
gogoououooobb. oo ouoooobobboobooa.
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00 »00000000000000000000000 (00000)00000
00000. kL 0000000000 »00000000000000.

00000 ofy) 000 K7¢(y) 000000,0000000000000000
000e=0,000000000 (2)00000000000000.

5= g—a@lilz+2) (5.21)
— G- @iz — aly)lyl (5.22)
= G- a@)lilz — K¢z (5.23)

(5.17)00 (5.23)00000,00000000000000.
- N o A NN ~
z=—a(y))y|z =k C(9)[9]2 — koZ — ke (5.24)

00 5.1 000000000 (5.15)00 (5.24)000000,0000000000
00000 z0 (518)000000000O0O.

2 Lo s
k:—raawva (5.25)
00000000000000,00000000000000

00025
0000 (A,B,C)00000 ¢0 (515000000000000.000000
0o,

£ = Af + B2 (5.26)
e=C¢ (5.27)

0000 G(s)0000 (SPR)00O OO0 Kalman-Yakubovitch 000000000
000000 P=PT>0,Q=Q7>0000000000000000

PA+ATP = —Q (5.28)
PB = CF (5.29)

gobbooggbbooooobbobobd.

1 . .
V:€%+Eﬁ+k%4k (5.30)

1
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00000000 (5.26),(5.27)00 (5.24) 0000000 VOODODOODOOOOO. O
0 (5.28),(5.29) 00000, k=—k000.

. 2 L 2k _ ~T [ 4 1 .
V=-£"Q¢ - k_la(y)\yIZQ - k—10Z2 —2k I 'k+ k—IC(y)]y\zz (5.31)

(5.31)00 (b.25) 0000000000 OOODODO.

. k
Vo= —fTQs—,fla<y')|y'\z2—2kf? (5.32)
L (5.33)

Vv O0OO0OOO0O0V<00000000000000000000000000. 2(¢)
00000000000000. 00000000000000000000000
0000000, (533)0000000000 VOOOOOOOOeOODOOO00OO
000.0000,LSall0000000000000000000.

(0o0)

5.2.2 JUOO0OOODLOOOOOOLOOOLOOOOO

0000000000000O0,0000000000000 ¢y00000. 00 g
D00000000000000 ¢g00000000 e=yy—y 0000 é=y4—9
0Oy0y00000000¢é=y,—¢y0000.0000000000000000
D000000000D000ODOoOooO.

. . AT Al

2 = y—k CW)ylt+ koZ + ke (5.34)
M. K;—M

P e P, (5.35)
01 01

ey = —pey+cpe (5.36)

gooobbboooooobon ez@—yDDDDDDDDDDDDDDDDDD
uo.

3 N A TN ~ A
Z=—a)|ylz -k C)|y|z — koZ — kie — kT €pr — ¢ (5.37)

D00 k=k—-k0 (000000000000 O0O0OO0O0O000. 000000
gbooooooobo.

Mé + Kgé + Kpe = 012 + 007 + (Kq — 02)e (5.38)
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0000000000 0000000000 g0 é=y,—y0000000000O
oo.

u = Miq+ Keé+ Kye+ Fy (5.39)

Ff = 0'07:’4‘0'1,‘%—}-0'2?} (540)

b 5.2 0b00dbobooogbbooooboooobobooobbuoobbboabn
gbbbobooo,gdybbbooobbbuoooobbobon @DDDDDDDD
gbooooog.

5 Lo oayia s
k = —FEC(y)Iy!ZZ (5.41)
godoouobooboobbobooooooooo.
goobdsidbbodoo,booooobboooobboooono.
T Lo 3703
V:§P§+k—z +k Ik (5.42)
1

Vvooooooooo.

= —€fQe- 0P -

L 2% i
a(y)|y|z2—?°22—2kT Ik + c( Nolzzl (5.43)
1

(5.43)00 (h41)DDOOCODOOOOOOOOODOD.

2ko o

Vo= —€Tqe- 20 —,fla@@\z? (5.44)

00000000 0000 §g=g— 00000

2k . 2 . . .
—0 i k—a(y —e)ly — e (5.45)
1

Vo= —€TQg-
000§l <[5 +al, alj—a) < la@y—a)| OO

2k0 2

Vo2 —gTQe- 10 4 Cat - a)l(il + fal) (5.46)

V000000 V<00000000000000000000000000.
(0oo)
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5.2.3 UU0OU0OOODOOO

ob0000o0Db0ob00o0oU0 luGrebO0O0OOOODOODODODOOODODOO.

M = 10[kg], 00 = 1.5[kg/s*], 01 = 2v/5[kg/s], 05 = 0.01[kg/s],
fc = 1[N]7f5 = 1'5[N]7Us = Ol[m/s]

gboobobooobobobooobuooboooooobo.
y(0) =0,9(0) =0.2,2(0) =1
0000 ye,9q,9¢ OO0 O00O00OOO0O.
yg = sin 0.027t, g = 0.027 cos 0.027t, §jy = —0.00047% sin 0.027t
0000000000 bO0oDOOo0oboooooooo.

0;=05(=1,---,5),

B = —1,0 = —0.5,73 = 0.0,3, = 0.5,75 = 1
0000000000000000000000.
k=1,v=05

goboboodgbbbouooobboooogobbbooo.

Ki=K,=1,

ko =1,k = 0.1,
100 0 0]
01000

I'=50[00 10 0
000710
(0000 1)

000000000000 y0 N(0,104 000000000000000000
000000000000.05.1,5200000000000000 [0,300) 000
y(00)0O000000 4O0)000. 000 (0,300 0000000000 000
0300000000000,
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googobogboobg,obdoo obgbboobbobooooboboboon
0.0 53, 5400000000000000 [0,1000000 y(OO)OOOOOOO
00 yw(O0)00O0O. 00000000 N(o,l0Y)0000000ooooooooo
gbogboosoooboobgn.

055 5.6000000000000y(00)000DO0O0O0DOOODODOOODOO
@(DD)DDD. 000000000000000 N(o,10Y) 0000000000
gbbobooobobbs3ogbobobuaogd.

O 5.7,5800000000000000 «000. 000O0OOOODLDODDO
gboboooooobobo.

0 59,5100000000000000(00)000000 (00)000. 000
0000000000000 N(o,1000000000000000000000
ogbbooooon.

gogobbboooobibd y,ye,yg DOOOOODODOO.
yq = sin 0.057t, 157 = 0.05m cos 0.057t, §jg = —0.00257% sin 0.057t

000000000000000,LuGred00,0000000000,00000
000000000000000000000000000000000000.

000000000000000000000 y0O N(0,104) 000000000
000000000, 05.11,51200000000000000 (0,300 000 y(O
0)0000000 30O0)000. 000 (0,300 0000000000 0000
3000000000000,

00000000000,0000 10000000000000000000000
0.0 513,51400000000000000 [0,1000 000 »(00)000000
D00 »00)000.00000000 N(0,104 00000000000000
000000 1500000000.

0 515,516 000000000000 ¢(00)000000000000000
0 4(00)000.000000000000000 N(0,10°9) 000000000
00000000000 1500000000.

0 517,51800000000000000 «000. 000000000000
000000000000,

0 519,5200000000000000(00)000000 (00)000. 00
D0000000000000 N(0,104) 0000000000000000000
01500000000.
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5.3 UUUOUububobouububon

dooooooooooooooooogoooooooooooog,oooo
ydaydaydDDDDDDDDD

0.2t, 0<t<)H,d55<t<60
1, D <t<25
—0.2t, 25 <t <35
-1, 35 <t <HH

0.2, 0<t<5d,bb<t<60

Ua = —0.2, 25 <t< 35 ,
0, 5<t<25,35<t<bh
—10, t=15,25

Ya = 10, t=35,55
0, otherwize

000 02m/s)000000000000,000000002m/sj00000000
0000000000,0000000000000000. LuGre0O00OO0O000O0O
Dooooo0oooooo.

M = 10[kg], 09 = 100[kg/s*], 01 = 2[kg/s], 05 = 0.01[kg/s],
fc - 1[N]7f8 - 1'5[N]7Us = Ol[m/s]

00000000000000 k=60,y=50000,0000000000 ky =
30,k = 10,K, = K,=1000000. 0 52100000 [0,300] 000 »(00) O
000000 40O0)000.00000000000000000000000,0
52200000 [240,270) 000 »(00)0000000 900)000. 0000
000000 523524000, LuGre 0000000 00000000000000
0D0000000000. 000 5250 N(0,109000000000000000
0000 [0,300) 000 »y(00)0000000 400)000. 00000000
000000000000 52600000 [240,270] 000 »(00)0000000
yw(00)00O0.000000,000000000000000000000000
oooooo.

00000000000000000000000000 LuGreDOO0OO0O0O00OO
000000000000000000000000100000.

fs = 15[N], 09 = 0.1]kg/s]
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000000000000000000000000,0 52700000 [0,300] 00O
0 y0O0)0000000 y(00)000,0 52800000 [240,270] 000 y(O
0)0000000 4(00)000. 0000000000 5.29530000. 000
0000000000000 00000000000000000. 000 5310
N(0,10%) 0000000000000000000 [0,3000 000 y(O0)000
0000 4(00)000.00000000000000000000 5320000
0 [240,270] 000 »(O00O) 0000000 y(00)0O00. 0000000000
ooooooooooo.

54 Canudasde Wit OO0 QOo4doodng

00000 Canudas de Wit 0000 25|00 000000000000OO0O0O0O
gbboboooobbboooooobobd.

gbodbuobboogbooobuogbodgbbobobooboobuooboo.
OOoooooooooboooong k=1,k =01000, Canudas de Wit DO OO
o000 k=3kKr=30000.

0000000 y0O N(0,103) 00000000000000000000000
OO0bDO0D00O00. O 533000000,0 5340 Canudasde Wit DO DO ODOODO
0000000000000 0,300 000 w(OO)OOOOOODO y(OO)oOoO.
gbbobooobobbbooobbbbodoibl vyeye,ye DOOOOODODODO.

ya = sin 0.027t, 9 = 0.027 cos 0.027t, §jy = —0.000472 sin 0.027

gb,ggobgobobooboboooobooobobooboobo,oobo oog3o0bn
gooboooo,sobb3obooobobbooobboooonbbosigon. b
D000 Canudas de Wit 000000000 0ODODOODOODOOODOODODOO
gbolgobg,gooboboobobooboobobooboboobobon
gboo.

5.5 OO0

00000000000 0000 LuGreO0OD0OODODO,D000D0O0DO0DOODOO
gbbboooobbbaad.
gobbbbobouugggobobbbbotbooogooobbobboooooaon
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0 5.1: Canudas de Wit DO OO0 O QOQoQOd
HDDDDD Canudas de Wit 00000

goon -0.0011 -0.0002
goon 0.0361 0.0323
gogboooodd 3000 7.8472 6.2604
gooboogsonn 3000 6.1624 5.2078

gbbboooobobboodgbbogsibuooobbbbodgobbooobobo.
000 N(o,10Y)000000000000000000000 250000000
gboo 52,511,511 0000000000, 000b0b00000boO,000bn
gbuogbobuogboooboobboobboobogo,booboobbodabb
O0ob0obOobooboboobOobDOo. bobooooobooboboogoog Canudas
deWitOODOUOOOoOoOoooooOo,0bobooobooooooboboooog.
gboobogbbogbboobboobooobooboobbobboo,booobon
gbugboggbbgdbobobogoboobobooobog,boobboabb
gbbboooobooooobbooooboooobobbuooobboooobn,
gbooogobbooog.
googbbodgbbdogooboa,bodgbbugbbuogbooooboooogn
gbobooboobooboooobooboobobbobooboobobo pPIDOO
gbobobbooooobbuooogbobougoobboooo.
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15

output and its reference [m]

15 I I I I I
0 50 100 150 200 250 300

time [sec]

051: 0000 (0,300 0000 y(O0O0)000000000 y(00). 0000,

15

o
o
T

o
Ul

output and its reference [m]
o

_1.5 L L L L L
0 50 100 150 200 250 300

time [sec]

0 52: 0000 [0,3000)0000 »00)000000000 ye(O0DO). N(0,107%)
gboooooo.
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15

output and its reference [m]

_15 1 1 1 1
0 20 40 60 80 100

time [sec]

0530000 [0,10000000 y(0O)000O0D0O0O0O0OO y(O0O),0000.

15

output and its reference [m]

_1'5 1 1 1 1
0 20 40 60 80 100

time [sec]

0 54: 0000 [0,1000 0000 »00)000000000 y(00), N(0,1074)
0oooooo.
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0.1

-

0.08

0.06 |

0.04 f

0.02 ¢

-0.02

-0.04

velocity and its estimate [m/s]

-0.06 |

_0.08 L L L L L
0 50 100 150 200 250 300

time [sec]

055 00y (00)000000 ¢(00),0000.

0.15

— O0.1H i
< ' i h I
'g' ‘l ""-: ‘ l Jl‘- I ' F
Q % :.:,'.‘.l' ) vy |
© R | ! "{‘ ,l ,Il-;rl "|
£ 0.05 f i | I ¥ o I
g ) ,l‘ ‘. J ! .‘,i " | 'I‘ | ;r‘. |
2 Im‘.. \“ L',Il,‘ “ h v Bl ! \ ! “'
-8 O B l ‘u‘ " ];I 1 U ! " T
© ! l / ‘l M | ) i
N ‘ \ 18 -_l ! i 1 ‘
=) [y . % i
3 L' oy l“ i il 48 | N ’
g -0.05 I}l.| l‘ lll'l' ‘n‘l“ ) 1,“‘“ I “x". | : b

"l‘;" | " | 'I-},:'.' I |

‘r \‘ “‘ it “
|
_01 1 1 1 1 1
0] 50 100 150 200 250 300
time [sec]

056:00 ¢ (00)000000 ¢(00), N(0,109)0000000.
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input [N]

input [N]

O
o

-1.5
0

15

o
&

o

50 100 150 200 250

058 0000w, N(01090000000.

95

300
time [sec]
0570000 «w,0000.
15
l L m
05
0 L m
05+ |
1k i
_15 1 1 1 1 1
0 50 100 150 200 250 300
time [sec]



15

=
T

o
&

o
Ul

friction force and its estimate [N]
o

AR
T

-1.5

0] 50 100 150 200 250 300
time [sec]

059: 000 (00)000000(00),0000.

15

friction force and its estimate [N]

0 50 100 150 200 250 300
time [sec]

0 510: 000 (00)000000(00),N(0,109 0000000,
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15

o
&

output and its reference [m]
o

05 §
b i
_15 L L L L L
0 50 100 150 200 250 300
time [sec]

0 5.11: JOODO (0,300 D000 y(OD)OOOOODODOOO woOo).oooo.

15

o
&

o
&
‘

Il

output and its reference [m]
o

-1.5

0 50 100 150 200 250 300
time [sec]

05120000 (0,300 0000 »(00)000000000 y(00). N(0,1074)
Doooooo.
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15

o
&

output and its reference [m]
o

-05
A+
_15 1 1 1 1
0 20 40 60 80 100
time [sec]

0 5.13: 0000 [0,100) 0000 y(ODO)OOOODOOOOO ywOO),0000.

15

o
&

o
ol

output and its reference [m]
o

155 20 40 60 80 100
time [sec]

0 5.14: 0000 [0,1000 0000 »(00O)000000000 ye(00), N(0,1074)

goopoogno.
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0.3

0.25

== = o

0.2 ff
0.15
0.1h

0.05}

-0.05 |

velocity and its estimate [m/s]

01+

-0.15 |

~ 2 1 1 1 1 1
0 0 50 100 150 200 250 300

time [sec]

051500 ¢ (00)000000 ¢(00),0000.

0.3

0.25 [

o
(V)

0.15]

©
=

0.05|

-0.05 |

velocity and its estimate [m/s]

o
=

015 | | ’ L \
L Il ‘ “ Il Il Il | ‘
0 50 100 150 200 250 300
time [sec]

-0.2

0 516: 00 ¢ (00)000000 ¢(00),N(0,109 0000000,
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input [N]

input [N]

051

-1.5 :
0

15

0 50 100 150 200 250
time [sec]

Us517: 0000 »,0000.

300

15

0.5

50 100 150 200 250
time [sec]

0518 0000 w,N(O,107)0000000.

100

300



o o =
ol o ol = ol
T T T
1 1 1 1

friction force and its estimate [N]

KN
T
1

-
ol

50 100 150 200 250 300
time [sec]

(@]

0519: 000 (00)000000(00),0000.

15

—————
I

05t

friction force and its estimate [N]

_15 L L L L L
0 50 100 150 200 250 300

time [sec]

0 520: 000 (00)000000(00),N(0,109 0000000,
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output and its reference [m]

0 50 100 150 200 250 300
time [sec]

0 521: 00000000000 ywOO)0OOOooooo yoo).

11

o
©
T

o©
~
T

output and its reference [m]
o
[e")

o
o
T

.5 Il Il Il Il
240 245 250 255 260 265 270
time [sec]

0522 00000000000 900)000000000 y(O0)(t=[240,270]).
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15¢

05r

05+

friction force [N]
o

1.5}

0 50 100 150 200 250 300
time [sec]

U s2: duopobbuogobooooonon.

15

0.5¢

.05 L

friction force [N]

240 245 250 255 260 265 270
time [sec]

0 524: 0000000000000000O00 (t=[240,270]).
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output and its reference [m]

0 50 100 150 200 250 300
time [sec]

0525 00000000000 400)000000000 yw0O0), N0,1074) 0
oooooo.

11

0.9

0.8

0.7r

output and its reference [m]

0.6

240 245 250 255 260 265 270
time [sec]

0526 00000000000 30O0)000000000 y(0O0)(t=[240,270]),
N(0,10% 0000000,
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output and its reference [m]

0 50 100 150 200 250 300
time [sec]

0527 00000000000 400)000000000 y(O0)(f,=15[N],00 =
0.1lkg/s)).

11

09 r

0.8 r

output and its reference [m]

240 245 250 255 260 265 270
time [sec]

0 52 00000000000 wOD0)OOO0OODODO0OOOO y@O
0)(6=[240,270]) (f; = 15[N], 02 = 0.1[kg/s]).

105



25

tﬁ m\% m Lk *
slinninniahinils

asp | " "

friction force [N]
o

_25 I I I I I
0 50 100 150 200 250 300

time [sec]

0520 00000000000000000O0 (fs=15[N],09 =0.1[kg/s]).

friction force [N]

240 245 250 255 260 265 270
time [sec]

0 530 000000000 000000000 (t=240270))(f, = 15[N],00 =
0.1[kg/s]).
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N
T

=
T

KN
T

output and its reference [m]
o

0 50 100 150 200 250 300
time [sec]

053: 00000000000 400)000000000 yO0), N0,107) O
000000 (fs =15[N],00 = 0.1[kg/s]).

1.1

o
L

o
5

output and its reference [m]
o
(0]

o
S

0.: A ! ! ! ! !
240 245 250 255 260 265 270

time [sec]

0532 00000000000 w(00)000000000 y(00)(t=[240,270]),
N(0,107Y) 0000000 (f, = 15[N],00 = 0.1[kg/s]).
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15

o
&

o
]

output and its reference [m]
o

0 50 100 150 200 250 300
time [sec]

0533 0000000000 y(OO0)000000000 y(d0). N(0,1073) O
0ooooo.

15

o
ol

o
o1

output and its reference [m]
o

15 1 1 1 1 1
0 50 100 150 200 250 300

time [sec]

0 5.34: Canudas de Wit 00000000 »0O0) 000000000 y(00).
N(0,10*) 0000000.
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el OO

gbobogbooobbodgbboo,bogbubboooboobboobboon
goggobboobboboobobbood. bobobobobodooooooooobbon
gboboooobboogooboo,ggbbouogoobboboooboobobooa, b
gbuogobuogbogobooobboobboobuoobboobog,bogbo
gbooboooooobod.
gobogoboboodbboooboooobooob,oooob,bbooooo,
0000000000000 MATLAB/SmulinkO00000000O0O0O0O00O0OO,
gogooobobobobbbbotodooooooooooooobobooboobb. oobbobn
O0O00o0O0o0ooO0,00 wGreOO0O0OOOO0OOOODOOODOOODOOODO
gbuogbobuogbbuooboooboooboooboa,bobboobodabb
gbuogbobooboooboo,bobbuoobbodgbboooboobbodabb
gbooogg.
gobbbobboudugo-bbououoog,ggogbobobbooooooon
gbbboooobbboagd.
goodgbbodg,oooboogbbdabbuoobobodgbbogbbobbogn
gbuogbobuogboooboobboobboobuoobbooboog,uoaoon
gbbobobbdoooooobbobobbooooobbobobobbooooobobobooo
gbogobuogbog,bggbbobobuoogobogbboogbboobboabn
goggoboboobbob. obbboobbobbbobbodooooooooobon
gb,bbogoobobbbbogoobbbooooobbboooo.gooooon
gbooboobobouogogbooouo.bbgoooobboooooobb,ooooooon
gbobbboogooobuoogoobbooouoonbobbooobooboboooo.
goodgbbodgbb,dbggbbabbogobogbbogbbobboon
gooobboooooobbobboooooobboobbbooooobbobobo
goboboooobbboooon.
goobbobooogogoobobbotbooogooooobboooooooon
gbogbobodg,bdobboobbobbuoobbogboooboobbodabb
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. goooooooobboboobbboobbbbbtbdoooooooooobobon
gobog.bbodbobboboobooobuoobbooboobbooboon
gbuogbobogboooboo,bobbuoobbodgbboooboobbodabb
gbbobooobobbbooobbbboad.
gobbbbobouugggobobbbbotbooogooobbobboooooaon
gbuogbobuogbobuogbo,gbbodgbbogbbubobooboboobodabb
gbuogbobuogbobbuoobbuogbooboooboboobobooboa,bb
gbuogbooobodgbobodgb.ogbboboobobuooboooboabb
gbboboooobbboooboboobbooooboobooooboog.
gboodbbodgbbgobuooobodob,obobogbboobbobboon
goggopoboobboob. bbboobbbbbobbouodoooooooobbon
gbogb,ggbogbbodgbboobuoogobogoboooboobboabn
gbogoo,0o0boobo MIbgboooboooboobobobobooobon
O.000000b0oogoooo,0oboboooboo, 0000000 bOg, LuGreg O
gboboboooobobboogooobbooooboobuooooboog.
gobobbboouougogoobbbobooogogoooobboooooogon
godgdoooouooooooobbbobboboboodoooouo,oooon
gooboooogooobobobobododooooboboobbboooboboboboobo
gboogoobo,bodbboobbooboooboobbooobboobboobn
gooobooooboobooa.
gboodbbbodgbuoobbodoboobbobboobobobbaooboo.
gbbobbbdooooobobbobbbooooobbobobbbooooobboboo
googobobbbbbbooooooobbbbbbbooooooobbbobon
gbuogoboobbuoobodgbuabbooboobabboobobbobooboogn
gbugbogbboboobobobuooboobbobooboobooboodgn
gbbobbbdooooobobbobbbooooobbobobbbooooobboboo
gbbobbouodoooooobbbbuoooooooboboobbobooooooobooon
gbbobbbdoooooobbbbbooooobbobobboooooboboboo
gbuogbobuogboooboobboobbooboobboo,bobbogabb
gbbbbooooobbuooogbboboaod.
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0 OA 0O000000000

0000,0000000000 (FBFE)OUOODODOODODODOOOOOOOO. OO
gbdodooooo IF-THEN DOOODOOObOOOObOOO0. oooooood
IFF-THEN OO OOO0OOooogoooo.

RUY) . IF xy s A{ and --- and x,, 18 A{;,
THEN yisC’; j=1,---,M

000, 2=z, el €eVCR OO0 yeWCcROOOOD,0000000
D0000000D000000000000. A 00D ¢/00000,V 000
WOoDOooooOO,»0000,M00000000000. 000000 400
0000000 u, €V OOOOOOO000O0O00. 000,000 €V 000
O pyel0,1]000.
0000,0000000000000000000000000000.

Zj]\/il yj<H?=1,uAg’ ()
Zﬁl(ﬂ?zluAg)
000,y 0 ue; 00000000 ROOOOO (pes(y/)=10000000).

n,y(z) 0000,y 00000000000000,(A.1)00000000000
oooooo.

y(x) = (A1)

y(x) = k' ¢(z) (A.2)
T T
000, k=[y',-y¥] 00000000000, () =[y',--»"] DODOD
0000 ¢(x) 0000000ODOODOO.
H?:WA{(%)
Zj]\/il(H?:LuAg)
O000,00000000 (FBF, fuzzy basis functions) D00, (A.2) 000000000
00O (FBFE, fuzzy basis function expansion) 0 0 O . Wang[18] O, Stone-Weierstrass

(@) = (A.3)
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00000, 00000000 FBFEOOOOODOOODOOOO. FBFEOOO
00 4 0000000000000000000, (A2)000000000 (fuzzy
approximator) J 0 0. FBFOOOOO0O0O0OO0O0000,000000000000
O (regressor) J00000. 0000, FBFEOODOOD ¢ 00000000, 00
0000000000000000000000,0000000000000000
0Dooooooooo 19,
00000000000 f(y(t),wt) 0 FBFEODOOOOOOOOOOOOODO

000,e0 FBFEOOOOODO,¢ 0000000000 OOOO.

143 (Y () g3 (u(?))
S0t (g (y ()45 (u(t)))

¢ (y(t), u(t) =
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0 OB 0OO0000O00O0O000O00
Jodouog

B.1 0O00O0OO0OO0O0OOOOOO

gboodbbodgbbgobuoooobodg,bobobogbboobbobboon

goggobobooobboobb. oobbboobobbobobbboboodooooooobobn
g,buogdggboooogbo,buogobbboooobbuooobbobooonbbn
gb,b0boouoogooobbodg. bbogog,gbobobooouoooooon
gbobbbooogoobboooob.bbooooboboog,0bboogn

obood=0000d0tdxpoood

gooboooobboooo,boogobbouog,bboooobbboooobobon
gooooboobobo. oo, gggooobbobooooooooobobooog,boob
gbbobooob,ouobbbbooobbouooobbbooobobboaa,bb
godbodgbboobobuoobbooboobb.bobboobboobbodabb
gbbbooobobbboooobbbdo. oobbbuoooob,booobob.

bobou=00000x0000

gbboobooo,bogobbbboooboboug,bbuooobbooobbn
gbboboooobobbood.

B.2 0O0O0OO0OOOO

goboboboboouougogoobbbooooooogobobbbooouogon
goggobboobobbobobbbbtboudggo. bbobououoooooooobobon
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goobooooogooobbooooobbbooooobbooboboo3sgboon
O0000000000OO0OooO0 [15).

B.2.1 0J0000000oOoOoOoOoOooobobDO

goboboboboouougogooobbbboooooooobobbooooooon
goooDood.

Ty = Tsgn(j)+ by (B.1)
O0007.0000000000,p00D00000OOO),
+1, >0
sgn(y) =4 0, y=0 (B.2)
-1, y<0

OoOO0.0 Bl1OOObOO0ODOOOOODLOO.00bO,0b00b000boooboOoDog
gbboobodgo.buougbbbooobooobooo,gobbooobbuoagbn
gboboboooobobboaad.

B.2.2 JU000000OOoboOoOoOobObObOObODODOOOOd

0000000000000000000000000000000000000
000. 0000000000000 000000000000000000000
00000000000000000000.

Tesgn(y) +by, §#0

T, =1 T, T| < T =0, =0 (B.3)

Tysgn(Te), Te| > T, =0,4#0
000 7,0000000007,000007,00000000000000000
0000000000000000000. 0 B20000000000000. O
00,00000000000000000000.000000000000000
000000000000000000000000000000000.

B.23 000000000

oboboogoboboboobooboboboob ,boboobobOobg T,
0000000000000 0000000000g [1]. boooooooooooo
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goooobbbooooobbobobuoodoooobobbobboooooobbobobo
uo.

Y 2 . . .
(T, + (T, = Texp (— |2 )sgn(@) +bg. 340
Ty=19 1, IT.| < T,,5=0,ij=0 (B.4)
Tssgn(Te), ’Te‘ > Tsay = O7y 7& 0

O0O0d,y, 00O00o0ooboobob. 0 B30obooooooooooo. oo
g,0ogdbbogobobogobobooob.booobobooobbooonbon
gbbboooobobboodoooboobobd.

B.24 000000000

gobbboboouugogoobbbotbooogogoboobboouoooon
gbbobbbdoooooobbobobbbooooobobobbbboooobboboo
gbogboobobobbuobobogboobbobbobbooboobbono. b
gbbobobbdoooooobbobobbooooobboboobobbooooobobooboo
gbu.dgbugbogobodgbuoobuooboobbobbuoobooboobn
gogoobbobobbobobbbbddgoooooobbobbbbooboboog. b
goggoboboobbbobbbbtbuddooooob. oogoooooobboo
goggobbobbbbibodoooooooooobb. ooooobboboboo
gbobobooogobbuoogobboogobboobuoooobobooooooboo.
gbboboobouoooggbobbtdy, gobbbbboooobbboouoogooon
gooo.
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N W B~ O

friction force [N]
o

1+

.2 -

3 /

4t

5 0 5

velocity [m/s]

OBl 00000000000 O0O0ODO0ODOO.

N W B~ O

friction force [N]
o

1+

.2 -

3 /

4}

5 0 5

velocity [m/s]

O B2 0000000000000 0ODOO0DOOOOOOO.

116



friction force [N]

0
velocity [m/s]

O B3 00000000O0.
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[ O0C OUuouoooooodd
L] [

00 w(t) 00 y¢)00000000000000.

i) = f(x)+g@)u (C.1)
y(t) = hiz) (C.2)

O00,ze R\, ue Rye ROOD.
00000 (dissipativity) 00 000000000O.

00 C.1 0000000 s(u,y) 0000, (C.1),(C2) 0000000000, 00
000 «w0000,0000 ¢+>00000000000000000000000
0 V(z)>00000000000.

Vi) < V(z(0)) + /O ' s(uy)dt (C.3)

0000, V(x(t) 0000000000 (storage function), s(u,y) OO0 OO (supply
rate) 000, 000000000000O00OO.

s(u,y) 0000000000000 DOOOOOO0OO0ODOODOOODOOOOOOO
goo,b0bobobbdddd obooo toobobbbbbooooooLbboboboD
00000000000. 0000 V(zr)DOOODODOOOOOOODODDODODOOO,
gooboooobbo¢+bboooobobboooobbuooobbbbooobobo
gogooooboooo,bbbbbouoodoooooboobbobooooa.

Vvioboooooooob,0bboooobboboogoo.

V(a(t) < s(ult), y(t)) (C4)

000, w(t)=0vt<0000,000000,000,s0,y)=0,¥t<000000
0,0000000.

V < s(0,y) =0,¥t >0 (C.5)
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V(z)yDOOOOODOOOOODOODOOO,00,000((@OOoOoooon)

2(t) = f(x(t),0) (C.6)

0000 z=0000000.
00, (C.1),(¢2)00000 (passive)00000,000

s(u,y) =u'y (C.7)

gboo,ggoobooggbooog.
goboboo-gob-ugobbbboooon.

mi(t) = u(t) — fi(t) — k(t) (C.8)
y(t) = (1) (C.9)

gbb,godggbobooooobbbobod.

Viz,i) = %ka(t) + %mx’Q(t) (C.10)

gboboo,g0gobooogaobobbod.

V = kxi+mii (C.11)
= kxi+ i(u— fi — kx) (C.12)
= —fi® 4 ud (C.13)
< uy,Vu (C.14)

godooooooobboobobbo. bbobbobtbdoooooooobbon
goo.

T = f(t,x),z(ty) = xo (C.15)

Oob,zeR00,00000000000 2z0000,0000000000O.
000 f(t,x) D00ODOD0O0OO0O0O0OOO0OOO0OO,000000 z)OOOOOO
O000.000000000000000000,0 z(t) 0 z(tt,x) 000000
guo.

gobbuoogobboo,ggbobooggab.

Rt ={t:t>0} (C.16)

00,00 z¢t)eRPO0OOO0OOOOOOOOO,00D000000(@CODO)OOO
gboooogd.
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T
od C.2 x= : O000,00000 ||0000,000000000000

x| = ﬁ:xf (C.17)

D000,000 Blzg,r)=z€R": |z —z| <r 0,00 2,00 r 0000000
oooo.

go.

ddddodododoooooooon.
00 C.3000 0 e>00000,|zo—2|<6000000000 a0,
’$(t;to,$0)—$e‘ <€,Vt2to (C18)

000000 6>00000000,000 2,000 (stable)D00. 60 €0 to0O
000000000000, 00 dety) OD0OO.

00 C4 00000 d0(e,t9) 0 toc DODDODODOODO,000 2.00000 (uniformly
stable) 0 0 O .

00 C.5 00000 Jog—a| <d(t) D0DD0DO000 a0,
Jim |z(t; to, xo) — x| =0 (C.19)

000000 6(ty) ODODDODDDODDO, 000 2. 00000 (asymptotically stable) O
oo.

goboogoobd,bbuoggobuoogbbboobb.bogooobogn
I A A I

goobbobooogogoobobbotbooogooooobboooooooon
gooo.

00 C.6 0000000000 8>00000000, (C.15)000 z(t: te, 20) 0 O
O (bounded) D0 O .

|I‘(t,t0,l’0)| < B,Vt >ty (CQO)

Ooobo,pb0b00O0oOoooooooon.
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00 C7O000 a>00 t,eRTODO0O0D,00000 f=03(a)0 t, 00000
00000,C.15)000 x(t;te, o) DO 00O (uniformly bounded) D O O .

|zo| < o = |x(t; to, z0)| < B,V >t (C.21)

goobbobooogogoobobbotbooogooooobboooooooon
gbbbboooobbooaad.

mij(t) +v(5)y(t) + f(y(t)) = 0 (C.22)

000,m000000,4(y) 0000000, —f(y(t)0000000(@0O0 f(y(t))
00000000 —f(y(t) 000D0000000)000,00000000000
000000000.0000000000000000000000.000000
000000,0000000

—fy(t)) = —ky(t) (C.23)

Ooob.0oo0,k0b0b00ooboo.ooobogooooboob  vooooooooDo.

UGy(0)) = ko) (C.24)

oooooooooOoooooooboobooOoboooob.Uvg foOoOoDboOoOO
gboboobog.

_ dU(y(1)

f(y(t)) a0 (C.25)

gobo,gdgboooogobobbooo,bogoobbuoooobbooooobon
godobd. dogodooooooobbooboobbobbbbooooooooobobobn
gbooog.

U= U(ylv Yo, ayn) <C26)

000000000o0oo0ooo0o00o0o0o0U0 (D00) FO,0000000000
g,0bogggooo.

oU
Fi==5,

goboooououoduo, oo ouooou, boouoooobooa,
Fy=—f(y(t) 0000,

(C.27)
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goooo

gboboo,ggoobooggbooooooobon.

d | = Ty
dt [ ngi ] - [ _fa@) (f&g(t»@(t) ] (C.28)

m

fO)=000000,0000000 x,=2,=0000.000000000000
gogoobbbobbb. bobbbbbbobobodgbouodoooooooobbbn
gbbobooobobbb.ooobbbooobobboboo.

1
V:§mx§—|—U(x1) (C.29)
ggobbobbbboooddoooooobobbob,booooooobooooooon
goooob. oo vobobobobooooooouobo. bbb vooouooooooo,
Viooboobooooooo,ooobbuoooobooog.

thm T (t)

0
0

tlim xo(t)

gbg vooobooboobooboooo.

v . du
il mxoZo + CTH
o (_f(fi;(t)) _ V(TiZ)xQ(tO zo + f(x1(t))xs

= —V(Iz)l’%
000 2£00000,49(z)>00000000,2#4000000,

dVv
E<0

000,vViI000000000000000, lim_2(t)=00000.000,0
0000000000000 00000ooD. 000, lim...x()=0000000
Ooo0ooo0ooooobo.oog0,»y#000000,2,=00000,VO000
O00000000. 000,000 V(»)OOOOODOOOO,000000000
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gbobooboobobobooob. 0 VOobOOoooo oboobo,vooooo

gobo,bo0ddd »v =0z =000000000000.00000,00000

gbg,bgbboboobooboobob.oovibobuoboboobooboo.
go,buogabobbbogaooboda,oon

flzi(t) = kai(t)
Y(r2) = d

gboboobo,ggbobougobbboogon.

i = d[“@] (C.30)

_ [ 0 1 Hxl(t)} (C.31)
= Au(t) (C.32)

goboboooooog.

00 C.1000 A (A0000000000000000000O0000O0)00OO0
O000bO0Db Qooo0,0000b0b00oDobobbbob0 PODODO.

ATP+PA =-Q (C.33)

000,000000 QUO,00000000000 200000000 27Qx0O
gbboboooobobboogooboob.bog,bbouoobboboooobn.

10
oo 2]
(C33)000ooooooo0ogo.oo,0 pPOODOODDOODO.
P:/OO A (7=t Qe (T—t0) g (C.34)
t0

00000000000000000000. 4eMt =AMt =eMA 0000000
Doooooo.

ddeA;T(T—t())QeAZT (T—to)
-
AlTeAlT(T—to)QeAz(T—to) + Al (T-t) Qei(T—t0) 4,
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000000 [t,oo]0O0OOOO,(C.34)0000000000 (C.33)000000
0ooooooo.
000,000000000000000000000.

V =a2"Px (C.35)

viooooooooooooo.

V = i"Px+2TPi (C.36)
= 2TATPr+2"PAx (C.37)
= 27 (ATP+ PA)x (C.38)
= —2"Qr <0 (C.39)

00000,z4£000000,VO00000000,

lim z(t) = lim [ (l) ] =0

t—o0 t—oo | 14 (t)

gooobod.
00 f(z) OOOODODDOOOODODODOOOOOOO,0000000DOO0O00ODOOO
gbboboooobbo.

f(QJl)LEl >0,VSL’1 (C40)
O00oOo000o fOoD0DDOOOOO,0O000000.
U(z:) = / F(0)dl (C.41)
0

(C40)000,000000000D0000000CO0O,000000,00 =00
gbbo,ogooobdo.ogo,ouooobobboboooooboo.

1
V(zy,x0) = amxg + U(zy) (C.42)

V(zy,20) 0 my=2,=00000,0000000,000000000000000
gbbobooon.

d . ou .

%V = MIaxa + a—xl$1 (C.43)
= oa(—y(z2)22 — fl21)) + [(21)22 (C.44)
= —(x9)73 <0 (C.45)
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gboo,ggoooobooogbooog.

Oooboobooobob voooboboooooobooooboboboooo
goboo.

go,gbobbbogdggbbooooabbbooan.

ob c2i0dbuoobooonog

1. 00000 V(z)0000,00 V(z)00ODOO0OOOO, (¢.15)00000000
0o.

200000 V(z)00OO0O,00 V(z) 000000, (C.15) 000000000
ooo.

$.0000000000000 V(z),000 abe,r 000000 p>10000
0ooo, (¢15000000000000

allz||P < V(x) < b||z||P, Vo € B, (C.46)
V(z) < —c||z|]P, Vx € B, (C.A47)

gbobboodgoboboogdobbboooad.

00 C3x=000000 f(t,) 0000000000 0ODODODOOOOOO. V(x)
000D00000,00,00 radially unbounded0 00, 00 0000000O0O.

oV

V=" (@)f(ta) < -W(x) <0 (C.48)

YVt >0,z € R" (C.49)

O00,wOoooooooo.oooo, (ec15)boo000ouooooo,oooo
go.

lim W(z(t)) =0 (C.50)

t—o00

000, W(z) 000 (x£00000,W(z)>0)000000,000 z=0000
oooooooooo.
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(1 O D Barbalatll [ [

gogdbbobobboooooobbbbbooogooobobbobooouooon
gbgbobogobodgbbuogbogoboob. ogboboobobobboabn
gbboboggboogoboogoobobo.gooooob,ogobobuoagoon
gbogo,ggbogbbogbboobuoguoboobooobboobbogbn
Ob.0000000000D00 Barbalet DODODDODOODOOODOOOOODODO.
00,000000 f¢()D0ODOO,000000000.

00 D.1 f(t)»00000 f¢) 0000000000000,

(0o)
ft)=sin(logt) 00000000, f(t) =8 L0t —o00)000.

00 D.2 f() 00000000 ft) »0000000.

o)
f(t) =etsin(e®) = 0(t - o00) DODO, f(t)=elcos(e*) DODODOO.
f)=etsin?(e®) > 000000, f() D0ODODO.

gt),t>0000000000000000 MOODDOOODOOO.
lg(t)] < M, vVt >0
oo MOOOoOoOooOo,00oooo.ooooooooo Mmoooooo.

00 D.300 f(¢) 00000 (f(t)>L,Vt>0)00000 (f<0)000,00
ooooo.
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Barbalat 0 00 D.1 /38]
fHerL=o0 ft)e L* = lim f(t) =0 (D.1)

00: f(t)e L* 00 f(t)€[?0000000,000000000000 ¢ >0
ooooo.

‘/'f Wi (r |dT<isupﬁwaL/ F2(r)dr < o, ¥t > 0 (D.2)

00000000 limey fff2(7)|f(n)ldr 0000, 0000000000, OO0
g@)=f2()f() 00000OO0DOD0O00000000,0000000000 ¢(t) O
00000000000, lims  f2(r)f(r)dr 0000,000000000. 00,
ooooooo.

VD 520 i(r) 03)
A”w cl—3/f2 (D.4)
) = POV +3 [ P (D.5)

gdououo,oouoouoouoouoooo,guoguouooogd.
2 t . 9
lim 72(¢) = Jim | £(0)|F = i | £2(0) +3 [ f2(r)drf(r)dr]? (D.6)
—00 —00 —00 0

00, f¢el?00000,000000000000000000.0000,00
gogoooooobo.
lim f(t) = (D.7)

t—o00

(0oo)
00,00 f¢)0000000000,0000000.

0000 ¢ >00 ¢>00000, ffCel(t)e(t)de < ¢; OO supge (t)e(t) < e
000000, lime(t)y=000000.

Barbalat 000 D.2 000000000 f)0 t—oo00DO00O00D0O, f(t)
D000D0000,t—o000 ft)—0000.
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Barbalat 000 D.3 0000 f(1) 000000 lims [ f(r)dr 0000000
00, lim.o f()) =0000.

Barbalat 000 D.4 000000000 f()0 t—oo000000000, f(¢)
000000000,t—o00 O f(t)—0000.
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L O

gugbbbbooobobbboooobbboooobboooobbo
gbo,dbuogbbbootbbodgbbdabboobbodbbodobbobboob
gbbobbbdoogoobobbobobbooooobbbobbbooooobboboo
gbboboooob.bouooobbbuooobbboooobobb.
gbogdgboboboobgbubg,bogbuogbuoobooboboobogbabn,
gbbobooobobbuoooobooooobobb,oobboboo,gbbbooobbn
gbogbobuogbooobog,bgbobuogbobooboooboobbodabn
gboboooooobo.
gobobbbooougogoobbboooogogoboobbooooooon
gbbobobooooobboodo.obobbooggoo.
goboogboobbodgbb,ggbbuoodgbbboobbboodg.bbogon
gbboboogoobboogoboobbooogoo.
gobogboboog,bgdboogbbogbboogbooboooboogn
gbobbbogoobobuooogbboobooooonobbboooooobboooo.
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