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[J 2.6: Schematic of mobile manipulators with HDOF
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[ 3.2: shape tracking on a desired curve
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U 3.3: part shape tracking to a desired curve
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U 3.4: part shape tracking on a desired curve
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[J 3.7: shape tracking control to a desired curve
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U 3.8: shape tracking control on a desired curve
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O 3.9: Look-ahead control
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[0 3.10: The problem of look-ahead shape tracking control

goodbouogoogoouooon,

d%m@d¢).u%@{?]

%€ (g3, 1) - (53(1)) ]

Prss (1) (6(t))

000. 000, J(g o) € RADx2Antl)

?

6p0(
29 (2) 0
'I(q7 0') = 3p(71'm Bpma 4
oq (q) - ao" (U)
ooo.
ogoooo

(3.72)

(3.73)

0000000000000000000000000000000000000,0
0,0000000gq, 000000000000¢,000000000004,, 000

58



UUg U000 00O0O0OO0OO0ObUbO0. boubdt,t — oo

e —o0,e —o0

gogooubodbdr-ubgbooogog.

3.2,5 UUOuOugooboogbbobobod

(3.74)

gboogubddp, DOOULO, 10 g oobbobboonn

00000000000 00ODODOOOOo0oooooooDoooog 42l

0000000000000 0OO0O00DOO00ooOoooO (20000, 00000

bdU00«00000.

T = M(¢,q)u+h(¢,q,q)

u=gq

gogooooouobooobognogn

w = —JYJ + K, e+ Kye — iy}

o

god

d?d =

9 (o,t) - (G3(1)) ]
Prss (1) - (6(t))

god. gboubdobooobobooooboabo.

00 6 0 (3.77)0J(q,e,t) 000000000000,

det J(q,o,t) # o
0 (3.75),(3.76), (3.77) O O,

M($,q9)q+h(¢,q,4) = M(p,q)u+h(¢,q,q)

§ =
uw = —JYJ q

29

+ K.+ Kpe— i)

(3.75)

(3.76)

(3.77)

(3.78)

(3.79)



q

o

= —JYJ + K, e+ Kye—ig)

—J(q,0) = J + K,ée+ Kye — iy,

(o4

ti, = Ke+Kpe

e=J(q,0)qg+Jq—iq
ooooo
ée+K,e+Kpe = 0 (3.80)
000. K, K, D00D0O000000000 (3.74)0e, e 0000000,

0o 3.21 0J00dogooogaooodn
O@rmiodddodoodooobooooooooooooooooooon,od

0000 (3.1)000oo0ofopoo0. oooo,00ooo0ooogoogoooo

goudib-0ggogubabobbagoon.

T = M(¢,q)u+h(¢,q,q) (3.81)
q

g

uw = —JYJ + K, e+ Kye — g} (3.82)

000,00 (374 00000. 000, detJ(q,0,t) 0 000.

3.2.6 0UOOOOOOODODOOOOOOOOOOUOOOOOO

00000000000000000000,000000000000000000
00000000000000000 [14. 000,§:=[46]0000,0000000
000 [14. 00006 00006 € R0

& = [6o---6a]" (3.83)



000,000000 60000000006 € R3O

po(q) — €(53(1)) }

pma(qm) - pma,d(a-7 t)

A~

é(q,o,t) := (3.84)

gooon.
googbouooouoaogn,

(3.85)

ooo.
00000000000000000000000000 (275000000000
00 [11).

G=r, (3.86)
0 (275)0 0 (3.86) 000000
M($,3)q+h(4,4.9) = T (3.87)
ooo. 000,
_ M _ h '
W (¢,q) o . Wﬂﬂ)7f: T
o In+1 o To
ooo.
ooooo

0000000000000000000000000000000000000, 0
0,0000000g, 000000000000¢, 000000000004, 000
00¢,0000000000000000.000000,¢t— 000

é&—o0,&—o0 (3.88)

gouodouuootdsboobooboogn.

O0@2)00000000000000«000000

T = M(¢,q)u+h($,q,q) (3.89)

61



e (3.90)
o

4|
(l

gogooooouobooobognogn

a = —JYI| |+ Ké+Ke—iy (3.91)
g
0o,
L % (a5,t) - (Go(1))
Td = | op,..

. (3.92)
5c(a,t) - (a(t))

0(3.9)0000000000000000000. O(3.73)00 J(q,6) € RAn1x2An+1)

Y

‘9po(
Ay L g (@) o
J(q, U) = 3p3a apma,d N
aq (q) T T o0 (0)
ooogooao.
000, Fe(q) e R+ 0O,
Molg) = [ B B B L SR B n 0B R
8q qu Bql 891 892 69,9,1 80k 89k+1 89n_1 80n
N ap, op
= [3%0 Wzo 0 «cv cov e o 0
8pma 2nX(n+2
W G % X( ) EI,
[ op, 9P, 9P, .. °op,_  op, 9P,
dqr dq1 86, 0n—2  Op_1 86,
op, op, op, op, op, op,
dqr dq; 36, 86, ) 30n—_1 96
9 op,  9py by 9P, 9Py 9P
y — dqr dq; 86, 86, 805 36,
oq : : : : : : :
°P,.,. 9P,, 9P,, 9P, 9P, p,.. 9P,
dg- dq; 36, 80, 805 e 301 80,
op., op., op., op., op., P,
dqr dq 36, 86, 865 T 96

62



o L € Rp2nx(n+2) ]

oo

81)71111,11
oo

ooog.
noo,

ap, ap, ap, 0 ' 0
dg- dq; 86,
op, op, op, op, 0 0
gy 9q 96, 96,
op, op, op, op, op; 0 0
3q., 3ql 391 892 803
apn—l apn—l 8pn—1 8pn—1 apn—l 8p'n—l 0
qu (’:)ql 891 892 803 80,",71
8qr 8(11 891 392 303 39n h
[ se(1,dt)
ber 0 0
8C(2,d,t) 8C(2,d,t) o
80’1 30‘2 O O
8¢(3,d,t) 8C(3,d,t) 8€(3,d,t) 0-.. 0
30’1 80'2 80—3
8€(n—1,dt) 8€(n—1,dz) 8€(n—1,d,t) 0
o1 doo 00n_1
8€(n,d,t) 8C(n,d,t) 8€(n,d,t)
L Ooq doa Oop
[ oe(1,d,1) 1
~bor 0 0
8€C(2,d,t
0 é had] ) O oo 0
a2
8¢(3,d,t
0 0 2D .. 0
g3
8C(n—1,dt
0 0 0 2n-Lin
On—1
9C(n,d t
0 0 0 BCndt)
L On

00 7 0 (3.91) 0 det J(q,0,t) 00000000 D.

det J(q,o,t)2000000000.

0 (3.87),(3.89),(3.91) 00,

M(¢,3)q + h(¢,a,9)

63




a = —JYJT| 1K+ Ke— i)
&
noo,
Vo oy ¥ |+ K+ Kpe—da)
& &
“Jgo)| T = T v Kér K- 3,
§ &
“Jge) | T - Y| +E = KérKe
§ &

é=J(q,6)q+Jq—-z,00000
e+ K,e+Kye=0
000K, K, 00000000000000 (388)0e, e 0000000,

b 3.2.2 0000doogodgodogogoongod
0@387)00000000000000DLODO000O0DOOO000OoOUoooDOD,OoO

0000 (3.1)000oo0ofopoo0. oooo,00ooo0ooogoogoooo

goudib-0ggogubabobbagoon.

T = M(¢,q)4,+h(¢,4,9) (3.93)
o = &4 (3.94)

000, g, € R O 64 € R+ O

HE

g4

q

(o4

+ K, e+ K,é— &, (3.95)

000, detJ(g,6,t) #0000, K, K,00000000000O00.000,0
(3.88)0000OO.
noooo0oo0o0ooo.

64



gbgouodoouuoouoooobgoooboobuoobobuoobob, oo
gobogbbgoboboboobboobouoboooboobooboubooon
googbo. gbgogogoogbogbogbogbogbogbogbog, d
godbdogbgbgbondbouobooubbonobnbobooboboogn
goodbuogboogoouoogogbodgobod.

65



L] 4[]

U

4.1 0OOUOOOOO

good,dgooguoda, gubuoguoogubogbbooboauoog 2
goodgoogoogo.

. gbogboobogboobboboooogn
2. 0ggboobodgbuogboubbobouaad

gobgbgbbubobobbooboboobouboobooooo,bboobood
gooogbbooggbogobod. bba,gbbg,gbboubbobobobo
goodd,gbbbbogubogubogboogbooab. oub,0onoba
goodbougoouoogno.
gogoogo,buggbgbogogbuoboobuoboobobuooboboon
goguodgd. bbb 2bgoooood,bgbobobboboboboooon
gooogbbogtoboodo. ggbbooag, booubb,ouobboubbodono
goudgguodbot,dbguodbouodboubouobboboboooa
googoog.

66



4.2 (0O0O0O0O0O

gogbbobouugubdboobg,gobobobonoouobooboobon.

e JUOUDUODLODLUODLOUO, DO0DbLODLOLDDLObLODLObOU. Obobooboo
gobodbbogobobogboobobobobboobbon,boobbd
gbogogboogbogbobodgboubobooboobobogbogo
googuoouboogbogbogboou. bbouboubooonoooo
gubdbdgbobobobgbooooobububoboboboooan.

o LU OLULUObLUOLLUL, sgULOUOLDDLOOLDLOOLDLOO. OO
U,nxnUUO00000O0OO0OOOOO0OD0OODOOOOO0OOOLOO0LO0OO0gn
go.

good,dbggbgbotbogboubobnoobobbobboobobbobonn
gobogbogobuodggobogao. guo,gugboboobooub,ognoda
googooooguoouoon,.

e JUUUO,D0DODLOLO R ODOLOLUOLOOUOLODLODLOOD RLODOUO
gougogogbb. gbobo,gboboooobogbboobonoood
gbogogboodbogbouogbbubobboboob oo oboogo
. boggbogboodgbuogbobbbogobooboobbobrobboobo
gon.

67



[]

[1]

[10]

HENRE

000 : 000000000000, 000000000, Vol.13, No. 7, pp. 904 -
907, 1995.

00 00,00 00:000000000000000000000000000
000000, 0 120000000000000, pp. 21-22, 110, 1994.

00 00,00 00:0000000000000000000000000, 00
000000000000000000000 9500000, Vol. B, pp. 921 - 924,
1995.

00 00,0000:0000000000000000000,00000000
0, 62-596 C, pp. 96 - 104, 1996.

gb og,do un .gbgoggbobobboobbdod, bgoouooan

D000 :000000000000000 010 00000000007, 000
000000, Vol.11, No.4, pp. 521-528, 1993.

0000 :000000000000000 020 00000000000000
00000000, 000000000, Vol.11, No.5, pp. 655-662, 1993.

0000 :000000000000000 030 00000000000000
00000000, 000000000, Vol.11, No.6, pp. 837-844, 1993.

0000 :000000000000000 040 00000000000000
000000, 000000000, Vol.11, No.7, pp. 999-1005, 1993.

0000 :000000000000000 050 00000000000000
00000000, 000000000, Vol.12, No.2, pp. 231-239, 1994.

68



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

000000000000 :000000000000000:0000000
000000000000, 0 140 00000000000000 pp. 639 - 640,
1996.

000,00 000,00 00:000000000000000:000000
00000000000, 00000000000, pp. 63 - 68, 1995.

000,00 000,0000:000000000000000:000000
000000000000000,0000000000 , pp. 63 - 68, 1996.

oo o,00 o0t 00 ot - bbb oobouoob:- gboooan
O0o0ooooooooO,0bobobboboooogogo,ooo)

U0 0o . gbodgoobod. bogoo. 1988.

C. Canudas de Wit, B. Siciliano and G. Bastin : Eds.: Theory of Robot Control,
Springer, 1996.

Brockett, R. W. : Asymptotic stability and feedback stabilization, vol 27 of Progrees
in Mathematics, pp. 181 - 208, 1983.

K. Liu and F.L.Lewis. : Decentralized continuous robust controller for mobile robots.
In proceedings of 1990 International Congerence on Robotics and Automation, pages

1822-1827, Cincinnati, OH, May 1990.

H. Mochiyama, E. Shimemura and H. Kobayashi : Control of Manipulators with
Hyper Degrees of Freedom: Shape Tracking Based on Curve Parameter Estimation,

1997 IEEE Int. Conf. Robotics and Automation, pp. 173 - 178, 1997.

Richard M. Murray, Zexiang Li and S. Shankar Sastry : A Mathematical Introduction
ROBOTIC MANIPULATION CRC Press

Nilanjan Sarkar, Xiaoping Yun and Vijay kumar : Control of Mechanical Systems
With Rolling Constraints: Application to Dynamic Control of Mobile Robots The
International Journal of Robotics Research, Vol.13, No. 1, February pp. 55 - 69, 1994.

69



[22]

23]

[24]

[25]

[26]

[27]

28]

Yoshio Yamamoto : Control and Coordination of Locomotion and Manipulation of a
Wheeled Mobile Manipulator. Phd thesis, University of Pennsylvania,Philadelphia,
PA 19104, August 1994.

Yoshio Yamamoto and Xiaoping Yun : Coordinating Locomotion and Manipulation
of a Mobile Manipulator IEEFE Transactions On Automatic Control, Vol. 39, No.6,
June 1994.

Yoshio Yamamoto and Xiaoping Yun : Control of a Mobile Manipulators Following

a Moving Surface IEFEE Int. Conf. Robotics and Automation, pp. 1 - 6, 1993.

Yoshio Yamamoto and Xiaoping Yun : Coordinating Locomotion and Manipula-
tion of a Mobile Manipulator Proceedings of the 31st Conference on Decision and

Control/Tuson, Arizona, December, pp. 2643 - 2648, 1992.

Yoshio Yamamoto and Xiaoping Yun : Coordinated Obstacle Avoidance of A Mobile
Manipulator IEEE International Conference on Robotics and Automation, pp. 2255
- 2259, 1995.

Yoshio Yamamoto and Xiaoping Yun : Modeling and Compensation of the Dynamic
Interaction of a Mobile Manipulator IEEFE International Conference on Robotics and

Automation, pp. 2187 - 2192, 1994.

Xiaoping Yun and Yoshio Yamamoto : Internal Dynamics of a Wheeled Mobile
Robot  Proceedings of the 1993 IEEE/RSJ International Conference on Intelligent
Robots and Systems, Yokohama, Japan, July pp. 1288 - 1294, 1993.

70



HEN

googuuogboud, gt obouboooub oo, uooboooba
gododb oo, bgbbobdboboouobobobod bog, Christoph
Ament U0, 00 OO , 00 OO0, 00 OO0, Hussein Mohammad Jaddu U, U U
000,00 0odo, 00 bbb obooobooooon
guobdbooguoooboonoogoobboubo. bobouobobooboobooo
gouogougboboobooboobboobbobbobuoobooboobo.

71



1 Al

U

Al 0D0O0O0OUODOUO0O0O0O Hamilton 00O 0O OO

Hamilton DU OO, H0O0O0DOOO0O0O0O0OOOO0OOOOOOOO0O.
e LD OLODDOODOO

000000000000000,00 f(q1,¢2,4,,t) =0000000000000
0,0000000000000000000. 000000000000 ¢0000C0
0oooooooooo.

00000000000000

OO00do. 0 A)YOOoooooooooooooooo,0oooooboooooo
gudododb. gbdbogudgbobdbodgbuibd, Lagrange JO OO OO O
Ooo.00,0(A)yD0OoO0O0ooog,

)\lEkalkéqk =0 (AQ)
oobdd. 000, Hamilton OO0
2
§ | Ldt=0 (A.3)

tl

googugogooboooboobonbooubo.buooa,

2 OL d oL
dtYp(z— — -5 )0q =0 A4
[ G~ e o (A1)

1



Al 0O0 i
O((A2)0/000D0DOO00O,000001000200000000000D10,
2
/ Ekl)\lalk(qudt:O (A5)
1

000.0(A4)00 (A5 000000,000000000

2 oL d OL
dtyp(— — —— + ;) g, =0 A6
/1 k(aqk dt 0 + X Nag )6 gy (A.6)

goooo. oo, ybooooobooboooob. bgboa b
oL d OL

Oqr  dt Dotqy

+El)\lalk:0,k:n—m—|—1,---,n (A?)

gb,dbdbgbobobddid Lagrange DU ODOOOOO0Oooog,

d oL 0L
58—%_5—%_Zl/\zazk,k—n—erla“'an (A.8)

googn.
goot,gtodbuodgooooa,ugbogb,bbgboobobnoooo,
Ue.Uuuiuupubb. bgbbbgboouoguobubobobobobgon. O
googgboogb,ggboogbodoboobboubouboob,gubogbo
godobogbogbogboobon. odb @b, googod,

ol 9L _ g, (A.9)

O00.00000000(A)DO0000oboboooo00. oo0gos gk 0000
ot . bibgoguoouooogogn

A2 [OOOOOOOOOOOOO

gbogouooooon,
e D UOODLOODLOODLODLDOON
e OO ODOOODO

e JOUUUODLOUOOUODLODLODLOOOOO



Al 0O0 1ii

ooo.goo,bbboooobooooob,0booobooobooobooUoUUug. o
ocooooooobooboob,00b0b, 0o ooobooobbooo, oo
oooooooboooooog,bbbooooooobobooo0o0u. bboooooo
OO0o0DDOODO00ooDo0ooo,0b00nbd (holonomic) OO, OODOOODO
O00 O000D0O00O (nonholonomic) OOO. OOOO0O,0000000000,0O
ooooooooOoooOO0O0 oooooogoooooobo, oo 1bbbooboo
000 (first-order nonholonomic) DO 0. 00, 0000000000 O0O0OOCOCDOOO
00000 OO000000000o0o0o,0oD 200000000000 (second-order
nonholonomic) OO 0. 10,200000000000 10000 2000000000
oogd.
ooo,0bo0oooboooooLo, oL, oo b o
oooooboo0o0oobooooooooooooo. bbb booo boobooobo
O0oo00ooooobooboboooooooooobooboooooobooo. bboboooo
oooodooooooooooobooboooobbooooooooog oo oo o
ooooboooo obooboobbobooboobobooooOooobpboboobboobobo
O0. 00, jogoobooooooobbbbbbob20000oo bbob1oooo
ogs3gboboo. bobbog2ubbobobo,ooboobosobooonbo. oon
ooooooooooo bbooooooboboooog, o0 bobbooooo
ooboobooobob ooooboboooooooboobooboooboooog.

googoobooonooonoodgn

gboobooboooobdoboboooboudgbobodboboobobbobo
go.

gooooogboobogn

00 « 00000D00000D w(t)00O0D00O0O0O0,000000000000. w
0000 000000 w(e) 0OO0O0O0OD,000000000 (0D000O0)ODQO
gb. gbogogbd,ogbobogobiobobbdbooobbbooboboobg,
goooboogobobooggo.

gbgoodooboogogbou, bbb ouoobobonn



Al 0O0 iv

O0000000'000000000000oooooooouoooooo,oo0o0ago
gbogupoubbobobobobobobgooooobob. gbog,gooooon
go,odgboggboogod,bbobbooboobboboboobobboobn
gboodooouoggo.

Brokett 0 ¢ = f(z,u) 0000000000000 0OOCCDOCODO 20000000
O0D0000000DO0O0000000b0000dD w(e)OOOOODODDOOOOO
gogo. oodgod

&= f(z)+ P(z)u (A.10)

& = P(z)u (A.11)

gobbogouoobgbuoubooouboboobnoooobuonbob. oboba
gobggbbgobooboobooobboobuogobobbooboobouog
opoobobbooboboob. D00 Brokett UDODOOOOO. nOOOO 200
O,n—mO000 «000000.mOO000O0DOO0OOCDOOO. 00O, p,0 P(z)O
:00ogoggo.

00 A.2.1 Brokett D00 (1)[17]

0 (A10)0000000000 f(z),p(¢e=1,---,n—m) 00000000 distribution
A(z) O nonsingular O dimA(z) < n 0000000, 00000000C0O0OOO0O
boooooooobooboooooo.

00 A.2.2 Brokett D00 (2)[17]

0(A11)000000000000000 p(i=1,---,n—m)00000,00000
gobotubbobogogoobbogooboubbobbooooobbobobobooog,
gt ~r—-mUuddd n 000000 ooon.

gobobbboooboboobooboobobobobobod,m>000000,00 A22
gobboubdggo. oboud,bgubogbbgubooobgoobanbao
gObogdbdi. Brokett DODODODOO0O0OOOOOOOOOOOOOOODODO
gboogbudbbubgggugbogbuogbogbog. booboo,ouobn
godugbobuoobouoobouuu, oo oboobouoboooo
goooogod.

0000000000000 0000000000000



