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Manipulator with Kinematic Redundancy and Actuation Redundancy
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ooboooboboobbooooboboooboobboobooooooobooboobooooooobooboboObo
gobooboobooooobobooboooboooooooboooooooooooobooboOooboobon
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Fy [N]

(a) (b)

03122 00000000000DO0O0000DO00DO00DO00DOO00oDOOoOO0booObOO0oDbOoOobDbOOoDOOD
gboooooboooooboooobooboooooboo

gobooboobbooboobboobobooboobbooboobboobooboobboooboon
gboboooocooooooobobobooooooboobobOoboobooooooboooboooobOOobOoDo
gobooboboobobooboobobooobooboobboobooboobbooboobbooboon
gboboooooooooboboboboboooooooooboboboboobooOoOoooooOobOoDbo
goooboooboobooboobobbobooboon

3.6.1 OUgUoOobObOOOoOoOoOobObOoooobbobooooboon

00000000000 0000000000 ¢0000000O00AOOOO0OODOO0OOOOOOO x(0)
0000000000 3500 36)0000000000DO0OUOOO0OULOOO0OD FODODOUOOOOO
oooo0oooOoO00ooooOOo0o00ooDoO0oe0DOOOOO0ODOOOOODODOOOODODO fpbUO0
o000 rFpO0000000O0O0ODDODODOOOOODODOOOOOOODOOOOOOOODOOOOOODO
oboooooboooooboboooobooon

booooobooobooobooobobooobooooboboobbooooooobooobooooboobooooaon
goooOoOooooéeOOOooooooooog

z(0) = (0 + 50) (3.29)
032900006 000000000O00O0UOOODOOUDOOOOUOOOUODOODOOODOO

J(6)56 =0 (3.30)
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BHEEBTORKES

IEEE S R#EEIZE>THLNI:
RAHNEEZ LS

0 313: 0bo00ooobobooooboboooogon

ooo0oO0oOoooooooébOoOOO00o0OoooOoOODOO0OoOoOoOooobOoOoOoOODDOOOOOn
oooooooe+dée0000D0DOOO0O0ODOOOODOODOOOODDOOOODOODOOO fe+of0o0ODOOO
OO0 Fp+éF000000000O6fFODODODOO0O0OO00OOOOODODOOOODOODOOOOOOOOOOOO
00o0000o0o0oO0ooo0oo0D 860000000000

A(fo+0f) =TT (0 +60)(Fo + 6F)b(¢) (3.31)

goobooboooboobooboooo

0J7 ()
90 60 Fpb(9)

0 (J1(0)b(¢))
00

0000000000000 000O0000000000O00U00Oo00O00DOoOO0OOoOOOn (3.32)00
ooooog

ASf JT(0)5Fb(¢) +

SFIT(0)b(¢) + Fe

50 (3.32)

5F = (J7(0)b(6)) " (A5 Fo FJW&@) (3.33)
(1 7@)0(0) (77 O)0(0) ) (407 - 7“5 ag) o (3.34)
0006f000000000000000000000
Jmin — fo <OF < frmax — fo (3.35)
00000000000000000000000000000000

Ornin — 0 < 60 < 00 — 0 (3.36)
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ocoooooOooooooooodée,éf0DOO0O0O0DOOOOODODOOODOODODOODODOODODODOO
goooooés0000ooooooOoOoOoOoOoOOOOOOOOOOOOD OO0 OOOOOOOOOO
ooooooOoooooooobpoo éeOOODDODOOOD

50umin < 060 < 30pmax (3.37)

gobooboooboobooboobobboobo

~00000000000000000000000000 ~
9 (JT(0)b
max  OF = (T (0)b(4) " <A6 f- Fg(ée)(d’))(se>
T
s.t. (I — JT(0)b() (JT(O)b(¢))+) (Aaf - F9W59> ~=0
J(6)56 =0
fmin - f@ é 5f S fmax - f9
Gmin—0§§0§0max—0
00min < 00 < 060 (3.38)
\_ J

3.6.2 UJ0U00oodoooobboobbooouoooooobboobobboboooduooo
gogooo

goboooboooobooooboooooooooooooboooo 20bb00b1I0booooDoooDOoOooDOoooDo
gboboooooooooboobobobobooobooooooboobobobobOoboboooboooooonoo
goboboooooooooooboboboboobooobooboooobobobobobobooboobDoDbOoDbOo
gboboooooboooobooboobooooooooooobooooboo200000000000000000
oooooooooooooooo0ooOoboDoo0ooOooooDoooOoooDoOéseooOoDOOOOd
0000000 (3.30)0000000oo0ooé0OIUDNO0U0DOO0ODOOO0OUODO0ODOODUOOUOOO
gobobooooooooooobobobooooboooooooboobobobooboboobooooboDoDbOoDbOo
0000000000000000é 00000006 O00000000000000000

x(6) x(6 + 660 — 50)

x(0 4 00) — J(0 + 56)50 (3.39)

gogoooo 59|Z|DDDDDDDDDDDJ(0+50)IZIIZIDDDDDDDDDDDééDDDDDDDDDDD
60 = JT(0 +60) (x(6 + 66) — () (3.40)

00000000000000000040000000000000000000000000000000
goooooo

gboobOobooooboooooboobooooboooobooboooobooboboobOOoboooon
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KDDDDDDDDDDDDDDDDDDDDDDDDDDDDD ™

1. 0000 ¢o0O00DDO0OO0D0DODO0O00 xzo0 00O

2. xp=x(0)) 0000000000 0OODOOOUO oOODOUODOOOUOD000000OO
00000000 e, 000000 ¢00000O0 FpbUO00D0OOODODO fob0O00OO00OO0O (3.11)
gooooood

0000000000000 0000O00O00O0o0O (3.38)0uoooouooéenoon
0034000000000000000000000000000004000000
DDDDDDDDDDDDDDD&H:0i+60—6éDi:i+l.
gb360000000000000O00DOO0O0OOO0OO0OOOOOO0OObOOOOObOOO 200000

©w

N oo

3.6.3 U0Uodoodbobobobbbotbouuuooooooobobbbbbbbbooagao
gooo

000000000000 DOO00DO0O0DO0O0DOOO0000O0DD £2deg 00000 OODOOODOO
+180deg 00D O0ODOO0O0O0DOODOOOOODDODOOOOODODOOOODODOOOOODOOOOOODOD
ob400000000000O00O0O0O0OO0OO0O0O0O00OO0

gbobooboboooooboooobooooog

1 =10 0 0 0 0
A—on| 0 0 b0 00 [m] (3.41)
00 0 0 1 -1 0 0
00 0 0 0 0 1 —1
Funin = (0,0,0,0,0,0,0,0)T [N] (3.42)
Funax = (10,10, 10,10, 10,10, 10,10)T  [N] (3.43)
(61,05,05,604) = (0,120,0,—120) [deg] (3.44)
(1, 12,15, 14) = (0.3,0.3,0.3,0.3) [m] (3.45)

OO0O0O0oDo20000000000000¢0 7Bdeg0ODOOO0DOO0O0OODODOODODOOODODODOOOO
031400000 3.14(a) 0000000000000 00O0O0OO0OO0OOO0OOO0OOO0OOOOOOOOOO
gobobooooooooooobobobooobooooooboboboobooboobooboooooDOoDbOoDbo
gboboooooboobobobobooboooooobooooboboboobooooooobOOobOobOoboOoon
oboooboobooooobooooboobooonog

0 3.14(Mb)000000000000O0O00O0O0O00ODOO0O0O0O0O 3.14(c)D000O0DOO0DODOOUOOOOO
gboooooboooosoooooboobboobobowooobooboooboooboooboboobooboooboo
O0o0gOgs3sNOD65NOOD 1800000000000 O0O0DOO0O0O0ODODO0OOOOOOOODOOODDOO
oboooboobooooboboobooboooobobooboobobooooobobooobOoboboooobooonoo

goboobooboooooooboobooboooboooboobooboboOoooboobooobooooo
oboooooboooobobooog
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Lsr
z
R
H
K
1r o
3 : : :
_ 7 7 0 50 100 150 200
k) Y4 B A ) N EHEH
g """\l (b)
-~ : : : ; : :
150 . :
SR — &
) : — 03
0.‘
5
oK
-0.5 . t . . : g : : :
-0.2 0 02 04 06 08 -150 - - -
0 50 100 150 200
X%l [m] EHEM
(a) ©

0 314: 000000000000 0b00000b00boooo

3.7 bbb uoobobooobouoooon
goboon

oboboooboooooooooboobOobobobooooooooooooboooobOOobOOobOobOoboon
goboobobooobooboooboobbooboboobooobooboobbuoobobooobOoon

obooooobooooboobooog

3.71 0O0000O0OO0O0bOOO0OOOoO0oObOOoOobbOooObOoooboooOboobooon
gogooobod

oobobooobooobuoobuooboobooboobobobooboooboo sas0booo
case 1 DUOODOOODOOO
case 2 DO ODOOODOOO
case 3 U00O0OOOOOO OOOO 2/3

case 4 JO0O0OOOOOO
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case 5 JO000O000OOO OODOO 2/3

case 1 : 2BE B2 x4 Fh1EE case 2 : 2BEEA3 X6 FHEE case 4 : 3BEEI3I X6 FHIEE

g 315 0000 sbgoboobooboo

goboboboboboobobooboobooboooboboooboobooooboooboDobDobDobDOoDbDoob oo
gbobooboooboobbooooobooboboooooooooboobooboooOoooboOoooboooDboon
gooooobogooobooooooobooooboooobobooooooboooooboobboboboooDOoOoD
000000000 00000 0000 2/30000000000 0000 2/30000000000000O0
00o00o0o0o0oo0oo0oo0oO0o0U0000O00O0DODO0000UO0UOO 2/30000000
gboboooooooooboboboboboooooooooboobooboboobooOooooooooboOono
ooooo

gboboooooooooboooobooobo0obo0oboob0odbibeasel -3000000000000O
case 4 -5 00000000000 0OO0O0OOODOOOODODODOOOODOODOODO

case 10 0000000

ll = 0.6, lg =0.6 [m] (346)
Smin = (0,0, O,O)T [N]  fmax = (100, 100, 100, 100)T [N] (3.47)

1 -1 0 0
A(0) =0.1 [m] (3.48)

0 0 1 -1

case 20 000O0O0O0O

ll = 0.67 12 = 0.6 [m] (349)
Smin = (0,0,0,0,0,0)T [N]  fmax = (100,100, 100, 100, 100, 100)T [N] (3.50)

1 -1 0 0 1 -1
A(0):0.1<0 Do _1> ™ (3.51)
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case 3 00O OOO0OOO

L =06, lo=06 [m] (3.52)

Funin = (0,0,0,0,0,0)T [N]  Fuax = (66.7,66.7,66.7,66.7, 66.7,66.7)T [N] (3.53)
1 =10 0 1 -1

A(0) =0.1 m 3.54

©) <001—11—1>H (3.54)

case 4000000000

L =04, l,=04, I3=04 [m] (3.55)

Fanin = (0,0,0,0,0,0)T [N]  Fmax = (100, 100, 100, 100, 100, 100)T [N] (3.56)
1 =10 0 0 0

ABG)=01(0 0 1 -1 0 0 [m] (3.57)

0o 0 0 0 1 -1

case 50000000

L =04, l=04, l5=04 [m] (3.58)

Fanin = (0,0,0,0,0,0)T [N]  finax = (66.7,66.7,66.7,66.7,66.7,66.7)T [N] (3.59)
1 =10 0 0 0

A@) =010 0 1 -1 0 0 [m] (3.60)

0o 0 0 0 1 -1

3.7.2 0J000O0O0oO0OoO0OobOOobOOobOOobOOobOoobOobOobOobOobOobobobobo

gobobOooobooooboobobo«00bO0o00obObobO0oobbooosSmUdllmOOOO0OO0OO0O0OO0OO0
oboobooooc0000bO0b0000000O00bO0bO00O0O00obO0ob0obOOObO0O0oOOobO0obOOobOboOonOn
DooooooobooosmiOD 1 1mO00 10000000000case4-5000000000000000
0000000000000 000 000000 0degd O 180deg 0 18000000000 OODOOO
gbobooooooobobobowogboboooooooobooboooooooobobobooooo
O0case4d -5000000000000O00O00O00O0OCOO0ODOOOOOOOOOOOO 100500000
oooooooooboo

oboboobob 3a6000000O0b0obOonos, 07,09, 1.1 md0OO0OO0OOO0O0OOOOOOOOOOO
goooooooooo srgoobbo0oo0oooobobo0obboobobo0oDooDbOoOD 3.1600000case 2,
case4 000000000 O0O0DOOOCOODOOOOODOOOOOOOOOOOOOOOOOODOOOOODOO0On
oobobooooooooooobobobooooboooobobobo bbb OobOoDbOoo
00o000O0D0O0b000000000000000 casel,case3,case 5000000000 Ocaseb 0000
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ooooOoobooboooboobooboooboooooooooOoobosbb00b00o0obooOoooOooonoo
gooboooooooooooobooboboboobooooboooobooooDobDobOobobobob oo
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goboboobooboooboooooboooboooboboboboooobooooboooooooDoDoDOoDOoDbo
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gboboooooogoooooboboooboooooooobobobooboooboobooDobDobUobDOobO
ooboooooooooobooooboooooooooooooooooooooooooboooboobOobOooboon
ooboobooooooooooobobooooooooooobobOooobooooboooooooDoDbOoDbOo
obooooOoboooobobooooboooobOoboooobooboooboOobooon
gooobooogooboooobooboooooooboOoooooobOo sroooboboooooboooDo
oooooooooooobooooooobOozoooooooooboOoOOoOOOOO0OoOOoOoOooooDoObOoOoOoo
ooooooboooooooboooboooboooboobooobOoobOoobooobobooboboooDoOoD
gbobooboooooobooooooooooobOoboob0oboboooocoooobooboobOobobobooboon
goooooboooooooboooboooobooooobooobooboobooboooboboobobooooDooD
gboboooooooooooboboboooooooboobob 3sobooooooooooboobOobOoobon
oooooboooobooobbooboooooboboooooooooboobboooooboboDooDDboboODboO
gboboobooooooobobobooboooooooboobobOobooboooooooboOobOobOoboon
gbobooobooooooboboboboooboooooobobobobooobooboooDoDoDOobDOobO
O0xO00OO0O0O00O0O0yOoOoOOoOOoOOoOoOOobOOO0OOoOoOOooOOn
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Ve [m]

Ve [m]

Vi [m]

Ve [m]

— 2BEEm2 Xt 45H

— JHfiv=—EFailL—#%
— 3EEiv=_EalL—4 — I 6H

— 2FAE3 %65
— 2B &3 %6/ H 23
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FeimfiE 0.5 [m]
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FeimfiiiE 0.7 [m]
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0
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-50 0 50
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3.73 0O00b0OO0O0obOoO0bObOoOobobOoobobOoOobbooboboOobboobobon
goboboboooooobogo

oboboooooooooooboboboobooboobooooooboOobobobooboboooooooooon
gbooobooboooboobobooooboooobooooooboooobooboooooboOoooooon

obooobooooboobooboooboobooobOobooboOoboooboobono 31vyoboooobooonoo
gbobooboooobooboooogonb sasubuouooboooooboooobooooboooboboooaon
obooooobooboooooooon

20¢

Fy [N]

0318 0000o0obobobooboobooooobooooooon

gobooboobbooboobooobobooobooboobobooboooboobooobbooboo
gboboobOoboooobooobooboooobooooboooobooooboOobooobOobooobOooonoo
goooboooboobooboobobboboboobooboobooboboboobooonoo

3.74 OU0UddooooOoobboboobobbobobuoooooooobobboboobobboboooga
ggooobodg

booooooboooboobobobobooooobooobooobooboboboboobobooboooooboooDoan
oboboooooooboobooboobooooooooooobobobooboooboboooooooboOoDbOoDbo
gbobooboobooooooobobobobobobobooooooboooboobooooobooboboboon
gbooooooooboobobobooooooooooobobobobobooooooobDobobOobOobon
gbobooooooobooooobooboobooboboboboboooooooboooboobooboobobOoboon
oboboooboooobooobooobooobooooobooooboooobooobbooboobos00b0o0oooooobooon
gboboobooooooboooooboooboobobobobobobooooobooobooooooboboboboon
oobooooboooboobooboooooboooooooboooboooooobooboOoooobooooobooooboOooboOon
gboboooooooooboobobobobooooooooooooboboobooooooooboOobOonDo
oboboboobooooooooboooooooobooboobobooboobooooooooboooOoobOobooon
gboboooooooobooboobobobobobobooooooooooooobooboobOoboboboon



U3dbooboobobooobooboooobobooooboobooboboooobobooobooboon
oo 36

gobooboooboobooboobobbooboo

OII0 0O0000oooooooooog

3.8 UU0O0oboooooobobbboboooobbon

gobooboaobooobbooboobboobuodabbooobuoobboobobooboobbooobooa
gboooooboooon
O0000000000o00o0o0ooUoO0oooo0ooooooOO [34)0

T =M(0)0+h(6,0) +g(8) (3.61)

M) O0DO000000000000AM,A)I0000000000g(@)00000000000000000
0000000000 00000000000 60000000000000000

&= J(0)0+J(0)0 (3.62)
003200003.6100003.620000000000000

i = J(0)0+J(O0)M (0)(A®)f — h(6,6) - g(6))
= A0)f+h'(0,0) (3.63)

DDEIEIA’(H),h'(G,é)DDDDDDDDDDDDDDDDDDDDDDD

A'(0)
h'(6,0)

J(O)M~1(0)A(0) (3.64)
J(60)0 — J(O)M~1(0)(h(0,0) + g(0)) (3.65)

oboooooboooobob 000 o0 O00OO0OODOOOODOODO

i=a ( cos ) = ac(¢) (3.66)
sin ¢
003.6600003.630000000
ac(¢) = A'(0)f + h'(6,0) (3.67)

gbobooooo3sguoooooboooooseroobboobooboobooooboooooo 32000000000
obooooooboooobobooog
gooooobooooogon

mfax a=ct(¢) (A'(G)f —+ h’(e,é))

s.t. u—cwxw@)@ywﬁ+h%am):o
fmin S f S fmax (368)

0000000000000 00000000O0O000OO0O0UooOO 3.68) 00000000 ODOOOUOD
oooooooooon
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031900000000

3.9 Ubbobooooobbbd

gobooboobbooboobooobooboobbooboobbobobooboobbooboo
gbooobOoboooobobooobooboon

3.9.1 0000000

oooooooooosiyooooooooooooooo ,b0o00000060006001,;00000 0
00000 m;00000000 ;00 B2000O (1=1,2,3,400000000 f0003.6900000000

031 000000000000

ll,l27l3,l4) (02704,04704) [m]

gls gg, gg,lg4) 01,02,02,02) [Il’l]

0.025,0.050, 0.050, 0.050) [m]

(

(! (

(r1,72,73,74) (

(mq1,ma, ms,myg) | (1.0,2.0,2.0,4.0) [kg]
( (

I, 1o, I3, 1) 0.0035,0.028, 0.028,0.056) [kgm?]

T
f= ( fi,e1, fa,e2, f3,€3, fa,e4,€5 ) (3.69)
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00000000 f,000000 fun D0000000000000000 fax 000 (1990000000

fwin = (0,0,0,0,0,0,0,0,0) [N]
Fmax = (500,500, 85,1240, 485,220, 175, 1240, 495) ™ [N]

00000000000 CO0O0O0O000000b 0O e,0000O0DDDOOO fpbO0OODOODODODOOOOO
000 A@)0D00000O000O0O0O0UOO UL DLODUODOOUODOOOOOOOUD
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0 0 0 0 0 0 —ryre
0 0 73 —rgrg —rg 0 0 73
rs —r4 0 0 7r4 =74 0 0 O

A(6) =

oboooooog gd 9.81m/se02DD[ID

3.9.2 0J00O0O0OO0O0OO0oOn

gbooooobooobooooooboobobobobobooboobooooooboooobOoboOobOoboboon
0000000000000000000000 3200000000

6 = (135,270,75,300)" [deg]

O000000000D00000 0deg/secO0O0DDOOO0OODDOOOOODOOOOOOOOOOUOODOOOOO
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gboooooboooobooboooooan
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oboooooooooooboobobobobobooobooooooboobobobobobobooboboooon
gbooobooboboobobooooboooooboaon

oobooooobooobobooooobooobbooboooboooboobooooboooooooobooobooobooboooDog
gobooboooboobobooooooboooooboooboooboooboOooboobooOoobooooboaon
ooboboooooooobooobooboboboooooboooooooboobobobooboboooooooboOoDbOoDbo
goboobooooobooobooooboobobooobooboboooboOoobooboOoobooboOoooboooon
oboooooboooooboobooooobooooboboooboOoboooooboooooOoboooooboOooonog

gbbooboboooobouooobooooboobos200bbo00obobooooobooooboon
obooooOobo0ooobobo0oobOOobo0o0ooob0ob0o0o0ob0Odd 1msecd0O0400msecO0000O0O00ODO0O
gboooobooobooboooboobooobo 323b0000 32300000b00b0ooooooooogon
obooooOoboooobooboobooboooobOobooooboboooboOobooon

B 4B 05
¢=m/2

- YZEaL—3 D NFE
- FRER A EBAER MUY E DER
- RARFIRA & &/ANFHIRA
+
R Et B E

A

RS Sopt

y

FrSRH £ IE bILY £ DR
T=A0)f

Y
Y=EaiL—2OBNE
T =M(0)6 + h(6,0) +g(6)

0 322:000000000000000000O00000O00DbOO00O0OO0



U3dbooboobobooobooboooobobooooboobooboboooobobooobooboon

oo 41
0.000sec 0.025sec 0.050sec 0.075sec 0.100sec 0.125sec 0.150sec 0.175sec
0.200sec 0.225sec 0.250sec 0.275sec 0.300sec 0.325sec 0.350sec 0.375sec

032 000000000



U3dbooboobobooobooboooobobooooboobooboboooobobooobooboon
oo 42
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400000000000 00O00DbO0O0O00OO0bOO00O0bOOOOObOObOOOOOobOOOOODbO0ODbO
gbobobooboobogboobuoobobobobobobbobboobooonn

4.1 0O0O0O0OO0OO0OO0OOODOOOObOOOOLObOOoOoObooooDnDn
goooood

oboboooooooboobobobooooooooobooboobOobobooooboooooooooaon
gboboooooobooboobobobobooooobooobooboboboobooooooboooobOobOoDbo
obooooood

booboooooooobooooooboboboboooooooooboooobobobOobOobooooon
oooboooobooobobooooboooobooOooobooobobooobooooOooobooobooOooooooboogoon
goboboooboobooobooooboooobobobobobobooobooooboooooooDoDoDOoDOoDbo
(0000000000000 0C00O0L00O00O000UO00O0U0O00DUDOO0DOOOoUOOUOOoOO
0000000OU00000oO0o0oOo0oO0ooO0oO 0000000000000 0D000D00000ODLUOO
O000ooOooooo [350

obooooooooooooooooooboooDooooDobDooDobDoboDobDOoUbOoboboboboon
gboboooocooooobooboboboboobooooooobooobOoboboobooooooooooono
oobobooooooooooobobobooooboooooooDobooboboobobooboooooDoDOoDo
obobooooooobOoboboboobooooooobooboboboboooooooboobOobOoboon
goooooooboooooooooobooooboooooooooboobooooooOoobDbbooooboooo
oboboooboobooobooooooboooooooobooooooooobooobooboooooOoooobooooo
gboboooooogooooobobobobobooooooooooboboobooboooDoDbOobUobDOobO
gbobooooooooooobobobobobooooooooobOOobOobooboboooooooooonag
goboobooooooooooooboobobobooboooobooooboooooooDobDobDOobOoboboo
oboooooboobooooobon
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4.2 JU000OOOO0ObObOOOObDObOOoObDbOoOoOobbOoocpoUbObO

oooooooooooooooooo0oOoooocepOOOOOO0OO0OODODODOOOOODODOOOOOO
0000000000000000000 [36]3710000000

4.2.1 0O00O0O0O0OOOO0OO0OO

0000000000 og(t)0000000x(t)020000000000000000000000 ¢=¢
00 t=t; 0000000000¢,t4000000000000000000000000 20000000
0060000000x2(0)00000000000 t=t,00 t=t; 00000x.(t)=2(0()000000
00000000000000000000000t=¢0000000000000000000000000
0ooooooo

zq(t) = z(0(t)) (t € [to,ty]) (4.1)
z4(to) = z(0(to)) (4.2)
x4(to) = 2(0(to)) (4.3)

422 00000000O00O00O0O0O0OOOOO0
02?700 00000000000000C0O00OO00OO0O0O0O0O0OC0OO0OOOO [34]0
T =M(0)0 + h(6,0) + g(6) (4.4)
goodooboobooooooobbboooooooboobbooooooooooo
T =M(0)0 +h(0,0)+g(8) +CO (4.5)

C = diag(cy1,+,¢,)0000000000O0O00OOCOOOOO0OOOOOOUOOOOOOOOOODOOUOODOO
(45)000000000000O00DO0OO0ODOOOOOOOO
obooobOdobo 0000000000000

(4.7)

4.2.3 O00O0O0OOOOOOOOOOOODO

0000000000000000000DCOO00O000O0O0000000NO000000D DbCOOOOn

000000000000000000DCO0O0O000O0O0000000{0000000000000000
0 K = diag(K,,--+,K,),000 p;, 00000000000 P =diag(py,---,p,), 0000000000 70
00O0000000000000

T=KPi (4.8)
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ooopcodoooooooooOoooooooooO0oooooooo0goooooooogooooDooo
0000000000000 00O000 vooooooooOo R=diag(Ry,---,R,) 0000

V =Ri+ KP#@ (4.9)
00o0oooooooDbCOdo00nD0ooU0oooDoUoU0oooooooooDoooooooDo

ty
J:/ iVt (4.10)

to

0 (4100000000000 0000000

ty
/ iTVdt
to

_ / Y (Ri n KPé) dt

to

J

ty .
/ TK-1p! (RK’lP’IT i KPO) dt

to

ty .
/ (TTK_IP_lRK_lp_lT n TTB) dt (4.11)

to

0(411)000000000000000000O0O0 rO00O0O0OO

424 0OUO000O0O0OOOOOOOO

00000000 (42)00 (43)0000000 (47) 000000000000 (41)0000000000

000000000000000 (411)000000000000000000000000000000000
0000000000000000000000000000000000000 z4(t)=«(8(t)00000
0 xa(to) = 2(6(t5)), @a(t) = (8(t;)) 000D DE.(t) =#(0(1)0000000000000000000
000000000000000000&6(t)=J(0)0+J(0)90000000000000000040000
0000000000

&q(t) = J(0)0 + J(0)0 (4.12)
gooooooood
6=J") (:id(t) - J'(e)e') +(I—JH0)J(0))y (4.13)

0000JTe)0 JO) 0000000 ID0D0D000y0000000000000 (413)000000000
000000000000 00000000O0U00O0OU0ODO0O0DO00O0 4500 413)0D00000O0OOO
goooboob -«00O00DO0ODO0O0

= M(9)J*(6) (d&d(t) - J'(e)é) +M(6) (I—J*(6)J(0))y+h(6,6) +g(6) + CO (4.14)

0 (414)00y0 0000000000000 0O0O0O0OO0OOO0O0OO0O0 rO0000O00OOOODOOOO
yloooobobooobooobooboboooboobobobo rOO0O0DUO0 2000y 000D O0ODOOO
0000000 7(2,y) 000000000000 y0000O0OD0O0OOODO0OOOOOODOOOOOO
ooooooon
ty
J:/ (T(z,y)TK_lRK_lT(z,y)—i—T(z,y)Té) dt (4.15)

to
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gooogd

' 0 (4.16)

z = . . .

M () (T(z, y) — h(0,0) — g(0) — ce)
gogd
(to) = ( :f“'d(t‘)) ) (4.17)
Zq(to)

goboobogbobooboobooooboobodobobooobooboobbooboobboobaa
gooood
gbbooboooboooboobooboaoboab
6

" M)~ (T — h(6,6) — g(6) — ce’)

7(2,y) K 'RK ™ '7(2,y) + 7(2,9)70 + A"

— 7(z,y)" K RK'7(2,y) + 7(2,y)70 + AT6 + ATM(8) " (7 ~ h(6,6) — 9(6) - C) (4.15)

O00AT=ALAD), MyeR™ e R 0D000000000D00000DDDOOO0OODDDOOO
0000 AO0O0O0OO000020000000000000

: oH
Ai = ~ o (4.19)

Ailt=t, =0 (4.20)

00o000H,0000000000000000000000000 [37]0

OH
=gy (4.21)
0 (4.19),(4.21) 0000000000000 0O0O0OOODOODOOOO
D0000000000000000000000
(-IZIDDDDDDDDDDDDDDDDDDDDDDDDCPDDDDDDDDDDDDD ™

1. 0000 ¢°0000k=00000

2.y*0000000000000000000 (416)000000000000 200000

3.¢9*0 20000000000 A000 (41900 (?7)0000000

4.0000 H,000000 (415000000 y00000000k=k+100000000000
000000 gy*ooon

5.0024000000000000000000000000000000000000 10000

N

gboooooooboobooboboboboboooooooooboboboboobooooooobOOobOoDbo
oboooooboooobooboooboobobooboobooboooooboooooon

4.3 U0O0OO0OOOO0OOLObOObOOoOoOoooboon

boboooocooooooobooboboboboboboooooooooboOobobooboOoooOooon
ooooooooo
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4.3.1 OUOOO0O0OOOOO0OO0OO0OO0
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BEALFESE

041 000000000000D0O0OO

goboobboooboobooooboobooboobbooboobbobobooboobbooobOoo
obooooocoooooooboboboboobooooooooooooooboobOobOoboboboobon
gobobobooboooobooooboooboooooooooDoobo0o 410oooDoobDobUoboboboboooo
OOoQOO0O AOO0OBOOO cooo bOOOo EooOod

OO0 A0ODOOOODOOOOD
O0BOOOODOOOODOO
oocCcooooooooooog
00D O0O0O0O0O00O AQOODOODOOODODODOO
OO E0O0OOOOOOAOOOOOO0O0O0O0000
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4.3.2 OUO0O0OO0OO0OOOOO0OOO0
ooo0ooooooob 400000

0000 D000000000000000000000000 (2,y) = (—0.20,0.40)m 00 (z,y) = (0.271,0.40)m
0000000000
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041: 00000000000
OO0A | 0OO0B | O0OC | OOD | ODOE

2.00 2.00 2.00 1.33 1.00
0.300 0.200 0.150 0.200 0.150

000000 : m; ke
000000 : I [m]
00000000000000000 : Iy, [m | 0150 | 0.100 | 0.0750 | 0.100 | 0.0750
[m]
]

o]

oooooooo @ 0.0200 | 0.0200 | 0.0200 | 0.0200 | 0.0200
0000o00oooooo : I kel | 0.00152 | 0.00687 | 0.00395 | 0.00458 | 0.00198

042 DCOOOODOOOODO

0oo0O0O0 : R 1.10[0]
0oooo : K 0.0127 [Nm/A]
goog : p; 300
00000000 : ¢ | 0.02 [Nmsec/rad]

0000 000000000000000000000000 (z,y) = (0.30, —0.50)m 0 0 (z,y) = (0.3,0.254)m
0000000000000

0000 00000000000000000000000000000000000000000 (z,y) =
(0.30, —0.50)m O O (z,y) = (0.3,0.254)m 0000000000000

0000 O00OU00000O000000O00oU00Co0oUo0ooUOoOooOooUoooOod (x,y) = (—0.20,0.40)m
00 (z,9)=(0271,0400m 0000000000
gboboobooooooooobobooooooooobooboboboboooooooboOobOobOoboon

goboboboboboobobooboboooooboooooooooobooDobD 420000D00D0ODOO
0b0oO0o0O0obO0o00 430000000000000 0.50secd1.0secO00OD0OOO0O0ODOODOO

1 3
§ vl | :
0.6
0

-0.2 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6

B [sec) RS [sec]

e
o

SR [m]
SediER B [m/sec]
Sl AN [m/sec?]

o

0.8 1 0 0.2 0.4 0.6 0.8 1
B [sec]

042 0000000000000000
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oo0oo0 430000000000D0
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0.5

SFIHAIE [m]
Selm AR E [m/sec?]
(=]

-0.5 -
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

B$FE [sec] B§F [sec) BFRE [sec]
043: 000000000000 0O0ODOO
043 0000000000000000000
god ggod

good l l
Ml+ml

oo m M +m
2

0000000 | 1| I+ (3E%) (Mm? +2m2mit)

44 0JU0O0O0OOOOCPOOOOOOOODODOOODDOOODODDOOODOO

0430000000000000000000000004200000000000000CPOOOO0O
00000000000000000000000000000000000 (41500000000000 DC
00000000000000000000000000000000000000000000000000
000 Eelectrical; Emechanical U 0 U U U 0 O Eelectrical; Eelectrical I O U O OOOOU Eror 0O0OO0O00OO0

gooooboboooogo
electrlcal j;g ( Z y TK IRK ! (Z y) +T(z7y)Té) dt (422)

ft (z,9)"8dt (4.23)
(4.24)

E mechanical *

Etotal = Eelectrical + Emechanical

000000 440000000000000 AQ Eiota 0 Fatotad0.50sec0 0000000 T3-050000

ooooo
Ubobo losechbobobooboboobooOooboobOobObOOb0OO0O0OOO0bO0obObO0ObOObOOn

000 Felectricat 10000000000 Eoeetrical 00 4400 4500 4600 470000
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044 0000000000000000000O000000000000A0

T1-0.5 | T1-1.0 | T2-0.5 | T2-1.0 | T3-0.5 | T3-1.0 | T4-0.5 | T4-1.0

Ea total [J] 0.930 | 0.109 | 14.832 | 6.994 | 117.117 | 61.452 | 5.393 | 1.226
B clectrical [J] | 0.330 | 0.021 | 0.947 | 0.317 | 44.927 | 16.341 | 0.420 | 0.043
EA mechanical [J] | 0.600 | 0.088 | 13.885 | 6.677 | 72.190 | 45.110 | 4.973 | 1.183
EB total [J] 1.017 | 0.105 | 41.678 | 18.456 | 249.162 | 114.720 | 11.150 | 2.643
EB electrical [J] | 0.885 | 0.061 | 3.576 | 0.849 | 63.785 | 22.957 | 1.078 | 0.081
EB mechanical [J] | 0.132 | 0.043 | 38.103 | 17.607 | 185.380 | 91.763 | 10.073 | 2.562
Ec total [J] 2.101 | 0.166 | 53.527 | 25.128 | 282.780 | 129.870 | 11.220 | 2.453
Ec clectricat [J] | 2.083 | 0.120 | 5.895 | 1.802 | 87.009 | 32.386 | 2.158 | 0.150
E¢ mechanical [J] | 0.018 | 0.037 | 47.632 | 23.326 | 195.766 | 97.480 | 9.062 | 2.303
ED total [J] 0.558 | 0.073 | 28.147 | 12.188 | 228.920 | 106.343 | 10.659 | 2.602
ED cleetrical [J] | 0.435 | 0.027 | 1.680 | 0.374 | 56.078 | 20.276 | 0.517 | 0.048
ED mechanical [J] | 0.123 | 0.046 | 26.467 | 11.814 | 172.840 | 86.066 | 10.142 | 2.554
EB total [J] 0.620 | 0.074 | 25.606 | 12.213 | 241.067 | 111.561 | 9.730 | 2.392
Ep electrical [J] | 0.517 | 0.033 | 1.486 | 0.457 | 69.781 | 25.614 | 0.592 | 0.051
Ep mechanical ] | 0.103 | 0.041 | 24.120 | 11.756 | 171.290 | 85.948 | 9.138 | 2.341
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(1) Calculated maximum output force distribution.

200

magnitude of output force [N]
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direction angle of output force [rad]

(1) case (a)
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