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H,, Design of Hybrid Compliance using Upper/Lower Bound in the Frequency Domain

— Shaping and Control of Dynamic Compliance of Humanoid Shoulder Mechanisms —

Masafumi Okada*!, Yoshihiko Nakamura*!*? and Shin-ichiro Hoshino*?

Design and control of mechanical compliance would be one of the most important technical foci in making humanoid
robots really interactive with the humans. For task execution and safety insurance the issue must be discussed and
offered useful and realistic solutions. In this paper, we propose a theoretical design principle of mechanical compli-
ance. Passive compliance implies mechanically embedded one in drive systems and is reliable but not—tunable in
nature, while active compliance is a controlled compliance and, therefore, widely tunable, but less reliable specially
in high frequency domain. The basic idea of this paper is to use active compliance in the lower frequency domain
and to rely on passive compliance in the higher frequency. Hoc control theory based on systems identification allows

a systematic method to design the hybrid compliance in frequency domain. The proposed design is applied to the

shoulder mechanism of a humanoid robot.
results.

Its implementation and experiments are to be shown with successful

Key Words: Ho Control, Hybrid Compliance, Humanoid Robot, Frequency Dependent Dynamic Compliance
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Table 1 Spring constant and coefficient of viscosity

Type | Spring constant | Coefficient of
[N/m] | viscosity [kg/s]
1 1.609 x 103 0.625
2 5.963 x 102 0.45
3 5.963 x 102 1.05

Fig.6 Humanoid robot

oboooooooooobooooooboooooobobobooboooon
goboooooooooooobooooo

2.3 0000000 OOOOOOOOO

gobooooooooooOoOobooOoOooobooOoooon
Fig.6e 0000000000000 O0OOO0OOOOOOOO
goooobooooooobooooouoooooooboOobooo
gooooooooooboooooooOoOoooOoobooOoooo
gooooooob 000000000 DODOODODODOODLOBODO
goooooboooooboooooboooooboooboooo
Ooooo0oo0o pDOCO0OOOOOOOOOOOOOOOO
ooooobooooib2030000o0o00b0b00b0000o
000000000000 Fig. 7000000 1keglOODO
gooooooobooooooooooooobooboooooo
gooooooooooboooooouoooooooobooo
oo

[ “zo “yo 20 | =[ 400 —300 270 | [mm] O 50

Nov., 2001



go0o0o0O0O00000000000000000000000 He OOO 977

Personal computer

Control
system
Counter

AD board

Laser position S
sensor ‘Ii

Fig.7 Experimental setup

Strain[mm]
o

rigid link = (Typel)
.......... carbon link (Type2)

—
S
T

carbon link
with damper (Type 3)

N
S

0 0.5 1 1.5 2
Time[sec]

Fig.8 Step responses of the strain

150

100 +

Gain[dB]

.......... rigid link ~ (Typel)

.......... carbon link ‘(Type2)
carbon link

5ol with damper (Type 3)

10° 10' 10°
Frequency[rad/sec]

Fig.9 Frequency analysis

0000000000000 00D0D000000O0DooD
000 Fig.8090000000000000000DODOO0
0000000000000 00000000D0000Onn
oo Wf(s)
100*

(s 4 100)4
000000000000 00000000000O0DO00n
000000000000 0000000000000000
O0000000000000 3000000 25[rad/s] 00
000000000000 000O000

Wy(s) = 060

3. 00000ODO0O0O0 Heo ODOOODOOOO

3.1 Hoo 0DOO [9]
0oooooo

G- G11 Gi2
G21 Ga2

oro

goooo0ooboog 190 80

U —oef| Gai G|f—ey
r—Ij

Fig.10 Generalized control system

f [Gu Gl:{l_’z

0, y
yO er T P em K(ew em) —
— L 22 G
Fig.11 Local feedback system
] _[6Gu Gu|[f O sm
Yy Ga1 Gaz u
z @ OO0 Y goo
f : OOoOOOo U gooo

O0000Fig. 100000000 cOoOODooooOog
0000o0ooo0o0oooooooooo fOo0O zO0OO0OO
0 Gy

G.; =G —Gi2(I + CG2) 'CG2r 090
O0D000H., OOOOOO
Gt <1 0 100

0000000 ¢000000000000000] e O
H, OODOOOD

[G($)llo := sup [G(jw)] 0110

0<w<oo

ooooooo

00000 He.OOOOOOOOOOOOOOOOoOOO0O
gooooooocdooooboooooooboOoooooboobooboo
oooooooooooooooooobooooobobobooboOooo
gooooooooooOoOoobooboOooobooobobobooooo
gooooooooooooboOoobobooobobooboobooboOoo
ooooooooooooboooooooooboobooboonoono
goooooooooocoobooOoOoOOoOoOUObocboOoOoOoo
goooooooooooooboboooooobooooooo
ooooooooobooo

3.2 0O0OOO0OO0

3.2.1 0DOOOOOO0OObOOO

ooooooooboooOooOoO0 POOOPO Fig.11 0O
oooooo ¢ oooooooooooooooooooo
ogoobooooooooooobooooooo pOOODOOO
00oo0ooOooooooOoooooooooooooooD 6,0
0, 00000000000000O0D0000O000O00ODO00
oboooooooooooobooooooooboOooobooo
ooooooooooooooooooooooo 6,000
oooe, 0000000000 O00000 ¢cuoooooo

20010 110



978 o 0o o o o O
T
T *u
f JMT .
Jm ‘ml eu
P, P, y
y 0 ul "u2lg C1K(0,0,)
2. Ik‘:Tr__’C];C:oi’Pml Pm2 = o
Fig.12 Disturbance input
f 1=
T m
‘Im . eu y
er ul Tu2 0 I?(ewem)

Y-Yo

e

Fig.13 Vibration control system

ooooooe, 00000000y O0O0O0DOO0OOO0ODOO
O0y0oooooooooooge.ooooo 6, 00000
000000000000 00O000000KOL, ODOOO
gooooooooooooooooooboo

00000 fO0000O0O0OOOOfOODOOODODOOOO
00000000000 Fig.120000000000000
ooooooJ.b0J,000000000 y0OO000O

. ]
g=1[ Ju Jm ] {g 0 120

000000000000000000 PO
{9“]—13[ Tu 0130

Om T+ Tm |

P. P,
P .= ! 2 0 140

Pml Pm2

oooooboboobooooono PanOP,O000000O0OO
0o PnOP,,O000O00O0O0OO0OOOOOCOOOODOOOO
000 KO KOOOOOOOODOOOOOO0000o0000
oo0o0o fO00 yOOOOODOOO

y =G f 0150
ugbobooooooooooodoooooooooooooon
ooboooooboooooooooooooooooo

000000000000Fig.1300000000000
ooooo ¢, 000000000000000000 y O
ooodooooooooo0ooooooooooooooon
ooooybooooboooooooooooooooodoo
0000000000000 000000 ly—y| k1000
I:J[I[II:J[I[~]TDDDDDDDDDDDDDDDDDD fa
Uyoooooooo

JRSJ Vol. 19 No. 8

o 0O 0o 0 00D

y=Grof 0160
000000000 15000000000000000000
0000000000000 000000000000000
GSee 00 O0DO0DO0DOO0DODODDOONONDOOO
000000000000000
Fig.13000000000000C, =00000

Ay =y —yo 0170
ooooooooo

R f
Ay =K(0u,0)G | yo | —vo 0180

u

o GsGm Gl —GJT

B Gu - PuZClGSGm PuZCle-[k - uZCleJT
0 190
Gs := (I 4 PpaCy) ™" 0 200
Gi:=1-G, 0 210
Gy = PuJE + PpJr 0 220
Gm = P JL + PpoJt 0 230

I:0000

00000001800 oo0ooonD yooOoooo G 00
gooobooobobboobooooooboobooobobo
00000 fO0«.000000000O0D0O0O0DBO0DOO000
oooooooooooOoooooooooooon ¢, 00
goooooooooooooooobooobisgon

0 240

gboooooooooo
ooooo ¢, 0ooooooooc, ogooooooo
ooooooooooce, 000000 100000 2000
gooao
010100igoooooooooooobooooooooono
gobooooooooooooboooooOooocoooo
gboooooooooboooobooobooboobobooao
ooobooooooooooooboooo
020000 ¢, 0000000000000 O0000O0DOOO0O
gbooogoo G;?SEDDDDDDDDDDDDDDDD
goboooboooooooooooooooo G;lj?se[l
gbobooOoooooooooobooboOoo1ooIooooo
goooboooooobooobobooobooobboooooon
goobooooooboooooooooOobooooo
3.2.2 0000000
oooooooooooo ¢, 0000000o00oo0ooo
0O Fig.14000000000000W,O0W,0W30000
oo0000Fig.1400000000000DO0O0ODOOOOO
0o c,00 fO0O »000000000000000 He

Nov., 2001



go0o0o0O0O00000000000000000000000 He OOO 979

Wlk !
=z W2 > <2
W, > 23
f G
=/
%_L+Gu Ay
u c,

Fig.14 Generalized control system for design of C

gooo1l1oo0ocoooooo

|Gopeewn| <1 0250
000000000000000000
|Gore| < Wi 0260

DDDDDDDDDDDDDWl_lDDDDDDDDDDDD
000000000 f00 00000000

W (I =Ggpewn)|| <1 0 270
0oO0ooo
|G| > pv|_ﬂﬁﬂ 7 280
(W
ooooooow.:0oooooo
Wit~ Gyl 0290

goboooooooo wyow, Ooooooooooooo
00000000000 f0O0 000000000000
gooooobooooooooooOoobObobObbOooooooon
00 sz 000000000000000000O0O0O000
0000000000000 000f00 23000000

)W@U+acg*acw <1 0 300
0000000000000 W;0000000000000
0D00000000W,00000000000000000
0D0O0000000W: 00000000W,0W, 00000
D0000000000300000000000000000
D000

4. 0D OO 0O O

4.1 0000000

000000000000 000000000000000
0000000000000000000000000000
0000000000000 000000000000000
0000000000000000000 POOOOOOOO
000000000000000000000Fig 140000
fOwDyOOODOOODOOOO

goooo0ooboog 190 80

4.2 0O0OOOOO

0000o0O00O ¢,0000 Fig.140000000000
ooooooooooooon Gy0@, 00000000000
0000000000000000000000G, O Fig. 8
000o0o0oo0oooG, 00000 «w00 AydO0Oooooo
0000000000000 0D00000D0000ooooo
0000000000000 00000O0000000000
00000000000 00D0O0On
G,000000000000000 MOODOO (2100
000000000000 000O00o0ooooooooonag
0000000000000 0125mm|0000G, 0000
0000000 OFd Output Error000 0 [21]000 000
oo0oo000O0oOoooo G, 0000 Grooooogo
G,0 G;,00000000000000000000000
0 Fig.8 00000 G,0000 GF 0 ARXOODO [21]0
0000000000000 000O0000O0O0ooonoo
0oooooOoooooo

_ -5
am = 1.47 x 10 (s‘—|— 6975)(s + 34.7)' O 310
(5 +2.76 + 23.87) (s + 2.76 — 23.87)
Gm _ 548 X 1072(s + 267 + 135))(s +26.7 — 135])
T =

(s + 2.76 + 23.87) (s + 2.76 — 23.87)
0320

000 w=238[rad/s| 0000000000

4.3 OOOOOO

Casel 0000ODOD0OO0OOOOOOOOOOODO

0031M 3200 GrOGY 0000Fig. 140000000
00o0oooono ¢, 0000000000 W10 W.0Ws
|

7(s +15)3
W, = 0330
"7 (s +5)%(s + 1000)
Wa =0 0340
290(s + 10)®
Wy = =2 0350
* 7 (s +1000)?

ooboow,boooocooooooooboOooboboooo
gooooooooooooooobooOoboOooboooooo
gooboooboobooobobooobooboobooobooooooo
gooooooooooboOoOooooOoOoobOOoOooOObOCcOboO
ooooooooooooooooOw,=00000Ws0O
goooobooooooboboooooooboobouoobobooboo
gobooooooooooo
ooo0o0oooO0o000o0ooooO0g Fig.15000000
0 d,00oooooooooooon GZ’}E"DOEIEIDD[I
ooboboooo w,000000000000000000O0
G;?SEDDDDDDDDDDDDDCUD[I[IEIDEIEID[I[I
gooobcoooooooooooooooooobboooo
goooocooobooooooooooooooooobcOona
gboboboobooobooboooobooboooooobooboo
oooooooOoo0ooooOo c,oooooooooooo
goooOooooooboooooboooobDOoOoooows O
gboboooooboooooobooooboboobooboooo

20010 110



980 o o0 o0 O

60 Wx N
40 Gy -
g
= 20 G e
8 b
P ——
close
Gy
-20F
-40 : : : :
10" 10° 10' 10° 10°
Frequency|[rad/sec]
Fig.15 Gain plots of closed loop systems (Case 1)

Strain[mm]
b o w

close

Gy

open

““““ Gy

0.5 1 1.5 2
Time[sec]

Fig.16 Step responses of the controlled system (Case 1)

oooobOooooooooOoo0 wsbOOOOoOoooOobooo
goobooobooogon GZ?E"D G;?SEDDDDDDDDD
ooooo c,00000000oDUoOOoooDooOOo0oOooO
00000000 H,OOOOOCOOOOOOODbOOOOOO
Ooo000000 3.2.10000000000000000 Cy
goooooo
ooooooo ¢, 0000 Fig. 700000000000
00000000000 Fig.1l6e0O00O0OFig8O0O0O0OOO
DDDDDDDDDDDDDDDDDDDDGZ?E"DDDDDD
goooooooo ¢, 000000000000 O0OO00O0
200000000000000D C, 0000000000
oooocooobooooooobooooooboooOoOobooooao
gobooooooooooooboooobobobooobooooboo
gooooooooooobooboooooooooOoooooao
goooooooooooooooogooooo ¢, 000
gooobooooooooooooooboooobooboooooo
obobooboooooooooon s.2.1000000ooooa
ob00000000Fig.16 0000 Fig. 15600000000
oooooooooooooooooooboooo
Case 2 0000000 ODODOOODOOOOOO
ooooooboooooooooboooooooo
eJ000O0ODODODO C,0ODOODDOOOODDOOODOO
gooooooooooooooo

close

|G| < |Gyf 0 360

JRSJ Vol. 19 No. 8

o 0 0 O

0o O ooo
80 *
S -~
W s
60l 3 N
a0l G
g
= close
5 20} G):f
1 e ——— —
oF G;}Pm : WI-]
=204 !
Lower bound'
|
40 ‘
10" 10" 10’ 10° 10°
Frequency[rad/sec]
Fig.17 Gain plots of closed loop systems (Case 2)

Strain[mm]

close

GJf

oper

"""" Gy

1 1.5 2
Time[sec]

Fig. 18 Step responses of the controlled systems (Case 2)

oooo
000000000000 O0DNO0ONDOO
oooooo
12(s + 20)
W, = 212 0 370
T 7541000
65
Wy = —= 0 380
EENCEE
214(s + 10)*
Wy = —2T - 0390
* 7 (s+1000)3

00o0o0o0oooooooooooooOoOUn Fig. 1700
goooooboooooooobODOoOo2800O00O0D0OO0O
000000000 Case1 OO Wl_lEIEII]EI[IDD

gboooooooobbooboooboooooo |Gzl;’se|
oooooooooooo |GZ?€”|DODDDDDDDDDDD
gbooooooooooooooooocoOoOooooboOoOoono
000000000000 00 Fig.l60000 Fig.1800
O0OFig.18000000000000CO0OCOOO0OO0O0OO
ooooooooooboooooboooobonos000000
goooobooobooooooobooooooooboobooobobooon
gooooooooooooocoboooo

4.4 OO

goobcooobooooooooboooooooooo 2001
gbooooooooobooOOo1s000000DO0OO0DDODOO
goooooooooobcOoooboobOOoboooobobooooo
gdoodoobooooooboooooboobooooboooon
gobooooobooooobooobooobooboboobobooobo

Nov., 2001



go0o0o0O0O00000000000000000000000 He OOO 981

goooooodooo
eJ000O0OOOOOOOOCOOULOOOOODOOOO
gobooooboooooOoOoOoooboobooboooooOoOoo
gboooooboboobobooobooboooooog
goooooooOooooooooOoboOoooOOobbOooo
ggooobobboooooooboooboooboboobooboo
goooooooooooo w,ObooOooooobooooo
goooooooobooooooooooOoOoOooOobcOonDo
goooboobooogoon G;?SEDDDDDDDDDDD

g3ooooooboooooooooooooooboboooobooon
gbooooooobooooooobbooooobooooo
gooobooooooooooobobooobooo
g4000000000O00C0DOOOOOOOOOOODOOODO
oobooooboooooOooooboooobooooooo
gooooooooooooooooboboooboooo
ooooooooooooooooooooooooo JSPS-
RFTFO6P008010 0000000000 OOOCOO

ogoboOoOooooooo
eJ0000O0O0O00OCOOOOOODOOOOOOOOOLOO
goooooooooooooo ¢, oopooooooo
goboooooobooooooobooobooboooooo
gbooooooooooobooooooooooboooo
goooocooooooooobooboooobobobOon
goooooboooooOoooooooobobOOobooDOo
oooooooo ¢, 0000000000000 000
gobooooooooooocoooooon

eJ00 100000C0O0O0O0COOOOOOCOOOOOO

goooboobooobobooouooouoboobooooog
gobooooboooooooooooooboOooooOooa
goobooobooooooooooboooboobooo
gobboodooooboboobooboooooooDbDoon
0o0o0b00oo00 pOo0OO0O0OO0COOOOO0 Fig.4
064060, 00000Ls00000000000000
gooooooooooooo
gobooooooooooboooboboooOooOoOoboOoboOobobooo
gobooboooooooobooobooobbobooooooobooo
oooo0ooooooboo0O00000 HeOOOOoOoOooo
goboooooobooobooboobobobOoooobobooobooo
gobooooobooboobbooooobobooooooboooo
gboobooobooooooooooboOoooooooobo
gooobooooboobbooooboboooboobooboooo
goooooboooobooooooooooboboOooobooo

gooooooooOoOooOooOoOoOOOOObOboObcbOOon

5. 0O 0O O O

goboooooooocodoooboboooooooooooooo
goooboooooobooboooooooooooooooo
gooobooooooooboooboooboobbo 4bbDObO
oooa
gl1goooooooobooboooobooobocoooooooobooo
goboooboobooboooobooboooooboobobooboooboooon
goobcooooobooooooooooooboooboboo
gooooobooboobobobooboboobooooobooog
goooocoooobcooo
200000000000 b0o0ocoobooboboOooooooon
gooooooobooodoooooboooobooboooon
goooouoooooooooooooobobooboOooo
obOboooOboO00o00o0o0ooo0DOObO0OHODODOO
gooooooobooodg

goooo0ooboog 190 80

61—

0 M M

[1] R.P.C. Paul and B. Shimano: “Compliance and Control,” Proc.
of the 1976 Joint Automatic Control Conference, pp.694—699,
1976.

[2] H. Hanafusa and H. Asada: “Stable Prehension by a Robot
Hand with Elastic Fingers,” Proc. of the 7th International Sym-
posium on Industrial Robots, pp.361-368, 1977.

[3] N. Hogan: “Mechanical Impedance Control in Assistive De-
vices and Manipulators,” Proc. of the 1980 Joint Automatic
Control Conference, TA10-B, 1980.

[4] J.K. Salisbury: “Active Stiffness Control of a Manipulator in
Cartesian Coordinates,” Proc. of the IEEE Conference on De-
cision and Control, 1980.

[5] N. Hogan: “Impedance Control: An Approach to Manipula-
tion: Part 1~3,” ASME Journal of Dynamic Systems, Mea-
surement and Control, vol.107, pp.1-24, 1985.

[6] K.F. L-Kovitz, J.E. Colgate and S.D.R. Carnes: “Design of
Components for Programmable Passive Imprdance,” Proc. of
IEEE International Conference on Robotics and Automation,
pp.1476-1481, 1991.

[7]000000000000DOOO0ODO0O0O1976.

[8] D000ODD“00000DO0O00ODOODOOODOOOODOOO”000

0o000000oooooooo0oo0ooO o8 ROBOMEC’98M

1BI2-3, 1998.

000000“0000000b0o0000o0ooooooonooDrooo

0o0o0oo0o0ooooooooo0oo0oog’egd ROBOMEC’99(MM

2P1-78-107, 1999.

[10] K. Glover and J.C. Doyle: A State Space Approach to Heo
Optimal Control, in Three Decades of Mathmatical System
Theory (H. Nijmeijer, J.M. Schumacher eds.). pp.179-218,
Springer—Verlag, 1994.

[11] 00000000000« 000 b.b.00000O0OOO0OoOooOO
070000000000000vol.29, no.12, pp.1421-1426, 1993.

[12] 00000000000 “-00000000000000000O0
07”00 11 000000000000000000pp.29-32, 1993.

[13] 00000000000« 00000000000000000O0
07”00 12000000000000000000pp.51-52, 1994.

[14) D000O0O0000O000«“1 0000000000000 ooooon
000D07”0000000000000vol.32, no.7, pp.1011-1019,
1996.

[15) DO00OO0OO0OO0OOO00OO«2 0000000000 2000000
000000070000000000000vol.32, no.7, pp.1020—
1026, 1996.

[16) D00O0ODO0O0O0“0000000000000 Hee 00700 20
0000000000000 0pp.101-104, 1991.

[17] 0000000000 0000“200000 He OOODO0ODOOO—
goooO0ooooUoooooooooUoo—00 2100000
000000000 pp.121-126, 1992.

(18] o000« 0oo000oUoOo0O’000 500000000
0000000000 pp.S-176-S-179, 1993.

[19] 000000000 “Ho 000000000000 D0O000 130
00000000000000000pp.27-28, 1995.

[20] M.E. Rosheim: Robot Evolution, The Development of An-
throbotics. JOHN & SONS, INC., 1994.

[21] L. Ljiing:

[9

System Identification—Theory for the User.

20010 110



982 o o0 o0 O

Prentice—Hall, 1987.

o 0 0 O

0o 0 00D

00000 Masafumi Okadall

19690 30 2100019940 30000000
goooooooooooOoocooooooooo
0019960 90000O0O00ObOOoOOoOOOnOg
O000d1996 0 100000000000G00O0O
OopPDOOI997 0 200000000000000
000ooooo0o0o0oo0oooooooooooooon
go0o0o0oooocoOoO0om20000 40000000000000O
Ogood2o0010 400000000000000O0DO0O0OOO0OOO
000oo0o0oooooooooooboooooooooo0ooooo
000000000000000000IEEEOOOO

ooooooooooooo

‘ 000000 Shin—ichiro HoshinoO

1976 0 50 2500019990 300000000
0000000002001 0 300000000

‘DDDDDDDDDDDDDDDDDDDDEDD
- OONTTOOOODOO

JRSJ Vol. 19 No. 8

62—

00000 Yoshihiko Nakamurall

19540 90 2200082 00000000000
ooooooooOoOoOoOoOoooooOOo grooo
gooooosrooo 1o 3booooooo
gooooooooooooooobooobooboooo 4
ooo0ooobo0oooooooooooooboooo
ooooooooooooooooooooooo
gooooo0ooobooooOoOooOoOoOoOoOoOoOOoOOOoOOOoOoonon
ooo0oooo0o0o0oooo0ooob00000 ccooooo
000000oooooocoocoooooooo0oooooooooo
oo000oo0ooOoO0O0O0O00000000000000000000O0
IEEEDASME 000000 ooooooooooooo

Nov., 2001



