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Abstract

Design and control of mechanical compliance would be
one of the most important technical foci in making hu-
manoid robots really interactive with the humans. For
task execution and safety insurance the issue must be
discussed and offers useful and realistic solutions. In
this paper, we propose a theoretical design principle
of mechanical compliance. Passive compliance implies
a mechanically embedded compliance 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 fre-
quency 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.
H., control theory based on systems identification al-
lows a systematic method to design the hybrid compli-
ance in frequency domain. The proposed design is ap-
plied to the shoulder mechanism of a humanoid torso
robot. Its implementation and experiments are to be
shown with successful results.

1 Introduction

Humanoid robots which share the space and environ-
ments with human, should have compliance. There
are two approaches to realize the robot compliance.
One is active compliance based on control theories on
which many researches have been reported [1]~[6], the
other is passive compliance adopting the mechanical
elasticity. The former is known to have a limited per-
formance in high frequency due to the small resolution
of sensors, the finite sampling time and the limited ac-
tuator power, and the noise in signals. The latter is
effective in all frequency while it is difficult to design
the parameters, and impossible to change them adap-

tively.

This paper proposes the hybrid design of compli-
ance in the frequency domain from the following two
standpoints. (1) Frequency dependent design and (2)
Hybrid implementation of active and passive com-
pliance. Compliance in high frequency is concerned
to ensure safety requirements, while that in low fre-
quency must be carefully tuned to satisfy station-
ary requirements such as positioning accuracy. Thus,
the requirements on compliance would be better ful-
filled if it is designed in frequency domain. The first
standpoint represents this consideration. The second
standpoint, on the other hand, is from the robustness
consideration. Implementation of compliance in fre-
quency domain would be significantly difficult in high
frequency. To overcome this, it is proposed in this pa-
per to use both active and passive compliance. The
H, control theory [8] plays an important roll, in shar-
ing compliance in frequency domain between active
compliance and passive one.

We designed and fabricated the ‘cybernetic shoul-
der’ [7], a three degrees-of-freedom shoulder mech-
anism for humanoids. This mechanism has advan-
tages such as (1) large mobile area, (2) singularity-
free, (3) human-like motion of the center of rotation
and (4) ease to introduce passive compliance. The ac-
tive/passive hybrid implementation of compliance is
applied to and experimentally verified with the torso
robot with the cybernetic shoulder.

2 Passive compliance
2.1 The cybernetic shoulder and its
compliance

Figure 1 shows the model of the cybernetic shoul-
der, where 8 and ¢ are two degrees-of-freedom gim-
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Figure 2: Definition of rotations

bal mechanisms, d is a three degrees-of-freedom ball
joint, b is a two degrees-of-freedom universal joint, a is
a four degrees-of-freedom joint of spherical and pris-
matic motion, and e is a prismatic joint. Moving point
A within vertical plane alters the pointing direction of
the main shaft G, which determines, along with the
constraints due to the free curved links E between
points b and d, the direction of the normal vector of
D. The rotation about the normal of D is mainly de-
termined by the rotation of C' through B and G. Note
that the rotation of C is coupled with the pointing
direction of D when B and D are not parallel.

By the definition of 021, 022, 941 and 942 which are
rotation angle of gimbal mechanisms on 8 and § shown
in figure 2, constraints given by links F are written in
the following equations.

(1 By, B3 L3 R, BB By | = 6
(i=1,2,3) (1)

re=[p 00 1]" (2)

Where Rg implies the rotation of 6 about ¢ axis, and

LE implies the translation of £ along & axes. ¢; is the
length of link E, |b| is the diameter of B and D.

Consider that links F has elasticity. From equation
(1), we can obtain

Ab4q Al
Abyy | = Js(621,622) | Al (3)
ALs Al

Using this jacobian .J; and defining spring constants of
each links F as ki, ks and k3, the compliance matrix
C; for rotation about 61, 642 and translation along
L3 is represented as

ki 0 0
Cs=Js| 0 k2 O Ty (4)
0 0 ks

We can calculate and design compliance of the end of
the shoulder using Cs.

2.2 Design of the elastic link

We design three types of elastic or viscous link as fol-
lows.

1. Rigid link(square measure is 7x10[mm?]0 made
from duralumin, in left hand side of figure 3)

2. Elastic link (¢5[mm] carbon fiberOin center of
figure 3)

3. Elastic and viscous link (link (2) + damperO in
right hand side of figure 3)

We use ‘Temper Foam’ as a vibration absorber on link
3. This material has high viscosity in high frequency
and has low viscosity in low frequency. Because the
length of these links (shown by the arrow in figure
3) define the constraint of the position and orienta-
tion of the shoulder mechanism as in equation (1), we
measure the spring constants and coefficients of vis-
cosity of these links. The values of these parameters
are shown in Table 1. Type 2 is more elastic than type
1, and type 3 is more viscous than type 1 and 2.

Table 1: Spring constant and coefficient of viscosity

Type | Spring constant | Coefficient of
[N/m] | viscosity [kg/s]

1 1.609x 103 0.625

2 5.963x 102 0.45

3 5.963x 102 1.05
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Figure 3: The cybernetic shoulder with the rigid or elastic link

2.3 Compliance of the torso robot

We have developed a torso robot using the cybernetic
shoulder with above three types of links shown in fig-
ure 4, and measured the compliance of the end of the
arm, where only compliance on the vertical position
was measured in the specific position of the arm. The
experimental configuration is shown in figure 5. By
detaching 1 kg weight being hung from the end of the
arm, the external force are given, and the position of
the end of the arm is measured by a laser position
sensor. The position of the end of the arm is

[emo “yo ©20 | =[ 400 —300 270 ][mm] (5)

in the absolute coordinate. Figure 6 and 7 show the
experimental results and the spectrum analysis of the
oscillations. The time sequence signal is filtered by
the window function Wiindow ()

100*
Wi = — 6
w1nd0w(3) (s—i— 100)4 ( )
for noise attenuation. We can realize the elastic torso
robot by using the carbon fiber link and the viscous
torso robot using the damper.

3 Hybrid compliance in the fre-
quency domain

We define the transfer function from the outer force
f to the strain of the end of arm A, as G,y when
f acts on the end of arm, whose gain characteristic
represents the dynamic compliance of P.

The general mechanical dynamic compliance is rep-
resented by the dashed line in figure 8. It has a me-
chanical resonance mode. For humanoid robots which

share the space with human, desirable compliance is
represented by the solid line in figure 8. It is difficult
to realize such characteristics by passive compliance
only. In some cases, it needs to design such compli-
ance as example 1 or 2 shown in figure 8. In example
1, the compliance in low frequency is low for the pur-
pose of improvement of the work performance. On
the other hand, in example 2, the compliance in the
low frequency is high for the safety issue . The curve
shaping of compliance in frequency domain is techni-
cal demand.

The biggest problem of active compliance is robust-
ness. By the shortage of the actuator power, small
resolution and so on, the closed loop system becomes
unstable easily if the controller has high gain. To get
a robust controller which realizes the desirable com-
pliance is important.

In this paper, we design hybrid compliance of active
compliance which is programmable and passive com-
pliance which is stable. Their roles are split into high
and low frequency domain. H,, control theory is used
for the design of controller of the active compliance.

4 H,, hybrid compliance

4.1 H, control [8]

Consider the generalized control system as

Z G Gi2 f
= 7
Ll-la el o
H, controller satisfies the following inequality.
1G4l <1 (8)

sz = G11 — G12(I + CGQl)_ch21 (9)
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Figure 5: Experimental setup

Here G.; means the transfer function of f to z, and
|| - ||]oo means H, norm which is defined as

1G(s)ll == sup |G(jw) (10)
0<w<oo

For the controller design of active compliance, we are
going to make use of concept of the generalized con-

trol system and the weighting function for H, control
theory.

4.2 Controller design

4.2.1 Configuration and specifications of the
controller

Suppose that the humanoid P is stabilized by the lo-
cal feedback controller C; as shown in figure 9. P has
divided into the modeled and un-modeled parts whose
outputs are 0, and 6, respectively. For example, the
dynamics of the elastic link is the un-modeled part be-
cause it is difficult to observe the strain of this link. 6,
is not available for the local feedback controller Cy. yq
is the reference signal of the position and orientation
of the end effector y. @, is the rotation angle of each
joints, 7 is the torque of actuators and K, I are opera-
tors of kinematics and inverse kinematics respectively.

The outer force acting on the end of the hand is
represented as shown in figure 10. Here, f is small
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Figure 6: Impulse responses
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Figure 7: Frequency analysis

enough and J,,, J,, are jacobian defined as follows.
. 0.,
y=1[ Ju Jm]{é ] (11)

P is divided into modeled parts P,,;, Pn2 and un-
modeled parts P10 Pys.

I e I B
e P

The transfer function from f to y defined as follows

y=Gi"f (14)
represents humanoid’s dynamic compliance designed
by the passive compliance only.

For the vibration control, we design the controller
C, shown in figure 11. The input of C, is the error
of the reference yo and y which is observed by visual
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Figure 9: Local feedback system

sensors or velocity sensors. The strain is small enough
to assume y — yo < 1. [ - ]! means a pseudo inverse.
The transfer function from f to y of the closed loop
system using controller C,, is defined as follows.

y =Gy (15)

Because the gain characteristic of Gy means ac-
tive/passive dynamic compliance in frequency domain,
we can get desirable humanoid dynamic compliance by
shaping its characteristic.

When C, is equal to zero, Ay

Ay :=y—yo (16)

is represented as follows.

f
Ay = K(0u,0m)G | o | — o (17)
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Figure 10: Disturbance input
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Figure 11: Vibration control system

G =
G:Gm GI -G J},
{ Gu — PupaCiGG,n PupeCiG I —PuuCiG.J},
(18
G, :=(E+P,C)™ ! (19
G :=E -G, (20
Gy :=PuJ!l + PyuJt (21
Gm = P JY + P gk (22
E : Identity matrix

~— O~ — —

Because the terms concerned to yp in the right hand
side of equation (17) is non-afine term depending only
on Cy, we can neglect them in the design stage of C,.
The equation (17) is simplified as follows.

Ay =[ Gy éu][f] (23)

In the following, the generalized control system for
designing C, is introduced. The purposes of C,, are as
follows.

1. The dynamic compliance of the controlled system
is shaped by C,, in the frequency domain.

2. In the high frequency domain, C, does not work
for a robust stability.

4.2.2 Generalized control system

Considering the closed loop specifications, the general-
ized control system is set as shown in figure 12, where
W1, Wy and W3 are the weighting functions. Because
H., norm of the transfer function from f to z; of the
closed loop system is less than 1, the following inequal-
ities are satisfied in almost all frequency.

gty
[

<1 (24)
< [wi| (25)
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Figure 12: Generalized control system for design of C,

These mean that W, decides the upper bound of the
dynamic compliance. And by the satisfaction of the
following inequality

e (B-Grew)| <1 o

the following is satisfied in any frequency where the
gain of W, is large enough.

Wyt~ Gyl (27)

This means that W5 decides the lower bound of the
dynamic compliance. The following inequality

|wa(B+cG) e <1 )

ensures the robust stability of the closed loop system.

By using the H., controller, we can get the robust
controller which satisfies the design specifications, up-
per and lower bound of the active/passive dynamic
compliance.

5 Experimental evaluation

5.1 Configuration of the control object

For simplicity, we focus on one parameter of the po-
sition and orientation parameters of the end effector,
and the configuration of the torso robot is fixed. The
compliance of the local motion is considered. P is a
linear system and the jacobian is a fixed number ma-
trix.

5.2 System identification

Because models of G;0 G, are needed for the design
of H., controller, we identify their models. The model
of G, is identified using M-sequence signal [10] as the
Output Error (OE) model G™. G is identified using
the experimental result in figure 6 as an ARX model
G”]P. The identified models are as follows. They have

a resonate frequency at w = 23.8[rad/s].

G _ _—LAT X 1075(s + 6975)(s + 34.7) 29)
“ 7 (54276 + 23.87)(s + 2.76 — 23.8))
548 x 1072(s + 26.7 + 1355) (s + 26.7 — 135)

G =
! (s +2.76 + 23.8j) (s + 2.76 — 23.85)

(30)

5.3 Design of the controller

Case 1 Improvement of the work efficiency
(lower compliance) Using G™ and G’?"” in equa-
tions (29) and (30), we design a controller based on
the generalized control system in figure 12. Here, W7,
W5 and W3 are set as follows.

_ 7(s +15)?
W= (s + 5)2(s + 1000) (31)
Wy =0 (32)
_290(s + 10)?
»= T+ 10007 ()

The compliance in the low frequency domain should

Frequency[rad/sec]

Figure 13: Gain plots (case 1)

be small and the gain at the resonate frequency should
be small by the restriction of Wj.

The gain plots of the designed closed loop system is
shown in figure 13. The gain of G;l]?“ is smaller than
that of G?5°" in low frequency. This means that the
strain of the end of the arm caused by the static outer
force is small. The controller C, works effectively in
the lower frequency domain. On the other hand, the
gains of G;lfose and G is same in higher frequency
, which means that the controller does not work in
high frequency for the robust stability. By using H,
control theory, we can get the controller which satisfies
the control configurations in section 4.2.1.



We make the same experiment as figure 5 using
the designed controller C,. The experimental result
is shown in figure 14. The dashed line represents the
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Figure 14: Impulse responses (case 1)

response as of passive compliance using carbon fiber
link with a damper in figure 6. The initial conditions
of these responses mean that we can get half compli-
ance as much as passive compliance. In general case,
it is difficult to get a higher gain controller for the low
compliance because of the robust stability. However,
because C, does not work in the high frequency do-
main, we may not be worried about this problem by
using the proposed method.

Case 2 Improvement of the safety (higher com-
pliance) Secondly, we design the controller consid-
ering following specifications.

e Get the higher compliance in lower frequency by
the active controller, which means

close
< |Gyf

(34)

open
‘Gyf

should be satisfied.

e The gain at the resonate frequency should be
smaller.

The weighting functions are set as follows.

_ 12(s +20)
' 541000 (35)
65
Wy=— 36
2 (s +5)2 (36)
_214(s + 10)?
Ws = (s + 1000)3 (37)

Figure 15 shows the gain characteristic of the designed
closed loop system. By the restriction of Ws, G;l]?“
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Figure 15: Gain plots (case 2)

is close to W;™! in lower frequency. Because this gain
characteristic is larger than the gain of G}, we can
get the high active/passive dynamic compliance. The
impulse responses with the initial condition are shown
in figure 16. This figure shows that we can get the
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Figure 16: Impulse responses (case 2)

1.5 times active/passive compliance as high as passive
compliance.

6 Considerations

By the design and experiments of active/passive com-
pliance, we get the following knowledge.

e To realize extreme higher or lower compliance, it
needs much actuator power, which is undesirable
from the robust point of view. By setting a pole



in low frequency on Wy, we can avoid this prob-
lem. However in this case, the closed loop system
G;l]?“ has a pole in low frequency, which causes
slow convergence of the response.

e For the control of the mechanical resonance, it
needs a negative feedback, on the other hand, it
needs a positive feedback for the realization of
the higher active compliance, which means that
controller should turn its phase characteristic in
one frequency. To realize this characteristic under
the restriction of the lower gain of the controller,
the controller C', tends to have unstable poles,
which is not desirable from the robust point of
view.

e In this section, we discuss on the compliance of
one position variable. By measuring all variables
of the position and orientation by visual or veloc-
ity sensors, we can control the multi direction of
compliance. On the cybernetic shoulder, by mea-
suring 041, 040 and Ls in figure 2, the position
and orientation of the end effector in the absolute
coordinate can be calculated.

It is important to design appropriate humanoid
compliance considering work, environment and safety,
by which the humanoid robot would be able to throw
a ball with a small actuator power and to jump higher,
which are future works.

7 Conclusions
The results of this paper are as follows.

1. We designed three types of elastic and viscous
links for the cybernetic shoulder, which realized
an appropriate compliance for humanoid robots.

2. We have discussed the importance of designing
compliance for humanoid robots which share the
space and environment with the humans.

3. We proposed the compliance design method using
H, control theory where the role of active and
passive compliance are split into the frequency
domain, which is based on that active compli-
ance works well in the lower frequency domain
and dose not in the high frequency domain.

4. We evaluated the efficiency of the proposed
method by experiment using a torso robot with
the cybernetic shoulder.

This research was supported by the Research for the
Future Program, the Japan Society for the Promotion
of Science (Project No. JSPS-RFTF96P00801).
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