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This article presents a novel adaptive bilateral control scheme for obtaining ideal
responses for teleoperation systems with uncertainties. A condition that is equivalent
to getting an ideal response in teleoperation has been found to be making the
closed-loop dynamics of master and slave manipulators a similar form. An adaptive
approach is applied to achieve similarity for the uncertain master and slave manipula-
tors. Using the similar closed-loop dynamic characteristics of master /slave teleopera-
tion systems, excellent position and force tracking performance has been obtained
without estimating the impedance of human and environment. The validity of the

theoretical results is verified by experiments.

1. INTRODUCTION

Teleoperation systems have been extensively stud-
ied since the pioneering work of Goertz'; these
studies have been motivated by a variety of applica-
tions, ranging from nuclear operations and space
exploration to underwater tasks and medical appli-
cations. Recently, with the development of virtual
reality, application areas have been extended to the
entertainment and training fields.

A teleoperation system consists of a master ma-
nipulator, a remotely located slave manipulator, a
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human operator, and an environment. The human
operator applies his/her intentional force to the
master manipulator to make the slave perform a
series of commands. Generally, the resulting posi-
tion of the master manipulator is sent to the slave,
and the force information sensed by the slave is
reflected back to the human operator through the
master. If the slave manipulator exactly reproduces
the master’s motions and the master manipulator
accurately transmits the measured slave force, the
operator should experience the same sensation that
the slave manipulator does. In other words, the
teleoperation system would be completely transpar-
ent. This has been considered to be an ideal re-
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sponse in terms of evaluating the performance of
teleoperation systems.

To evaluate the system performance or to de-
sign a new control scheme, several definitions of an
ideal response of teleoperation systems have been
introduced. Traditionally, a transparency in which
operators feel as if they are touching the task di-
rectly was considered as the ideal one.

Lawrence defined transparency as that in which
the transmitted impedance to a human operator is
equivalent to the environmental impedance.”> H-
Zaad mentioned that to achieve transparency, kine-
matic correspondence should be obtained, as well as
impedance matching.®> This is equivalent to the
match between master and slave positions and
forces. Hannaford and Yokokohji have also pre-
sented this point.4'5 However, in practice, arbitrary
position and force scaling capability is more useful
and meaningful than transparency for dexterous
teleoperation. In this article, the ideal response of
teleoperation systems is defined as the position re-
sponse x, of master and the scaled position re-
sponse of slave k,x,, and the force response f,, of
master and the scaled force response kf, of slave
by the operator’s input f,, are identical, respec-
tively, whatever the object dynamics are. This con-
cept has already been proposed.®’

However, it is very difficult to achieve the ideal
response with real master/slave systems, because it
is impossible to get an exact dynamic model of
master/slave systems. Teleoperation systems are
uncertain systems dynamically interacting with hu-
man/environment that may have time-varying
impedances. If the local site and the remote site are
combined with a communication channel, the two
uncertain systems can again be considered to be
coupled. In addition, communication time-delay is
another significant problem.

There have been numerous efforts to obtain
transparency for such complex coupled uncertain
teleoperation systems with a fixed controller that
has fixed gains. Lawrence indicated the conflicting
issues between stability and transparency and pro-
posed a unified four-channel control architecture
that communicates the sensed forces and positions
from the master to the slave, and vice versa.> Inde-
pendently, Yokokohji also proposed a similar con-
trol architecture, which includes local force feed-
back.” Recently, it has been shown that the use of
local force feedback at the master and the slave side
enhances stability and performance in teleoperation
systems.”® Studies have shown that the fixed con-
troller requires a four-channel architecture with lo-

cal force feedback to achieve transparency. How-
ever, there have been limitations in producing
robust performance for the uncertainties of the
master /slave manipulators. Therefore, the design of
fixed controllers for transparent teleoperation is still
an open research problem.’

To cope with unknown environments and the
uncertain parameters of the master/slave manipu-
lators, several adaptive approaches have been pro-
posed as alternatives. H-Zaad proposed an adaptive
bilateral control scheme to obtain transparency in
unknown or time-varying environments."” He used
composite adaptive control schemes'' and an
impedance bilateral control architecture presented
by Hannaford.! Lee presented an adaptive control
scheme based on a position-force architecture to
achieve stability and transparency for teleoperation
in unknown or time-varying environments.”> Zhu
proposed an adaptive motion/force control-based
approach to control bilateral teleoperation systems.®
His method takes into account the full nonlinear
dynamics of the master/slave manipulators. How-
ever, these approaches need to have environment or
human impedance estimators that must converge
fast enough for contact tasks.

In this article a novel adaptive bilateral control
approach is proposed for obtaining the ideal re-
sponse for uncertain teleoperation systems without
the need of a fast converging estimator. The pro-
posed bilateral controller estimates the dynamic pa-
rameters of the master /slave manipulator only, and
the impedance of human/environment does not
need to be estimated. The main contributions are to
find a condition that is equivalent to getting the
ideal response of teleoperation and to propose an
adaptive scheme that makes the teleoperation sys-
tem equal to the obtained equivalent condition. The
obtained equivalent condition is a general set of
methods by Lawrence,? Yokokohji®, and Zaad.® The
implicit common point of these methods, including
the proposed one, is to achieve the similar closed-
loop dynamics of master/slave manipulators. In
other words, master and slave manipulators have a
symmetric closed-loop dynamic structure. In fact,
the goal of the teleoperation system is to synchro-
nize the motion and force of the master and slave.
Therefore, the similar closed-loop dynamics of the
master /slave manipulator is a very useful property
in providing high transparency performance. In ad-
dition, by making the closed-loop dynamics of the
master /slave manipulator a similar form, the posi-
tion /force tracking performance and the stability of
the teleoperation system can be easily verified.
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The remainder of this article is organized as
follows. In Section 2, to provide an understanding
of teleoperation structure, the dynamics of teleoper-
ation systems are presented, and previous bilateral
control approaches that give transparency with re-
stricted conditions are analyzed. Then, in Section 3,
a condition that is equivalent to getting the ideal
response of teleoperation is obtained and analyzed.
Section 4 explains the adaptive control scheme that
makes the closed-loop dynamics of master and slave
manipulators a similar form. In Section 5, the con-
vergence property and stability of the proposed
bilateral control scheme is proved. Section 6 demon-
strates the experimental results. Finally, conclusions
are summarized in Section 7.

2. PRELIMINARY

2.1. Dynamics

In this section the dynamics and parameters of
teleoperation systems are explained to relate teleop-
eration control structure clearly. When a
master /slave manipulator system interacts with a
human /environment, the joint space dynamic equa-
tions of motion of the master arm and the slave arm
are given by the equations

Slave' Hs(qs)q.s+C5(qs/qs)qs+Gs(qs) = TS_]STfS

@)

where ¢,,, g, € R"*! are the joint angular positions,
H,(q,), H(q,) € R"™" are the symmetric positive-
definite inertia matrices, C,(q,,, 4,.), C.(q,, 4,) €
R"™ ™" denote coriolis and centrifugal forces, and
G,(q,), G,(g,) € R"*! represent gravity forces of the
master and the slave manipulator, respectively.
7,,, 7, € R"*! are the vector of applied joint torques,
which are actually control inputs. J,, J, € R"*" are
the Jacobian matrices of the master and slave ma-
nipulator. f,, € R"*! denotes the force that the oper-
ator applies to the master manipulator, and f, €
R™*! represent the forces that the slave arm applies
to the object.

If the manipulator interacts with the environ-
ment, it is convenient to describe its dynamics in an
operational space where manipulation tasks are nat-
urally specified. The Cartesian space dynamic equa-

tions of motion can be represented as

d
(J,"H, )&, + ImTCm]mlﬂmTHm—t(fml))xm

+1,7G, = I 1 + fo (3)
d
UTH D&+ (J;TCSJS” +J;THSE(I;1)) 2
+JTG =]~ f, (4)

where x,, x,€R"*! is the displacement of the
end-effectors of the master and slave manipulator,
respectively.

The dynamics of the environment interacting
with the slave arm is modeled by the linear system

fi=M,¥,+B,x,+K,x, (5)

where M,, B,, and K, are n Xn positive-definite
matrices associated with inertia, viscous coefficient,
and stiffness of the object, respectively. It is also
assumed that the dynamics of the human operator
can be approximately represented as a simple
spring—damper—mass system,

fop _fm=Mopx‘m+Bopjcm+Kopxm (6)
where Mop, Bop, and KOp denote n X n mass, vis-
cous coefficient, and stiffness of the operator, re-
spectively, whereas f,, indicates force generated by
the operator’s muscles. It should be noted that the

parameters of the human and environmental dy-
namics might change during the operation.

2.2. Previous Research

Among a number of bilateral control architectures
introduced to provide ideal response, there have
been a few schemes that have been successful in
offering perfect transparency under ideal condi-
tions.>>® To find a common point, these bilateral
control schemes are analyzed in the frame of four-
channel architecture with local force feedback as
shown in Figure 1.

In 1993, a four-channel bilateral control architec-
ture was proposed by Lawrence. Lawrence asserted
that all four channels should be used to obtain
transparency. By using all four channels, the mas-
ter /slave closed-loop dynamics are composed as

(Zm+cm)(Xm_Xs)=Fm_Fs (7)
(Zs+cs)(Xs_Xm)=Fm_Fs (8
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Figure 1.
control architecture. Local force feedback is added to the
Lawrence’s structure.

Block diagram of general four-channel bilateral

Here, Z,, and Z, represent the linear dynamic mod-
els of the master and slave while C,, and C, denote
local position controllers of master and slave.

Independent of Lawrence, Yokokohji® has de-
veloped a general control architecture that is quite
similar to that of Lawrence. If this control scheme is
reorganized in the four-channel architecture with
local force feedback, the constructed closed-loop
dynamics are as follows:

m, (5% +kys +k,)(X,, — X)) =1 +k,)(F,—F)
)

m (s + ks + k) (X, = X,,) = (1 +k,)(F, — F)
(10)
Recently, H-Zaad obtained a high level of tele-
operation performance by applying parallel posi-

tion /force control architecture.® The closed-loop dy-
namics become as follows:

(nlmS2 + kxvms + kxpm + kxim/s)(Xm - Xc)
=kfpm(Fm _Fs) (1D

(mssz + kxvss + kxps)(Xs - Xm)
z(kfps+kfls/s)(Rn_FS) (12)

Note that the interesting point of these above-
mentioned bilateral control architectures is that even
though these architectures have been developed in
different ways, all of their closed-loop dynamics of
the master /slave manipulator result in being simi-
lar as

—Cy(X,, —X,)=C,(F,—F) (13)

m

C(X, - X,) =Cy(E, —F) (14)

where C,,...,C, is the feedforward controller with
rational transfer function in Figure 1.

3. SIMILAR CLOSED-LOOP DYNAMICS

In this section, we will derive an equivalent condi-
tion for the ideal response of teleoperation on the
basis of the four-channel bilateral control architec-
ture with local force feedback, depicted in Figure 1.
Previously the ideal response was defined as the
exact matching of the arbitrary scaled motion and
force of master /slave manipulators.

From Figure 1, which is the general bilateral
control architecture of one-DOF teleoperation sys-
tems, the closed-loop dynamics of master/slave
manipulators are obtained as follows:

Master: (Z,+C, )X, +C, X, =(Cs+1DF, —C,F.
(15)
Slave: —C, X, +(Z,+C)X,=C,F,—(Cs+1)F,
(16)

From the above general closed-loop dynamics,
the ideal response is achieved if and only if the
following four conditions are satisfied:

z,+c)z,+C,)+C,C, =0 (17)
(Co+1(Cs+1)—C,C3=0 (18)
(Z,+C)C, - (G +1C,
(Cy+1D(Z,+C,) —C,C,4
(Z,+C,)C; + (C,+1DCy 1

(Co+1(Z,+C)—C,C; &, 20)

(19)

These conditions are obtained from the hybrid ma-
trix.* Equations (17) and (18) mean the input
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impedance and the output admittance of the teleop-
erator should be zero. Equations (19) and (20) indi-
cate force and position scaling. There can be numer-
ous conditions that satisfy (17)-(20); however, one
of the sufficient condition that is most realizable is
as follows:

k,C,=Z,+C, (21)
C, =k (Cy+1) (22)
k;Cy=1+C,s (23)
Ci= —k,(Z,+C,) (24)

The conditions (21)—(24) make the closed-loop dy-
namics of the master/slave manipulator similar, as
follows:

C, C,
Master: —-—(X,, —k,X,) =-—(F, —k:F) (25
kn ! kf

Slave: C,(k,X;—X,)=Cy(F, —k;F) (26)

The closed-loop dynamic equation of the master
and the slave is expressed in terms of the position
and force error. Each error dynamics is located at
the either side of the closed-loop equations like (25)
and (26). Note that all coefficients are positive ex-
cept C,. The closed-loop dynamics of the master
and the slave have essentially identical forms. We
call this closed-loop dynamic form of the master
and the slave ““similar closed-loop dynamics” (SCD).

The interesting point is that this form is the
general expression of the closed-loop dynamics of
Lawrence,” Yokokohji,” and H-Zaad,” mentioned in
Section 2. In addition, the conditions (21)-(24) are
equivalent to the perfect transparency condition of
H-Zaad® when the position and force scaling factors
are unity. Thus, we can conclude that the previous
efforts to obtain the ideal response using fixed con-
trollers are efforts to make the closed-loop dynamics
of master /slave manipulators into SCD form. If the
closed-loop dynamics of the master/slave manipu-
lator are SCD, the teleoperation system can achieve
ideal responses. However, fixed controllers have a
limitation in constructing SCD when the dynamic
parameters of the master /slave manipulator are un-
certain and vary with time. Thus, in this article, an
adaptive scheme is used to construct the SCD of
master /slave manipulators.

4. ADAPTIVE APPROACH FOR
CONSTRUCTING SCD

As mentioned previously, achieving the similar
closed-loop dynamic structure is advantageous for
obtaining transparency. In this section, an adaptive
approach is introduced to construct the SCD of
master /slave manipulators. The proposed adaptive
bilateral control scheme is different from the previ-
ous ones®'”!? in that our adaptive scheme is based
on the four-channel architecture without estimating
environment parameters.

To construct similar closed-loop dynamics for
the master and slave, we considered the parallel
form symmetric control structure as

Tm = 75(]7;Tq)mr&m - Km P _fm + Kfm(fm - kffa))
(27)

s =]5T(];T(Dsr&s - Ks s +fs + Kfs(fm/kf_fs))
(28)

where K,,, K, K;,, and K, are the positive defi-
nite diagonal feedback gain matrices and k; is a
force scaling factor.

To analyze the convergence of the sliding func-
tion to the sliding surface, let the sliding function be

@ = (%, —k, %)+ Ax, —k,x.)
+1<,/Ot(xm —k,x,) dt (29)
s = (x< - xm/kp) + A(xs - xm/kp)
t
+K, [ (x,=x,/k,) dt (30)
0
where
. . t
X, =k, — Mx, —k,x;) — Klfo(xm —k,x,)dt

X, =%x,/k,— Mx,—x,/k,) - K,ft( x,—x,,/k,) dt
0

kp is the position scaling factor, and A € R"*" and
K, € R"™" are positive constant diagonal matrices
which mean gains of error surface.
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There exist vectors a, € R"*!, a, € R**! with
components depending on the dynamics parameters
of the master /slave manipulator, and regressor ma-
trix!! @, € R"™", € R"** with components de-
pending on the signals of the master /slave manipu-
lator, such that

) +Cm r;ljcmr—'—Gm:q)mram (31)

;U
o
*dt

(J;'x, )+ CJ 4k, + G =d,a, (32)

Based on the unified dynamic model (1) and (2),
the update laws are

= _F ((D‘r]r;r]m 1¢m + WmT] 1Emw) (33)
= —T(®] ] e, + W 'E,,) (34)

where W,, and W, are the filtered version of ®,, and
®,, the regressor matrix. As a result,

w,(x,, %,)=

m

p . ..
) , X, 35
oY X X, %) (35)

A
W,(x,, ¥,) = ——®&(x,, %, ¥, (36)
S+ A °

p

E,, are the filtered prediction errors of

and Emw' sw
filtered inputs 7, and f,, as follows:

muw/’ sw/ fmw/

nlu) = ] T W a fmw (37)
:]s:TWs&s _];TTsw +fsw (38)

I', and TI', are constant positive definite learning
gain matrices.

5. STABILITY AND CONVERGENCE ANALYSIS

5.1. Convergence Analysis

By using the proposed adaptive bilateral controller,
the closed-loop dynamics of the master/slave ma-
nipulator become similar as follows:

U Hou T+ T Con T’ + T mdt(Iml) n
+] T(I) (OL m)+Km€Dm=Kfm(fm_kffs)
(39)

d
UTHIS D@+ | JICT T H U D e

+];T(Dsr(as - &s) + Ks¢s = Kfs(fm/kf_fs)

(40)

These closed-loop dynamics of the master /slave
manipulator are similar with ¢, = ~ P /k,. Sub-
tracting (40) by multiplying kK, K7 from (39)
gives

o Hon ) o + (Lfcm}m1 + ] Hy dt(Jml))
+],;T(Dmr(am_&m)+Km¢m
—Kmef:((]sTHs]sl)fpm
-T -1 -T 1
e 4T 0 o

k
+kPIgT(I)sr(as - &s) + Ks ¢n1) (41)

-t
k,

k
|:(] TH ]ml)+ Kmefﬁl(] TH] 1)

+ (LnTCmImlﬂmTHn (Iml))

' dt

k d
+k—fl<fml<;l(J;TCsI;1+I;THSE(I;1>) ¢
4

+ ]r;Tq)mr(am - &m)

+ kK, KT (6 — ) + K, 0,

k
+ k—fom K7'K,, =0 (42)

P

Consider the Lyapunov function candidate V
defined by

1 T
V= E(]7;1§Dm) Hm(]r;lgom)

kf 1 -1

—

anr,ta, + ——Falk,, K'T, 'a, (43)

S

N |
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where &, =&, —a, and &, = a, — a,. Differentiat-
ing V along trajectories of (42) gives

.1 T, -
— (11 — -1
V_ 2(]m (pm) (Hm Zcm)(]m QDm)

-1 T —1( 1] -1
+Ek_p(]s (Pm) Kmefs (Hs_zcs)(js gDm)

m

+ GDT?; ]_Tq)mr(im - kamestlls_Tcpsr&S

Koo - Sk ok
m Pm kp fm =N fs sPm
+a, L, 6, + kek,alK,, KT a, (44)

By using the skew-symmetric property of (H, —
2C,),(H, —2C,) and update lass (60), (61), differen-
tiation of V results in

- kfkp ‘PsTKfm Kjflesgos

—kek, &IW K, Ki 7T TW, G, (45)

And V=0 only when ¢,,d,, d, =0. That means
that V goes to zero until V = 0. Therefore, ¢, @,
&, > 0 as t - o that is, (x,, —k,x,) >0 as t > .

Since the position tracking and parameter esti-
mation errors become zero, force tracking error also
becomes zero from the similar closed-loop dynam-
ics (39) and (40).

Due to the similar closed-loop structure of the
master /slave manipulator, which is controlled by
the proposed adaptive bilateral controller,
position /force tracking is easily constructed.

5.2. Stability Analysis

For the stability analysis of a teleoperation system,
the whole system including operator, master /slave
manipulator, and environment is considered. Al-
though the control scheme is developed for a multi-
DOF case, stability only can be analyzed for one-
DOF cases. From now on, capital letters are used to
denote the Laplace transforms. For example, the
similar closed-loop dynamics (39) and (40) can be

represented as an impedance control structure as
Zon( X, —k, X,)
=kp(F, —kF) + Ak, X, — A, X, (46)
Z (X, —X,/k,)
ks (F,/k;—F)+B;X,,/k,— B, X, (47)
where
Zoyy =m,, s>+ (b, +m, A+k,)s
+ (b, A+k, A +k, k /s
Z.,=ms*+ (b, +mA+k,)s
+ (b A+ kA + Kk, k, /s 48)
A=a,,(s+Ns+da,,(s+A)
Ay =@, As+ &, A
B, =a,,(s+Ms+a,(s+1)
B, =a,,As +a A

In addition, environment and human dynamics can
be expressed as

F.=Z,X, F,=F,—Zy, X, (49)
where Z,=m,s* +b,s+k, Z
k

O

— 2
op = MopS™ + byps +

’ Substituting (49) into the closed-loop dynamics
(46) and (47), the closed-loop dynamics of the mas-
ter /slave sides are given by

(Zcm + kfmzop + AZ) Xm
+(kpyksZ, — Zok, — Ak, X, = kp, Fyy (50)
(kstop/kf_ ch/kp - Bl/kp)Xm
+(Zy +kpZ, + By) X, =k Fy /k,  (51)

Substituting E =X,, —k, X, into the master/slave
manipulator closed-loop dynamics (50) and (51), the
following results are obtained:

~(Zey +kpZop + ADE + kg, Fyy

X (52)

_ k((Z.+kpZ,+ B)E +kpk, F,p 53)
(kpukeZ, +kppk,Zo, +keBy = k;By)

Since all the coefficients of Z, and Z,, are positive,
stability depends on the coefficients of A, — A, and
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B, — B;. The coefficients are the parameter estima-
tion errors as follows:

A, — A, =(m,, —i,)s* + (b, )s  (54)

_l;m
B, — B, = (m,—1i1)s*+ (b,—b,)s (55)

Thus, if the parameters are underestimAated, that is,
m,, >m,, b,>b,, m,>m, and b,>Db, the pro-
posed controller is stable. The underestimated val-
ues give the intervening impedance effects’ to the
master /slave dynamics; thus the teleoperation sys-
tem can preserve stability. However, there are sta-
bility margins that depend on the operator and
environment impedance, even though the parame-
ters are overestimated. The adaptive rules for which
the stability is always guaranteed remain areas open
to further study.

6. EXPERIMENTAL RESULTS

Figure 2 shows the teleoperation experimental setup
used to verify the proposed control scheme. The
experimental setup consists of a one-axis master
handle and a one-axis slave link driven by Maxon
BLDC motors EC118889 with 4000 pulse encoders.
A planetary gearhead with a 23:1 ratio is used to
increase the master and slave torques. Two strain
gages are attached to the surface of each master and
slave link which are composed of an aluminum bar
of 2 mm X 15 mm X 140 mm to measure the opera-
tor and contact forces. The encoder signals and the
amplified strain gage signals are transferred to a PC
with a Pentium PRO-200 CPU board running the

Figure 2. One-DOF master (right) and slave (left) manip-
ulator for teleoperation. Strain gage bridge is attached to
the arms to measure the interaction forces.

ONX real-time operating system, via encoder and
12-bit A /D board, respectively. Through the 12-bit
D/A board mounted on the PC, torque commands
are transferred to each servo controller of the
motors.

The control parameters are chosen as follows:

k,, = 0.005 k,=0.02 A =30 k, =60
A, =100 k=1 kp=0.6
_r_|1le—10 0
r,=T. [ ; 0]

The high sampling frequency of 1 kHz is used
to calculate (27), (28), while the low sampling fre-
quency of 100 Hz is used to calculate (33)—(38).

In the experiment, the operator pulls and pushes
the master lever so that the slave makes three con-
tacts with an environment of approximate stiffness
55,000 (N /m).

For the comparison, an experiment is performed
with a non-SCD structure. The conventional adap-
tive bilateral controller is used to make the slave
track the master command under any uncertain
environments. In this adaptive scheme, the environ-
ment impedance is incorporated into the slave
impedance, and the combined uncertainty parame-
ters are estimated. This inclusion of the environ-
ment impedance removes the interaction force (F,)
in the closed loop dynamics of the slave. Thus, the
SCD structure cannot be achieved anymore. For the
master, the inertia and damping are canceled with
estimated values, and force feedforward and posi-
tion-PD control of the master is applied to transmit
the slave force ideally. The controller gains are opti-
mally tuned. Figure 3 illustrates the position and
force tracking performance of the mentioned adap-
tive bilateral controller. There is a significant amount
of error in position and force tracking in the contact
regime. Since the impedance estimator in the adap-
tive controller is not fast enough, the transmitted
force to the operator increases slowly compared to
the actual contact force, and the slave cannot follow
the master’s command. Figure 4 shows the transmit-
ted stiffness to the operator and the slave during the
contact. The transmitted stiffness to the operator
seems to be the filtered one of the slave. Thus, the
operator feels filtered environment impedance.

In contrast, the proposed controller shows ex-
cellent position and force tracking performance,
(Fig. 5). Position and force error is significantly
reduced compared to that of the non-SCD structure,
as shown in Fig. 3. Unlike the previous adaptive
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Figure 3. Experimental results: position and force track-
ing response with non-SCD control structure. System ex-
hibits significant position and force error during the re-
peated contact and separation with an environment of
approximate stiffness 55,000 (N /m).

scheme, the proposed one increases the position/
force tracking performance during the contact, since
it has been designed to guarantee the ideal response
without estimating the environment impedance. The
transmitted force to the operator matches well with
the actual contact force, and the slave follows the
master with small error. The operator feels almost
an equivalent stiffness to what the slave feels in Fig.
6. As a result, undistorted environment impedance
is transmitted to the operator in the intermittent
contact.

Figure 7 illustrates experimental results on posi-
tion and force tracking with arbitrary scaling. Scal-
ing parameters are k, =2 and k;=1.5. Independent
of the scaling, the tracking results for both position
and force are excellent. In this case, the operator
feels the scaled down (1.5/2.0) environment
impedance (Fig. 8).
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Figure 4. Comparison of the transmitted stiffness to the
operator with the stiffness that the slave feels with the
experimental results of Figure 3. The operator feels fil-
tered environment impedance.

In contrast to other adaptive approaches, the
proposed control scheme does not use the human
and environment impedances; instead, it just esti-
mates the master and slave dynamic parameters to
obtain ideal response by making the master and
slave closed-loop dynamics similar. Therefore, the
proposed control scheme can give ideal response to
teleoperation systems, without efforts of estimating
the human and environmental impedances.

7. CONCLUSIONS

A novel adaptive bilateral control scheme is pro-
posed to obtain the ideal responses for uncertain
teleoperation systems. The proposed bilateral con-
troller uses similar closed-loop dynamic characteris-
tics, which are the structural properties that the
successful bilateral controllers had in common. The
adaptive approach is used to achieve the similar
closed-loop dynamics for master and slave manipu-
lators with uncertainties. Since the proposed bilat-
eral controller does not estimate the human and
environment parameters, but just estimates the
master and slave dynamic parameters only, the dif-
ficulties encountered in developing environment
impedance estimators that converge fast enough for
contact tasks are removed. Due to the similarity, the
convergence and stability properties of the position
and force are proved easily. Through the experi-
ment, the performance of the proposed bilateral
control scheme is demonstrated. Although the sta-
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Figure 5. Experimental results: position and force track-
ing response with the proposed SCD control structure.
Position and force tracking performance is increased with
the same task as in Figure 3.
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Figure 6. Comparison of the transmitted stiffness to the
operator with the stiffness that the slave feels with the
experimental results of Figure 5. The operator feels an
almost equivalent impedance to what the slave feels.
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Figure 7. Experimental results: scaled teleoperation with
the proposed controller. Transmitted position to the slave
is scaled down 0.5 times, and transmitted force to the
master is magnified 1.5 times. Position and force tracking
performance is also excellent with the same tack as in
Figure 5.
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Figure 8. Comparison of the transmitted stiffness to the
operator with the stiffness that the slave feels with the
experimental results of Figure 7. The operator feels scaled
down (1.5/2.0) impedance to what the slave feels.
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bility can be proved only for a one-DOF case, the
proposed control scheme can guarantee ideal re-
sponse for fully nonlinear dynamics of master /slave
manipulators.
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