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Abstract

In this paper, an adaptive motion/force control based
approach 1s proposed to control bilateral teleoperation
systems under both position and rate control with ar-
bitrary motion/force scaling. The master and the slave
are treated separately, and are subject to independent
adaptive motion/force control. A model of the human
operator 1s incorporated into the dynamics of the master
robot, while a model of the environment is incorporated
wnto the dynamics of the slave robot. Lo and L., stability
is guaranteed for both position/velocity tracking between
the master/slave robots. The overall teleoperation sys-
tem s equivalent to a free-floating mass plus a linear
damper specified by the control and scaling parameters
only. This approach possesses three features compared to
previous teleoperation approaches: a) it is Ly and Lo
stability guaranteed with motion/force tracking capabil-
ity, b) it can handle parameter uncertainties by applying
independent parameter adaptation, and c) it takes into
account the full nonlinear dynamics of the master/slave
robots. The validity of the theoretical results are verified
by experiments.

1 Introduction

Teleoperated control has been extensively studied,
motivated by a large variety of applications [1], rang-
ing from nuclear operations and space explorations to
forestry-related tasks and medical applications. Teleop-
eration can extend a human’s operation to a remote site
or can enhance a person’s capability to handle both the
macro and the micro world. The goal of teleoperation is
to let the slave track the motion of a human-controlled
master and let the human operator have a precise per-
ception with force feedback from the slave.

A typical teleoperation system consists of a master
manipulator, a slave manipulator, the human operator,
and the operated environment. Hannaford [2] proposed
a two-port model based on circuit theory. Ideal trans-

fer functions are presented and the system deviation
from the ideal response is suggested to be due to the
inadequate cancellation of the mechanism impedances.
Kosuge et al. [3] proposed an approach to control a
single-master and multi-slave manipulator system by us-
ing a wvirtual wnternal model. This approach is based
on the complete cancellation of robot dynamics. An-
derson and Spong [4] addressed the time delay issue in
maintaining stability for bilateral teleoperation. They
used scattering operators to design a controller in such
a way that stability is guaranteed with strictly passive
operators and environments. Although asymptotic sta-
bility is ensured [5], no motion/force tracking is pro-
vided. Therefore, this scheme may result in poor trans-
parency [6]. Lawrence [6] indicated the conflicting is-
sues between stability and transparency and proposed
a unified four-channel control structure. Perfect trans-
parency with ideal kinesthetic feedback was achieved in
[7] provided that the master/slave manipulators are with
known dynamic parameters and with measurable accel-
erations. Colgate [8] proposed an impedance shaping
control scheme to deal with different impedance and dif-
ferent geometric scales between the task and the human
operator. Robustness criteria were discussed to ensure
stability for passive operators and environments.

Unlike the schemes mentioned above, the novel tele-
operation controller presented in this paper does not
use the two-port model. Instead, the master robot and
the slave robot are treated separately, and are subject
to independent adaptive motion/force control. L, and
L, stability is guaranteed for motion tracking between
the master/slave robots. The overall teleoperation sys-
tem behaves as a free-floating mass plus a linear damper
specified by the control and scaling parameters only.
In Section 2, the adaptive control of each master/slave
robot controller is presented. Section 3 proposes a bi-
lateral teleoperation design method. A block diagram
representation is given in Section 4. Section 5 demon-
strates the experimental results. Finally, conclusions are
drawn in Section 6.



2  Adaptive Motion/Force
Control of Master/Slave

Robots
A. Dynamics

Based on the wvirtual decomposition concept [9], the
dynamics of each master/slave robot can be formulated
from the human/environment dynamics, the rigid link
dynamics, and the joint dynamics.

The dynamics of the human operator (y = h) or the
environment (y = e) are assumed to be second-order
linear models

Mv'vv‘i‘Dv(t)'Vv‘i‘Kv(t)'H:fv_}-: (1)

where M., D,(t), and K, (t) are 6 x § positive-definite
matrices associated with inertia, damping, and stiff-
ness, respectively. Note that D.(t), and K,(t) can be
time-variant, but A, > 0 is time-invariant. e, de-
notes the deformation. F, denotes the force/moment
applied form the master/slave robot toward the hu-
man operator/environment. 7 denotes the exogenous
force/moment generated by the operator and the envi-
ronment. In this paper, we assume

17 < an (2)
Foo=0 (3)

Without loss of generality, assume that the manipula-
tor possesses six rigid links connected by six joints num-
bered from 1 to 6 sequentially. Joint j connects link j—1
with link j. Link 6 is connected with the environment or
the human operator. Six frames L;, j =1,2,---,6, are
each fixed to link j with their z axis coincident with the
jth joint. Meanwhile, a coordinate frame O is attached
to the human operator or attached to the environment.

The dynamics of link j can be written as

M, (V)4 Co, BV G =B E )
where My, € REx6, Cr; € R8%6 and Gr; € RS can
be found in [9]. Note that My, is constant and C7,
is skew-symmetric. L7V € R® denotes a generalized lin-
ear/angular velocity of frame L;, expressed in frame L;.
LiF € RS denotes the exerting force/moment from link
j — 1 toward link j, measured and expressed in frame
L. LiF" denotes the net force/moment of link j, and is
governed by

Lip =Li p _Li UL Litvp (5)

with
bip=9F="F, (6)

LjULj+1 € R5%5 denotes a force/moment transformation
matrix which transforms a force/moment measured and
expressed in frame L; 4, to that measured and expressed
in frame ;. Note that the frame L is identical to the
frame O.

The dynamics of joint j is

o+ &) +dj=m—2] B F (7)

where I7 € R is the equivalent rotational inertia, £;(t) €
R is the frictional force/torque, and d; € R denotes
a constant uncertainty. 7; € R is the joint control
force/torque. Z; = [0 0 1 0 0 0]” for a prismatic joint
and Z; = [00 000 1]7 for a revolute joint. ¢; € R
denotes the jth joint velocity, which is governed by

by =t U B+ 2y g (8)

Note that by setting ¢; = 0, (8) gives the velocity trans-
formation within a rigid body. It follows that

v, =0V =teud Loy (9)

In view of (1)-(9), the dynamics of the master/slave
robot incorporating the operator/environment is writ-
ten as

T" M- Ty V(TP C-THTT - M-T)-V,

+77G=J" 1712 (10)
S T e R
M = diag{I}, -, 1Z, Mp,, -, Mp,, My} € RA8x48
¢ = diag{0,---,0,Cr,,---,Cr,,0} € R¥x48
G = (&) +di), -, (Es(t) +de), GT, -, GT.,
(D (t) - Vy + K4 (2) '€v+)T]T c R4
T = q).li_l c Ri8x6
J o= [Pz LUl oz LT . 75 ] € ROX®
_ .
24
¢ = LIULTQ ! 23 € R42x6
Lyl oz, LUf Zy - Zg

J 1s invertible. M > 0 1s constant and C is skew-

symmetric.

B. Adaptive Motion/Force Control

Based on the unified dynamic model (10), the control
law 1s designed as

T =

S L B A A )

+ayp -sign(Vyg — Vy — A~ F,) (11)



where V,q € R® denotes a given command. K € R%*S
is a positive-definite feedback gain matrix. A € R®x®
in (11) is a diagonal positive-definite matrix with small
elements. 7?7 € RS denotes a filtered force governed by

Fy+C Fy=CF, (12)

where C' € R5%5 is a diagonal positive-definite matrix.
P denotes the estimate of parameters P in the linear
regression
VP=M- —A-FNHC-T-Vya—A-F)+G

(13)
The block diagonal property of M and C makes Y block
diagonal. The control law (11) requires measured veloc-
ity V, and force F, (see (12)).

In order to deal with parameter uncertainties, a de-

d
E [T' (Vvd

centralized parameter adaptation is proposed as

P = pi-Ki- S (14)
=V T - WVya—Vy—A-F)
0 P; <P and s; <0
kp =14 0 ﬁiZPf’andsiZO

1 otherwise

where p; > 01s the update gain for the ¢th parameter P;.

Y; denotes the ith column of Y, and P;” and 7727" denote

lower and upper bounds on P;. Because P; € [P;, 7727"],
it follows from (14) that

(Pi = Pi) - (si = Pi/pi) <0 (15)

The parameter adaptation (14) can be performed with

respect to each parameter independently. In view of

i = yl.T(j) -T - Vy, (11), and (14), the estimate of d;

defined in (7) obeys d = pi(j fo q]d qj)dt, where p;;)
is a big positive constant. ThlS is a strong integral of
the joint velocity error and leads to zero steady-state
velocity error.

A non-negative function is chosen as

1

Vo= 5 O = A E)T T M T
(Vvd_Vv_A'fv)
+Y (Pi=Pi)’/pi (16)
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It follows from (10), (11), and (15) that

€Wy~ AT K VY, — A (17

It gives Lo and Lo, stability with
(Vya = Vy

—A-F,) € Ly ) Leo (18)

Equ. (18) guarantees that a combination of velocity
and filtered force V, — A - ]j"v approached the reference
Vya with Ly and Lo, stability. Each parameter is up-
dated within its lower and upper bounds independently
through (14). But, there is no guarantee for parameters
convergence.

3 Bilateral Teleoperation

Previous experiments have shown that the proposed
adaptive motion/force control has excellent stability and
motion/force tracking capability. In [10], conventional
industrial robots perform very delicate operations using
this controller. In this section, we apply it to teleopera-
tion by designing suitable input signals V.4 for both the
master (v = h) and the slave (y = e).

(18) can be rewritten as

pe = (Vea—Ve—A-F)€Ls( Lo (19)
T (Vhd_vh_A'ﬁh)ELzﬂLoo (20)
The teleoperation controller is written as
Vea = #p-Vh+X-(rp-Pp—0-Pe)
—A-kp - Fi (21)
Vie = — B 4X-0Pe—ny )
—AFo+ =) Bl (22)

where Pp, and P, denote the master and slave positions,
respectively (Ph =V, P = Ve). kp and k¢ denote the
motion scaling and the force scaling, respectively. ¢ is
a binary selection function between position-force mode
and rate-force mode, and is defined as

5 — 1 position/force mode
“ | 0 rate/force mode

(23)

A > 0 is a control parameter.

Vi, Ve, Pn, and P. are obtained by

Vit C Yy = OV (24)
Vet O Ve = C-V. (25)
PutC-Py = C-P, (26)
PetC-P. = C-P. 27)

Remark 1: The teleoperation design (21) and (22) makes
Vhd and Ved functions of Vg, V., F, and F., in terms
of (11), (12), (24), and (25). Therefore, no acceleration
measurement is required.



Substituting (21) and (22) into (19) and (20), and

doing summation and subtraction yield

/fp~]>h—]~}e+/\~[ﬁp~75h—5~7se]

Pe = Kp Ph =

—I—pr~Vh—Ve

A [kp - Pr—3d-Pe] (28)
Pe-l-ffp'Ph = ij'(]}h_vh)‘i‘]}fi_ve

XKy (P =Pu)+38- X (P.—P.)
—2- A (Fe+rs - Fn) (29)

A lemma is introduced as follows
Lemma 1: Suppose & + ¢- 2 € La() Loo, where ¢ is a
constant, it follows that # € La () Leo and @ € Lo Leo-
VvV
The proof is immediate by using fot &-zdt > —% -z2(0)2.
Let

X2k, V=Vt A [r, -Pr—6-PJ (30
(28) can be rewritten as
X4 X =p.—kp pa (31)
where N R
XY+c.-x=0Cc-x (32)

Substituting (32) into (31) and using Lemma 1 yield
Xe Lo Lo, Xe L2 L, and further

X €Ly ) Leo (33)

In the case of position-force control (& = 1), it follows

from (30), (33), and Lemma 1 that

ppéﬁp'vh_ve S LZﬂLoo
Kp Ph—Pe € Lof)Leo

(34) and (35) guarantee Ly stability for both velocity
and position tracking.

In the case of rate-force control (& = 0), the slave
velocity is controlled by the master position, while the
master has the force feedback from the slave. It follows
from (30) that

prZhp Vit Xk Ph—Ve € Lo JLoo  (36)

The velocity of the slave V. tracks the position of the
master P, with gain A - &,.

Premultiplying (C~1- s+ Is) to both sides of (29) and
using (12), (25), and (24) yield

—(Fe +ry - Fn)
1
= 5~A_1{C'_1~[(5—|—/\)~f€p~Vh—|—(5—|—5~/\)~Ve]

HCT s 1s) - (pe +rp - pn)} (37)

where s denotes the Laplace derivative operator. In view

of (34) and (36), (37) can be rewritten as
—(Fot by Fr)= AL C7 (54 N) &, .vh+§ (38)

where

AT (=6 C7 (s A) - pp
_(1_6).0_1.5.pr
+(C_1'5+I6)'(ps+“p'pm)]

p =

It follows that

—Fp= EATL O (s A) Vs 4+ i}"e—l— L (39)
Ry Ry 2- Ry
Remark 2: This equation gives transparency of the
whole teleoperation system. The term in the left
hand side denotes the force from the operator toward
the master. The first term in the right hand side
indicates that the teleoperation system behaves as a
free-floating mass plus a linear damper. The equivalent
mass (kp/kf)A7C™! and damping (k,/k;)A7TCIA
parameters are completely specified by the control and
scaling parameters, and not by the system parameters.
The second term in the right hand side denotes the
contribution of the operator force to the task execution.
The last term in the right hand side is an error term
containing derivatives of functions in Ls. The results
of bilateral teleoperation control in both position-force
mode and rate-force mode can be summarized into the
following theorem:
Theorem 1: For a bilateral teleoperated system in
which both the master and the slave are subject to
independent adaptive motion/force control and obey
(19) and (20), applying the teleoperation controller
design (21) and (22) results in:
a) asymptotic motion (velocity/position) tracking (34)
and (35) under position-force mode and (36) under
rate-force mode;
b) an overall teleoperation system equivalent to a
free-floating mass plus a linear damper. The mass and
the damping matrices are completely specified by the
control and scaling parameters (k,/k;)A7'C~! and
(kp/k)ATLC =LA, respectively.
VvV

4 Block Diagram Representation

A block diagram of 1-DOF teleoperation system with
the control laws (11), (21), and (22) is illustrated in Fig.
5, where

P
"= lcm+—f—(bh+?h) (40)
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M™ and M? denote the masses of the master and the
slave, respectively. K7* and K" denote the PD feedback
gains for the master, while £f and K* denote the PD
feedback gains for the slave.

Assume that the parameter uncertainties are com-
pletely compensated by parameter adaptation. By
defining F™ = Fp, V" =V, F° = Fe, V' = Ve,
Fn =2, V™ and F* = Z, - V*, it follows from Fig. b
that

s+ A AC m
(/{p. 5 +K:f S_i_—CZh) V
(s +dA)C AC s
_ SZ. ) -
(5(5—1—0) s+ C 4 (50)
<5+(5/\+ AC ~Ze)~Vs
s s+ C
B (s +A)C AC m
= (ij 75(5—1—0) Ky P! Z, ) V™ (51)

Changing the sides of (51) and doing summation with
(50) yield

(s+d- 0V =(s+A) -k, V" (52)
This equation is consistent with (34)-(36).
Meanwhile, multiplying (50) by (51) results in
Kp S+A K s+ A
_Z, = L. - .z
h Kf A~C’+/-ff s+4d-A (53)

This equation is consistent with (39). —Z, = —F™ /Y™
denotes the impedance of the teleoperation system
viewed from the operator site. The first term in the

right hand side indicates that the teleoperation system
A

A0 while

Bp 1 Ep .
behaves as a mass R A plus a damper =

the second term in the right hand side represents the
environment impedance reflected to the operator site.
When in position-force mode, where § = 1, the sec-
ond term in the right hand side becomes (kp/kf) - Ze,
i.e. the impedance of the environment reflected to the
master through motion/force scaling. When in rate-
force mode, where § = 0, it becomes Z—;’ . % - Ze, A
special impedance in rate-force mode. Transparency in
rate-force mode is still maintained for high frequencies,
but not for low frequencies. The switch-off frequency
is A/2m. The transparency error in both position-force
and rate-force modes is completely characterized by the
first term in the right hand side, which is independent
of the control modes used.

The structure of the block diagram is similar to
Lawrence’s four-channel structure [6]. However, the
principle for designing these communication channels
1s different. The communication channels C; to C4 in
Lawrence’s approach perform inverse dynamic control.
C to (4 are designed to cancel the dynamics of the mas-
ter and slave robots so as to achieve a perfectly trans-
parent block. However, inverse dynamic control behaves
as open loop control which 1s very sensitive to uncertain-
ties. Therefore, a small time delay and any dynamic un-
certainty, such as joint friction, may deteriorate system
performance and even cause instability. In the proposed
approach, the master together with the operator, and
the slave together with the environment, are treated as
two separate blocks. Each block is subject to indepen-
dent adaptive motion/force control. Therefore, the un-
certainties in each block are well compensated by strong
feedback control together with parameter adaptation.
Compared to Fig. 2 in [6], there are two additional lo-
cal force feedback loops in Fig. 5 formed by Z—z -G and
G5, respectively, to enhance force control ability. The
communication channels only perform natural commu-
nication tasks which transform the motion/force infor-
mation from the master toward the slave and from the
slave toward the master. Therefore, it is robust against
uncertainties including time delay. This feature pro-
duces excellent motion (position/velocity) tracking and
very good force tracking. The force tracking accuracy
can be further improved by using a large force scaling
k¢. This type of motion/force tracking is novel and is
not presented in previous stability guaranteed designs,
such as [4].

5 Experiments

The experimental set-up consists of an one-axis mas-
ter and an one-axis slave driven by MAXON Motors RE
035-071 with 4,000 pulse encoders. A planetary gear-
head with 10:1 ratio and a harmonic drive with 50:1



ratio are put on the master site and on the slave site,
respectively, to increase torques. Two force sensors UFS
3012A25 U560 by JR? Inc. are used at the end-effectors
of both the master and the slave. The distances be-
tween the centers of force sensors to the motor driving
axes are 6bmm for the master and 132mm for the slave,
respectively. A handle for the operator 1s mounted on
the force sensor of the master. An aluminum bar of
2bmm diameter is fixed to the common base of the mas-
ter/slave robots. Soft tissues; e.g. human hand, are put
between the aluminum bar and the slave to simulate a
soft contact environment. The friction forces reflected
at the end-effectors of the master and slave robots are of
the order of 0.4N and 6.0N, respectively. The feedback
gains in (11) are set as K = 80.0 for the master and
K = 800.0 for the slave. The control system is running
with two sampling frequencies on a SPARC 1E VME
board by FORCE COMPUTERS Inc. using the Vx-
Works operating system. The high sampling frequency
of 500Hz is used to calculate (11), (21), and (22), while
the low sampling frequency of 100Hz is used to calculate
(12), (14), and (24)-(27). Some experimental results are
illustrated from Fig. 1 to Fig. 4. In these figures, solid
lines represent the scaled motion/forces of the master
and dashed lines represent the exact motion/forces of
the slave.

Figs. 1 and 2 illustrate experimental results on po-
sition tracking and force tracking, respectively, under
position-force teleoperation. The system starts with free
motion and makes contact with the environment just
after ¢ = 6.2s. Scaling parameters are x, = 1.0 and
k; = 2.0. Control parameters are A = 0.002, ¢' = 50.0,
and A = 1.0. The tracking results for both position and
force are very good. The large force error in free mo-
tion results from the fact that the teleoperation system
behaves as a mass plus a damper.

Figs. 3 and 4 illustrate experimental results on veloc-
ity tracking and force tracking, respectively, under rate-
force teleoperation. Scaling parameters are x, = 1.0,
A = 10.0, ks = 2.0 and control parameters are A =
0.002, C = 50.0. The tracking performance for both
velocity and force is also very good. Fig. 3 shows the
velocity tracking error, Note that the solid line denotes
a combination of velocity and position of the master, i.e.
Vi, + APp. The noise spikes in Fig. 3 result from the
velocity recording which is derived from encoder read-
ing. Since 500Hz sampling frequency is used for feed-
back control, these noise spikes are actually 500 times
encoder resolution. The system feels very stable.

6 Conclusion

In this paper, a novel controller design has been pro-

posed for bilateral teleoperation under both position and
rate control modes with arbitrary motion/force scaling.
No acceleration measurement is required. Compared to
previous teleoperation controllers, this approach pos-
sesses three novel features: First, it is always Lo and
L, stability guaranteed so as to provide a solid basis for
achieving good transparency. The overall master/slave
teleoperated system is equivalent to a free-floating mass
plus a linear damper specified by the control and scal-
ing parameters, which allows asymptotic motion track-
ing and force tracking. Second, system uncertainties
are well compensated by applying independent parame-
ter adaptation and strong feedback control. Third, the
control design assumes nonlinear dynamic models of the
robots incorporating the human operator and the envi-
ronment. Benefitting from using the wvirtual decomposi-
tion approach, only the dynamics of rigid links and the
dynamics of joints are required to construct the dynam-
ics of the master/slave robots. Experiments have shown
excellent results in motion tracking and very good re-
sults in force tracking.
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