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Position and Force Tracking in Nonlinear
Teleoperation Systems under Varying Delays

Farzad Hashemzadeh™®, Mahdi Tavakoli”

Abstract: In this paper, a novel control scheme is proposed to
guarantee position and force tracking in nonlinear
teleoperation systems subject to varying communication
delays. Stability and tracking performance of the teleoperation
system are proved using a proposed Lyapunov-Krasovskii
functional. To show its effectiveness, the teleoperation
controller is simulated on a pair of planar 2-DOF robots and
experimented on a pair of 3-DOF PHANToM Premium 1.5A
robots connected via a communication channel with time-
varying delays. Both the planar robots in simulations and the

PHANToM robots in experiments possess nonlinear dynamics.

Keywords: Nonlinear teleoperation, time-varying time
delay, Lyapunov-Krasovskii functional, force and

position tracking.

I. INTRODUCTION

SING a teleoperation system, a human operator
Ucontrols a local robot in order to carry out tasks in a

remote environment via a remote robot. Applications
of telerobotic systems vary from telesurgery to space
manipulation. The operator’s task performance in

teleoperation is greatly enhanced if haptic feedback about

interaction occurring between the remote robot and the
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remote environment is provided to the human operator
through the local robot. Such teleoperation systems are
called bilateral as information flows in two directions

between the operator and the remote environment.

In telerobotic applications with a distance between the
local and remote robots, there will be a time delay in the
communication channel of the system. This delay can
destabilize the telerobotic system [1]. In practice, the
communication delay can be time varying and asymmetric
in forward and backward paths between the operator and
the remote environment. Clearly, this time-varying
asymmetric delay requires appropriate compensation to
ensure the stability and tracking performance of the

teleoperation system.

In most of previous schemes for compensation of time-
varying delays in nonlinear teleoperation, the delay’s rate of
change T is required to be less than or equal to one. For
example, in [2], it is tried to generalize the scattering
approach to the case of time-varying delay by adding a
varying gain f(t) in the communication channel that
satisfies in f2 < 1 — T. In [3], where a PD like controller is

considered, a gain for the velocity signals is selected to be

equal to v 1 — T, again requiring T to be no greater than

one. Although PD like controllers guarantee asymptotic
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stability of the velocities and the position error and are

robust to the value of the delay T, their stability conditions

are T-dependent due to the variable gain V1 —T. The
limitation T < 1 is highly restrictive in practice as T may
take on values greater than one. In fact, in most practical
applications of teleoperation systems, the communication
delays comprise of processing delays, transmission delays,
propagation delays, and queuing delays [4]. Since the
processing and queuing delays have a stochastic nature,
their rates of change can exceed unity. Thus, it is desirable
to have a control scheme that lets T have any bounded value

(positive or negative).

In addition to requiring the unity upper limit on the value
of T in the previously-mentioned control schemes, some of
them also require the value of T, which is not always
known in practice [2], [3]. However, it is preferred to have

a control scheme that rids of the value of T at all.

Besides imposing either or both of the above-mentioned
restrictions in terms of the upper bound on T and
knowledge of the value of T, some of past control schemes
only ensure position tracking between the local and the
remote robots. However, in addition to position tracking,
the tracking error between the human/local robot interaction
and the environment/remote robot interactions needs to
converge to zero for the nonlinear teleoperation system to
be transparent. There are control schemes in the literature
that lift the limitations on the maximum value of T but only
address the position tracking problem [5], [6]. On the other

hand, several past papers have ensured both position and

force tracking, but still have some of the above-mentioned
limitations. For instance, in [7], [8] and [9], controllers are
proposed for force and position tracking in a nonlinear
teleoperation system, but the only work for slowly-varying
delays satisfying T < 1. Other control methods that ensure
both position and force tracking are either for non-delayed
nonlinear teleoperation or for delayed linear teleoperation.
A brief overview of delay compensation methods for linear

systems is provided next.

Adaptive control for position and force tracking in
telerobotic systems without any delay in the communication
channel has been addressed in [10]. In [11], a delay-
dependent controller is proposed for force and position
tracking in constant-delay teleoperation. An adaptive
controller for position and force tracking in linear
telerobotic systems is studied in [12]. In [13], position and
force tracking is ensured for linear delayed teleoperation

systems.

From a practical point of view, it is desirable that the
teleoperation controller compensates for time-varying
asymmetric delays, without delay inquiry, works for any
value of delay, without the delay’s rate of variation (T)
inquiry, works for any rate of variation of delay, is able to
ensure the asymptotic tracking of both positions and forces,
and is applicable to nonlinear multi-DOF local and remote

robots.

In this paper, a new controller is proposed to guarantee
asymptotic position and force tracking in network-based

nonlinear teleoperation systems. The network is modeled as



a pair of time-varying and asymmetric delays with no
restriction on their rates of variation. It is only assumed that
time delays and their derivatives are bounded and the upper
bounds on time delays are known. The teleoperation system
stability conditions are studied and asymptotic tracking of
position and force is explored. Simulation results with two
planar 2-DOF robot and experimental results involving two
3-DOF PHANToM robots show the efficiency of the
proposed method in terms of force/position tracking
performance under varying delays with different rates of

change.

This paper is organized as follows. Section II states the
problem while the main contributions are presented in
Section III. In Section IV, simulation and experimental
results are provided followed by the conclusions in Section

V.

Notation. We denote the set of real numbers by R =
(—o0, ), the set of positive real numbers by R, = (0, ),
and the set of nonnegative real numbers by Ry, = [0, o).
Also, |X| and |X|, stand for the Euclidian co-norm and 2-
norm of a vector XeR™. The L., and £, norms of a time

function f:Ryg = R" are shown as

1fllze = supeommll Ol and [fllz2 = ([CNF@l:2dE)
respectively. The L., and £, spaces are defined as the sets
{f: Reo = R™, lIf llzeo < +o0} and {f:Rso = R™ |Ifllz2 <
+o0}, respectively. For simplicity, we refer to ||f|l e as
[Ifllo and to [If|lz2 as lIf]lz. We also simplify the notation

lim;_ f(t) =0to f(t) - 0.

II. PROBLEM STATEMENT

Consider the local (master) and remote (slave) robots

with the following nonlinear dynamics:

M (@ (D) im () + Con(Gm (D), G (©))dm + g (am (D)) =

T (8) = T (8)

M;(a5(0)iis () + Cs(a5(0), 45(0))ds(®) + g5(a5(®)) =

T5(t) — T (t) ey
Here, q;, ¢; and §; eR™? for ie{m,s} are the joint

positions, velocities and accelerations of the master and

slave robots, respectively. Also, M;(q;(t)) € R™™ and,

Ci(q;(t),q;(t)) e R™™ and g(q;(t)) € R™* are the inertia

matrix, the Coriolis/centrifugal matrix, and the gravitational

vector, respectively. Lastly, 7,, and t; € R™*! are control

torques for the master and slave robots, and 7, and 7,

€ R™1 are torques applied by the human operator and the

environment, respectively.

Important properties of the above nonlinear dynamic

model, which will be used in this paper, are [14],[15]:

e For a manipulator with revolute joints, the inertia matrix
M;(q;) is symmetric positive-definite and has the

following upper and lower bounds:

0 < Amin (M;(q:(0))] < Mi(q; (1)) < Aax(M;(qi (D)) < oo

where IeR™" is the identity matrix.

e For a manipulator, the relation between the
Coriolis/centrifugal and the inertia matrices is as follows:
M(q:(£)) = Ci(qi(8), 4:(®) + €, (q: (), 4 (t)

This is equivalent to M;(q;(t)) — 2C;(q;(t), g;(t)) being

skew—symmetric.



e For a manipulator with revolute joints, there exists a
positive # bounding the Coriolis/centrifugal term as

follows:

1€ (q: (0, x(©)y@®ll2 < nllx®Olllly©ll2

¢ The time derivative of C;(q;(t), q;(t)) is bounded if ¢;(t)

and ¢;(t) are bounded.

III. MAIN CONTRIBUTIONS

In this paper, a P+D controller that incorporates gravity
and environment force compensation is used for the slave
robot. For the master robot, a P+D controller with gravity
and human force compensation and a term representing the

force error is used. We choose

() = K (6) + Py (0m () — a5t = T2(0))) =
9 (0,,0) +

(sgn(4m(®) + &) (za(6) = 7e(t - Tz(t)))T () -
T (t - Tz(t))) +7,(1)

Ts(t) == SQS(t) - F (QS(t) - qm(tL -T; (t))) + gs(qs(t)) +

T () @)

Here, ¢ is a vector with small positive elements (i.e.
g=¢&==¢g,>0)and 0 < |¢], K 1, K,;, and K; are
velocity gains and P,, and P, are position gains, T; (t) is the
time delay from the master to the slave while T,(t) is the
time delay in the opposite direction, sgn(.) is the sign
function, Timax = SW-ocrer [1(T) and  Topax =

SUP_co<r<t TZ (T) AlSO, Km - (Tlmax + TZmax)I and

Ks — (Tymax + Tomax )] are positive-definite matrices.

In the following, we present two theorems that study the
teleoperation system stability and the asymptotic

convergence of force and position tracking errors.

Theorem I:. In the bilateral tele-manipulator (1) with
controller (2), the velocities ¢,, and ¢, and position error

qm — qs are bounded for any bounded T; (t), T, (t).
Proof: Let us define a Lyapunov function V(t) as

V() = V() + Vo () + V5(t) + V,(t)
where

1 1P, . .
Va(©) = 53R OMp(am(©)m(®) + 374 OM,(450)d5(©

1
V2(t) = 5 P (@m (£) = 45 ()7 (@m (£) = 45(6))

0 t
no=[ | dmamanay
—Timax “t+Y
0 t
+ f f 4T mas(m)dn dy
—Tomax /t+y

t
Vi(t) = f @5 O(s9n(dm(®) + ) (2 — 7o (t - T,®))
0

(7a(®) = 7ot = To(0)) Dt 3)
Using property II in Section II, the time derivative of V, (t)

can be written as
V1) = =4 (@ gm(qm () + 4 ®)Tr(t) = G ()T (t) —

B (47 (095(a5(©) = 4T (O7,(0) + T (O75(0)) )
Also, the time derivatives of V,(t) is given by
Va() = P (®) (am(®) = q5(t = T2(0)) + PndZ (©) (&) -

G (t = Ty (8)) + P () (a5 (t = T(8)) — q5(8)) +

Prdi (1) (am(t = T1() = qm (1)) &)

which using



t

Gh(® (g5t — To () — q5(0) = —GH(®) gs(a@)da
t=T,(t)

t
G5 (O(qm(t = Ty (1)) — qn (D) = =4 (©) Gm(B)dp

t=Ty(t)

is simplified to

V2(6) = P () (am(®) = q5(t = T2(0))) + BT (©) (a:(6) —
tm(t =T () = Pudh(®) [, o ds(@)da =
PndT(®) [}y, ) 4m (BB (6)

After algebraic manipulations, the time derivatives of

V5 (t) is found to satisfy

t

V3(t) < Tlmaxqz;l(t)(Im(t) - ft—Tl(t) Q‘r’[r‘l(ﬁ)qm(ﬁ)dﬁ +

Tamaxd? (D450 = [y, ) 4T @is(@)da (7)
Using the inequalities

t t

0 [ a@da- [ @@
t—T,(t) t=T,(t)
t t

O [ dn@da- [ Gh@in(@da
t—T,(t) t=Ty(t)

S Tlmaxq;‘r(t)qs(t)
which result from Lemma 1 in [6], it is possible to show

that

V() + V() + V5(t) <

(O | Timax + Tomax)im () + P (qm(®) — q5(t = To(0)) ) =
Im(@m(®) = T () + T O] + 47 (O [ Timax + Toman)ds(0) +
P (45(0) = am(t = T1(0))) = 22 ,(4,(0)) + F2 s (0) ~

0] ®)

On the other hand, the time derivatives of V,(t) is

V4(®) = GO (sign(am(®) + &) (10 (0) — 7t ~ T2(®)))
(ta(®) = 7e(t - T2(0))) ©)

Therefore, V(t) can be shown to have an upper bound:
V(©) = Vi () + Vo () + V3(0) + V4 (1) < g (®) [(Tlmax + Tomax)Gm (0 +
P (4m(0) = 45t = T2(6))) = G (4 (D)) = Tm(®) + Ta (O) +

(s9n(4n®) + ) (10 ®) = 7t = T,(®)) (10®) = (6 ~ T, )]

+qz (t) [(Tlmax + TZmax)Qs(t) + Pm (qs(t) - qm(tL - T1 (t))) -

2 95(a5(0) + 2 15(0) = P (1) (10)

Substituting the control laws t,, (t) and t4(t) from (2) in

(10), we get

V(t) < _QrTn(t) (Km - (Tlmax + TZmax)I)Qm(t)
—qu(t) (Ks - (Tlmax + TZmax)I)C?s (t) <0 (1 1)

The above shows that all elements in V(t) are bounded.
Therefore, ¢,,(t), ¢:(t), and q,,(t) — qs(t) €L, and poof

is competed.

Remark I: Any varying or constant time delay in the
communication channel is bounded from a practical point
of view. Infinite time delays imply that the connection
between the master and the slave robots is broken. The only
information about the communication time delays that we
need in control design is upper bounds on the delay values.
Note that, in the absence of packet loss in the
communication channel, there is always an upper bound for
the time delay. With proper choices of K,,, and K, such that

Km - (Tlmax + TZmax)I and Ks - (Tlmax + TZmax)I are



positive-definite matrices, the teleoperation system is
stable; note that there are numerous obvious choices for K,,

and K to satisfy this.

Next, a theorem is introduced to prove asymptotic
convergence of force and position tracking errors subject to

restrictions on the interaction forces and the time delay.

Theorem II: With the assumption in Theorem I and also
assuming that T, (t), T,(t) are bounded, in the bilateral

tele-manipulator (1) with controller (2), the position
tracking error g, (t) — qs(t -T, (t)) and the force tracking

error  T,(t) — ‘L'e(t -T, (t)) converge to  zero

asymptotically.

Proof: Let us now prove the asymptotic convergence of

position and force tracking errors to zero.
A) Asymptotic zero convergence of position error

Integrating both sides of (11), we get

V() -v(0) = [[V(t)dt <
— J 4R (Ddm(©)dt = [ 4T ()45 (D)t

Equivalently,
[y R Odn®dt + [} 4T (O dms(Ddt <V(0) = V(D) < V(0) <
+oo

Therefore, ¢,,(t) and ¢4(t) €L,. Using the fact that

t .

G (8) = q5(t = T(0)) = qm(®) — as(O) + f,_, ,, 4s(D)dt
and using Cauchy—Schwarz inequality ftt—Tz © gs(t)dt <

JT2(ON1gsll,, therefore g, (t) — qs(t — To(t))eLo,.

Based on the above, since the gravity terms g, and gg
are bounded, and because we assumed that 7, and 7 €L,
it is possible to see that 7,,(t) and t4(t) defined in (2) are
bounded. From (1), using Property I in Section II, and given
the boundedness of 7,,(t) and 7,(t), it can be seen that
Gm(t) and §s(t)eL,,. Because ¢, (t) €L, and §p, (t)eLo,
using Barbalat’s lemma (see Form 1 in Appendix) we have
that ¢,,, (t) — 0. Similarly, it can be reasoned that §,(t) —

0.

Now, if §s is continuous in time, or
equivalently g;(t)eL,, then ¢§s(t) > 0 ensures that
Gs(t) = 0 (see Form 2 of Barbalat’s lemma in Appendix).
Let us investigate the boundedness of §,(t). The closed-
loop dynamics found from combining the open-loop system

(1) and the controller (2) is

050 = (M(0:(©))” {~C(a5(0),4:(0)as () ~ Ko () -
(45 = am(t - T:(0))}

Differentiating both sides with respect to time,

produces s (t):

zfs(t) = % (MS(QS(t)))_l {_Cs(qs(t)r QS(t))QS(t) - Ks‘?s(t) -
(4:(®) = am(t - Tu(0))} +
(My(45(0)) " {4506, 45(©))as(6) — Kes(6) -

(qs(t) — qm(t - Tl(t)))}

Using



4 (M(g,®)) " =~ (M(0:®)) " (C:as(® ) +

CST (qs(t)‘ ds (t))) (Ms(qs (t)))_l

and based on properties I and III and given the boundedness

s d -1
of g, it is easy to see that E(Ms(qs(t))) is bounded.
Using properties I, III and IV and the boundedness of
q,(t) — qm(t — Tl(t)), ds, Gs and Ty, it can be seen that g
is bounded. Given that ¢4(t) - 0 and ¢s(t)eL,, using

Barbalat’s lemma (Form 2 in Appendix) we have that

ds(t) » 0.

Considering the dynamic equation of the slave robot in
(1), having shown that §4(t) - 0 and ¢,(t) - 0, we find
that 74,(t) = T.(t) + gs (qs(t)). Comparing this against the

controller (2), we get that

(45() = gm(t = Tu(®))) > 0 (12)

Using the following equations

t

45(®) = Gt = T (©)) = G5 () — G (©) + j im(©)

t=T,(t)

t

am(®) — a5t = T(©) = gm(©) — 45 () + f 05(0)

t=T,(t)

and knowing that ¢;(t) >0 and (qs(t) - qm(t —
Tl(t))) — 0, then (g5(t) — gm(t)) = 0 which can be used

to conclude that (qm(t) - qs(t -T, (t))) — 0. This

demonstrates the asymptotic convergence of the position

tracking error.

B) Asymptotic zero convergence of force error

Applying our latest results in terms of ¢;(t) - 0 and
(qm(t) — qs(t -T, (t))) —» 0 to the master robot’s

dynamic equation in (1) with the controller (2) leads to

M (4 ()i (®) = & (700 = 7t = T2©)) (ra®) -
7o(t = T2(®)))
-1

Multiplying both sides from left by T (Mm(qm(t)))

we have

e (Mn(am()) " (100 = ot = T2)) (10) -

7ot = T(0))) = € (6)

L < (Mm(qm(t)))_1 and

Using property 1, oy S

therefore

e Amaxl(Mm) € (Th(t) - Te(t -T (t)))T (Th(t) - Te(t -
T,(1))) <
e’ (Mm (qm(t)))_l € (Th(t) — T, (t —-T, (t)))T (Th(t) —

z.(t = T,(®)))

By combining the last two above equations, we get

Amaxl(Mm) lell3 (za(®) — 7e(t - Tz(t)))T () — ze(t -

Ty(t))) < i (£)

Note that ( tn(® - te(t— Tz(t)))T ( tn(® - to(t—
T, (t))) and ||¢||2 are nonnegative and Any,q, (M) is positive,
s0 €7y, (t) should have a nonnegative value. In the case that
el (t) is zero, then it will result to (rh(t) -1, (t -

Tz(t))) =0 and proof complete. If €7, (t) > 0, based on



the fact that all elements of &7 is positive, then
Yie1Gm,(t) >0 and it means that there exist some Gy, (t)
that have positive values for t — oo and it is in

contradiction with the ¢,,(t) = 0. Therefore &7, (t) will
tends to =zero and (‘[h(t)—Te(t—Tz(t)))—)O. This

demonstrates the asymptotic convergence of the force

tracking error.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, simulation and experimental results for
the proposed teleoperation controller are provided. First,
simulation results using a pair of 2-DOF planar robots are
presented. Then, experimental results using a pair of 3-DOF

PHANToOM Premium 1.5A robots are considered.

A) Simulation on a teleoperated pair of 2-DOF planar

robots

To verify the theoretical results in this paper, the master
and slave manipulators are considered to be 2-DOF planar
robots with revolute joints as shown in Figure 1. The master
and slave manipulator dynamics (1) have the following

inertia, Coriolis/centrifugal and gravity matrices/vector:

Mi11 Milz . Ci11 Cilz
M;(q;) = [Mi21 Mizz], Ci(qi,q) = [Ci21 c,, and Gi(q;) =
9i,
[91’2]

where, for ie{m,s}, M =1Zm;, + 1 (m, +m;)+

2ll‘1li2‘m'i2 COS(in), Mi12 = Mi21 = lizzmiz + li1li2mi2 COS(in),

Mizz = lizzmiz’ Ci11 = _Zlillizmiz‘gin(qiz)iﬁz’ C =

i12

=l l,mg,sin(q;,) g, Ciyy = b li,my,sin(q,)di, Gy, =0,

i22
gi, = gli,my, cos(qi1 + qiz) + ll-l(ml-1 + miz) cos(qil),

gi, = gli;m;, cos(qi, +q;,). Here, q;, and gq;, are the
positions of the first and the second revolute joints, [;, and
l;, are the lengths of the first and the second links, and m;,

and m;, are the masses of the first and the second links for

each robot.

Master
Robot

m ¥
Th
Master () Gt — T1(2))) Slave
Controller ‘ Comm. ‘ Controller
Eq. () N Eq. ()
L In(t-T(0) (1)

45(t = T2(1)) 45(t)

Figure 1. Block diagram and signal flows of the proposed telerobotic

system.

Unlike experiments, in a simulation study it is necessary
to consider human and environment models. Consistent
with [16], [17], we assumed that they are modeled as

second order LTI systems

frn = fr — (MpXp + Byt + Kpxm)

fo = My%, + Bk + Ko,

where My, M,, By, B,, K, and K,eR™™ are positive-
definite matrices representing the mass, damping, and
stiffness of the human hand and the environment, and f}; is
the human exogenous input force subjected to fpeL,. In
this simulation M, and M, are set to 0.2] and 0.3 and By
and B, are set to 0.1/ and 0.15/. Also K}, and K, are set to

0.11. K,,, and K are set to 0.6] and P,, and P, are set to . In



this simulation, the forward and backward time delays are
chosen to be random variables with a uniform distribution
over [0.05, 0.25] s. The random nature of theses time delays
make it possible to show the effectiveness of the proposed
method for fast-varying time delays as compared to the past

methods.

In this simulation, it is assumed that the master and the
slave are in initial positions [qim qzm] = [r/3 0] and
[91s q2s] = [mw/4 0], respectively. The human’s
exogenous force f; in the X direction shown in Figure 2 is
applied to the master robot. At the same time, as shown in

Figure 1, the slave robot is in contact with an environment.

O M)

- 4 6
Time (Sec.)

Figure 2. The human’s exogenous force f, is applied to the master robot in

the X direction

As shown in Figure 2, f; is zero at the beginning and
starts to increase at 0.5 s, reaching 5 N at 1 s and staying at
that level until 1.1 s. After that, it decreases uniformly until

1.6 s when it reaches zero in 1.6 s.

—%m
—-i

qa, (Rad)

4 6
Time (Sec.)

Figure 3. First joint position tracking between the master and slave robots

The tracking performances between joint positions of
master and slave robots are shown in Figures 3 and 4. In
Figure 3, the first joint q; of the master and the slave start
from /3 and m/4 rad, respectively and reach 0.3 rad. In
Figure 4, the second joint g, of the master and the slave
start from the same initial position 0 rad and reach —1.08

rad.

—%om

-y

q, (Rad)

4 6
Time (Sec.)

Figure 4. Second joint position tracking between the master and slave

robots

To show the force tracking performance, time profiles of
the torque applied by the human to the master robot joints
and the torque applied by the environment to the slave robot
joints are shown in Figures 5 and 6. Note that 7, and T,
have different signs and tracking error is computed
as || — |t.]. Also, forces applied by human and the
environment to the master and the slave robots in the X
direction are shown in Figure 7. Evidently, although the
human and environment torque/forces are slightly different
during the transient, they converge to each other
asymptotically. Note that when the master and the slave are
kinematically similar and joint position tracking between
the two robots is achieved, force tracking in the Cartesian
space is equivalent to torque tracking in the joint space as

long as the robots are not in singular configurations.



Therefore, to show the efficiency of the proposed
controller, we can either show Cartesian-space force

tracking or joint-space torque tracking.

Thi

el

4 6
Time (Sec.)

Figure 5. Torque at the first joint of the master and the slave caused by

interaction with the human and the environment, respectively.

Tha|

102 b

0 2 4 6 8 10
Time (Sec.)

Figure 6. Torque at the second joint of the master and the slave caused by

interaction with the human and the environment, respectively.

—F,
Sr - Fex
A 1
3 i
= 5 .‘-\ ____________ -
-S5r 4 1
. p
_.\" _i'
\ i
-10f NS ]
0 4 6 8 10

Time (Sec.)

Figure 7. Human and environment forces applied to the master and slave

robots, respectively.

The Cartesian positions of the end-effectors of the master
and slave robots are shown in the XY plane of the base
frame of each robot in Figure 8. In Figure 8, due to different
initial positions for the master and the slave robot, the slave

first moves away from the environment in order to

minimize its position difference from the master. Once the
master and the slave robots have the same position, they
move together toward the environment. Clearly, the end-

effector positions of the two robots follow each other

closely.
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Figure 8. End-effector positions of the master and slave robots in the

XY plane.

B) Experiment on a teleoperated pair of 3-DOF

PHANToOM robots

In this section, experimental results for the proposed
control method are reported. In the experimental setup
shown in Figure 9, two 3-DOF PHANToM Premium 1.5A
robots are connected via a communication channel with
varying time delays. Two JR3 50M31A3 force sensors are
connected to the master and slave robots’ end-effectors.
Using these force sensors, the human and environment
forces are measured and used in the teleoperation controller.
Time delays between two robots are random variables with

uniform distributions between 1 and 75 ms.



The inertia, Coriolis/centrifugal, and  gravity

matrices/vector of the master and slave PHANToM

dynamics are based on [18].

Figure 9. Experimental setup consisting of two PHANToM Premium

1.5A’s and the force sensor frame.

In the experiments, the human operator moves the master
robot while the slave robot is first in free-motion and then
in contact-motion. As shown in Figure 9, there is an
obstacle near the slave that, upon contact, applies a force to
the robot. Depending on the stiffness of the environment
and the master position (which is the desired penetration

into the environment), the environment forces can change.
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Figure 10. Human and environment forces applied in X direction to the

master and the slave, respectively.

To show the performance of the proposed method in
terms of force tracking and position tracking, the following
experiment is performed. First, the human operator moves

the master such that the slave touches the left side of the

object shown in Figure 9 — this free-motion test is expected
to demonstrate the position tracking between the master and
the slave. Next, the operator pushes the master such that the
slave indents the object twice in each of the two intervals of
3.8-4.2 s and 4.5-4.9 s (in Figures 10-12) — this contact-
motion test should show both the force tracking and the

position tracking between the master and the slave.'

To show the force tracking, the human operator and the
environment forces measured by the two force sensors in
the X, Y and Z directions are shown in Figures 10, 11 and
12, respectively. Note that the X, Y and Z components of
the environment force are in opposite direction to those of
the human operator. Also, the X and Y components of the
slave/environment interaction are negative while its Z
component is positive. These figures demonstrate

satisfactory force tracking between the human operator and

the environment.
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Figure 11. Human and environment forces applied in Y direction to the

master and the slave, respectively.

! Please see the enclosed multimedia file (.wmv) for the experimental
setup, free-motion tests (after gravity compensation), and contact-motion
tests (after gravity compensation). Starting 1:06 sec in the video, the
master and slave positions and the operator and environment forces are
plotted in synchrony with the free-motion or contact-motion tests. The
results in Figures 12-17 of this paper correspond to the video portion
approximately from 1:15 sec to 1:22 sec of the video.
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Figure 12. Human and environment forces applied in Z direction to the

master and the slave, respectively.

To show the position tracking performance between the
master and slave robots, joints positions are shown in
Figure 13, 14 and 15. Clearly, the master and the slave joint
positions track each other both in free motion (in intervals
35s-38s,42s-45sand 49 s — 5.2 s in Figures 13-
15), and in contact motion (in intervals 3.8 s — 4.2 s and 4.5

s —4.9 s in Figures 13-15).

When the slave robot is in free motion, the environment
and the human forces are nearly zero and the joint positions
of the master and the slave track each other. When the slave
robot is in contact with the environment, the human and the
environment forces track each other while the joint
positions of the master and the slave also follow each other.
Thus, position tracking between the master and the salve
(shown in Figures 13, 14, and 15) combined with force
tracking between the human and the environment forces
(shown in Figures 10, 11 and 12) demonstrate the
telerobotic system tracking performance in the sense of

force/position asymptotic convergence.
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Figure 13. First joint’s positions of the master and the slave robots.
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Figure 14. Second joint’s positions of the master and the slave robots.
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Figure 15. Third joint’s positions of the master and the slave robots.

V. CONCLUSION

In this paper, a new controller is proposed to guarantee
force tracking and position tracking together in bilateral
teleoperation systems in the presence of time-varying time
delays in the communication channel. The proposed method
is delay-independent and the derivatives of time delays can
take any bounded values (less than, equal to, or greater than
one; also positive or negative) without causing any
problems for the stability and asymptotic performance of

the closed-loop system. We presented a new Lyapunov-



Krasovski functional to study the stability of the system in
the sense of Lyapunov and proposed two theorems to prove
stability and tracking performance of the teleoperation
system. To verify the results of the proposed controller, a
simulation on two 2-DOF planar robots is performed. Also,
experiments using two 3-DOF PHANToM robots are
carried out. Simulation and experimental results both
demonstrate position tracking between the master and slave
robots as well as force tracking between the human and
environment forces. This proves the efficiency of the
controller and demonstrates the

proposed tracking

performance of the closed-loop teleoperation system.

As a future research, exponential stability of the
nonlinear teleoperation system subjected to time varying
delay could be considered to study the speed of the tacking
performances of the system. Also the data loss could be
considered in the communication network to study a more

realistic analysis of the teleoperation system.
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APPENDIX

Let us define a Riemann integrable function and a uniformly continuous

function as below.

1. If f(t) € £, then there exist a positive constant M such that
[1f(®)|?>dt < M. This implies that f is Riemann integrable.

2. If f(t) € Lo, then f is uniformly continuous.

Form I of Barbalat’s lemma:

If function f:R* — R*Y is uniformly continuous and be Riemann

integrable, then lim,_,, f(t) = 0.
Form 2 of Barbalat’s lemma:
If £(t) has a finite limit as t — oo and if f is uniformly continuous (or

f is bounded), then f — 0 as t — oo.



