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Position Tracking using Adaptive Control for Bilateral Teleoperators
with Time-Delays

Emmanuel Nufio'2, Luis Basafiez?, Romeo Ortega® and Guillermo Obregén-Pulido?

Abstract— This paper presents two versions of adaptive
controllers for nonlinear bilateral teleoperators, each providing
asymptotic convergence of velocity and position errors to zero,
independent of constant time-delays. Moreover, the proposed
schemes do not rely on the use of the scattering transformation.
The paper also proves that the teleoperator is Input-to-State
Stable from human operator and environment inputs to some
synchronization signals. Simulations show the effectiveness of
the proposed controllers.

I. INTRODUCTION

A bilateral teleoperator is composed of five elements: a
human operator that exerts torques on a local manipulator,
which is connected through a communication channel to a
remote manipulator that interacts with an environment. Such
interaction is then reflected back to the operator (Fig. 1).
The communication channel often imposes time-delays, and
such delays can produce instabilities in the overall system.
A major breakthrough in the problem of control of these
systems, with guaranteed stability properties, was the use of
scattering signals to transform the transmission delays into a
passive transmission line. Under the reasonable assumption
that the human operator and the contact environment define
passive (force to velocity) maps, stability of the overall
system is then ensured [1], [2], [3]. However, most of the
scattering-based approaches cannot ensure accurate position
tracking. PD-like schemes that overcome this obstacle with-
out scattering, have been reported in [4], [5]. However, in
order to ensure asymptotical stability the PD-like schemes
need exact knowledge of the gravity forces.
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Fig. 1. Bilateral teleoperator

Recently, [6] proposed to formulate the teleoperation prob-
lem in terms of synchronization, which also avoids the scat-
tering transformation. An adaptive version of this scheme,
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which aims at synchronizing the local and remote positions
and velocities, is proposed in [7]. In [8], the synchronization
of Lagrangian systems to a predefined trajectory is solved
using contraction analysis.

This paper proposes two different adaptive controllers that
provide asymptotic convergence of velocity and position er-
rors to zero, independent of the constant time-delays. On one
hand, the first of the proposed controllers, needs acceleration
measurements, and it can be proved that the corresponding
dynamics are strictly output passive. The second controller
does not rely on acceleration measurements, but instead
injects damping to provide asymptotic stability. In general,
convergence is faster using acceleration measurements than
using the velocity based controller. This paper also proves
that the teleoperator is Input-to-State Stable (ISS), meaning
that with bounded human operator and environment forces,
the states remain bounded, and if the human operator and the
environment do not exert any forces, the states asymptotically
converge to zero.

A. Notation

The following notation is used throughout this paper.
Capital letters are used for matrices and lower case letters
for vectors. R:=(—00,00), Rsg = (0,00), R>o =
[0,00). A {A} and Ap{A} represent the minimum and
maximum eigenvalues of matrix A, respectively. |x| stands
for the standard Euclidean norm of vector x. For any
function f R>p — R", the Ly -norm is defined
as ||flco = sup [|f(t)|, and the Lo-norm as ||f||3 =

te[0,00)
Jo 7 I£(t)|?dt. The Lo and L spaces are defined as the sets
{f:R>o = R": [|f[|oc <oo}and {f:R>o—R":[f]]2 <
oo}, respectively. When clear from the context, the argument
of signals and operators is removed.

II. TELEOPERATOR DYNAMICS

The dynamic behavior of a n-Degrees Of Freedom (DOF)
manipulator can be derived from the Euler-Lagrange equa-
tions of motion

1.+ d oL 0L
) =-q M q — ; —_——_——— — =
L(q,q) 54 (@)q—U(q); Gioa oq - "

where L(q, q) is the so-called Lagrangian and U(q) is the
potential energy. q,q € R™ are the joint velocities and
positions, respectively, and M(q) € R"™*"™ is the inertia
matrix. In compact form, these equations can be written as

M(q)§+ C(q,9)q+g(q) =7 (1)
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where § € R” is the joint acceleration vector; C(q,q) €
R™*™ is the Coriolis and centrifugal effects matriz; g(q) =
0%7@ € R” is the gravitational force vector, and 7 € R"” is
a generalized force vector.

The dynamical system (1) possesses some important and
well-known properties [9], [10].

Pl. 0 < Ap{M(q)}I < M(q) < A{M(q)}I < oo and
M(q) =MT(q)

P2. ¥x#0€R": x"[M(q) — 2C(q,¢)]x =0

P3. Jk. € Ruo: |C(q, )l < k|Gl

P4 M(q)4+ C(q,q)q+g(a) =Y(q,q,4)0

where, in P4, Y(q,q,q) € R™*? is a matrix of known func-

tions and € € RP is a constant vector with the manipulator

physical parameters (link masses, moments of inertia, etc.).

Remark 1: Tt is widely known that dynamics (1) define a
passive map 7 — § [11]. This is proved using the storage
function V = 1§"M(q)g + U(q), yielding V =4q'T.
Hence, after integration, fof q"rdr > -V(0).

A bilateral teleoperator can be modeled as a pair of n-DOF
manipulators with serial links of the form (1). Neglecting
friction, its nonlinear dynamics, together with the human
operator and environment interactions, are given by

M;(qu)d; + Ciai, q)u + gi(qi) = 7n — 7
Mr(qr)dr + Cr(qrvqr)éh“ + gr(Qr) =Tr —Te, (2)

where 7; € R™ are the control signals, and 7,7, € R"
are the forces exerted by the human and the environment,
respectively. The subscript ¢ takes the values ! and r for
local and remote robot manipulators. It is assumed that the
manipulators contain fully actuated revolute joints.

III. POSITION TRACKING
Let e; € R™ denote the position error, defined, for constant
time-delays 7T; in the forward and backward paths, as
e =q,—qt—T). Q)

The objective of the controllers in this paper is to drive the
position and velocity errors, e;, €;, to zero independently of
the constant time-delays 7; and without using the ubiquitous
scattering transformation.

e=q —q(t—-T);

A. Controller Using Acceleration Measurements

Let us start by defining a synchronizing signal, that can be
seen as a direct application of the Slotine-Li variable where,
instead of a common desired trajectory, the velocity and
position errors between the local and the remote manipulators
are employed as

r; = &; + Xe;, “4)

where A is a diagonal positive definite matrix.
The proposed controllers are!

71 = —M;(Gra — X&) — Ci(dra — Ney) — & + Kiry
Tr = Mr(ql,d - )\ér) + Cr(ql,d - )‘er) + gr - Krrra

In order to shorten the equations we will add the subindex d to denote
a delayed signal, e.g., qy,q = qr(t — T7) or q;,4 = q;(t — T7).

where K, € R"*™ are symmetric and positive definite gain
matrices, M;, C;,g; are the estimates of the inertia and
Coriolis matrices, and the gravity forces, respectively.
From P4, these controllers can be also written as
T = =Y(q, e €, 4r4d,4,q)0 + Kirg

Ty = YT(qT7QT7eT‘7éT‘adl,d7Ql,d)07‘ -K,r, (5

where Y, are the regressor matrices of known functions,
6, are the physical estimated parameters. Fig. 2 shows the
schematics of the adaptive controller for one manipulator,
that can be either in the local or in the remote site.
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Fig. 2. Adaptive control for one manipulator.

Note that for the known parameter case

Y:0; = My(qi)(Gr,a—Aé)+Cr(ar, &) (4r,a—Aer)+gi(ar).

Substituting the controllers (5) in the teleoperator dynamics
(2) and using (4), yields

M (q)iy + Cila, a)r + Kiry = Y,0,+ 7, (6)
Mr(q'r‘)f'r + Cr(qra c.lr)rr + Krrr = Yrer — Te,

where éi = éi — 0, are the errors between the estimation
and the unknown real parameters.

Without the influence of the human operator and the
environment, the differential equations (6) can be written as

M, (q)t; + Ci(qi, qi)ri + Kir; = Y0, = ¥, (7)

Remark 2: As first shown in [12], (7) defines an output
strictly passive map W; — r;. Consider V; = %r;rl\/[i(qi)ri
as a storage function. After evaluating V; along (7), it can
be seen that V; <r; ¥; — \,, {K;}|r;|%. Integrating from 0
to ¢, and due to V; > 0, yields

t
[ e = A K s - (o)
0
This suggests that, if it is possible to generate a passive map
—r; — W,, then r; € Lo. This is due to the well-known
passivity theorem that ensures L-stability of the feedback
interconnection of a passive and an output strictly passive
map [13].

Proposition 1: Consider (7). Suppose the map —r; — ¥,
is passive, such that

t
—/ I‘;r\IlidO'-Fﬁli >0
0

for all ¢ and some x; > 0. Then |e;] — 0 as t — oo. If
additionally ¥, € L, then, independently of the magnitude
of the constant time-delays T;, |&;| — |r;| — 0 as t — oco.
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Proof: Consider the following positive semi-definite
Lyapunov-Razumikhin functional

1 ¢
V=3 |:2r1TMi(qi)ri 7/0 r] Wdo + /{i:| ,

ie{l,r}

Differentiating V' along the trajectories of (7) and using P2

yields
Z I‘ZTKZ‘I‘Z' § 0
ie{l,r}

Dueto V>0and V <0, r; € LoNLe. From (4) E;(s) =
(sI+A)"'R;(s), where s is the Laplace variable, hence from
Lemma 1 —stated in the Appendix, it follows that e; € £oN
Loo, & € Lo, and |e;| — 0 as t — oo. Now, if ¥; € L,
from (7) and P1, it can be concluded that ; € L., and, by
Barbilat’s Lemma, |r;| — 0, consequently |&;| — 0. [ |

V= _

B. Controller Without Acceleration Measurements

In this case, the synchronizing signal is given by
€ = q; + Ae;. ®)

The controllers that do not depend on acceleration measure-
ments are

Ml)\él + Cl)\el — g + Kje; + B¢

T, =
7. = —-MXé —C e, + 8 — K €, — Bé,,
thus,
7 = Y, e, é)0 + K + Bé
Tr = Yr(Qrvdrvemér)or -K,e, — Bé,. 9)

where K; = K > 0 and B > 0 is diagonal®. Using (8)
and (9) we can write (2), with 7, = 7. = 0, as

M;(q:)é; +Ci(ai, 4i)e; + Kie; + Bé; = Y0, = ®; (10)
Remark 3: Removing Bé; from (10), yields
M;(qi)é; + Ci(ai, 4;)e; + Kie; = Y0, = ®;

which is similar to (7). Moreover, as in Proposition 1, these
dynamics provide a strict output map from ®; to €;. The
result is that fot e/ ®ido > N\ {Ki}|e|2 — Vi(0), for
V;(0) > 0. However, from the function

1

t
l:G;er(qz)eZ —/ eji’ido + K,,':|
e{l,r} 0

it can only be concluded that €; € L2 N L, and because
of (8), Lemma 1 cannot be invoked to show convergence
of position error. This is why Bé; must be included in the
controllers.

Proposition 2: Consider  (10).
—e; — P, is passive, such that

Suppose  the map

t
—/ eji’ida—kmz(),
0

2B is chosen diagonal in order to ensure that the product AB, used in
the proof of the stability, is positive definite.

for all ¢t and some x; > 0. Then €¢; € L5 N L, and
e;,q; € L. If additionally, ®; € L, then, for any constant
time-delays T;, position errors and velocities asymptotically
converge to zero.

Proof: Consider the following Lyapunov-Krasovskii
functional

1
V:§Z

ie{l,r}

t

e{l,r}

t
[ej M;e; + e, ABe; + / q; qudo} -
t—T;

V' is positive definite and radially unbounded in €;, e;. Its
time-derivative V' along (10), using P2, is given by

T 1. The
Z |:Cl¢TBei — € Kiei + §qz‘TBQi -

1, .
ie{l,r}

2
Notice that, for i = [, ¢/ Bé = ¢, B(q,.(t —T) — &).
Hence, when ¢ = r and gathering the crossed terms
—3l4/ Bay — 24/ B, (t = T) + 4, (t — T)Ba,(t — T)],

yields
P %

1
[ej Kie; + §éj Bél} .
ie{l,r}

Due to V > 0 and V < 0, €,8 € Ly and €;,e; € L.
Using (8) it can be shown that q; € L., implying that
é; € L. From (10), using P1 together with boundedness of
®,, it can be shown that é; € L. Hence, with €; € L NLo,
é; € L it is proved that |e;| — 0.

€;,€; € Lo imply that §; € L, hence &; € L. This
last, and the fact that &; € L, N Ly prove that |&;| — 0.

Now, e;,é;,,6; € L, and |&| — 0 imply that
tliglo fot é;do = e; — e;(0) = k; < co. On the other hand,

imply that when t — oo, q; — A(k; + e;(0)) that is
constant. This and |&;] — 0 ensure that |q;| — |q.|, for
g, any constant vector, and q; — q,(t = T) = q; — q,.
Thus, in the limit, ¢ = {§. + Ae; = 4. — Ae,.. Hence
€ + €. = 2q,, the fact that |¢;| — 0 implies that ¢, = 0.
Thus, |q;| — |e;| — 0. This completes the proof. [ |

C. Parameter Estimation

Let us now show that there exists a passive map —r; — ¥,
and that ¥, € L, such that the assumptions in Proposi-
tion 1 hold. Define the following parameter estimation law

(1)

where I'; = 1"1»T > 0 and Y is defined as in (5). Note that
éi = él ThllS,

éi = —I‘iYZTI‘i,

Hence, we have that
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~T
where k; = %01-
map —r; — ¥,.

Now, substituting in V, in the proof of Proposition 1, the

positive semi-definite terms

(0)T';16,(0). Thus, (11) provides a passive

t

1= -

7/ T W.do + r; = iejrgloi
0

one can conclude tllat, because V € Lo, 6~i € L. The
proof that ¥; = Y;0; € L is established with the fact that
r;,0; € L.

Remark 4: The assumptions in Proposition 2 also hold.
The proof is done using the previous procedure, in which
the map —e; — .‘I>Z- is proved passive and ®; € L, with the
adaptation law éi = —I‘iYiT €; and Y; defined as in (9).

D. Input-to-State Stability

When the human operator and the environment exert
forces on the local and remote manipulators, respectively, the
teleoperator exhibits an Input-to-State Stable (ISS) behavior,
from inputs 7, T, to states r;. This means that the states
remain bounded when the inputs are bounded, and, as proved
in the previous sections, the states asymptotically converge
to zero when inputs are zero.

Proposition 3: Consider the system (4) and (6) with the
parameter update law (11). Then, for any constant time-
delays T;, the teleoperator is ISS with states r; and inputs
Th,Te-

Proof: Consider the following Lyapunov-Razumikhin
functional

1 ~T ~
ie{l,r}
This functional is positive definite and radially unbounded
in r; and 6;. It can be clearly seen, using P1, that there exist
v1, V2 € Ry such that

n(nl® +10:) <V < wa(|raf® + 161%).

The time derivative of V' along the trajectories (6) and (11)
is given by

V= —I‘ZT(KzI‘z —Tyh) — r:(K,«rT + 7).

It can be easily proved, using Young’s inequality, that there
exist positive constants «; such that

I I?

V< —afri]]? = arliee|® + anllril® + acl| e

Hence, the teleoperator is ISS with states r; and inputs
Th, Te [14]. [ |

Remark 5: Similar ISS conclusions can be drawn for
the teleoperqtor (2) controlled by (9) with the parameter
update law él = —I‘Z-Y;'— €;. In this case, it is proved that
the teleoperator is ISS from inputs 7,7, to states €;,e;
[15]. The proposed Lyapunov-Razumikhin functional, for
two positive «;, is given by

1 T AT 15 2
V= 3 E{ZI} {Ei Mi(qi)ei +0, T, 0, + ai|ei\ .

a4 Mo
q2
Local 37
Iy miy
41
/77 4 /7
v Y
- »
Controller| Comm. Controller
Fig. 3. Simulations scheme.

IV. SIMULATIONS

To show the effectiveness of the proposed schemes, some
simulations, in which the local and remote manipulators are
modeled as a pair of 2 DOF serial links with revolute joints
(cf. Fig. 3), are presented. Their corresponding nonlinear
dynamics are modeled by (1). In what follows «; :=
l%imgi + li (mli + mgi), B = llil2im2i and §; := l%lmz
The inertia matrices M;(q;) are given by

oy | @i +2Bica, i + Bicy,
Ml(ql) - |: 57, +ﬁi02i 52 :| .

o, is the short notation for cos(ge,). g, is the articular
position of link &k of manipulator 4, with k € {1,2}. The
Coriolis and centrifugal effects are modeled by

<y | —2Bis2,Ge,  —Bise,dz,
Cz(q“(h) - |: ﬂis2iq1i 0 .
Sg, is the short notation for sin(gs,). ¢1, and ¢o, are the
respective revolute velocities of the two links. The gravity
forces g;(q;) for each manipulator are represented by

(@) = n-99iciz, + - (i — &i)ey,
gildi) = 1%9520121- .
c12, stands for cos(qi, +q2,). lx, and my, are the respective
lengths and masses of each link.

The following parametrization is proposed for both ma-
nipulators

Yo Go

- q1 gci2 gci
(4,4.8) { 0 cofi +52G7  G1+ Go ] '

gciz 0
0=[a 5 6 L5 La-0]",
where Y1z = 2¢231 + a2 — 5245 — 25241G2.

The physical parameters for the manipulators are: the
length of links [y, = I3, = 0.38m; the masses for the
links are m;, = 3.9473Kg, mq, = 0.6232Kg, m,, =
3.2409Kg and mo, = 0.3185Kg. The initial conditions
are §(0) = ¢;(0) = 0 and q;(0) = [-1/87;1/87],
q, (0) = [1/6m;—1/4x] for both controllers. The human
operator is modeled as a spring-damper system with gains
K, =25 and K; = 5, respectively. The predefined desired
trajectory for the human operator can be seen in Fig.4.
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Fig. 4. Desired trajectory of the human operator.

A. Controller Using Acceleration Measurements

For simplicity, as an illustrative example, let us take A = I
in (4), such that the pair Y, 8;, for the local controller (5),
becomes

Gr.d, — €1 0 a
Yo, Yoo @l
Grdy, — €l Grd, — €1y + Grd, — €15 |, flA
g€l 9Ciy, Zzz 5l
ge, 0 L (6, — 1)
i
Y, (qi,4u,e1,€0,8r,d,4r,q) _é/_/
l

where Y21 = 2012 ((.].r,dl _é11)+612 ((jhdg _élz ) —Siy ql2 (QT,dz -
el,) — 28151, (Gr,a, — €1,) and Yoy = cp,(Gra, — é1,) +
S1,4q1, ((indl — ey, ). For the remote controller, the pair Y, ér
is similar to Y}, 8; with the replacement of the subscript [
for r and r,d for [, d.

The controllers gains are K; = 5I, K, = 51 and I'; =
0.25I and T', = I. The time-delays in both paths are set to
0.4s.

The simulations show that position tracking is achieved,
moreover, the convergence rate is higher than with only
velocity measurements —this effect can be seen when com-
paring Fig. 5 with Fig. 7. In Fig. 6 the parameter estimation
values are presented, the estimation remains bounded and
the oscillating behavior is mainly due to changes in the
accelerations.

£}

g

o

£}

]

™

o

= 1

% %

\§’ 0

T A . . . . ,
0 5 10 15 20 25

Time (s)

Fig. 5. Joint positions and error of the system controlled using acceleration
measurements

Estimation Local

0
151
o
2 ] [\/\WV~ 95 T
&
< 0,
5 05
E o,
@ %
w or
0 5 10 15 20 25
Time (s)
Fig. 6. Parameter estimation of the local and remote manipulators with

the scheme that uses acceleration measurements

B. Controller Without Acceleration Measurements

In this case, with A = I for (8), the matrices Y; in (9) are
given by

—€; Yio —Ciy 9Ciy  9Ciy
0 —Cip€iy —SiyGi€i, —€iy =€, gCi, 0
where Yio = —2¢i, i — Cip — €iy T SiyGisCiy + 284,054, .

The estimation parameters 6; are the same as in the previous
section.

The controllers gains K; and I';, and the time-delays are
the same as in the previous section. The extra gain B = 1.

Fig. 7 and Fig. 8 show the evolution of the joint trajec-
tories and the parameter estimations using only velocity and
position measurements. Position tracking is achieved and the
estimations remain bounded, moreover, the system response
is smoother than with the previous controller. Taking a step
further, analyzing the velocities of the local and remote
manipulators one can conclude that, when employing the
controller with acceleration measurements, velocities contain
more noise (see Fig. 9 and Fig. 10).

_q I I I I ,
0 5 10 15 20 25

Time (s)

Fig. 7. Joint positions and error of the teleoperator controlled without
using acceleration measurements
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Fig. 8. Parameter estimation of the local and remote manipulators without
using acceleration measurements

didtq ; (rad/s)

1

]

1 !

y 1< Remote
v/

d/dt a, (rad/s)

Fig. 9. Joint velocities using the controller with acceleration measurements

V. CONCLUSIONS

Two different controllers have been presented in this paper,
one using acceleration measurements and the other only
velocity and position errors. It has been proved that both
can achieve asymptotic convergence to zero of position
errors, and are ISS with respect to the input forces of the
human operator and the environment. The stability results are
independent of constant time-delays. The simulations suggest
that, when using accelerations, the tracking performance
is better. However, acceleration measurements induce noise
resulting on oscillations. A smoother behavior is obtained
without the need of accelerations. Future research along
adaptive control for teleoperators include the study of the
behavior with variable time-delays.

APPENDIX

Lemma 1: Let e,r € R" and e = H(s)r, where H(s) is
an nxn strictly proper, exponentially stable transfer function.
Then r € Lo implies that e € Lo N Lo, € € Lo, € s
continuous, and |e| — 0 as t — oo. If, in addition, |r| — 0
as t — oo, |&] — 0 [11].

@
el
S
o
3
o
»
e}
S
o
3
o
1 2
Time (s)
Fig. 10.  Joint velocities of the teleoperator controlled without using

acceleration measurements
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