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Nonlinear Adaptive Bilateral Control of Teleoperation Systems with
Uncertain Dynamics and Kinematics

X. Liu, M. Tavakoli, and Q. Huang

Abstract—Research so far on adaptive bilateral control of
master-slave teleoperation systems considers dynamic
uncertainties but stops short of considering kinematic
uncertainties. However, when picking up objects of unknown
lengths, orientations and gripping points, the overall kinematics
of a robot in the teleoperation system becomes uncertain.
Therefore, new controllers are required that can guarantee the
stability and motion tracking performance of the system in the
presence of both dynamic and kinematic uncertainties in the
master and the slave robots. In this paper, first the uncertain
dynamics of the human operator and the environment are
incorporated into the dynamics of the master and the slave,
respectively. Then, for a teleoperation system with uncertain
dynamics and kinematics, nonlinear adaptive controllers are
designed for both the master and the slave. The controllers do
not need exact knowledge of the dynamics of the master, the
slave, the operator, or the environment, or of the kinematics of
the master or the slave. The stability and position tracking
convergence of the entire teleoperation system are studied. The
validity of the theoretical results is verified by simulations.

I. INTRODUCTION

Teleoperation systems enable humans to reach and
interact with environments that are too remote (e.g.,
outer space), too confined (e.g., human body cavity), or too
hazardous (e.g., a nuclear waste site or mine field) for the
human to be in. A typical teleoperation system consists of a
local robot (master), a teleoperated robot (slave), a human
operator, and an environment. The human operator applies
forces on the master to remotely control the position of the
slave in order to perform a task such as grasping an object in
the remote environment. In such a system, force reflection
involves capturing the robot-environment interaction and
displaying it to the operator. If the slave exactly reproduces
the master’s position trajectory for the environment and the
master accurately displays the slave-environment contact
force to the human, the teleoperation system is said be fully
transparent. For a review of teleoperation control
approaches, see the surveys [1]-[2].

Most teleoperation controllers assume perfect knowledge
of the master and the slave impedances. In a teleoperation
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system, however, perfect knowledge of the master and the
slave cannot be obtained in practice due to model
uncertainties and/or unmodelled dynamics. Besides, the
closed-loop stability is affected by the operator and the
environment dynamics, which are both uncertain.

Zaad and Salcudean [3] combined the dynamics of the
environment and slave in the design of an adaptive controller
for the slave used to mitigate parametric uncertainties in the
environment model. Lee and Chung [4] designed an adaptive
control scheme for teleoperation systems with parametric
uncertainties in the slave and environment dynamics. Shi et
al. [5] developed several adaptive control schemes for
teleoperation systems with parametric uncertainties in the
slave and with environments of different types: unknown
constant parameters, jumping parameters, and smooth time-
varying parameters. Fite et al. [6] proposed a predictive
adaptive controller to extend the Smith predictor concept to
the force-position teleoperation control architecture to cope
with the effect of time delays and maintain transparency
independent of parametric uncertainties in the environment.
In all of these, (a) the dynamics of the master and the slave
were assumed to be linear whereas multi-DOF robots are
typically nonlinear (note that applying linear approaches to
nonlinear teleoperation systems results in degraded
performance), and (b) dynamic uncertainties of the slave
and/or the environment were considered yet those of the
master and the operator were ignored. In other words, an
adaptive controller was only designed for the slave side.

For adaptive teleoperation control involving nonlinear
models of the master and the slave, Ryu and Kwon [7] did
not include the environment’s and the human’s uncertain
parameters in the adaption and achieved full transparency.
Hung et al. [8] designed adaptive controllers for both the
master and the slave by introducing a virtual master to
achieve stability and motion tracking performance. Chopra
et al. [9] proposed an adaptive controller for a teleoperator
with time delay to ensure synchronization of positions and
velocities of the master and the slave in free motion. Nuiio et
al. [10] showed that Chopra’s scheme was applicable only to
systems without gravity and, to overcome this, a new
adaptive controller that replaces the positions and velocities
by their errors was proposed. The limitation of all of the
above is that they only consider the uncertain dynamics of
the master and the slave, and do not consider the
uncertainties introduced by the human and the environment.

For nonlinear master and slave models and linear human
and environment models — all subject to parametric
uncertainties — Zhu and Salcudean [11], Sirouspour and
Setoodeh [12], and Malysz and Sirouspour [13] proposed
adaptive teleoperation controllers to enforce linear scalar-
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type position/force mappings between the human and the
environment. Separate adaptive laws were designed for the
master side and for the slave side. Nevertheless, this and
other adaptive schemes did not account for uncertain
kinematics of the master and the slave robots.

This leads us to several open problems in the development
of teleoperation control laws. Note that the kinematic
parameters of robots are quite hard to measure [14].
Moreover, the tool-induced kinematic uncertainties add to
the complexity. Thus, when a robot picks up objects of
different lengths, unknown orientations and gripping points,
the overall kinematics is affected. The result is that the robot
is no longer able to precisely manipulate a tool to a desired
position. A question that naturally follows is how to achieve
stabilizing and high-performing teleoperation in the face of
both dynamic and kinematic uncertainties?

This paper proposes nonlinear adaptive controllers for
teleoperation systems with uncertain dynamics and
kinematics. The proposed teleoperation control laws are
inspired by those proposed by Cheah et al. [15]-[17]. It must
be noted, however, that the results in [15] and [16] deal with
motion control of a single robot in free motion. Also, in
[17], both position and force sensors are needed for motion
and force tracking in a single robot, which is expensive to
realize in practice. The major contribution of this paper is
incorporating the parameter-uncertain dynamics of the
human operator and the environment into the parameter-
uncertain dynamics of the master and the slave in the joint
space, and extending the control approach for a single robot
to a teleoperation system. In doing so, we also assume
parametric uncertainties in the master and slave kinematics.

The rest of this paper is organized as follows. In Section
I, we first introduce the dynamic and kinematic models of a
teleoperation system. Next, we assume parameter-uncertain
LTI models for the operator and the environment in the task
space and convert them into the joint space, so that we can
incorporate them into the master and the slave dynamics,
respectively. In Section III, nonlinear adaptive controllers
are designed for the master and slave sides. The stability and
motion tracking convergence of the teleoperation system are
studied. Simulation results in Section IV show that the slave
can follow the position of the master despite all uncertainties
in dynamics and kinematics. Besides, the force tracking
error between the master and the slave is bounded. The
paper is concluded in Section V.

II. DYNAMIC AND KINEMATIC MODELS OF TELEOPERATOR

A. Dynamics of Master and Slave in Joint Space

In the absence of friction and other disturbances, when
interacting with a human and an environment, the joint-
space nonlinear dynamic models for an n-DOF master robot
and an n-DOF slave robot can be described as [18]:

qu(qm)qm + Cqm (qm: qm)qm + qu(qm)

= Ty + I (@m)fn (1)
qu (qs)qs + Cqs (qs' qs)qs + Gqs(qs)

=Ts — ]sT(qs)fe 2)

where q, and qg € R™! are joint angle positions,

Mym(qm) and Mgs(qs) € R™" are symmetric positive-
definite inertia matrices, Cqm (Qm,dm) and Cgs (qs,qs) €
R™™ are matrices representing Coriolis and centrifugal
terms, Ggm(Qm) and Ggs(qs) € R™' represent gravity
terms, T, and T, € R™?! are control inputs (torques), f, €
R™1 denotes the force the operator applies to the master,
f. € R?™1 is the force the environment applies to the slave,
and J,(qn) and Js(qs) € R™™ are the Jacobian matrices
for the master and the slave, respectively.
Dynamics (1)-(2) have some fundamental properties [18]:

Property 1. The left sides of (1) and (2) are linear in a set of
dynamic parameters 04 = (044, --., de)T as
where Y4(q, q) € R™P is the dynamic regressor matrix.

Property 2. The matrix M(q) — 2C(q, q) is skew-symmetric

ie. T (M(q) —2C(q.9)){ =0, ¥ eR™".

B. Kinematics of Master and Slave

The generalized end-effector positions X, and x4 € R6*1
of the master and the slave can be expressed as [18],

Xm = hm(qm)9 X5 = hs(qs) (3)

where h(.) ER" > R® is a nonlinear transformation
describing the relation between the joint-space and the task-
space positions. The Jacobian-based relationships between
task-space and joint-space velocities are

Xy = ]m(qm)qm9 Xs = ]s(qs)qs 4)
Differentiating (4) with respect to time yields

%m = Jm(@m)dm + Jm (@) Gm (5)

Xs = is(qs)qs + ]s(qs)QS (6)

Property 3. The right side of (4) is linear in a set of
kinematic parameters [15]-[17] O = (Bkq, "-'ekwl)T and
O = (ekp ey esz)T such that

Xm = Jm(@m)4m = Ymk(Qm, 4m) Omk
X5 = J5(q5)4s = Yo (qs, 95)Osic
where Yk (Qm, 4m) € R&”Wt and Y (qs, qs) € R®*V2 are
the kinematic regressor matrices.
C. Dynamics of Operator and Environment in Task
Space

The dynamics of the human operator and the environment
are naturally specified in the task space as it is the space in
which they make contact with the master and the slave



robots. In this paper, second-order LTI models are used for
the human and the environment. Such models have been
successfully used by other researchers (see [11]-[13]).

fn = i, — MpXy, + By X + KpXpy) @)
f. =f; + M _X; + B, X, + K.x, ®)

where M;, M, By, B., K}, and K, are constant, symmetric
and positive matrices in R®*® corresponding to the mass,
damping, and stiffness of the operator’s hand and the
environment, respectively. Here, f}, is the human exogenous
force and f; is the environment exogenous force.

D. End-to-end Model of Teleoperation System in Joint

Space

To facilitate the teleoperation control design, the
dynamics of the human and the environment are transformed
from task to joint space and incorporated into the dynamics
of the master and the slave. Substituting (3)-(6) into (7)-(8),
the joint-space models of the human and the environment are

fh = fﬁ - Mh]m(qm)ijm - (Bh]m(qm) + Mhim(qm)) qm

_Khhm(qm) )
fo=1fc+ Me]s(qs)ijs + (Be]s(qs) + Meis(qs)) qs
+Kchg(q5) (10)

Multiplying both sides of (9)-(10) by JL(q,,) and JI(qs).
respectively, and substituting into (1)-(2), a combined model
for the master/operator system and a combined model for the
slave/environment system are obtained as

Y
12)

M (Qm)lm + Cm (Ams 4m)Gm + G (Am) =T
M;(ds)ds + Cs (95, 95)9s + Gs(qs)=Ts
where

My (qm) = Mgm(@m) + I (@) Mp) i (Qim)

Crn (@, Gm) = Cqm (@m) Gm) + I (@) B m (Am)
i (Am)MpJ i (Qm)
Gm(@m) = Ggm(@m) + I (@m) Knhim (Gm) =T (@m)f;
M;(qs) = Mg(qs) + )3 (gs)McJs(qs)
Cs (95, 4s) = Cqs (qs, 4s) + )3 (q5)BeJs(as)
+J5 (a)MeJs(as)
Gs(qs) = Ggs(qs) +J5 (qo)Kehs(qs) +J5 (gs)fe

It should be noted that, Property 1 still holds for the left
sides of (11)-(12), while Property 2 does not hold for the
new inertia and Coriolis/centrifugal matrices. Instead, a new
property is introduced below.

Property 4. For V{ € R®, we have
ZT (Mm(qm) - 2Cm (qm' qm)) (

= —ZZT(]rTr‘l(qm)Bh]m(qm))z ’
and

(T (Ms(qs) - 2C(as, qS)) ¢
= —23"(J5 (q5)BeJs(a5))T

Remark 1: Incorporating the operator’s dynamics into the
master and the environment’s dynamics into the slave was
done in [11]-[13]. However, the main difference in our work
is that we transform the dynamics of the operator and the
environment from task space into joint space, so that the
dynamics of the master, slave, operator and environment can
be unified in the joint space for adaptive control synthesis.

III. DESIGN OF NONLINEAR ADAPTIVE CONTROLLER

Various adaptive controllers for a single robot in free
motion [15]-[16] consider the dynamics of the robot to be

M(@)g+C(q)q+G(q) ==

in which there is no term involving the interaction force
between the robot and the environment. The situation where
the robot is in contact with an environment was considered
in [17] yet both position and force sensors were needed in
the controller, which is expensive to realize in practice.

A. Adaptive Position-error-based Teleoperation

We extend the control for a single robot to position-error
based (PEB) control of a bilateral teleoperator coupled to a
human operator and an environment. The principle of PEB
control [19] is that it tries to minimize the difference
between the master and the slave positions, thus reflecting a
force proportional to this difference to the operator once the
slave makes contact with an object. The PEB control merit is
its simplicity and not requiring force sensors.

To achieve stable and transparent teleoperation, the goals
of our PEB-based adaptive control are as follows:

1) Ensure boundedness of signals in the teleoperation
system irrespective of dynamic and kinematic uncertainties.

2) Ensure convergence of the position tracking error
between the master and the slave to zero.
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Fig. 1. Structure of adaptive PEB teleoperation control

The structure of our PEB-based adaptive control scheme
for teleoperation is shown in Fig. 1. Adaptive controllers are



designed for the master/operator system and for the
slave/environment system, where the dynamics of the
master, the slave, the human, and the environment are
uncertain, and also the kinematics of the master and the
slave are uncertain. In PEB control, the position of the
master is the reference position for the slave and vice versa.

B. Teleoperation Control under Dynamic and Kinematic

Uncertainties

When the Jacobian matrices of the master and the slave
experience parametric uncertainties, (4) becomes

;Em = im(qmlémk)qm = mk(qmr qm)émk (13)

§s = is(qs'ésk)qs = Y (qs, qs)ﬁsk (14)

where X, and X, are estimations of X, and X,

Jim (dm, Omi) and J(qs, 8y ) are estimations of J;,(qy,) and
Jin (A, and B,y and B, are estimations of 0, and O,
respectively. Define two new vectors in joint space for the
master side and the slave side:

qmr = Ar;ll(qm: ’e\mk)xmr’ qsr = i;l(qs:ésk)xsr (15)

where Jo (@, Omk) and J51(qs, ) are the inverses of
Jin (s Ormi) and J5(qs, By), respectively. Here,
X = Xg — 0AX ), X =

Xy — aAX, (16)

where a is a positive constant, AX, = X, — X, and
AXg = X — Xp,. Also, define two adaptive sliding vectors in
joint space for the master side and the slave side as

Sm = m — Qmr> Ss = s — qsr (17)

Using (17) and Property 1, (11)-(12) become
Mm(qm)sm + Cm(qm: qm)sm + Ymdemd =Tm (18)
M;(qs)$s + Cs(qs, 4s)Ss + YsaOsq = Ts (19)

where

Ymdemd = Mm(qm)qmr + Cm (qm' qm)qmr + Gm (qm)

and

Ysa0sa = Ms(qs)lse + Cs (qs, 4s)qsr + Gs(qs)-
Inspired by [15]-[17], we are now in a position to propose

our nonlinear adaptive bilateral control algorithm. The
algorithm is composed of the following three parts:
¢ Control laws for the master and the slave:

Tm = mdﬁmd - irTr‘l(qm: émk)Km (A;Em + anm)

T = sdﬁsd - isT(qs; ﬁsk)Ks (A§S + O(AXS)

(20)
@

where K,,, and K are symmetric positive definite matrices,
AX,, = X, — Xg, AXg = Xs — Xy, Opq and Oy are the
estimations of 0,4 and B4, respectively.

¢  Dynamic update laws:

émd = _Lder?]dSm (22)

ésd = _Lde;rdSs (23)

¢ Kinematic update laws:

emk = 2Lkar'¥1k(qm: qm)Km(Axm + aAXm)

A

O = ZLSkY;rk(qs' qs)Ks (Ax%g + adxy)

(24)

(25)

where Ly, Lmg, Lsk and Lgq are all symmetric positive
definite but otherwise arbitrary matrices.

Each of the control laws (20)-(21) includes two parts. The
first part is feedforward model-based estimation and the
second part involves feedback compensation for velocity and
position tracking. Substituting (20)-(21) into (18)-(19), the
closed-loop teleoperation system is obtained as

Mm(qm)sm + Cm(qm' qm)sm + YmdAemd

+J T (A, Ot ) K (A% + alx ) = 0 (26)
Ms(qs)ss + Cs(qs' qs)ss + stABsd
+J7(qs, 051 ) Ks (A% + adx) = 0 27)

where AB 4 = 0,,4 — Oyg and ABgy = 0,4 — B4.

Remark 2: In the control laws (20)-(21), it is assumed that
Xm X5, Qm and g can be measured from position sensors.
Differentiating them for finding J,, and Jg, however, will
involve inaccuracies due to noise. This is the reason for
explicitly considering kinematic uncertainties and thus
developing kinematics update laws in this paper.

Remark 3: The vector 0.4 includes unknown dynamic
parameters of the master and the human operator. Similarly,
0,4 includes the unknown dynamic parameters of the slave
and the environment. Here, f;; is treated as an unknown
system parameter and is included in 0.,4. Also, fi is
included in B44. Such an approach is effective when f}, and
f. change slowly with respect to time.

Theorem: Consider the nonlinear teleoperation system (11)-
(12), which is the result of the dynamics of the human
operator (7) and the environment (8) being incorporated into
the master robot (1) and the slave robot (2). If this
teleoperation system is controlled by (20)-(21) using the
dynamic update laws (22)-(23) and the kinematic update
laws (24)-(25), then all the signals in the closed-loop system
are bounded.

The proof of the Theorem and a discussion on the position
tracking performance can be found in Appendix.

IV. SIMULATION STUDY

In this section, simulations are conducted to illustrate the
performance of the proposed controller. Both the master and
the slave are considered to be two-link, revolute-joint planar
robots [18] with similar dynamics and kinematics.

As for the operator and the environment, let us take

Mh = mhl, Bh = bhl, Kh = khl,
M, = m,L, B, = b.I, K, = k.I,



where my, mg, by, b, ky, and k, are the mass, damping, and
stiffness coefficients of the operator’s hand and the
environment, respectively. Let f;, starts from a zero value,
f; = [f1,0] = [25(1 — cos0.1t), 0]T. Also, take f; = [0,0].

For simplicity, gravity is ignored. Then, the unknown
dynamic parameter vectors can be expressed as

Oma = [5(m; + my), i1;my, Li1;my, li1oby, 13by, 1y ok,
12(m; + m, + my,), Zby, 5,15, 111,17
B854 = [15(m; + m,), l;1;my, Li1yme, 1y15be, 13be, 111 ke,
1(my + my + my), 17be]"

where 1; and 1, are the lengths of the links, and m; and m,
are the point masses of the links. The dynamic regressor
matrices Yy,q and Ygq are obtained based on Property 1.

As far as kinematics, the robot Jacobian matrix is

—lis1—13812

iCY e +lzcq0 ly¢12
Then, the unknown kinematic parameter vectors can be
expressed as O = Oy = [1;,1,]T and the kinematic
regressor matrices Yy (Qm, qm) and Y (qs §s) are
obtained based on Property 3.

In the simulation, the parameters of the robots [18], the
operator and the environment [13] are given in Table 1.

=184,

TABLEI
MODEL PARAMETERS IN THE SIMULATIONS

Iyl, m; m; mp
0.5(m) 4.6(kg) 2.3(kg) 0.2(kg)
bh kh Me be
50(Nsm™) 1000(Nm™)  0.1(kg)  20(Nsm™)
ke Knm Ling Lok
1000(Nm™) 2001 401 101

a KS Lsd Lsk
0.25 2001 401 101

According to Table 1, the actual parameter vectors are

0,4 = [0.625,0.575, 0.05,12.5,12.5,250,1.775,12.5,
17.5(1 — cos0.1t), 17.5(1 — co0s0.1t)]7,

0.4 = [0.6,0.575,0.025,5,5,250,1.75,5]7,
0,4 = 04 = [0.5,0.5]T.

In the simulations, the initial values were randomly set as
X, (0) = x,(0) = [0.6,0.2]T,
0,,4(0) =[0.5,0.6,0.1,11,13,240,1,12,13,10]",
0.4(0) =[0.3,0.5,0.02,6,6,240,2,4]",
8,m1c(0) = B3 (0) = [1,1]".

The transparency of the proposed control approach is
compared with the conventional adaptive control approach,
which cannot deal with kinematic uncertainties. The
simulation results are shown in Fig. 2-3. Using the proposed
control scheme, the slave tracks the position of the master

well, while in the conventional adaptive control scheme the
position tracking error is clearly larger. As for force
tracking, although there are errors both in the proposed
control scheme and the conventional adaptive one, the error
in the proposed control scheme is smaller at certain points.
This is reasonable because the proposed controller is based
on the PEB architecture and not on the direct force reflection
architecture or the 4-channel architecture, which can achieve
better forcing tracking. Since f;, is zero in the Y axis, the
position and force are not shown in that direction.
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Fig. 2. Master and slave positions (x, and Xg) in X axis:
(left) proposed adaptive control, (right) conventional adaptive control
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It is worth noting that a key point in adaptive control is
that the tracking error should converge regardless of whether
the input is persistently exciting or not, i.e., one does not
need parameter convergence for tracking error convergence.

V. CONCLUDING REMARKS

In this work, we presented a nonlinear adaptive algorithm
to cope with uncertainties in the dynamics and kinematics of
a teleoperation system. The dynamics of the human operator
and the environment were incorporated into the master and
the slave dynamics, respectively. The adaptive controllers
designed for the master and the slave do not need any force
measurements. The stability of the closed-loop system is
guaranteed and the convergence of the position tracking
error is discussed. To the best of our knowledge, this is the
first time that both dynamic and kinematic uncertainties
have been considered in control of a teleoperation system.

The proposed controller is based on the PEB architecture,
which has a limitation in terms of force tracking compared
to the direct force reflection architecture and the 4-channel
architecture [19]. Addressing this and accounting for
variations in the communication time delay and nonlinear
terms such as joint friction remain as future work.



APPENDIX

Stability and position convergence analysis:
Consider a unified Lyapunov candidate function as

V:V1+V2

where V; and V, are the Lyapunov functions for a single
robot [15]-[17]:

Vi = 2SmMun (Qn)Sm + CAX LK AXp, + 2AO], 4L A8
1 -
+2A0 0 L AB .
V, = 38T M,(qs)ss + adxs K(AX + 2003, L51A0q
1 -
+2A05 L ABg
where ABp = O — Oy, and ABg = B — Bg,. Since
Mm(qm)ﬁ Ms(qs)' Km' Ks'Lmd' Lsd' Lmk and Lsk are all
positive definite, V is positive definite.

Using Property 4, the derivative of V along the trajectory
of the closed-loop system (26)-(27) becomes

V = =K, (AXL A%, + 0?AxT Ax,,
+A07 Yk (dms Gm) Yok (Am) Q) 4811
—K (AXT A% + o?AxTAX,
+A0%,. Y (s, 45) Yoi (s, 95) A0
=5 (I (@m)BhJim (@m) ) Sm

—s7(J3(q5)BeJs(as))ss

Note that K, K, B, and B, are positive definite matrices.
Therefore, V is negative semi-definite. The reason for V not
being negative definite is that for s, = s = AX,, = AX; =
AO = ABg = 0, but AB, 4 # 0or AB;q + 0, we have
V = 0. Therefore, V is bounded and all the signals including
Sm» Ss» AXpy, AXg, AB 4, ABgq, AO . and ABg, are bounded.

As far as position error convergence, we know that Axy is
bounded. Integrating V gives us

t t
V@) = f Vdt = — f Kon (1% 12 + a2 | Ax |12
0 0
+ ”Ymk(qm: qm)Aemk HZ)dt
t
- f K, (1A%, 12 + o[ Ax 12
0

+”Ysk(qsr qs)AeskHZ)dt
- fot(BhSrTr‘l(lgl(qm)]m(qm))ss
+Bes{ (J3 (95))s(g5))ss)dt

Since V(t) is bounded, as t — oo, we get that fooollesll2 dt

and fooollA)'(sllzdt are bounded (i.e., AXq, A%, € 12). For a

robotic manipulator, it is not unreasonable to deduce that
Axg is also bounded. Having Ax; bounded, Ax; bounded,

and Axg € L? and using Barbalat’s lemma [20], we can
obtain that }imAxS = tlim xs—xp) — 0.
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