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Dual-master Teleoperation Control of Kinematically Redundant Robotic
Slave Manipulators
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Abstract— Kinematically redundant robotic manipulators
(KRRM) can provide a great degree of flexibility for working
in complex unstructured environments. Teleoperation control
of KRRM requires a strategy to resolve the redundancy of
the slave robot while achieving transparency in the task space.
In this paper, a two-master control approach is proposed in
which the first master transparently controls the redundant
slave end-effector in the task space, denoted as the primary
task. Meanwhile, a second master exploits the slave redundancy
to perform a secondary task such as obstacle avoidance or
internal position control. Kinematic redundancy is considered
for the slave robot and the traditional autonomous null-space
control approach is also accommodated. Teleoperation control is
achieved in two steps. First, velocity-level redundancy resolution
is attained through new joint-space Lyapunov-based adaptive
motion/force controllers. Coordinating reference commands for
the joint-space controllers are designed to give priority to the
primary task and decoupling between the tasks is achieved
without the use of a dynamically consistent pseudo-inverse.
Experimental results with two identical planar two-degree-of-
freedom master devices controlling a simulated four-degree-of-
freedom redundant slave robot show the effectiveness of the
approach.

Index Terms— Teleoperation, Telemanipulation, Coopera-
tive Teleoperation, Redundancy, Multiple Robot Teleoperation,
Transparency, Adaptive Control, Nonlinear Control.

I. INTRODUCTION

Kinematically redundant robotic manipulators (KRRM)
are suitable for navigation and work in unstructured en-
vironments. Their redundancy can be exploited to achieve
multiple task objectives at the same time [1]. Teleopera-
tion applications involving complex environments such as
robotic-assisted surgery and space robotics can benefit from
manipulator redundancy. Although autonomous control of
the slave redundancy in teleoperation is feasible, it might not
be effective or practical in many applications. The very same
arguments made in support of teleoperation over autonomous
control of robots can also be applicable to the problem
of redundancy resolution. Humans are usually better than
autonomous robots in operating in complex unstructured en-
vironments by using their intelligence, experience, and effec-
tively fusing multiple sources of sensory inputs. To capitalize
on such human capabilities, in this paper a secondary master
device is proposed to manipulate a redundant slave robot in

This work was supported by the Natural Sciences and Engineering
Research Council of Canada (NSERC).

Pawel Malysz is a doctoral student in the Department of Electrical and
Computer Engineering, McMaster University, Hamilton, Ontario, Canada.
MALYSZP@MCMASTER.CA

Shahin Sirouspour is an Associate Professor in the Department of Elec-
trical and Computer Engineering, McMaster University, Hamilton, Ontario,
Canada. SIROUSPOUR @ECE.MCMASTER.CA

978-1-4244-3804-4/09/$25.00 ©2009 IEEE

its nullspace by controlling a virtual point on the slave robot.
The secondary control point, for example, can help prevent
collisions in complex/cluttered environments, avoid sensitive
areas of the patient body in a surgical procedure, position the
mobile base of a redundant slave, or adjust the robot internal
configuration to improve visibility. In the proposed approach,
such secondary tasks are carried out without interfering with
the primary task at the end-effector which is controlled by
the primary master device.

The addition of the secondary master device creates an
asymmetrical teleoperation system in which two master
robots control one slave robot. Examples of multiple master/
multiple slave teleoperation have been previously considered
in the literature. Multiple Master Single Slave (MMSS) [2],
[3] and Multiple Master Multiple Slave (MSMS) [4], [5] sys-
tems can result when cooperative teleoperation tasks among
multiple users are of interest. Single Master Multiple Slave
(SMMS) systems can be useful when grasping and additional
force are required for teleoperated tasks [6], [7]. Redundancy
in teleoperation has also been previously explored. However
much of the pertinent literature in this area concerns Single
Master Single Slave (SMSS) systems where autonomous
redundancy resolution is attained through the optimization of
local objectives either at the master or slave end. Examples
of such objectives include singularity avoidance [8], collision
avoidance [9], slave internal position regulation [10] or other
sub-task goals as in [11].

There have been a few papers concerning redundancy
resolution in teleoperation by involving the human operator.
Rubi et al. proposed engaging the user in a singularity
avoidance scheme by providing vibrational haptic feedback
proportional to singularity closeness [8]. Stanczyk et al.
allowed the operator to control the slave nullspace in a
unilateral way [12] via user elbow angle tracking to control
the remaining slave dof using an augmented task-space
approach. Park and Khatib considered teleoperation control
of a mobile slave manipulator [13]. The end-effector and
mobile base positions were controlled independently such
that base motion would not affect end-effector motion.

This paper considers a dual-master system controlling a
single redundant slave. A primary master is designated to
transparently control the slave end-effector in a bilateral
teleoperation configuration. A secondary master (partially)
controls the nullspace of the slave manipulator to perform
secondary tasks by positioning a virtual point on the robot.
A control framework is proposed for co-ordinated control
of such a teleoperation system that aims to decouple the
primary and secondary task spaces. Performance objectives
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in the primary task are position and force tracking between
the corresponding master and slave robots as in conventional
teleoperation. The aim in the secondary task is to establish
position tracking between the secondary master and the
virtual control point on the slave and to shape the mechanical
impedance presented to the user. Moreover, the secondary
task should not affect the primary operation.

To deal with dynamic uncertainty and nonlinear robot
dynamics a Lyapunov-based adaptive control approach is
employed. Such a strategy has been successfully used be-
fore for SMSS symmetric dof teleoperation systems [14],
[15]. In this paper joint-space adaptive controllers utilizing
velocity-level redundancy resolution are proposed to control
the redundant manipulator by augmenting the approach of
Lozano and Brogliato [16]. In particular, the adaptive con-
trollers presented in this paper are modified to incorporate a
secondary task, its associated nullspace and its decoupling
from the primary task. Unlike the force-level redundancy
resolution approach used in [13], the velocity-level redun-
dancy resolution method presented here avoids decomposing
the robot dynamics into task/posture sub-dynamics. It also
eliminates the need for an inertia weighted pseudo-inverse
which would require an exact knowledge of the robot mass
matrix.

In the proposed controllers any arbitrarily weighted
pseudo-inverse may be used. Priority is given to the primary
task by controlling the secondary task through the primary’s
nullspace velocities. Any left-over degree of motion in the
nullspace can be autonomously controlled. The ability to
handle extra redundancy allows our control framework to
handle asymmetries in dof between the combined dof of the
primary/secondary task-spaces and the dof of the redundant
slave.

Teleoperation transparency in the primary task-space is
achieved using a similar approach to that in [14], but using
simpler teleoperation coordinating signals. Perfect position
tracking is attained between the secondary master and an ar-
bitrary secondary control point on the slave. Haptic feedback
is provided through the secondary master device in the form
of an adjustable virtual tool impedance Controller stability
is proven by assuming i) rigid-body robot dynamics and ii)
linear-time-invariant (LTI) second-order models of the user
dynamics and environment. In this paper, the results for the
case of delay-free teleoperation are presented for applications
in which the master/slave robots are in close proximity.

In summary the main contributions of this paper are: i) a
new control framework to handle kinematic redundancy in a
dual-user/redundant slave teleoperation configuration, ii) user
teleoperation control of the slave redundancy with associated
secondary task objectives, and iii) the development of stable
Lyapunov-based adaptive controllers for achieving the decou-
pled primary/secondary task-space teleoperaton objectives.
The rest of the paper is organized as follows. The dynamics
of master and slave systems are discussed in Section II. The
proposed controller is presented in Section III. Teleopera-
tion experiments are provided in Section IV. The paper is
concluded in Section V.

II. DYNAMICS OF MASTER/SLAVE SYSTEMS
A. Master/Slave Robots

The master/slave devices are n., dof robots with joint space
dynamic models having the following general nonlinear
form [17]:

M, (ay)dy + Cy(ay, 4y)dy + G (@) = Ty — Tey (D

where v = 1m for the primary master, v = 2m for
the secondary master, v = s for the slave, g, a joint
configuration vector, 7., joint control forces/torques and 7 -
joint forces/torques corresponding to external forces/torques.
M, (q,) is a positive definite mass matrix, C (g, ¢,) repre-
sents velocity dependent elements such as Coriolis and cen-
trifugal effects, G, (g,) corresponds to position-dependent
forces such as gravity.

B. Master systems incorporating operators

The end-effectors of the non-redundant master robots are
chosen as their task-space control points and denoted as vec-
tors x1,, for the primary master and x9,, for the secondary
master. Both these satisfy the velocity relationships shown
in (2) where Ji,, and Js,, are configuration dependant, full
rank square Jacobian matrices.

Tim = Jlmchm S %nlm, Tom = JQmQQm c Rrem (2)

The external forces on the master robots correspond to
hand forces at the end-effectors, to simplify the design and
analysis, the operator dynamics are assumed to be second-
order LTI models in the task-spaces.

'(L?TTL]

3)
where ¢ = 1 for the primary master and ¢« = 2 for the
secondary master. M, B;, and K are symmetric positive
definite matrices corresponding to mass, damping, stiffness,
x;, represent the contact points of each hand and f; are
the human exogenous forces subject to

T % .. .
Te,im=" Jim fih ’ f’ih :fih_Mihxim_Bih-ri’m_Kih [xim_m

| finlloo £ @in <400, > 0 4)

Using (1), (2) and (3) the combined dynamics of the
primary (¢ = 1) and secondary (¢ = 2) master systems of
dimension n;,, can be represented by (5).

Mzqum + C“”Lq”n + gim = Tim + sz;n i*h S %nim (5)
Mim = Mim(qZ‘m) + Jirl;nMthim € RrimXnim

Cim=Cim (sza Qim)“r‘JgnMih Jim"_JiY;nBthimG RimXnim
gim = Gim(qim) + JgnKih[zi7r1, — zfm] € Rnim

C. Slave system incorporating environment

The end-effector of the redundant slave robot is chosen
as the primary task-space control point and is denoted by
vector 1. Since the primary master dof is less than the dof
of the slave robot (n1,, < ns) an arbitrary internal secondary
control point is chosen to resolve redundancy; this task-space
vector is denoted as xos. The workspace velocities for the
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primary and secondary control points can be obtained from
the following relations

T1s = Jlsds € %nlmﬁ Tos = JQSQS € Rram (6)

where Jys and J, are configuration dependant full rank Ja-
cobian matrices. The external forces/torques are environment
forces at the slave robot end-effector as shown in (7) where
a second-order LTI model in the primary task-space is used.

T
Te,s = Jlsfea

Here M., B., and K. are symmetric positive definite ma-
trices corresponding to mass, damping, stiffness, and x7,
represents the contact point of the environment.

Using (1), (6) and (7) the dynamics of the slave system
in joint-space coordinates are governed by

fe = Mefils +Beftls +Ke [xls - xcfs] (7)

qu's + qu.s + gs =Ts € Jere (8)

M, = M(qs) + JF M. Jy € R=xn
CS = CS(Qsa qS) + J]’TM@JI + JiTBeJl c %nsxns
Gy = Gs(gs) + J] Kclwrs — a3, € R

IIT. CONTROL DESIGN

The design of the controllers are performed in three stages.
The first stage introduces the joint-space adaptive controllers
that can ensure joint tracking in the presence of model
uncertainty. The second stage shows the local redundancy
resolution strategy and decomposes the control from joint-
space to task-space. The third stage shows the desired task-
space control for teleoperation. The last subsection addresses
stability.

A. Adaptive Master/Slave Controllers

The local adaptive control laws are introduced in (9) where
they contain adaptive model-based feedforward compensa-
tion (Y,0,) plus feedback control (K, p).

Ty =Y,0, + Kypy +ay €R™, py 2G5 — ¢, € R™(9)

a2 Jgnaihsign(Jimpim), v =1im
v 0, v=s

Here q'; are joint command vectors to be introduced later,
K,y > 0 diagonal matrices, and p- a type of tracking error. In
(9), ©, denotes the estimate of constant ©, which contains
all unknown parameters of the primary master (y = 1m),
secondary master (7 = 2m) and slave (y = s) subsystems.
Furthermore, regressor matrices Y, (qy,qy,q,q,) are de-
fined based on the so-called linear-in-parameter formulation
of robot dynamics [17], i.e.

(10)

Yy (ay, v, @y, @) Oy = My (ay) G5 + Cy gy, qv)qs + gv((‘ivl))

The sign term in (10) is added to deal with the unknown
but bounded exogenous force f7;. In practice to avoid
chattering in control, f, can be included in the parameter
vector and adapted for. This usually provides satisfactory
results if the rate of adaptation is much faster than the

changes in exogenous force. The parameter adaptation laws
are governed by

. 0, O, < O, and Yy <0
O= 0, O, > @j;k and YWTka >0 (12)
| YVT,C Py otherwise

where vk denotes the kth parameter of either primary master
(7 = 1m), secondary master (y = 2m) or slave (y = s).
I, represents a parameter update gain vector with elements
Iy > 0,0, and @;’k denote the minimum and maximum
allowable values of ©., and ©, = ©, — O, represents
parameter estimate error vector.

Using the candidate Lyapunov function in (13) one can
obtain (14) where (5), (8)-(12) and skew-symmetry of MW —
2C,, has been employed.

v, =

vV, <

1 lar 154
3P Mypy + 5071510, (13)

—p3Kqpy (14)

Finally, using (13) and (14) it can be concluded

Ps €L20Loov plmELQHLooa P2m eL2m-[/c>o (15)

B. Local Master/Slave Joint Command Vectors

To control the task positions xi,, and zs,, the joint
command vectors for the masters are defined in (16) yielding
(17) where i = 1, 2.

o A 7—1 .
Qim = Jim Lim

(16)
a7

Here %7, and &5, are task-space command vectors to be
introduced later.

The slave task-space positions x1s and x2s must also be
controlled. Since the slave robot is kinematically redundant, a
velocity-level pseudoinverse redundancy resolution approach
is employed. To this end, the following notations are defined

147 ~1 47\ -1
JE =W (WD) (18)
Ny =1—-J]J, (19)

o5 = Jojisds = @25 — Joshi1s, Jops = J2sNis (20)

where y = 1s, 2|1s, J;{ is a pseudoinverse for the full rank
matrix .J, weighted by the positive definite matrix W,, N,
a nullspace projector and :5;, denotes secondary task-space
velocities that lie in the nullspace of the primary task. Using
(18)-(20) the slave joint velocities can be decomposed as

qs - Jl-zils + leJ;‘—ls(i'Qs - J25J1+55bls) + leNQ\lsQNs

2
where ¢ys = N15Nyj15Gs represents the remaining nullspace
velocities. It is now possible to define the slave joint com-
mand vector ¢; in an analogous decomposed form

G JEET ANy T

2\15(:.CgSiJQSJﬂiqs)+N18N2|lsqy\/s (22)

where 7., T5, are slave task-space command vectors to
be introduced later and ¢, is locally designed to resolve
any remaining slave redundancy. The term JQSJIJ;@{S in
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(22) is added to compensate for velocities induced into the
secondary task-space by primary motion. It is instrumental
in achieving decoupling between the primary and secondary
task spaces. Subtracting (21) from (22), one can obtain

ﬁls = Jlsps = :I/nlﬂs - (tls S L2 m Loo (23)
P2s £ JZSps = ZUES - ijs € L2 m Loo (24)
s 2 N1aNoj13pe=N1sNaj1s (G s—ins) € Lo [ Loo(25)

It should be noted that since the Jacobians, pseudoinverses
and nullspace projectors used are only functions of position,
the vectors q'f/ and ijﬁ; in (16) and (22) will avoid acceleration
measurement provided Gy, G4, &] and &} are designed to
avoid acceleration measurement where v = 1m, 2m or s and
[ =1m,2m, 1s or 2s.

C. Task-space Command Vectors for Teleoperation

The task-space command vectors z7,,, %5,,, &7, and
5, will be designed to achieve the task-space teleopera-
tion objectives of primary/secondary position tracking, pri-
mary/secondary virtual tool impedance shaping and primary
force tracking while avoiding acceleration and derivative of
force measurements. To this end let

5 = A1(fin — K1 fe) = M im + 1 (26)

it =k [AL(fin — £p1fe) — MTim + Tim] + (27)
M (Ko @1m — T1s)

Ty, =A2f2h — NoTom + Tom (28)

Ihy = K;; [As for, + (1= A2) T + /\2(“0;2156277; —295)(29)

where Ay, Ao, A1, Ao, A1, Ao are positive diagonal matrices,
Kp1, Kpz diagonal motion scaling matrices and sy is a
diagonal force scaling matrix. If () is one of the following
{&1m, Z2ms fin, f2n, fe}, then the notation Q represents a
filtered quantity specified by filter

Q = CQ-CQ

The diagonal matrix C' represents the filter bandwidths and
ultimately affects the stability, transparency and noise am-
plification of the teleoperation system. Filtered feedforward
force/velocity commands are present in (26)-(29) to facilitate
a virtual tool response. Moreover, (27) and (29) contain
position errors to ensure position tracking.

Now the transparency of the controllers in the primary
task-space will be explored. Substituting (26) into (17), (27)
into (23), and using (30) yields

(30)

Kp1P1s —Pim = (B1m —Fp1@1s) + A1 (T1m — Kp1215)31)
ﬁle é Tim — K:plxls S LQ ﬂLoo (32)
ﬁl'u £ j;lm - Kplils € L2 ﬂLoo (33)

fin = fpifie + (A10) i + AT A1 Z 1 + prg (34)
ﬁlf é Al_ll_)lm S L2 ﬂLoc

where the primary task-space position (32) and velocity
(33) tracking objectives can be concluded from (31) using

Lemma 1 from [14]. From (31) it is seen that the motion
tracking performance can be adjusted by the parameter ;.
The force tracking objective is shown in (34) where an
adjustable virtual tool dynamic is present that behaves as
a mass-damper link for frequencies below C' rad/s. Under
quasi-static conditions, the primary user’s filtered hand force
and filtered environment force would track each other.

For the secondary task-space, substituting (28) into (17),
(29) into (24), and using (30) one can obtain

Kp2P2s — Pam = (Tam — Kpadas) + A2(Tam — Kpa®as X35)

ﬁ2e é Tom — Hp2$25 S L2 m Loo (36)
ﬁ?v £ jf2m - Hp2i2s € L2 ﬂ Loo (37)
fon = (A2C) " Zgy, + Ay ' MiZom + Py (38)

p2f 2 A51ﬁ2m € Lo mLoo

where the secondary task-space position (36) and velocity
(37) tracking objectives can be concluded from (35). The
secondary master virtual tool response is demonstrated in
(398).

D. Stability

This  subsection  addresses  the  stability  of
primary/secondary task teleoperation as well as the local
slave redundancy method. These results apply assuming
Ja15 is full rank. For simplicity z7,, = 27, = 0 in (3) and
(7) is assumed. The non-zero case can easily be handled
through appropriate position offset transformations.

Combining (34) with environment model (7) and master
operator model (3) and utilizing (30) yield

fin+p = (M + Iif1MeI€;11 + (A,0) ™Y &1, #39)
(Blh + ’ileeK’;ll + Al_lAl)i’lm +
(K1n + /if1Ke/€;11):%1m

ﬁl = Melf;llﬁla + Belﬂ?;llﬁl’u + Ke'%;llﬁle — ,Elf (40)

Using (30) and Lemma 2 from [14] on (39) one can
ultimately conclude

(41)

LTim,Llss "I.:lmni‘lsa f1h7 fe S Loo

Similarly, combining (38) with secondary master operator
model (3) and using (30) yields

fQ*h + /52f = (MQh + (A20)71)§2m +
(Bap + Ay ' A2) T2, + Kopdom

(42)

Using (30) and Lemma 2 from [14] on (42) one can obtain

x2m7m257-'1'52mai'2saf2h € L (43)

The nullspace command vectors ¢f;, should be designed
such that one is able to conclude ¢ys € Lo and gns €
L. This will be assured if the design of ¢}, is based on
the gradient of some locally convex optimization function
of joint configuration. One can subsequently conclude that
joint positions and velocities are bounded, i.e. ¢; € Lo, and
(s € Loo.
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IV. TELEOPERATION EXPERIMENTS

A kinematically redundant dual master single slave plat-
form shown in Fig. 1 has been used to evaluate the pro-
posed teleoperation controller. Two Quanser planar twin-
pantograph haptic devices have been employed as the master
robots. The pantograph devices are actuated by direct-drive
DC motors attached to the proximal links, each motor
has max torque output of approximately 0.370 Nm. The
motor shaft angles are measured by optical encoders with
20,000 counts per revolution. Two Mini40 force/torque sen-
sors from ATI Industrial Automation have been attached
to the mechanisms end-effectors to measure hand forces.
The pantograph devices are light, have low friction and are
easily backdrivable. The mass of the force sensor and end-
effector attachments dominate the device dynamics. There-
fore the master robots have been modeled as linear-decoupled
mass-spring-damper systems in the workspace co-ordinates.
Position-dependent variations in the device dynamics due to
nonlinearities are adapted for by the local master controllers.
To avoid unwanted chattering, the master controllers were
modified such that they would adapt for f{, and fJ, by
adding it to the feedforward term (11) and not utilizing (10).
The task-spaces for each master robot were chosen as the x-y
axes leaving the one redundant dof to be controlled locally.
This dof was controlled such that the end-effector orientation
remained fixed using local PD control.

The slave robot was simulated as a joint-torque controlled
planar four-link mechanism. Each link was modeled as a
uniform thin rod of length of 0.1 m, mass of 0.1 kg and
moment of inertia I = 8.33x107° kg - m2. For simplicity
gravity and motor dynamics were ignored. To make the
model more realistic joint measurements were quantized to
20000 counts/rev, joint torque saturated to 0.3 Nm and
Gaussian white noise with standard deviation of 0.05 N
added to end-effector force measurement. This makes the
actuation and sensing capabilities of the master/slave systems
comparable. Also joint friction of 0.02 Nms was also
modeled.

Although in principle it is possible to obtain expressions
as functions of position and velocity for the derivatives of the
pseudoinverses and nullspace projectors used (i.e. derivatives
of Jf;, lejg"ls, JQSJ;; and N15Nyj1,), a filtered numerical
derivative proved effective in the experiments. The slave
end-effector was the primary task-space control point. An
arbitrary control point was chosen as the secondary task-
space. A virtual environment acting on the x-axis was used
for experiments and was modeled as a spring with a stiffness
of 500 N/m. The slave system and control software were
implemented using Matlab RTW Simulink with Quanser
Wincon real-time control software at a rate of 2000 Hz.
The slave system was visualized using Matlab Virtual Reality
toolbox at a display rate of 25 Hz. The control parameters
used in the experimental trials are given in Table I.

The experiment places the secondary control point mid-
way on the third link. Experimental results are displayed
in Fig. 2 where force and position tracking graphs show

Environments Slave

Secondary laster

Primary Hiaster

Fig. 1. The experimental setup.
TABLE I
CONTROLLER PARAMETERS

Aq Ay A1 Kpl Kf1
0.02 kg~ s 0.01 30 s~ 1 1 1

A Ag A2 Kp2 C
0.03 kg~ s 0.1 1551 0.75 | 64pi rad/s
’ClmyKQ'm ’Cs 1—‘177171—‘2'm Fs
35 Nsm~1 | 0.04 Nms 100-2000 0.1-6000000

the desired tracking objectives. There were three phases in
this experiment. In the first phase (0-4.5 sec) the primary
master performs free motion while the secondary master
holds their control point still. The second phase (4.5-8.1
sec) sees the secondary master perform free motion while
the primary master holds still. A bird’s eye view of the slave
during a portion of these two phases is shown in Fig. 2 ¢)
and f). In the final phase (9.35-13.15 sec) the primary
master interacts with the 500 N/m environment while the
secondary master holds still. Decoupling can be seen by
the lack of movement and forces while the other performs
motion/contact. Any movement/forces while a master holds
still are due to unintentional effects such as hand tremor,
drift and jerk. The sinusoidal like motions were deliberately
made to demonstrate force/position tracking. The non-zero
forces during free-motion are due to the control rendered
intervening tool dynamics.

V. CONCLUSIONS

While traditional teleoperation considers single master
single slave systems with with similar degrees of freedom,
this paper explored a multi-robot asymmetric teleoperation
platform with slave kinematic redundancy. In the presented
dual master (user) single redundant slave system, the masters
are designated into a primary master (user) that performs in
a way analogous to traditional teleoperation and a second
master (user) that controls a secondary task through the
nullspace of the primary. Such a scheme would be useful
in complex environments where a human user can intelli-
gently perform complex tasks such as collision avoidance
or internal position control without disturbing the primary
task. The conventional local autonomous redundancy con-
trol approaches are also accommodated in the proposed
framework and can be employed to control any remaining
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Fig. 2. Teleoperation experimental results; a) primary position tracking b)

kinematic redundancy in the slave system. Adaptive joint-
space controllers with local velocity-level redundancy reso-
lution are proposed to achieved the teleoperation objectives
and decoupling primary/secondary tasks in the presence of
dynamic uncertainty. The proposed method was validated in
experiments using a system with two 2DOF master robots
and a single simulated 4DOF redundant slave robot. Due to
space restrictions this paper only presented a control solution
for delay-free teleoperation where the primary and secondary
tasks are nonconflicting. A control approach to handle other
cases is currently under development.
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