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Abstract— This paper presents a controller for whole-arm
obstacle avoidance for the slave robot in an unilateral
teleoperated robotic system. The slave controller is free of
robot inverse kinematics model, and it is conformed of two
parts. First a cartesian PID controller is used to render
closed loop system stability. The second controller part is
the on-line solution of a dynamic optimization problem. It
considers the enhancement of the tracking error and obstacle
and joint limits avoidance for the slave robot. Gradient flow
approach is used to solve on-line the optimization problem.
The proposed controller is validated on a testbed, conformed
of a three Degrees of Freedom (DOF) parallel robot as a
master robot, and a three-DOF planar robot as a salve
robot. A CMOS sensor camera is used to get the obstacle
position. Experimental results are presented, which show
obstacle avoidance in slave robot operational space. A Writing
task performance in cartesian space is successful, keeping
cartesian errors small and without exceeding mechanical
constraints at slave robot joints.

Keywords: Teleoperation, Optimal control, Obstacle
avoidance, Redundant Manipulators.

I. Introduction

In robotics, a teleoperated system is a robot (Slave
robot) operated or controlled at a distance by other robot
(Master robot). Thus, the main paradigm is Master-Slave
teleoperation and it can be divided in two classes, unilateral
and bilateral teleoperation. In unilateral teleoperation, the
slave robot is receiving information from the master robot,
but the master robot is not receiving information from the
slave robot. In bilateral teleoperation, both are receiving
data from each other. There exist a performance index for
teleoperated systems calledtransparency. The less position-
ing and orientation error in the slave and the better force
reflecting to the master, the higher is the transparency of
the system. On the other hand, the problem of teleoperated
robots can be studied depending on the the kind of robots,
their structural and measuring limitations. When the master-
slave robots have the same structure, the teleoperation is
called to be with similar or identical robots. In the other
case, the teleoperation is called to be with dissimilar or
non-identical robots.

Teleoperated systems have been studied firsts on the mid

1940s, when Raymond Goertz proposed the first Master-
Slave teleoperator for nuclear applications (Sheridan, 1992).
Since 1970, teleoperation developments have been growing
up very quick, specially for undersea and space applications.

After the Goertz work, the effects of the delay in teleop-
eration, induced by long distances between the master and
slave robots, were studied by (Sheridan and Ferrell, 1963).
It was shown that under certain circumstances the system
performance is independent of the delay. Thereafter, with
the hierarchy of the supervisory control it was possible to
control the remote manipulator even in presence of time
delays, (Sheridan and Ferrell, 1967). In the 80s, more
advanced control techniques were proposed, such as those
based on Lyapunov theory (Miyazaki et. al., 1986) and
passivity-based schemes (Anderson and Spong, 1989) and
(Niemeyer and Slotine, 1991). In the early 90s, tools for the
analysis of teleoperation system performance and stability,
with communication delays, were presented, (Lawrence,
1992). It was shown that transparency and robust stability
are conflicting design goals.

The above mentioned techniques have been used in
several applications, from handling radioactive material,
passing trough telesurgery, to space robotics. Nonetheless,
those approaches deal only with the transparency and the
stability of the closed loop system. Thus other kind of
problems, like obstacle avoidance, singularity avoidance,
etc, are still an open problem in teleoperated robotics.

For example, very few information can be found on
the obstacle avoidance problem for teleoperated robotic
systems. In (Lumelsky, 1991) and (Feddema, 1994) a
whole sensitive arm manipulator, using capacitive sensors
to measure the distance from the obstacle, is proposed to
achieve automatic obstacle avoidance, freeing the operator
for global control. Some years after, a new approach was
proposed. Using virtual contact with the obstacles as a
constraint in the slave robot environment, by means of a
force generated by a repulsive field, the operator capa-
bilities were enhanced, (Turro, 2001). Some years after
(Taguchi, 2008), a design method of autonomous hazard
avoidance controller, was proposed. The author used two
controllers, a bilateral controller in bilateral teleoperation
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and hazard obstacle avoidance controller for obstacle avoid-
ance, switching from free motion to constrained motion.

More recently, the use of artificial potential fields were
proposed by (Garcia, 2009). A remote robot immersed in an
environment with obstacles is guided by an operator using
the end-effector of an haptic device. The system provides
force feedback to the user when he approaches a potential
field surrounding an obstacle. Thus, obstacle avoidance for
the slave robot is achieved.

This way so, the addressed problem in this paper is
to take into account in a teleoperated robotic system,
the obstacle avoidance problem for the slave robot, under
the additional assumption that theobstacle trajectory is
completely unknown by the operator. In the next section
this problem is stated.

II. Problem statement

Consider a nonidentical master-slave robotic system,
composed of anm-DOF master robot and ans-DOF slave
robot. The problem is stated as:to design a feedback control
law that forces the slave robot end-effector to follow the
trajectory imposed by the master robot end-effector, and
on-line avoid possible obstacle collisions, in spite of the
lack of knowledge of the master robot operator about an
obstacle trajectory, and also considering the mechanical
limits of slave robot joints.

Notice that the above problem statement does not con-
sider the part of the transparency related to the force reflec-
tion from the slave robot. Thus, unilateral teleoperation is
considered.

III. M aster and Slave Kinematic and Dynamic Models

For the proposed unilateral teleoperation scheme, the
direct kinematic and dynamic models of the slave robot are
needed. For the master robot only direct kinematic model
is required.

First, to obtain the dynamic model for the slave robot,
consider ans-joint fully actuated rigid robot, i.e.qs ∈ �

ns.
The slave robot workspace isms-dimensional one, in such
way that in general,ns > ms, and for redundant robot
manipulatorsns > ms. Then the kinetic energy is given
by T(qs, q̇s) = 1

2q̇s
T M(qs)q̇s, with M(qs) ∈ �ns×ns, the

symmetric, positive-definite inertia matrix, and the potential
energy is denoted byU(qs). Hence, applying the Euler-
Lagrange formalism, (Lewis, 1993), the joint space dynamic
model of the robot is given by

M(qs)q̈+C(qs, q̇s)q̇s + Fq̇s+G(qs) = τs (1)

where G(qs) = ∂
∂qs

U(qs) ∈ �ns denotes the gravity
forces,Fq̇s ∈ �

ns denotes the viscous friction effects, and
C(qs, q̇s)q̇s ∈ �

ns represents the Coriolis and centrifugal
forces, andτs ∈ �

ns is the vector of input torques for the
slave robot.

In general terms the direct kinematics relates the joint
qs ∈ �

ns and cartesianXs ∈ �
ms variables, for the slave

robot, the direct kinematic model can be expressed as
follows

Xs = FDKs(qs) (2)

For most trajectory designing, and for some control
implementations the inverse kinematics model, which gives
the inverse relationship, is required. It is important to remark
that the inverse kinematics problem implies, in general,
multiple solutions or even singular solutions, depending on
the robot architecture.

For the master robot, only the direct kinematic model is
required, this is expressed as

Xm = FDKm(qm) (3)

To fully relate the joint and cartesian spaces of the
slave robot, it is required to establish a relation among the
joint torquesτs and cartesian forcesFs, for that, the robot
JacobianJ(qs) =

∂FDKs(qs)
∂qs

∈ �ms×ns is considered. Thus, the
relation between joint input torques and cartesian forces can
be expressed by

τs = J(qs)
TFs (4)

Notice that for redundant manipulators, the Jacobian
J(qs) ∈ �ms×ns is not square.

IV. Cartesian/Joint Optimal Slave Control

The controller is conformed of two parts. The first part
of the controller considers a Cartesian PID controller,FPID,
which is mapped through the Jacobian of the slave robot to
the joint torques at the joint space, as in equation (4). The
second part of the controller considers an on-line optimal
controller, added to the cartesian PID controller. Thus, from
(4) the input torqueτs ∈ �

ns×1 from equation (1), is
proposed as follows

τs = J(qs)
TFPIDs + τos (5)

whereFPIDs ∈ �
ms is the salve robot PID cartesian control,

andτos ∈ �
ns, is the solution of the dynamical optimization

problem. The proposed controller (5), is developed as
follows.

A. PID Cartesian Control

The PID controller for the slave,FPIDs, is cartesian type
and thus, it is based on cartesian space variables. Then, by
considering the direct kinematics model (2), it follows that
this part of the controller is expressed by

FPIDs = Kpsecs + Kdsėcs + Kis

∫

ecsdt (6)

where Kps,Kds,Kis ∈ �
ms×ms are the proportional, deriva-

tive, and integral diagonal gain matrices, respectively. The
cartesian tracking error for the slave robot is denoted by
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ecs ∈ �
ms×1 andėcs ∈ �

ms×1 represents the cartesian velocity
tracking error, which are given by

ecs = Xm − Xs = Xm− FDKs(qs) (7)

ėcs = Ẋm− Ẋs = Ẋm − J(qs)q̇s (8)

whereXm andẊm denote the master cartesian position and
velocity vectors, respectively.

B. Optimization Problem Statement

First, the general constrained optimization problem is
stated. This formulation accepts different optimization cri-
teria, including multiple index functions, which can be
weighted accordingly to a desired performance. The op-
timality analysis is presented for the general case as well.

Consider the column vector of statesξ = [q q̇ qI ]T ∈

�
k×1, where k = (2n + m), and qI denotes them-states

related to the integral part of the PID controller (6), since
they are part of the dynamics of the closed loop system.
Now, consider the scalar objective functionI ∈ �, subject
p inequality constraints,g ∈ �p×1, andr equality constraints
h ∈ �r×1. Note that the objective functionI and the
constraints can be parametrized in terms of the state vector
ξ, the optimal controllerτo, and some other variables of
interest for the optimization problem, e.g. the vectorΦ =
(ξ, ..., τo). This may help, to establish optimality conditions
and performance dependency on the components of the
vectorΦ.

Thus, considering only the state vectorξ and the optimal
controllerτo, the optimization problem is stated as minimiz-
ing I (ξ, τo), under the optimization controllerτo, subject to
the constraintsgi(ξ, τo) andhi(ξ, τo). I is usually known as
performance index or optimization index. This is stated as
follows

min I (ξ, τo)
gi(ξ, τo) ≤ 0 i = 1, ..., p.
hi(ξ, τo) = 0 i = 1, ..., r.

(9)

C. On-line Optimal Controller

Dealing with on-line optimal problems there are a few
admissible approaches, which establish a major difference
with respect to off-line programming. In this proposal the
optimization problem (9), is solved by thegradient flow
approach, (Helmke, 1996). Thus the optimal controllerτo,
which minimize I , is proposed as follows

τ̇o = −γ∇
T
τo

I (10)

where γ ∈ �n×n is a diagonal gain matrix related to
convergence properties of the gradient flow approach, as
presented in (Helmke and Moore, 1996). The gradient of
the objective function (9) with respect to the independent
optimization vectorτo, is computed as

∇τo I =

(

∂I (ξ, τo)
∂ξ

∂ξ

∂τo
+
∂I (ξ, τo)
∂τo

)

∈ �1×n (11)

In equation (11),
[ ∂ξ

∂τo

]

denotes the sensitivity function
(vector) matrix, which is obtained from partial differentia-
tion of the closed loop system formed by the robot system
(1) and the controller (5).

q̈ = M(q)−1
[

J(q)TFPID + τo −C(q, q̇)q̇− Fq̇−G(q)
]

(12)

Now, consider the column vectorξ ∈ �k×1, differentiating
this vector with respect to time and using (12), results in a
closed loop non-linear dynamic model on the state vector
form

ξ̇ = f (ξ, τo) (13)

then, deriving this system with respect toτo and inverting

the order of the linear operators
[

∂
∂τo
, d

dt

]

, it results in a

linear dynamic system, in terms of∂ξ
∂τo

, as follows

d
dt
∂ξ

∂τo
=
∂ f (ξ, τo)
∂ξ

∂ξ

∂τo
+
∂ f (ξ, τo)
∂τo

(14)

Equations (10), (13) and (14), are three dynamical sys-
tems that have to be solved on-line. They depend on the
dynamics of the robot, through the state sensitivities of the
system with respect toτo.

The system described by equation (14), is linear in terms
of ∂ξ
∂τo

, and its stability properties are stated in the following
proposition.

Proposition 1: If the system (1), is in closed loop with
the controller (5), then, there exist definite positive diagonal
gain matricesKp, Kd andKi ∈ �

m×m, which ensure that the
matrix ∂ f (ξ,τo)

∂ξ
, in equation (14), has all its eigenvalues on

the left side of the complex plane. Thus, the system (14) is
stable.

Proof 1: Guideline: all the entries of the diagonal matri-
cesKp, Kd andKi ∈ �

m×m, appear on the row corresponding
to the the dynamics oḟξ, such that the eigenvalues of the
matrix ∂ f (ξ,τo)

∂ξ
can be forced to be stable.

With respect to the optimization problem, the objective
function (9) must be minimized, for this, it should be
non-increasing during its time evolution. This is stated in
theorem 1.

Theorem 1:If τ∗o(t) is the solution of the differential
equation (10), withγ ∈ �n×n a definite positive matrix,
then the objective function (9) is non-increasing along
trajectoriesξ∗(t) and τ∗o(t), where ξ∗(t) is the solution to
(13), whereτo(t) = τ∗o(t).

Its proof is stated as follows
Proof 2: The time evolution ofI (ξ, τo) is given by

I (ξ(t), τo(t)) = I (ξ(0), τo(0))+
∫ t

0

dI(ξ, τo)
dτ

dτ (15)

where the time derivative ofI (ξ, τo) is given by

dI(ξ, τo)
dt

=

[

∂I (ξ, τo)
∂ξ

∂ξ

∂τo
+
∂I (ξ, τo)
∂τo

]

dτo
dt

(16)
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Finally, by considering (10), the time evolution of (9) is
given by

I (ξ(t), τo(t)) = I (ξ(0), τo(0))−
∫ t

0

(

∇τo Iγ∇
T
τo

I
)

dτ (17)

and the proof is finished.
Remark:The complexity of the optimization controller

design relies on the computation of the sensitivities
[

∂ξ

∂τo

]

,
which represents an adjoint system to the robot model (1)
in closed loop with controller (5). The controller is valid
for any locally convex objective function.

V. Case of Study

The experimental robotic platform used as testbed is
conformed of three parts, the master robot, the slave robot
and a CMOS camera for obstacle detection. A particular
objective function is designed to solve the problem stated
in section II. Each are described below.

A. Optimization Index

The first part of the controller is a cartesian PID con-
troller, FPID�

2×1, developed in section IV-A. Then, the
cartesian tracking error is defined by equation (7), such that
ecs ∈ �

2×1 and ėcs ∈ �
2×1. The values of the cartesian PID

gains are presented in table I.
The second part of the controller is the optimal controller
τos ∈ �

3×1, developed in section IV-C. Then, it is necessary
to state a particular objective function to improve the slave
robot trajectory tracking performance, and simultaneously
allow obstacle avoidance of the slave robot structure, con-
sidering mechanical limits at slave robot joints.

First, the objective function is composed of two terms.
The first one, is designed to ensure trajectory tracking at
slave robot end effector. This is goal is achieved by the slave
cartesian position errorsecs. The second term considers
obstacle avoidance, by using artificial potentials, which
have similar structure as is presented in (Khatib, 1994).
This term, also considers the distance between the slave
robot structure and the obstacleeos,i , related to the cartesian
obstacle positionXo and to thei-th end slave link position
Xs,i, it is given by

eoi ,i = (Xo − Xs,i)T(Xo − Xs,i) (18)

Thus, the optimization problem is formulated as minimiz-
ing I , for the i-link, under the independent vectorτos�

3×1,
the objective function (19), with mechanical constraints
given byqimin andqimax.

minτos
I = ecs +

∑3
i=1

(

αi
eos,i+ρi

)

qimin < qi < qimax

(19)

To avoid to exceed the mechanical constraints at slave
robot joints, barrier functions approach is used, (Bazaraa,
1993). For this, bounds at robot joints are considered

symmetrical, i.e.qimin = −q∗ and qimax = q∗, and thus, the
dynamic optimization problem (19), can be written as

min
τo

I = ecs +

3
∑

i=1

(

αi

eos,i + ρi

)

−

3
∑

i=1

2µiq∗

(qi)2 − (q∗)2
(20)

whereq∗ is a parameter related to the motion constraints
at the slave robot joints,qi is the i-th slave angular link
position,αi , is an optimization function parameter related
to the influence area of the artificial potentials,µi is a
parameter to avoid exceeding constraints at slave robot
joints, andρi is a parameter related with the distance to
which artificial potentials operate on the slave manipulator.

Then, using (7) and (8), the gradient of the objective
function (20) is obtained, and itsj−th component can be
written as in equation (21). It is necessary to highlight that
wheni , j, the parametersαi andµi were set equal to zero.

∇τos, j
I j =

∂ecs
τos
−

∑3
i=1

(

αi

(eos,i +ρi)2

)

∂eos,i

τos
−

∑3
i=1

2µiq∗qi

((qi )2−(q∗)2)2 (21)

Notice that, form the differentiation chain rule,
[

∂ed
∂τoi
,
∂eoi
∂τoi
,
∂qi

∂τoi

]

, depends on the sensitivity functions vector
[

∂ξ

∂τo

]

.

B. Testbed

The master robot is a 3-DOF parallel manipulator built
on aluminum (alloy 6063 T-5), driven by 3 DC brusless
servomotors of the brand Maxonc©. The complete design and
features of the master manipulator can be found in (Cortez,
2007). Its direct kinematic model is given by

xm = l2m sin(q2m) + l3m cos(q3m)
ym = (l2m cos(q2m) + l3m sin(q3m)) cos(q1m)
zm = (l2m cos(q2m) + l3m cos(q3m)) sin(q1m)

(22)

The required longitude of the links for the master direct
kinematic model are:l2m = 0.25[m] andl3m = 0.26[m].

On the other hand, the slave robot is built on aluminum
(alloy 6063 T-5) of 9.525 mm thickness. The joints are
driven by DC brushless servomotors of the brand Micromo
Electronics Inc. The complete design of the robot manipula-
tor is presented in (Muro, 2006). The slave direct kinematic
robot is

xs = l1s sin(q1s) + l2s sin(q1s + q2s) + l3s sin(q1s + q2s + q3s)
ys = −l1s cos(q1s) − l2s cos(q1s + q2s) − l3s cos(q1s + q2s + q3s)
zs = 0

(23)
The parameters of the dynamic model were estimated by

means of CAD tools and numerical simulations, their values
are listed in Table I, wheremi , I i , lci , l i , fi , represents the
mass of thei − th link, the inertial moment of thei − th
link, the distance from thei − th joint to the i − th mass
center position, the length of thei− th link, and the viscous
friction factor of thei-th link, respectively.
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Table I: Slave Robot Parameters

i mi [Kg] I i [Kgm2] lci [m] li [m] fi [Kgm2

s ]
1 0.7 16.84×10−3 0.144 0.175 0.1
2 0.6 8.4 ×10−3 0.108 0.130 0.1
3 0.12 0.25×10−3 0.060 0.147 0.1

The slave robot controller was programed using a Per-
sonal Computer via a sensorayc© 626 data acquisition board,
sampling at 500 Hz. Joint measurements from the master
robot were received in the same data acquisition board,
at the same sampling rate. The obstacle position is ob-
tained through a binarizarion of the image, obtained from
Photonfocusc© camera in a different personal computer. A
frame grabber model X64 Xcelera-CL PX4 from DALSAc©,
is used to get images from the CMOS camera. The camera
was placed in front of the robot manipulator in such way
that the camera image plane stays parallel to the workspace
of the robot manipulator. In order to increase the contrast,
the robot and the background are in black color and the
obstacle is in white color. Both personal computers, the
one which controls the robot and the one which gets the
obstacle position, are provided with matlabc© SIMULINK c©

software. The communication between the computers is
performed by means of the parallel port of the vision
personal computer sampling at a rate of 10 Hz, to digital
inputs in the sensorayc© 626 card. The experimental setup
is shown in figure 1.

Figure 1: Teleoperation testbed

It is important to remark that the obstacle trajectory is
arbitrarily selected, thus the obstacle trajectory is unknown
by the controller (5) and the operator of the master robot.

VI. Results

In order to test the slave controller (5), a master end
effector trajectoryXm in (3), is performed during 60 seconds
by the slave robot and it follows a witting task on a
board. The master robot ‘wrote’ the word ‘meca’ on the
board, while an obstacle approaches to the robot structure,
specifically to the second link of the slave robot.

For safety reasons at the experimental setup the torques
are bounded at‖τ1‖ ≤ 4.0, ‖τ2‖ ≤ 3.5, ‖τ3‖ ≤ 3.0 [Nm].
At the initial condition, for the salve robotq1 = q2 = q3 =

0, thus the initial end effector position is located in the
cartesian coordinatesxs = 0 [m] and ys = −0.452 [m]. The
master robot joints att = 0 were selected to beq2m = 0 and
q3m = −π/2, thus the master end effector coordinates are
xm = 0.25 [m] and ym = −0.26 [m]. Mechanical constraints
at slave robot joints are considered, withq∗ = 2.618 rad,
which are part of the mechanical design of the slave robot
structure, due to robot safety reasons.

The PID controller gains and optimal controller
parameters, were selected by simulations. The main
diagonal elements of the PID gain matrices for each one
of the cartesian DOF are listed in Table II.

Table II: Cartesian PID slave robot gains

Coordinate Kp,s Kd,s Ki,s
xs 1000 60 50
ys 1000 60 50

Parameters of the optimal controller are:γi = 0.1, αi =

0.002, ρi = 0.001, µi = 0.01 for i = 1, 2, 3.
For the sake of simplicity, the following pictures show

experimets with and without the obstacle. Figure 2 shows
the end-effector trajectories of the master and the slave
robot, they can be easily compared in the same figure.
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Figure 2: Master-Slave Cartesian Trajectories

Figure 3 shows the cartesian errorsecs for the salve
robot. Notice that even when cartesian error signals vary
its amplitude, they kept small, oscillating around zero. This
shows the good performance of the controller (5), even
when the robot structure avoids the time-varying obstacle.

Finally, figure 4 shows the different configurations
reached with and without the presence of the obstacle. Tha
continuous line represents the robot configuration without
the presence of the obstacle, and withτs = 0. The dashed
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Figure 3: Slave Cartesian Errorsecs

line represents the new configuration reached to avoid a
collision with the obstacle, this time withτs , 0. The
second link moves far away from the obstacle. Thus, a
different slave robot configuration is reached. Notice that
the writing task is never hindered by the obstacle in the
second case.
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Figure 4: Slave Robot Configurations and Obstacle Trajec-
tory

VII. Conclusions

The proposed slave controller for unilateral teleoperation
robotic systems is intended for tracking, nonetheless it is
not required the inverse kinematics of the slave robot.
The optimization controller part solves the path planning
problem, while minimizing an error based performance, and
at the same time solves the obstacle avoidance problem.
Thus, the master robot operator does not require to know
the obstacle trajectory. On the other hand, the optimization
criteria only needs the direct kinematics of the master robot
and the slave robot in addition of instantaneous the obstacle

position. Experimental results show the end-effector task is
performed successfully, and the optimal controller is ca-
pable to avoid time-varying obstacles, without overcoming
slave robot joint limits at any time.
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