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Abstract— This paper presents a controller for whole-arm  1940s, when Raymond Goertz proposed the first Master-
obstacle avoidance for the slave robot in an unilateral Sjave teleoperator for nuclear applications (Sherida@2)19
teleoperated robotic system. The slave controller is freefo  gince 1970, teleoperation developments have been growing
robot inverse kinematics model, and it is conformed of two . - Ay
parts. First a cartesian PID controller is used to render up very quick, specially for undersea and space _appllcatlon
closed loop system stability. The second controller part is  After the Goertz work, theféects of the delay in teleop-
the on-line solution of a dynamic optimization problem. It  eration, induced by long distances between the master and
considers the enhancement of the tracking error and obstael  glave robots, were studied by (Sheridan and Ferrell, 1963).
and joint limits avoidance for the slave robot. Gradient flow 4 \yas shown that under certain circumstances the system
approach is used to solve on-line the optimization problem. f is ind dent of the del Th ft ith
The proposed controller is validated on a testbed, conforne performance IS indepenadent of the delay. Therearter, wi
of a three Degrees of Freedom (DOF) parallel robot as a the hierarchy of the supervisory control it was possible to
master robot, and a three-DOF planar robot as a salve control the remote manipulator even in presence of time
robot. A CMOS sensor camera is used to get the obstacle delays, (Sheridan and Ferrell, 1967). In the 80s, more
position. Experimental results are presented, which show  gqyanced control techniques were proposed, such as those
obstacle av0|dance_|n slave r_obot operat]onal space. A Wiitg based on Lyapunov theory (Miyazaki et. al., 1986) and
task performance in cartesian space is successful, keeping o TS
cartesian errors small and without exceeding mechanical Passivity-based schemes (Anderson and Spong, 1989) and
constraints at slave robot joints. (Niemeyer and Slotine, 1991). In the early 90s, tools for the
analysis of teleoperation system performance and stgbilit
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

In robotics, a teleoperated system is a robot (Slaveeveral applications, from handling radioactive material
robot) operated or controlled at a distance by other rob@tassing trough telesurgery, to space robotics. Nonetheles
(Master robot). Thus, the main paradigm is Master-Slavéhose approaches deal only with the transparency and the
teleoperation and it can be divided in two classes, undterstability of the closed loop system. Thus other kind of
and bilateral teleoperation. In unilateral teleoperatite  problems, like obstacle avoidance, singularity avoidance
slave robot is receiving information from the master robotgtc, are still an open problem in teleoperated robotics.
but the master robot is not receiving information from the For example, very few information can be found on
slave robot. In bilateral teleoperation, both are recegjvinthe obstacle avoidance problem for teleoperated robotic
data from each other. There exist a performance index fgystems. In (Lumelsky, 1991) and (Feddema, 1994) a
teleoperated systems callgednsparencyThe less position- whole sensitive arm manipulator, using capacitive sensors
ing and orientation error in the slave and the better force® measure the distance from the obstacle, is proposed to
reflecting to the master, the higher is the transparency athieve automatic obstacle avoidance, freeing the operato
the system. On the other hand, the problem of teleoperatést global control. Some years after, a new approach was
robots can be studied depending on the the kind of robotsroposed. Using virtual contact with the obstacles as a
their structural and measuring limitations. When the nrasteconstraint in the slave robot environment, by means of a
slave robots have the same structure, the teleoperationfisce generated by a repulsive field, the operator capa-
called to be with similar or identical robots. In the otherilities were enhanced, (Turro, 2001). Some years after
case, the teleoperation is called to be with dissimilar ofTaguchi, 2008), a design method of autonomous hazard
non-identical robots. avoidance controller, was proposed. The author used two

Teleoperated systems have been studied firsts on the naiontrollers, a bilateral controller in bilateral teleoggon
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and hazard obstacle avoidance controller for obstaclalavoirobot, the direct kinematic model can be expressed as
ance, switching from free motion to constrained motion. follows
More recently, the use of artificial potential fields were
proposed by (Garcia, 2009). A remote robot immersed in an Xs = Fpk,(Qs) (2)
environment with obstacles is guided by an operator using
the end-&ector of an haptic device. The system provides For most trajectory designing, and for some control
force feedback to the user when he approaches a potent’mplementations the inverse kinematics model, which gives
field surrounding an obstacle. Thus, obstacle avoidance fi€ inverse relationship, is required. Itis important tmaek
the slave robot is achieved. that the inverse kinematics problem implies, in general,
This way so, the addressed pr0b|em in this paper @Ultlple solutions or even Singular solutions, depending (0]
to take into account in a teleoperated robotic systeni€ robot architecture.
the obstacle avoidance problem for the slave robot, underFor the master robot, only the direct kinematic model is
the additional assumption that thebstacle trajectory is required, this is expressed as
completely unknown by the operatdn the next section
this problem is stated. Xm = Fpk,,(Qm) 3)

Il. PROBLEM STATEMENT To fully relate the joint and cartesian spaces of the
rﬁlave robot, it is required to establish a relation among the
joint torquesrs and cartesian forces, for that, the robot

; _ 9Fbks(@s) MexXNs. ;
robot. The problem is stated ds:design a feedback control J2¢0Piani(ds) = =5, == € R™ is considered. Thus, the
law that forces the slave robot engfastor to follow the relation between joint input torques and cartesian forees ¢
trajectory imposed by the master robot enfeetor, and P€ expressed by
on-line avoid possible obstacle collisions, in spite of the T
lack of knowledge of the master robot operator about an 7s=J(ds) Fs 4

obstacle trajectory, and also considering the mechanical Notice that for redundant manipulators, the Jacobian

limits of slave robot joints. .
. J € R™*™ js not square.
Notice that the above problem statement does not conqu) a

sider the part of the transparency related to the force reflec IV. CARTESIAN/JOINT OPTIMAL SLAVE CONTROL
tion from the slave robot. Thus, unilateral teleoperation i
considered.

Consider a nonidentical master-slave robotic syste
composed of ai,-DOF master robot and as-DOF slave

The controller is conformed of two parts. The first part
of the controller considers a Cartesian PID controbgip,
I1l. M asTER AND SLAVE KINEMATIC AND DyYNaMic MODELS which is mapped through the Jacobian of the slave robot to

For the proposed unilateral teleoperation scheme, tﬁge joint torques at the joint space, as in equatﬁn (4)..The
econd part of the controller considers an on-line optimal

direct kinematic and dynamic models of the slave robot are : :
needed. For the master robot only direct kinematic mod ntroller, added to the cartes:i? PID controllgr. h r
is required. the input torquers € R"™*! from equation [[), is
First, to obtain the dynamic model for the slave robotproposed as follows

consider ang-joint fully actuated rigid robot, i.eqs € R"™. T

The slave robot workspace ss-dimensional one, in such 7s = J(0s) Fpip, + 7o, (®)
way that in generalpns > ms, and for redundant robot
manipulatorsns > ms. Then the kinetic energy is given
by T(dsds) = 30s'M(@s)ds, with M(gs) € R™™, the
symmetric, positive-definite inertia matrix, and the paign
energy is denoted byJ(gs). Hence, applying the Euler-
Lagrange formalism, (Lewis, 1993), the joint space dynamig. PID Cartesian Control
model of the robot is given by

whereFpp, € R™ is the salve robot PID cartesian control,
andt,, € R™, is the solution of the dynamical optimization
problem. The proposed controllef] (5), is developed as
follows.

The PID controller for the slavespp,, is cartesian type
M(aDd + C Ve + FOe 4 G 3 1 and thus, it is based on cartesian space variables. Then, by
(@9)G + C(0s: ds)ds + Fds + G(ds) = 7s @ considering the direct kinematics model (2), it followsttha

where G(gs) = {%su(qs) e R™ denotes the gravity this part of the controller is expressed by

forces,Fds € R™ denotes the viscous frictionfects, and

C(gs,Gs)ds € R™ represents the Coriolis and centrifugal Fpip, = Kp€e, + Kg &, + Kisfecsdt (6)
forces, andrs € R™ is the vector of input torques for the

slave robot. where Kp, Kq,, Ki;, € R™*™ are the proportional, deriva-

In general terms the direct kinematics relates the joirtive, and integral diagonal gain matrices, respectivehe T
gs € R™ and cartesiarXs € R™ variables, for the slave cartesian tracking error for the slave robot is denoted by
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e, € R™! ande;, € R™! represents the cartesian velocity In equation III[L),[g—i] denotes the sensitivity function
tracking error, which are given by (vector) matrix, which is obtained from partialftéirentia-
tion of the closed loop system formed by the robot system
€, = Xm— Xs = Xm— Fpk.(Qs) (7) (@ and the controllef{5).
&, = Xm = Xs = Xm = J(d5)ds ® 4= M@ Q) Frio + 70— C(G. O3 — Fa-G@)| (12)

whereX, and X, denote the master cartesian position and

. . Now, consider the column vectgre R®, differentiating
velocity vectors, respectively.

this vector with respect to time and usiig](12), results in a
B. Optimization Problem Statement closed loop non-linear dynamic model on the state vector

First, the general constrained optimization problem i§rm
stated. This formulation acceptsfidirent optimization cri- .
teria, including multiple index functions, which can be &= 1(& 7o) (13)
\t/_velg_hted acco_rd_lngly to a desired performance. The OFfﬁen, deriving this system with respecttg and inverting
imality analysis is presented for the general case as well.

Consider the column vector of statés= [q q q]T € the order of the linear operato %‘3—0 d%] it results in a
R, wherek = (2n+m), and g denotes themstates jinear dynamic system, in terms £, as follows
related to the integral part of the PID controllEt (6), since o
they are part of the dynamics of the closed loop system. d .0 _ ot 7o) 06 | 91(€ 7o)
Now, consider the scalar objective functibre R, subject dtdr,  0¢ 0t 010

pinequililty constraintg € ]RPXl_, an_dr equali_ty constraints Equations [(I0),[{13) and{lL4), are three dynamical sys-
h € R™. Note that the objective function and the tems that have to be solved on-line. They depend on the
Wnamics of the robot, through the state sensitivities ef th
system with respect to,.

The system described by equatiénl(14), is linear in terms

ﬁf % and its stability properties are stated in the following

(14)

&, the optimal controllerr,, and some other variables of
interest for the optimization problem, e.g. the vector=

(&, ..., 70). This may help, to establish optimality conditions
and performance dependency on the components of t
vector®.

0to’ .
?OpOSItIOH.

S . Proposition 1: If the system[{ll), is in closed loop with

Co-r:?rzﬁ’efon?]deegngr:;%g‘f Sr?lg?e\r/r? CisgcsitlZSethsoratiIr:?r?\Iiz-the controller[(b), then, there exist definite positive diagl

ing (£ )To,underrt)he o] timizgtion controlle, subject to gain matrices,, Kq andk; € R™T, which ensure that the
916 7o), P o, SUD) matrix £'€%) " in equation [T¥), has all its eigenvalues on

the constraintg);(&, 7o) andhj(&, 7). | is usually known as 0 .
performance index or optimization index. This is stated atshe left side of the complex plane. Thus, the systeri (14) is

follows Stable. - . . .
Proof 1: Guideline: all the entries of the diagonal matri-
min 1(&, 7o) cesKp, Kq andK; € R™™, appear on the row corresponding
gi(é,10) < 0 i=1..p. (9) to the the dynamics of, such that the eigenvalues of the
h(£ 1) = 0 i=1,..r. matrix %;) can be forced to be stable.

i . With respect to the optimization problem, the objective
C. On-line Optimal Controller function [@) must be minimized, for this, it should be

Dealing with on-line optimal problems there are a fewon_jncreasing during its time evolution. This is stated in
admissible approaches, which establish a majéiedince theorentL.

with respect to G-line programming. In this proposal the  theorem 1:If (1) is the solution of the dierential
optimization problem[{9), is solved by t_@adient flow equation [ID), withy € R™" a definite positive matrix,
approach, (Helmke, 1996). Thus the optimal controfigr  hen the objective function[}9) is non-increasing along
which minimizel, is proposed as follows trajectories¢*(t) and 7i(t), where&*(t) is the solution to
, (@3), wherero(t) = 75(t).

To = ‘WIO' (10) Its proof is stated0 as follows
where y € R™" is a diagonal gain matrix related to Proof 2: The time evolution ofl (¢, 7o) is given by
convergence properties of the gradient flow approach, as (¢, 7o)
presented in (Helmke and Moore, 1996). The gradient of  1(£(t), 7o(t)) = 1(£(0), 76(0)) + fdi’dT (15)
the objective function[{9) with respect to the independent 0 4
optimization vectorry, is computed as where the time derivative df(¢, 7o) is given by

V.| = (6|(§»To)£ n 0l (¢, 7o) dl(¢,70) _ [m(fﬂ'o)ﬁ + 6'(5»70)} %

]Rlxn 11
06 oo 019 | (11) dt 06 Ote | 019 | dt

(16)
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Finally, by considering[{10), the time evolution ¢f (9) issymmetrical, i.eq,, = -q* andg;,,, = g, and thus, the
given by dynamic optimization probleni(19), can be written as

t 3 3 5
. 7o(®) = 1O - [ (TuhyWh)dr @D mini—eus ( @ )_ L DY
0 ( ) o Z‘ €0y, + i Z‘ (@)* - (a7 20
whereq" is a parameter related to the motion constraints
at the slave robot jointsy is the i-th slave angular link
osition, aj, is an optimization function parameter related
the influence area of the artificial potentials, is a
parameter to avoid exceeding constraints at slave robot
joints, andp; is a parameter related with the distance to
which artificial potentials operate on the slave manipulato
Then, using [[I7) and[18), the gradient of the objective
The experimental robotic platform used as testbed iﬁ]nction m) is obtained, and itg-th component can be
conformed of three parts, the master robot, the slave robgtitten as in equatiori{21). It is necessary to highlight tha

and a CMOS camera for obstacle detection. A pal’tiCU'aK/heni + j, the parameters; and'ui were set equa| to zero.
objective function is designed to solve the problem stated

and the proof is finished.

Remark: The complexity of the optimization controller
design relies on the computation of the sensitivi i%é,
which represents an adjoint system to the robot mddel (
in closed loop with controller{5). The controller is valid
for any locally convex objective function.

V. CAaSE oF Srupy

in sectiorJl. Each are described below. s )
L Oegg 3 aj 06 3 21 q°q
Vi li = 72— 202 ~ -2 o (21)
o . os.j '] Tos i=1\ (eog; +p1) Tos i=1 ((q,)z_(q*)z)
A. Optimization Index '
Notice that, form the dferentiation chain rule,

The first part of the controller is a cartesian PID con ey 08 0g e i
troller, FpioR?!, developed in sectiofi IVAA. Then, the T T Bra | depends on the sensitivity functions vector
cartesian tracking error is defined by equatidn (7), such th gf ]
& € R*! andé&;, € R®L. The values of the cartesian PID _ °
gains are presented in talfle I. B. Testbed

The second part of the controller is the optimal controller The master robot is a 3-DOF parallel manipulator built
7o, € R¥1, developed in sectidn IVAC. Then, it is necessarpn aluminum (alloy 6063 T-5), driven by 3 DC brusless
to state a particular objective function to improve the slavservomotors of the brand Max8nThe complete design and
robot trajectory tracking performance, and simultangpusifeatures of the master manipulator can be found in (Cortez,
allow obstacle avoidance of the slave robot structure, co2007). Its direct kinematic model is given by
sidering mechanical limits at slave robot joints.

Firs_t, the obj:ective_ function is compos_ed of two terms. Xm = l5, sin@g,) + I3, cos@s,)
The first one, is de5|gne_d to ensure trajectory tracking at v (I, cos@p,) + I3, sin@s,)) cos@y,) (22)
slave r_obot end@ctor. This is goal is achieved by the.slave Zn (I, cos@p,) + I3, cos@s,)) sin(s,)
cartesian position errors,,.. The second term considers ) ) , ,
obstacle avoidance, by using artificial potentials, which '€ required longitude of the links for the master direct
have similar structure as is presented in (Khatib, 1994finématic model arelp, = 0.25[m] andls, = 0.26[m].
This term, also considers the distance between the slaye©" the other hand, the slave robot is built on aluminum

robot structure and the obstaclg;, related to the cartesian (@ll0y 6063 T-5) of 9.525 mm thickness. The joints are
obstacle positio’X, and to thei-th end slave link position driven by DC brushless servomotors of the brand Micromo

Xsi, it is given by Electronics Inc. The complete design of the robot manipula-
s tor is presented in (Muro, 2006). The slave direct kinematic

0. = (Xo - Xsi) (Xo ~ Xs1) (1) opotis
Thus, the optimization problem is formulated as minimiz- x, = 1, sin@u.) + |2, SiN@1, + O2.) + |3, SIN(, + Go, + Oa,)
ing |, for thei-link, under the independent vectat, R¥>!, v = —I;_cosfy,) — Iz, COSEL, + 02,) — I3, COSE, + G2, + Ta.)
the objective function[{19), with mechanical constraints z, = 0
given byq,, anddj,,. (23)
The parameters of the dynamic model were estimated by
ming, | = e, + Z?Zl (eo"—ﬂ)) 19 means of CAD tools and numerical simulations, their values
si (19) are listed in Tabl€]l, wheren , I; , 1, ,I; , fi, represents the

G < & < Gina mass of thel — th link, the inertial moment of the — th
To avoid to exceed the mechanical constraints at slaviek, the distance from thé — th joint to thei — th mass
robot joints, barrier functions approach is used, (Bazaraeenter position, the length of the th link, and the viscous
1993). For this, bounds at robot joints are considerefiiction factor of thei-th link, respectively.
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Table I: Slave Robot Parameters For safety reasons at the experimental setup the torques
1] 07 [16.84x10° | 0.144 | 0.175 0.1 At the initial condition, for the salve robat; = 0o = g3 =
2 0.6 8.4x10° | 0.108 | 0.130 0.1 0, thus the initial end fector position is located in the
3] 012 | 0.25x10° | 0.060 | 0.147 0.1 cartesian coordinates; = 0 [m] andys = —0.452 [m]. The

master robot joints &dt= 0 were selected to bg, = 0 and
03, = —n/2, thus the master endfector coordinates are

The slave robot controller was programed using a Pefm = 0-25 [m] andym = —0.26 [m]. Mechanical constraints
sonal Computer via a sensofa@26 data acquisition board, @t Slave robot joints are considered, wigh = 2.618 rad,
sampling at 500 Hz. Joint measurements from the mast@ich are part of the mechanical design of the slave robot
robot were received in the same data acquisition boargiructure, due to robot safety reasons.
at the same sampling rate. The obstacle position is ob- '€ PID controller gains and optimal ~controller
tained through a binarizarion of the image, obtained frorgarameters, were selected by simulations. The main
Photonfocu§ camera in a dferent personal computer. A diagonal eler_nents of the PID gain matrices for each one
frame grabber model X64 Xcelera-CL PX4 from DALGA Of the cartesian DOF are listed in Tafl@ Il.
is used to get images from the CMOS camera. The camera
was placed in front of the robot manipulator in such way Table II: Cartesian PID slave robot gains
that the camera image plane stays parallel to the workspace _
of the robot manipulator. In order to increase the contrast, C°°;d'”ate ;(880 ggs gés
the robot and the background are in black color and the y: 1000 | 60 | 50
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 matfaSIMULINK © Parameters of the optimal controller agg:= 0.1, ai =
software. The communication between the computers 8002 p; = 0.001 g = 0.01 fori=1,2,3.
performed by means of the parallel port of the vision For the sake of simplicity, the following pictures show
persona| computer Samp”ng at a rate of 10 Hz, to digit@XperimetS with and without the obstacle. Figme 2 shows
inputs in the sensor&626 card. The experimental setupthe end-@ector trajectories of the master and the slave

is shown in figurd1L. robot, they can be easily compared in the same figure.
Slave Robot 0 T T -
(Writting Task) ’ Slave Robot Trajectory
Y -0.05} 4 _oo8l — — — Master Robot Trajectory| |
Unknown Obstacle 01
Trajectory
. -0.15
Master Robot g w -03
aster RoDol 3
(Located at a distance \ ) T -02 1E
of the Master robat) ok, ¥, ) Master = =
end-effector Position 2 2
> -0.25 >
o -0.32
w»r o, ¥:) Slave -0.3r —
8. end-effector positian:
Camera 7 g -0.35¢
(Located in front of the %o, %) , Wifthing Board
Master robot Workspace) Obstacle Position 0.4} 1 -0.341
Figure 1: Teleoperation testbed 0% 01 02
XMl
m,s

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

Figure 2: Master-Slave Cartesian Trajectories

Figure [3 shows the cartesian errogg for the salve
robot. Notice that even when cartesian error signals vary
its amplitude, they kept small, oscillating around zeroisTh

In order to test the slave controlldr] (5), a master endhows the good performance of the controller (5), even
effector trajectoryXy, in (3), is performed during 60 secondswhen the robot structure avoids the time-varying obstacle.
by the slave robot and it follows a witting task on a Finally, figure [# shows the fferent configurations
board. The master robot ‘wrote’ the wordhécd on the reached with and without the presence of the obstacle. Tha
board, while an obstacle approaches to the robot structumntinuous line represents the robot configuration without
specifically to the second link of the slave robot. the presence of the obstacle, and with= 0. The dashed

VI. REesurrs
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03 G X107 position. Experimental results show the ertketor task is
performed successfully, and the optimal controller is ca-
E % E pable to avoid time-varying obstacles, without overcoming
X o1\ <o slave robot joint limits at any time.
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at the same time solves the obstacle avoidance problem. Robotic System for anfective Obstacle Avoidanc&econd Inter-
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