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Abstract: Several teleoperation systems are composed of robot manipulators with the same
open kinematic model. This is a benefit because either the control design and the trajectory
planning can be carried out in joint space coordinates. On the other hand, parallel manipulators
have certain advantages over serial ones, for instance they have low moving inertia, high force
ratio and high accuracy, making them suitable in several teloperation tasks.

This work presents the control issues of a non similar teleoperation scheme composed by a
serial manipulator at the master side and a parallel robot at the slave side. The different
kinematic configuration and the strong nonlinearities in the slave robot dynamic model makes
difficult the controller design. In this article we explore such difficulties and present a bilateral
teleoperation output feedback control algorithm which does not require the dynamic model of
the manipulators. Experimental results are presented to show the performance of the proposed

control scheme.
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1. INTRODUCTION

Robotic teleoperation schemes allow humans to execute
tasks from a remote and safety environment. According
to Hokayem y Spong (2006), the first master-slave tele-
operation scheme was built by Raymond Goertz in 1948.
Since then, robot teleoperators have been used in a wide
range of industrial applications, for instance handling
radioactive or nuclear material, underwater and space
exploration or even robotic assisted surgeries (Takhmar
et al., 2015; Wang y Yaun, 2004). The fundamental issue
to solve and that allows the majority of this applications
to be possible is the development of control algorithms
that command the slave robot follow the path performed
by the operator on the master robot. The challenges that
such algorithms face are principally the dynamic variation
of the remote environment, the interaction with nonrigid
objects and substances and the delays present in the com-
munication channel, among others (Kemp et al., 2007).
In addition, most of the control algorithms for robotic
teleoperated systems proposed in the literature assume
that the master and slave manipulators have the same
kinematic model. For example, Yokokohji y Yoshikawa
(1994) use two 3-DOF SCARA-type planar manipulators
with identical configuration to test a control scheme that
permits an ideal kinesthetic coupling such that the op-
erator can maneuver the system as though he/she were
directly manipulating the remote object. On the other
hand, Arteaga-Pérez et al. (2016) use two 3-DOF Geo-
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magic Touch robots to introduce a teleoperation control-
observer scheme that achieves telepresence and position
consensus in presence of delays. In addition, Gutiérrez-
Giles y Arteaga-Pérez (2017) use the same robots to
design a force/velocity observer that allows the operator
to interact with unknow remote surfaces.

To the best of the authors knowledge, for control purposes
there is a brief amount of literature where the teleop-
eration systems are composed by robots with different
kinematic structure, being the work of Rodriguez-Angeles
et al. (2015) one of the most representatives. They im-
plement a system using two 3-DOF robots with different
configuration in order to design a bilateral control scheme
based on virtual surfaces. Nevertheless, both robots have
an open kinematic structure with revolute joints, being
the master shorter and lighter than the slave and with
the disadvantage that its first joint is locked, reducing
the maneuverability of the operator.

The assumption that both manipulators in the teleopera-
tion system have the same kinematic structure simplifies
the control design, trajectory planning and stability anal-
ysis. Even with all these benefits, from a practical point
of view, the incorporation of a parallel robot instead of a
serial one at the remote side entails some advantages for
the system. Firstly, a higher structural stiffness (Patel y
George, 2012) allows the remote manipulator to carry out
tasks as precise position tracking and high load carrying,
like those needed in medical teleoperation. Secondly, a
better force performance makes the parallel robot suitable
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for certain applications such as remote interaction with
highly stiffness environments where the forces are difficult
to produce using serial robots.

On the other hand, the most notable drawback of having
a parallel robot at the remote side is the relatively small
workspace that its final effector can reach (Stock y Miller,
2003), making necessary the introduction of a scale factor
which relates the parallel robot workspace to that of the
serial robot. Moreover, the different kinematic structure
makes convenient to design the control laws in Cartesian
coordinates in order to avoid the workspaces robots map-
ping through their kinematic models.

In this work we present a first approximation to a tele-
operation system with a serial robot at the local side
and a parallel robot at the remote side, besides we light
some features about a control scheme that was proposed
previously in a system with serial robots in both sides.
This paper is organized as follows: the dynamic model of
the teleoperation system and some properties are given
in Section 2. The proposed output feedback control al-
gorithm is presented in Section 3. Section 4 presents
experimental results and finally, concluding remarks are
given in Section 5.

2. TELEOPERATION SYSTEM

The teleoperation scheme under study is shown in Fig-
ure 1. A serial manipulator is used as a master (local)
device and a parallel robot as a slave (remote). Each
manipulator has revolute joints with n degrees of freedom
and it is assumed that the master workspace is a subset
of the slave workspace. The equations of motion of the
master robot are given by

H\(q))q + Ci(q;, q1)q + Dig, + g1(q)) = 71 — JF(Ql)(fih)

while the slave dynamics is modeled by

Hr(qr)ijr + Cr(qm qr)(jr + Dr(jr + gr(qr) =Tr (2)
where g, € R" is the vector of generalized joint coordi-
nates (i = L,r), H;(q;) € R"*" is the positive definite
inertia matrix, C;(q;, q,;)q; € R"™ represents the Coriolis
and centrifugal torques, D;q,; € R" is the vector of viscous
friction with D; € R"*"™ is a positive definite matrix,
g,(q;) € R" is the the vector of gravitational forces and
T; € R" is the control input vector. Finally, f,, € R®™
is the force applied by the human at the master end-
effector which is mapped in joint space coordinates by
the Jacobian of the manipulator J;(g;) € £"*™ (Siciliano
et al., 2009).

Equations (1) and (2) describe the motion of the teleop-
eration system and they have the following properties:

Property 1. The inertia matrix H;(g;) satisfies
Ailli||® < @f Hi(g)m; < Agillas||®, Vi, € R
where

An; = min Amin{Hi (qz)}
Vaq;

)\Hi = max Amax{Hi (qv)}
Vg,
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Fig. 1. Non similar teleoperation scheme

Property 2. The matrix H;(q;) — 2C;(q;,q;) is skew-
symmetric. A

2.1 Kinematic Considerations

Since the teleoperation system model is given in joints
coordinates we need the forward kinematic equations
of both robots in order to design a control scheme in
cartesian coordinates.

The end-effector position of the local manipulator is given
by

Pix cos(qu) (fi2 cos(qiz) + b3 cos(qiz + qi3))
T = | Py sin(gi1) (42 cos(qiz) + b3 cos(qi2 + qiz))
Dlz big sin(gi2) + 413 sin(qiz + qi3)

where 12 = 0.1335[m] and 43 = 0.1335[m] are the length
of the robot links, while the forward kinematics of the
remote manipulator is given by (Torres-Rodriguez, 2017)

Prx €08(¢i) + pry sin(¢i) = d1;(q,)
—Prx Sln((bz) + DPry COS(¢i) = 62j (qr)
Prz = 035(q;)

with (¢1, P2, ¢3) = (105, 345, 225)[°] and the nonlinear
functions 6;; (with i =1,2,3, j = 1,2, 3) are given by

01j(q,) = acos(qr1;) + (bsin(qrs;) + d) cos(grz;) — ¢
02j(q,) = beos(qezj) + f
03;(q,) = acos(gr;) + (bsin(grs;) + d)

where a, b, ¢, d and f are kinematic parameters (Torres-
Rodriguez, 2017). Note that the forward kinematics of
the remote robot are not in closed-form. The Sylvester’s
dialytic elimination method can be used to solve the
aforementioned equations (Stamper, 1997). However, for
the practical implementation of the proposed control law,
the C-functions of the Haptic toolkit have been used to
compute the end-effector position of the Falcon robot
(Pascale y Prattichizzo, 2017). Section 3 Controller
design

3. CONTROLLER

The objective is to design a control law with only joint
position measurements for each manipulator such that
when the human operator moves either the local or remote
robot, the other tracks the commanded position.
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Since each manipulator has a different kinematic struc-

ture, the proposed control law for the teleoperation sys-

tem will be designed in workspace coordinates. Let x; =
T ”» .

[piT ¢ZT} € R™ be the position vector in workspace

coordinates where p, € R and ¢, € RN" denote
respectively, the end-effector position and a minimal rep-
resentation of the robot orientation. For simplicity’s sake,
it is assumed that n = m. The joint velocity g; is related

to a; by
x; = Ji(q;)q; (3)
where J;(q;) € R™*™ is the manipulator Jacobian. The

position errors in workspace coordinates are given by

~ A - ~ A
T 2x -k ta, T Ex — k@ (4)

where k > 0 is a scale factor.

As a first approximation to the bilateral control for a non-
similar teleoperation system, we proposed the control law
for the local robot as a classic PID controller

_ ~ dx
Tl:_Jl 1(q1)(KP1.’1}1—|—K11/.’1}1 dt + Ky dtl) (5)

as for the remote manipulator

N N 4,
Jrl(qr)(Kpra:r “ Ky | % dt — Ky ; > (6)

where Ky, Kq; and Kj; € R™*™ are positive definite
matrix gains.

Assumption 3.1. We assume that the force applied by the
human is described by a PD law of the form

fu=

where Ky, K, €"*" are positive definite matrices and
Tpg € R™*™ represents the desired trajectory that the
person wants to follow. A

Kpn(x) — xpg) + Kon (&) — &na), (1)

Remark 1. Assumption 3.1 is a combination of the human
dynamic behaviors proposed in Nufio et al. (2008) and
Rodriguez-Angeles et al. (2015), where in the former the
person is assumed to be a passive system and in the latter
it is assumed to be a PID law. Note, however, that due to
the inclusion of &4 in (7), f}, does not render the human
passive behavior. A

The principal proposition of this work is summarized as
follows:

Consider the bilateral teleoperation system (1)—(2) in
closed loop with the control laws (5) and (6), and assume
that

a) frn=0.
Then, gains can always be found such that

i.  All tracking errors are bounded.
ii. The system trajectories will satisfy @,(t) = x;(t).

Puebla, Puebla, México, 23-25 de octubre de 2019

Fig. 2. Experimental set-up

iii. If the positions tend to a constant value, then all
tracking and observation errors tend to zero.

If instead of condition a) we assume that

b) The human input force is described by (7) and it is
bounded.

¢) The human operator moves the local end—effector
slowly.

Then, any closed loop variable is bounded. A

Remark 2. Condition b) is only included to carry out
an stability analysis, but from a practical point of view
is useless in the implementation of the control scheme.
Certainly, the boundedness of the human force can be
taken for granted.

4. EXPERIMENTAL RESULTS

To verify the performance of the control algorithms pre-
sented in Section 3, a set of experiments were carried
out. The experimental set-up used for the experimental
evaluation is shown in Figure 2. The local (master) robot
is a Geomatic Touch haptic device with six degrees of
freedom but only the first three joints are actuated by
DC motors. The last three joints were mechanically fixed
during the experiments. The remote (slave) manipulator
is the Nowvint Falcon of Novint Technologies, Inc. with
three degrees of freedom and a kinematic structure similar
to the Delta robot (Pierrot et al., 1990). The control
algorithms was implemented in PC a computer and pro-
grammed using Visual C++ and the Haptics toolkit with
a sample time of T = 1 [ms]

Te correspondent gains for the controllers (5)-(6)
K, = diag(3.35,3.35,3.35), Ky = diag(1.5,1.5,
Kgq = diag(0.5,0.5,0.5) for the local robot and K,
diag(15.5,15.5,25.5), K;, = diag(5.35,5.35,5.35), Kq4, =
diag(0.35,0.35,0.35) for the remote robot. All of them
tuned experimentally.

The first experiment consisted on using the Geomagic
Touch robot as master manipulator. The operator takes
the robot’s end-effector and move it slowly all around the

we
1.5

)
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Fig. 3. Controller tracking with the serial robot as master:
xq () and x (-)

I |em]

7 [cm)]
[=]

[cm]

1

tis]
Fig. 4. Error tracking with the serial robot as master

workspace. The desired trajectory xq and the joint tra-
jectory x are shown in Figure 3. As it can be appreciated,
a good position tracking is achieved in a 30 [s] experiment
duration. In Figure 4 the corresponding error tracking is
presented. It remains in a band of [—2,2] for the three
Cartesian coordinates. A better performance for the z
coordinate is observed.

The second experiment consisted on using now the Novint
Falcon robot as master manipulator. As before, the op-
erator takes the robot’s end-effector and move it slowly
all around the workspace. The desired trajectory x4 and
the joint trajectory x are shown in Figure 3. As it can be
appreciated, a good position tracking is achieved in a 40
[s] experiment duration. In Figure 4 the error tracking is
presented. It remains also in a band of [—2, 2] for the three
Cartesian coordinates. However, the performance for the
z coordinate gets worse.
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Fig. 6. Error tracking with the parallel robot as master

5. CONCLUSIONS

The problem of control a non-similar teleoperation system
where each manipulator has a different kinematic struc-
ture is addressed in this paper. An bilateral controller that
guarantees that the tracking errors are arbitrarily small is
proposed. In the system studied, we have observed that,
unlike a Geomagic Touch similar teleoperation system,
the Geomagic Touch—Novint Falcon system presents some
differences to consider. The most important is that the
controller have to be designed in task-space coordinates
due to the fact that both robots have different kinematic
structure. This implies that one of the forward kine-
matic models of the robots must be used. In addition,
a scale factor must be used since the Nowvint Falcon’s
workspace is smaller than that of Geomagic Touch. As
for the controller design, a classic PID control guarantees
that the human dynamics does not affect the position
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tracking when the motion applied is slow. There are some
differences between using either the parallel or serial robot
as master manipulator. The most visible performance
change occurs in the z direction and it is assumed to
be due to the gravity. Further mathematical analysis is
required to confirm this assumption. Also is convenient
to test other control algorithms on the experimental plat-
form because control of non-similar teleoperation systems
remains as an open problem. As additional future work,
the implementation of a force control scheme is suitable in
order to test the differences between the force magnitude
applied on the master side and on the slave side, since
many applications require a wider force range that a
Geomagic Touch robot cannot provide.
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