











Fig. 8 Architecture of system for coordinated control of two properties by human-operator based on proposed switching controller. Z(s) is robot’s impedance in s-
domain. Additional switching controller is added in order to implement proper signal summation.
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. (1—;;;1 J (up] CWCE. (16) V. SIMULATION
m U In this section we present simulation results for system
C(1=mY (17 described in section III. In Fig. 10, scheme of mobile robot
M :( . ] : with manipulator is shown. We did simulation of remote
mn control system with switching controller for the speed of

Equation (17) defines a control mode vector for combined  mobile robot ¥; and position of manipulator x,. Mobile robot

control of mobile robot’s position and speed. ) and manipulator were modeled as mass-damper systems. PD-
Ba'sed on equations (8), (13) and (16) we obtain the  onrollers were used. Phantom Premium master device with
following control la\;/: switcher was used (Fig. 11b). Master device was connected to
u=MC (K'(M" (x,—x2"")+ computer model of described robotic system. Simulation
S results are presented in Fig. 12. Fig. 12(a) shows time history

AVED , (18) ., L . .
+H X ) — X*) for master device’s position and state of the switcher. Fig.
SAVED 12(b) shows time history for mobile robots speed and

2
where matrix H defines the rules described in previous
section. For case of mobile robot combined position-speed
control H will be the following:

H*z(l oj, (19)
00

It means that when human-operator switches from speed
control to position control mode mobile robot will be stopped

manipulator’s position. We can see that during control of
mobile robot manipulator is fixed. After switching to
manipulator control mobile robot stops. Simulation results
proved correctness of designed switching controllers.

1-DOF

at first, and then follow master device’s position from zero Manipulator
speed. [ |

Equation (18) describes the control law when human- —
operator sequentially controls two properties (position and Mobile
speed) of one mobile robot. It allows achieving flexible and Robot — V1
intuitive teleoperation system. In Fig. 8, architecture of such e

teleoperation system is shown. This system is similar to
previously described architecture in Fig. 4. It also includes
resetting block (see Fig. 5) and switching controller (see
Fig. 6), but the only difference is presence of additional
switching controller which is responsible for summation of
signals u, and u_. Structure of this additional controller is
shown in Fig. 9.

Fig. 10 Simulation model of mobile robot with 1-DOF manipulator.

Phantom P3DX
Master Device

Mobile Robot

b)

Fig. 11 Phantom Premium master device with switcher (a)

. . . and P3DX mobile robot (b).
Fig. 9 Structure of additional switching controller.
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Fig. 12 Simulation results.

VI. EXPERIMENT

In this section, we briefly describe experiment of mobile
robot teleoperation with combined speed and position control.
This experiment shows application example of teleoperation
system described in section IV. Detailed description of
experimental study was presented in [5] and [6]. Human-
operator remotely controlled mobile robot (Fig. 11b) by
manipulating master device (Fig. 11a). Three control strategies
were tested: position-position, position-speed and hybrid
strategy with switching between position and speed control.
Navigation time was measured in order to verify performance
of each strategy. 5 subjects participated in experiment.
Summary of experiment is shown in Fig. 13. Experimental
study showed that application of switching controller in
mobile robot teleoperation improves the quality of the system
and makes teleoperation process easier and more intuitive to
human [6].

V. CONCLUSION
Two types of multiple teleoperation systems were
described and analyzed. Multi-object and multi-property
teleoperation systems were defined. Teleoperation systems, in
which human fully controlled all objects or properties without
any autonomous systems were considered.
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Fig. 13 Experimental results. Required navigation time in hybrid control mode
with switching is the smallest.

Both for multi-object teleoperation and multi-property
teleoperation systems generalized switching controller was
designed. Formalization of control laws illuminated the fact,
that teleoperation system with multi-property control of one
object is more complex than system with multi-object control.
Additional switching controller was required. Designed
controller allowed implementation of proper switching
between different control modes with consideration of several
important cases. It became possible to use only one master
device for sequential control of several objects or properties of
one object.

Simulation and experimental study showed that designed
switching controller realize correct control signal distribution
in multiple systems. Experiment with mobile robot
teleoperation demonstrated that switching of control signals
can make human-robot interface easier and more intuitive.
Application of combined control strategies with switching
improved the quality of teleoperation system.
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