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Abstract—In this paper, we have developed a sliding mode
controller for PUMA 600 manipulator robot, to control the remote
robot a teleoperation system was developed. This system includes
two sites, local and remote. The sliding mode controller is installed
at the remote site. The client asks for a position through an interface
and receives the real positions after running of the task by the remote
robot. Both sites are interconnected via the Internet. In order to verify
the effectiveness of the sliding mode controller, that is compared with
a classic PID controller. The developed approach is tested on a virtual
robot. The results confirmed the high performance of this approach.
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I. INTRODUCTION

HE control of robotic manipulators is a mature yet fruitful

area for research, development, and manufacturing.
Industrial robots are basically positioning and handling
devices. Therefore, a useful robot is one that is able to control
its movement and the interactive forces and torques between
the robot and its environment [1].

The problem of the controlling a manipulator robot can
be formulated like the determination of the evolution of
the generalized forces (forces or torques) that the actuators
must exert to guarantee the execution of the task while
satisfying certain criteria of performance. Various techniques
are used to control the manipulator arms. The mechanical
design of the manipulator arm has an influence on the choice
of the control diagram. A robot manipulator is a complex
mechanical structure whose inertias compared to the axes of
the articulations vary not only according to the load but also
according to the configuration, speeds and of accelerations [2].

In order to control systems that are not linear or have
non-constant parameters, the classical control laws may be
insufficient because they are not robust especially when the
precision requirements and other dynamic characteristics of
the systems are strict. It is necessary to call control laws
that are insensitive to parameter variations, perturbations and
nonlinearities [4].

Several tools are proposed in the literature, including fuzzy
logic, sliding control and neural networks.

The sliding mode control is a method that changes the
dynamics of system by control structures. This method is
designed to ensure that trajectories move to a switching
condition. Therefore, the ultimate trajectory will not exist
entirely within one control structure. The state-feedback
control law is not a continuous function of time. Instead, it
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switches from one continuous structure to another based on
the current position in the state space. Hence, sliding mode
control is a variable structure control method. The multiple
control structures are designed so as to ensure that trajectories
always move towards a switching condition. Instead, the
ultimate trajectory will slide along the boundaries of the
control structures. The motion of the system as it slides along
these boundaries is called a sliding mode and the geometrical
locus consisting of the boundaries is called the sliding (hyper)
surface [5].

Teleoperation systems are extremely important in humans
modern life. Nowadays the teleoperation systems are not
only considered to be used in hazardous environments or
to move toxic materials. Teleoperation systems are widely
used all around the world in various applications from space
applications to entertainment applications. To have an ability
to control something remotely has a strong impact in the
business sector as well, as it is lowering the costs. There
is a strong demand for teleoperation process improvement,
and the main trend is to reduce the operators share on the
control process and increase the teleoperators share or any
other virtual operators share instead [3].

The media of communication mainly is radio, microwave,
network, etc., before. However, with the development of
the Internet, the advantages of the Internet, like extensive
distribution, easy to access, emerge gradually. So the
Internet-based teleoperation have got much attraction [6].

II. SLIDIND MODE CONTROLLER DESIGN

A. PUMA 600 Manipulator Properties

The PUMA 600 robot is a robot with six articulations but
in this paper we consider just the first three joints (3 DOF
robot). The Euler-Lagrangian dynamic equations for n-link
manipulators are well known and can be written as [7]:

M(q)i+ C(q,4)q+ G(q)

r (1)

The matrices M and C, which summarize the properties of
inertia of the manipulator, have the properties:

o M(q) (matrix of inertia), is symmetric, bounded, positive
definite matrix.

o A suitable definition of C(q,q) (vector of Coriolis
forces and centripetals) makes matrix (M — 2C)
skew-symmetric.

e IC(q,9)| < wvollqll, vo is independent of q.

e |G(q)]| < gb(q), gp is a scalar function.
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B. Problem Formulation

The following problem is considered: for an initial state
(g(to), ¢(to)), and a desired position g, for a speed g4 = 0
we must find a command that can stabilize the manipulator in
the final position, ie tlim q(t) = qa, and tlim q(t) = 0. Let’s

—00 — o0
take the position error:

et) = qa—q(t)

et) = —4q)

Therefore, the goal of the control is to make the vector
(e(t),é(t)) tends towards 0.

@

C. Determination of the Sliding Surface
The sliding surface is selected as follows [8]:
9 r—1
=(A+— t), A>0. 3
s ( +8(t)) e(t), A> 3)

The relative degree of the system (1) is » = 2, the equation
of the sliding surface s(e, ¢) becomes:

s=Xe(t) +é(t) )
hence,
$ = Xe(t)+é(t)
5 = Mda—q)+ (da—4q) )]
s o= —Ai—i

D. Controller Design

Based on the above sliding surface, the goal is to find a
control law that leads the surface s towards zero in a finite
time. For the model of the system (1), the sliding mode
controller(SMC) which converges the tracking errors to zero
in a finite time is given as follows [10]:

I = Te+T¢
. (6)
I' = T — ksign(s(z))
knowing that:

I'. : is the equivalent command.

I'. : 1is the switching command.

k; : estis a positive constant.

sign : is the sign function.

A method that reduces the friction effect is to replace
the sign function with a saturation function. The control law
becomes:

I' = Ty —ksat(s/€) (7)

We pose: E = s/&, and & = &/2

The saturation function can be defined as follows:
sign(s/&) if |2 > @
sat(s/€) = { s/€ if |2 < @ (®)

Therefore, by substituting (8) into (7) we obtain:

AN

P
o ©)

(1 [1]

Ieq + ksign(=E) if
T\ Doy + E(2) if

The equivalent command I, satisfies the condition § = 0

§=-A—{q (10)

§=-A—Mq)[(Teq+Te) —Clg,9)g — G(g)] (11)

During sliding mode: ($ = 0; . = 0) [9], then:
A= M q)[Teq — Clg, )i — G(g)) =0 (12)
hence,

Leg = [C(q,4) = AM(q)] ¢+ G(q)  (13)

By replacing in (9) we obtain the complete control law:

[Cla,4) — AM(q)] ¢ + G(q) + k.sign(2) :if [E] > @

Cla.d) — \M()]d+Clq) + k.3 it 5| <o P

=
T =
finally,

I'=1[C(q,q) = AM(q)] ¢ + G(q) + k.sat(s/€)  (15)

The Block diagram of sliding mode controller is given as
follows:

S0

b e
. Switching control
d/dt

Equivalent control|

Fig. 1 Block diagram of Sliding mode controller

The Block diagram of PID controller is given as follows:

E. Simulation Results

The figures show the simulation results of position tracking
and speed tracking obtained by the application of the SMC on
the PUMA 600 robot, the results of the SMC are compared
with the results obtained when the PID control is applied.

The following simulation parameters were used: A = 55; &
=0.0001; K =[1251].
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Fig. 2 Block diagram of PID controller

The figures show the efficiency of SMC and its robustness
considering the faster convergence of positions/speeds tracking
to the desired postitions/speeds, which clearly means the high
precision and stability of this controller as shown in Figs. 3-8.

We notice that the robot reaches the desired positions after
a short delay and the tracking errors tend towards zero as seen
in Fig 10 as well as the sliding surfaces as shown in Fig. 9.

From control viewpoint, we clearly notice the difference
between the response obtained by SMC and that obtained
by PID control. The SMC reduced the response time without
reducing the robustness of the system. The final positions are
reached when the sliding surfaces become zero. The various
tests carried out on several positions have all given very low
or totally negligible position/speed error.

These results show that SMC has a high performance
despite the presence of uncertainties on the parameters of
the system and the existence of unknown disturbances. This
control is adapted to control this type of system.
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Fig. 3 Position tracking of the first joint

Tracking of position of the third segment

S

w

na

-

Position of the third joint (rad)

=}
(=] —

02 04 06 0.8 1 12
Time(s)

Fig. 5 Position tracking of the third joint
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Fig. 6 Speed tracking of the first joint
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Fig. 7 Speed tracking of the second joint
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Fig. 8 Speed tracking of the third joint
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Fig. 4 Position tracking of the second joint

III. TELEOPERATION SYSTEM DESIGN

The developed teleoperation system has the architecture in
Fig. 11, It includes two sides, local side (client) and remote
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Fig. 11 Teleoperation system design

A. Local Side

In this side, a virtual 3D-model simulates the real robot.
The operator can control the real robot by the sending of the
wished positions in the user interface. Returns positions are
used to provide the real positions of the remote robot. The
operator must provide IP address and the port number of the
server to ask for connection, once connection is established the
operator can send the wished positions by slipping the sliders
or by introducing the positions directly, after the execution of
the task the operator receives the real positions of the remote
robot in the interface (feedback). The client requirements can
be sent to the server via Internet by using TCP/IP protocol, as
well as received information.

B. Remote Side

In this side, after establishing the connection with the
client, the server receives the washed positions, and sends
them to the controller. The controller requests robot to do
what the client asks. After that, the server sends the processed
data (real positions) to the client via the Internet using the
TCP/IP protocol. In order to realize the teleoperation system
via the internet, the remote system is inserted into a control
loop with the developed sliding mode controller. The remote
system with the sliding mode controller is given by the figure
as follows:

SMC

Fig. 12 Remote system

C. Simulation

In the remote site the server must be listened and wait for
the connection request by the client, at this moment the robot
is in the initial positions Fig.13.

Fig. 13 Initial state of teleoperation system

To run a task by the remote robot, it is necessary to launch
the client interface, then enter the IP address of the server
and specify the port number, and request the connection with
the server, once the connection is successful, the operator can
send the washed positions to the server. The server receives
the washed positions and sends them to the robot controller,
which run the requested task and sends the real positions to
the server to send them to the client.

IV. RESULTS ANALYSIS

According to the results of the Fig. 14, it is clear that the
washed positions received by the server are the same ones sent
by the client.

The client receives the real positions sent by the server after
execution of the requested task with high precision and with
an limited transmission delay.

These results demonstrate the effectiveness of the developed
teleoperation system , and the reliability of the Internet as a
communication medium (reliability and quality of service).

The real positions (displayed on the client and server
interfaces) indicates clearly the efficiency of the sliding mode
control to achieve the best performance of the task requested
by the client.

V. CONCLUSION

In this paper, a control approach based on the sliding mode
has been implemented. We carried out simulations with this
controller on the PUMA 600 manipulator robot. This controller
has given high performance with fast dynamic response, and
is very robust, insensitive to the variations of the parameters of
the process and the external perturbations. Simulation results
show that the designed controller is more robust and more
efficient than the conventional PID controllers, viewing speed,
accuracy and stability.

In order to remotely operate the PUMA 600 robot via the
Internet, a complete teleoperation station has been developed
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Fig. 14 Final positions of the robot

Fig. 11, based on Client/Server architecture, and contains an
ergonomic and easy to use interfaces Figs. 13 and 14. The
various tests carried out on this station, using the Internet
as a means of communication, show the efficiency and the
simplicity of the teleoperation of the manipulator arm PUMA
600. One of the main advantages offered by this station is its
portability and its simplicity of installation on any machine.
This advantage allows the PUMA 600 robot to be remotely
operated from any machine connected to the Internet network.
The use of virtual reality techniques offers to the operator a
great opportunity to teleoperate the remote robot by controlling
the virtual robot at the client interface. The sliding mode
controller used to control the remote robot Fig. 12, provides
a great improvement in performance on speed and accuracy,
to perform the task requested by the operator.
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