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1Abstract—The performance of a robotic arm includes
accuracy, repeatability and reliability to accomplish a task.
These parameters, in turn, are function of associated control
law. Multi-Degree Of Freedom (DOF) robotic arms, because of
their inherent highly non-linear dynamics, demand
sophisticated control laws. Trivial control strategies fail to cope
with disturbances and uncertainties that are common in
today’s plants. This paper presents the design, simulation and
physical implementation of a non-linear control technique
Variable Structure Control (VSC) for a 6 DOF arm. Based on
the derived dynamic model of the arm and designed control
law, simulations have been conducted in MATLAB/Simulink.
The controller parameters have been tuned for optimal
response. Various desired trajectories characterize the tracking
performance of the control law. The simulation results have
been then validated by implementing the law on a custom-
developed novel AUTonomous Articulated Robotic
Educational Platform (AUTAREP). Coupling effects between
various joints of the robot have also been investigated. Results
of this research find potential in industrial control of robotic
manipulators to perform complex tasks.

Index Terms—Arm manipulator, robot control, robust
control, variable structure control.

I. INTRODUCTION

Robots are machines developed to perform a task
automatically or by following the instructions through
remote control. Robots are being used for various
applications including rehabilitation [1], [2], assistance [3],
[4], Virtual Reality (VR) [5], rescue [6] and in other
domains like industrial [7], space [8], nuclear power plants
[9], underwater [10] and so on. The scope of the present
paper is related with industrial sector where sophisticated
scheme is required to control the robots [11] so as to
enhance accuracy, repeatability and reliability [12]. The
main challenge in the motion control of rigid manipulators is
the complexity of their dynamics and uncertainties, which
result from nonlinearities and coupling in the robotic
manipulators. Based on this knowledge, controller design
becomes a challenging task.
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Scientific literature reports various linear as well as non-
linear control strategies for multi-Degree Of Freedom
(DOF) robotic manipulators. The most popular linear
control technique is based on Proportional-Integral-
Derivative (PID) of the error signal [13]. A PID controller
for 3 DOF serial link exoskeleton robot based on minimum
jerk trajectory algorithm is implemented by Iqbal et al. [14],
[15]. Antonio et al. [16] have proposed PID control design
with bounded torque conditions satisfying asymptotic
stability criteria. Conventional control algorithms like PID
have limitations and drawbacks. There is no particular
method for tuning and adjustment of the associated gains.
PID controllers are effective for linear systems but not
suitable for nonlinear and complex systems. With simple
PID controller and Linear Quadratic Regulator (LQR), it is
very difficult to control multi-DOF non-linear robotic arm
manipulator. The classical control design techniques can
also be combined with modern techniques to give better
improved response for uncertain systems and can address
chattering and gain adjustment issues [17]. Farzin et al. [18]
and Imran et al. [19] have proposed control techniques
combining Proportional-Derivative PD and PID control with
Computed Torque Control (CTC). Jingmei et al. [20] have
developed an approach for improving performance of the
robotic arm by combining PID, adaptive fast method and
Variable Structure Control (VSC) approach. Dimitri et al.
[21] have designed a VSC scheme to overcome chattering
phenomenon by using adaptive gains. Jing et al. [22] have
presented VSC approach using integral sliding surface and
adaptive switching for estimating uncertain system
parameters.

The aforementioned and most of the reported literature on
modern control techniques for multi-DOF robotic arms is
limited to software simulations. The proposed work presents
details for software as well as hardware implementation of
VSC control law for a 6 DOF arm.

The paper is organized as follows: Section II briefly
introduces custom-developed manipulator for the present
study. Section III discusses VSC control. In Section IV, the
simulation analysis of VSC is carried out. Hardware
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implementation for the control strategy is covered in
Section V. Finally, Section VI comments on conclusions.

II. ROBOTIC ARM MANIPULATOR

An AUTonomous Articulated Robotic Educational
Platform (AUTAREP) [23] has been developed for physical

realization of the control strategy. The platform is centred
on a 6 DOF serial manipulator with all joints as revolute.
The arm’s geometrical configuration is made up of waist,
shoulder, elbow and wrist. The arm is fully actuated by six
precise DC servo motors with wrist actuated with 2 DOF.
The platform is illustrated in Fig. 1.
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Fig. 1. UTAREP – An open source multi-DOF robotic platform with diverse range of sensing and actuation capabilities [23].

III. VARIABLE STRUCTURE CONTROL

VSC is a robust non-linear control technique, which is
used to eliminate disturbances and uncertainties. Its main
feature is to drive the system states to a switching surface.
Then the system operates in the sliding mode to minimize
the modelling uncertainties and disturbances [24]. The
dynamics of a nonlinear system alters with system's states
which are estimated or available through feedback.
Generally a high-frequency switching control is utilized to
ensure less sensitivity towards uncertainties in the plant’s
parameters.

In VSC design, the most important step is switching
control which drives the plant states to the selected
switching surface and keeps it there for all future times. To
characterize this step, a Lyapunov function is defined on
state variables which must remain positive and becomes
zero only when state variables are zero.

The condition under which derivative of a function is
always negative also ensures that variables approach zero in
finite time. Firstly, the sliding manifold is designed as

,S Ce e   (1)

where C is sliding surface constant that must satisfy Hurwitz
condition, i.e. 0C  and e is the derivative of the error
signal vector defined as the difference between the present
and desired joint trajectory i.e. de q q  . For simplicity, C
is taken as a positive definite diagonal matrix i.e.

1 2 3 4{    }C diag c c c c . Mathematically when 0S  , (1)
reduces to (2)

- .e Ce (2)

This is a first order differential equation which has the
solution given by (3)

( ) (0)exp( ).e t e Ct  (3)

This shows that the error reduces to zero exponentially for
each joint under the selected conditions.

VSC consists of two components which are equivalent
control and robust control. The equivalent control part must
ensure that the states of the closed-loop system follow the
sliding manifold surface to the dynamic equilibrium of the
error dynamic system. To calculate the equivalent control,
differentiating (1) w.r.t. time and setting 0S  result in (4)

0 .Ce e   (4)

The general dynamic model equation for n-serial link
robotic arm is given by (5)

1{ ( , ) ( )},q M V q q G q    (5)

where ( )M q is a n × n inertia matrix, ( , )V q q and ( )G q are
n × 1 vectors of Coriolis centrifugal force, Gravitational
force and Frictional force vectors respectively. τ is the n × 1
torque vector applied to the joints of the robot and ,q q and
q are n × 1 vectors for angular position, velocity and
acceleration respectively. Rearranging (5) gives the
equivalent control part as expressed in (6)

( ) .eq dM q Ce V G      (6)

The equivalent control is designed with the assumption
that the system’s states are on the surface. VSC design
involves the reaching phase (i.e. time required by states to
reach at the sliding surface), sliding phase (i.e. time required
by states to reach at the states equilibrium) and the sliding
surfaces. To make this assumption true and to compensate
for the dynamic model uncertainties, a discontinuous
function of sliding manifold S is required. For simplicity, we
take

. sgn( ) sgn( ),disc K S K Ce e       (7)
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where K is the discontinuity gain matrix having diagonal
components i.e. 1 2 3 4{  k  k  k }K diag k . The complete
control law can be written as in (8)

( ) sgn( ).dM q Ce V G K Ce e         (8)

To investigate restriction on K, a Lyapunov function V is
defined as (9):

20.5 ,V S (9)

.V SS  (10)

Using (9) in (5) and rearranging results, (11) is obtained,
which always ensures the finite time regulation and stability
of the system

{ sgn( )} .V S K s K S    (11)

IV. SIMULATION RESULTS

Simulation model developed in MATLAB/Simulink
mainly consists of two s-functions. The controller governing
equation is represented with the first function ‘VSC_cont’
while derived dynamic model of the plant in [23] is coded in
the second function ‘AUTAREP_plant’. Desired angle (qd)
and its first and second order derivatives are generated in
subsystem block ‘Des_j_angles’.

The designed controller and modelled plant is subjected
to various trajectories including step, ramp and sinusoidal.
The effect of inter-related constants C and K on the plant
output has been investigated and optimum values of these
matrices have been selected based on the simulated
responses. For example, in case of joint 1 (waist joint),
keeping k1 as constant, the step response of the joint for
different c1 values is illustrated in Fig. 2. It can be inferred
that setting c1 = 4 gives optimum settling time.
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Fig. 2. Step response of waist joint for different 1 values (k1 = 2).

Tuning other joints in similar fashion resulted in the
selected matrices as C = diag {4 16 4 1.5} and K =diag {2 2
1 0.2}. Corresponding step response of various joints
moving simultaneously is shown in Fig. 3. It can be inferred
from the plot that elbow joint and wrist joint even after
reaching their desire position, are not stable till the shoulder-
joint is reached at its destination and stabilized. This is in
accordance with coupling effects of the joints.

Continuing with the tuned values of C and K, the
responses corresponding to ramp and sinusoidal inputs are
illustrated in Fig. 4 and Fig. 5 respectively.
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Fig. 3. Step response of various joints moving together.
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Fig. 4. Ramp response of various joints.
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Fig. 5. Sinusoidal response of various joints.

All of the above simulation results confirm that VSC
works well in simulation thus dictating that the developed
VSC control law is good enough to be implemented on the
real platform.

V. HARDWARE IMPLEMENTATION

The developed electronic hardware of AUTAREP, shown
in Fig. 6, is centred on a 16-bit embedded controller
dsPIC33F. Custom-designed motor drivers of rating
50 V/5 A actuate the platform’s motors through Pulse Width
Modulation (PWM) signals. The robotic arm can be
controlled via a host PC as well as through a dedicated
teaching pendent. The designed Graphic User Interface
(GUI) permits a scientist to interact with the platform using
intensive library containing more than 100 kernel
commands. Details about the developed hardware and
software are discussed in [25].

For implementation of VSC on hardware, in addition to
simple trajectory tracking, the coupling effects have also
been investigated. For this purpose, the experiment has been
conducted in two different modes.
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Fig. 6. The developed electronic hardware of AUTAREP.

In the first mode, the first three joints i.e. base, shoulder
and elbow have been moved independently one after the
other by 20 degree. The result of the joints’ motion has been
recorded and is plotted on the same graph illustrated in Fig.
7(a). In the second mode, all the joints have been moved
simultaneously. The result of responses corresponding to the
three joints in this case is plotted in Fig. 7(b), where again
the desired joint angle movement is 20 degree for all joints.
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Fig. 7. Step-responses corresponding to first three joints actuated:
(a) independently; (b) simultaneously.

Comparing results of both modes, it is observed that the
overshoot in shoulder joint lasts for a longer time and it
reaches to the desired position after the elbow joint has
settled. The coupling effect on the shoulder-joint causes it to
move faster but on the other hand increase its stabilization

time.
The least effected joint is elbow. This also can be

intuitively observed in arm dynamics. Elbow is the joint
which is least influenced by the dynamics of base and
shoulder joint. The base joint settling time has been
increased which has no coupling effect in theory.

Investigation on the issue revealed that the effect is due to
sharing the same power source. To confirm this, the
experiment has been conducted again with shoulder and
elbow movement and their responses have been found to be
almost identical.

VI. CONCLUSIONS

This paper presents design, simulation and
implementation of a robust non-linear control technique
VSC. In VSC simulation, it is observed that the sliding
surface constant and switching gain constant play an
important role particularly in the case when all joints move
simultaneously. These constants are related with each other
due to coupling effects in the joints. For VSC hardware
implementation, results obtained are almost the same as
observed in simulation. It is envisaged in near future to
develop application specific strategies to further unleash the
potential of VSC in elimination of uncertainties and
disturbances. Also, extending the control implementation to
include 2 DOF wrist is quite foreseen.
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