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Abstract—In this study, the practical position tracking
control of a robotic manipulator has been performed using the
proposed fractional-order sliding mode control scheme (FO-
SMC). The designed control technique is composed by
fractional calculus and sliding mode control (SMC) to
guarantee the fast convergence of the joint positions to their
desired values. The main idea behind the design of the FO-
SMC control is that, the sliding mode control composed with
fractional calculus contributes to reach a robust control
performance of a nonlinear system in presence of uncertainties,
disturbances and un-modelled dynamics without a complete
dynamic model of the system. To validate and demonstrate the
performance of FO-SMC method, an industrial robot
manipulator with external load has been used in the real time
experimental studies. The experimental outcomes demonstrate
that the proposed fractional-order sliding mode control
strategy has a better trajectory tracking performance in
presence of the external payload for tracking tasks compared
with the classical SMC.

Index Terms—Fractional-order; Robot
Sliding mode control; Robot control.

manipulator;

I. INTRODUCTION

Robots, one of the most promising technologies, have
been extensively used in many industrial areas such as
manufacturing assembly [1], medical operations [2], drilling
[3], transportation [4] and so on. However, the main areas of
research in the field of robotic manipulators can be
summarized as robotic manipulator design [5], optimum
trajectory planning for industrial manipulators [6], [7], and
robot manipulator control. Among these scientific research
areas, the controlling of robotic manipulators has a crucial
place to follow a precise and reliable trajectory between the
initial and final position of their task.

As it is clearly known that, the robotic systems are time-
varying nonlinear systems due to the nonlinear behavior of
the system dynamics, modeling uncertainties, and external
disturbances. Hence, achieving a good tracking performance
of robotic systems is a difficult task. To overcome these
undesirable uncertainties, various advanced control methods
have been developed for different types of robotic systems
such as; H infinity control [8], neural network control [9],
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[10], adaptive fuzzy control [11], sliding mode control
(SMC) [12], [13] and fractional-order control [14].

Among these control methods, fractional-order control
strategy contributes to reach a robust control performance of
a nonlinear system in presence of uncertainties, disturbances
and un-modelled dynamics without a complete dynamic
model of the system [15]. Fractional-order controllers use
fractional order derivative and integral calculus that lead to
more exibility and performance in the designing of the
controller. Hence, in literature, fractional-order calculus is
combined with other control methods to obtain more robust
performance. N. Ullah ef al. [16], has proposed a new fuzzy
fractional order sliding mode control using the fractional
calculus and then, the proposed method has been performed
on servo actuation system. According to the obtained
results, the proposed method has less tracking error
compared to a classical SMC. S. Ebrahimkhani [17], has
performed a novel robust fractional-order sliding mode
controller with fractional order estimator for the doubly fed
induction generator. The results have confirmed the
robustness and the effectiveness of the proposed controller
during variations of disturbances and parameters.

Another robust control technique used for trajectory
tracking control of robotic system in literature is SMC
method. SMC method is an effective and robust control
technique and has a variable structure for the unknown
dynamics of unknown loads and nonlinear systems. This
control method is also used to simplify design, increase the
trajectory tracking accuracy and reduce the model
complexity [18]. The SMC technique provides a systematic
approach that improves the system capability to eliminate
the problem of stability preservation. The important aspect
of a SMC is to control a nonlinear dynamic system
subjected to the external disturbances or uncertainties by
using a switching function which ensures the system states
stay on the sliding surface [19], [20].

In literature, different types of SMC technique have been
performed for robotic manipulator. J. Baek et al. [21] has
proposed a sliding mode control for the two-DOF robot
manipulator. Their experimental results have verified the
high-precision tracking performance. The terminal sliding
mode control for n-DOF robotic manipulator has been
proposed by Yu et al. [22]. Second order terminal sliding
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mode controller for has been
performed in [23].

In this paper, motivated by the advantages of the FO
calculus [15] and SMC, a FO sliding mode control scheme
(FO-SMC) is proposed and performed on a real six DOF
industrial robotic manipulator. The proposed control
technique provides fast finite-time convergence of system
state variable, strong robustness, and simple structure for
implementation without using the information of the upper
bounds on uncertainties and disturbances in the manipulator
system. In order to illustrate the efficiency of FO-SMC, the
real time studies have been realized and compared to the
classical SMC under the external payload. The main
contributions of this study are given as follows; Sliding
mode controller (SMC) integrated with fractional calculus
(FO) is developed to obtain strong robustness, fast finite-
time convergence, precision, and chatter-free control. FO-
SMC is utilized to compensate the unknown system
dynamics where no knowledge relating to the nonlinear
model is available a priori. The use of real-time FO-SMC
for trajectory tracking control of the nonlinear robotic
system with unknown disturbances is novel.

The rest of the paper is organized as follows. Section II
presents some preliminaries about FO calculus. The FO-
SMC for the n-DOF robotic manipulators has shown in
Section III. In Section IV, the experimental outcomes have
been demonstrated, followed by the conclusion in
Section V.

robotic manipulators

II. PRELIMINARIES OF FO CALCULUS

In fractional calculus theory, the fractional order
differentiator can be denoted by a general fundamental

operator, D%, with a non-integer o €. Further, for
a >0, one obtains differentiators while a <0 yields
integrators.

In literature, several mathematical definitions have used
to describe the fractional order integrals and derivatives. The
most commonly used definition is the Riemann-Liouville
(RL). As the Riemann-Liouville (RL) fractional derivative
and integral of a;, order of function f(¢) with respect to ¢

are given by [24]:

Dy -0 L [ }J f Sdn. ()
D (1) - £ <)=(—i(f Gl @

where 7 is an integer and n—1<a <n, while D% and £*
denote the fractional derivative and integral, respectively.
And T(.) is Euler's Gamma function given by
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Additionally, the ny, order derivative (d" / dt") of the

fractional derivative operator D f(¢) can be transformed
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III. FRACTIONAL ORDER SLIDING MODE CONTROL SCHEME

A general n- DOF robot manipulator’ s dynamics can be
described as follows

t=M(q)§+C(4.9)4+G(q)+F.(9:9) ¥4, (5

jeR",
acceleration, velocity and position of the manipulator’s

where, GgeR" and geR" are the angular

joints respectively, M (gq)eR"™" is the symmetric positive

definite inertia matrix, 7 € R” is the control input torque of
the joints, C(q,4)eR" expresses the Coriolis matrix,
G(g)eR" symbolizes the gravity force, F,(g,4)eR"

stands for the viscous and Coulomb friction force and finally
7, € R" denotes the lumped disturbance. Representing (5)
in a compact form yields

t=M(q)G+H(q.9)+74,

where H(q,4)=C(q.4)4+G(q)+F,(q

sides of (6) is multiplied by M (q)fl, G can be defined as

(6)

,4). If the both

follows

c']':f(q,c},t)+g(q,t)u(t)+§(t,u(t)), (7

where £ (q.q.t)=-M(q)" H(q.q). g(q.t)=M(q)".
u(t)=7 and £(t,u(t)) stands the bounded uncertainties of

the system.
The aim of proposed control technique in this study is to

the q(t) ,

accurately for the given reference trajectory, ¢, (t) In

control robot manipulator’s joint angles,

order to meet the accurate trajectory tracking, the tracking
error e(t)=q4(¢)—¢(¢) should be minimized as much as
possible.

In this study, the fractional order sliding mode control
(FO-SMC) method has been used. The proposed FO-SMC
block diagram for robotic manipulator can be seen in Fig. 1.

As shown in the block diagram, the proposed FO sliding
control technique consists of two control parts and it can be
defined mathematically by the following equation

u(r)=

(¢) is the equivalent control law and it can be

”eqcl (t)+uswcl (t)’ (8)

where u,,.

obtained using a sliding surface function with an
approximate model of the system and ug,.(f) is a

switching discontinuous control law and it can be used to
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compensate the uncertainties affecting the system.

Equivalent
control

law
| BD  *{e(t)} |
T e(t)

Fig. 1. The FO-SMC block diagram for robotic manipulator.
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Sliding surface function is given as follows [25]

s(t):e(t)+ﬁje(r)dr, 9)

0

where [ is nxn diagonal positive definite control gains

matrixes. To obtain fast finite-time convergence, strong
robustness and precision control performance for a robot
manipulator, the following FO-sliding surface function is
designed by using FO calculus as follows

s(t) = e(t)+ﬂ2)_a {e(t)}.

It is clear that if the value of « in (10) is taken as one,
then (10) becomes (9). Two times differentiating (10) with
respect to time, following equation is obtained as follows

§(1)=&(r)+BD™ " {e(1)}.

(10)

(11

Additionally, using the second derivation of the tracking
error function, (11) can be re-written as follows

§(0)=(Gg —4)+BD™ " {e(1)}. (12)
Substituting ¢ from (7) into (12), yields
§(0)=dq = 1 (1)=g(t)u(r) =& (tu(0)+
+AD " {e(1)}. (13)

In the sliding surface condition, if s, § and § are equal to
null, then the tracking error, e(t), reaches to zero.

Therefore, the equivalent control law u,,, (t) can be

obtained with uncertainties by using §(7)=0 as follows

[ da= /(=6 eu@)]

14
B2 (o) o

Uoger (1) =g ()

In addition to this, it is not appropriate to use only the
equivalent control law to control the system. As
aforementioned above, the effect of the uncertainties which
are constrained but unknown that can be serious for robotic

system. Therefore, a switching control law, u,.; () in

(14), should be added to control signal to ensure the
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robustness of robotic system against the external or internal
disturbances. Because of the unknown term af(t,u(t)) is a

physically bounded function, the switching control law
Uge (1) can be as designed follows

uswcl(t)=g(t)71(ps+ysign(j)), (15)

where p and u are nxn diagonal positive definite

switching gain matrixes. Thus, the robot trajectory’s total
control law for the tracking is found as

L [da =S ()= E(u(r))+ .
+BD " {e(0)}
+ps+,usign($)

| 2(2)

u(t)=g(t) (16)

As it is shown in (16), if the switching gain increases,
signum function can increase the chattering effect. To avoid

this situation, the total feedback control law (u,,,,; ) is given

as follows
Usotal (t) =
o[ O gt}
=g(0)" ¢ +pD 2 e (1))} . (17
+ps+ysat($)

sign(j), |s| >0>0

where, sat(6)=1 and & is a small

1)
arbitrary positive constant.

, |s|]<o

IV. EXPERIMENT

A. Experimental Setup

The proposed control approach has been verified by
performing experimental tests on a six-DOF industrial robot
manipulator with end-effector tool as shown in Fig. 2. Robot
consists of six rotational joints driven by six motors with
encoders and six links. Table I shows DH parameters of the
robot manipulator necessary to derive the kinematics of the
robot. Detailed kinematics analysis can be found in [26].

TABLE I. DH PARAMETERS OF THE ROBOT MANIPULATOR.

Link i 6; d; a;_y a;_
1 aq 0.125 0 /2
2 g +7m/2 0 0.210 0
3 gy —m/2 0 -0.075 - /2
4 44 0.21 0 /2
5 qs 0 0 - /2
6 96 0.07 0 0

This manipulator has been controlled by using a PC based
data acquisition device with six amplifiers and the
controllers are commanding the motors and measuring the
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encoders at a rate of 1 kHz. In the experimental studies, an
external payload has been placed on the end-effector tool to
test the proposed controller performance and robustness
against the uncertainties and un-modelled dynamics. The
experiments have been carried out with Matlab/Simulink
software by using Runge-Kutta solver with a fixed-step of
0.001.

Fig. 2. Industrial robot manipulator used for the experimental tests.

B. Experimental Results

To demonstrate the performance and verify the
effectiveness of the FO-SMC with respect to the classical
SMC control for given tracking tasks, the following
experiments have been performed.

As shown in Fig. 3, to analyse transient and steady-state
responses of the controllers, the home position of the robot
manipulator has been set up at 7=0 as P, =-0.075 m,

P, = 0 m, F, =0.615 m and then a helix trajectory has

been defined for the robot manipulator as shown in (18).
The helix trajectory has an important characteristic to
determine the controller’ performances, because all the axis
change continuously in the defined reference:

P, =0.1485+0.0729cos (270.5¢) > 0 <7 <125,

P, :0.1485+O.0729sin(27r0.5t) —>0<t<12s, (18)

P =034-—" 0<r<12s.
100

Using the proposed FO-SMC and SMC control law,
translational position tracking error of the end-effector has
been shown in Fig. 4-Fig. 6. In this case, translational
position tracking error of the end-effector is not directly
measured, but the tracking error can be calculated from the
kinematics of the robotic manipulator using the DH
parameters as tabulated Table I.

As seen in Fig. 4-Fig. 6, the proposed FO-SMC a quite
well tracking performance when compared to the SMC
controller due to its FO actions for given tracking tasks. The
higher error values at initial phase are occurred because of
the difference between the home position and the initial
position of the defined trajectory.

Additionally, to show the efficiency of the proposed FO-
SMC, the root-mean-square-error (RMSE) values of the
position tracking errors norm for both control approaches
have been calculated based on the second period of the
experimental data to show the steady-state control
performance by using (19) and tabulated in Table II.

22

(19)

1 X )
CRMSE = ﬁkze(k) ,
=l

where N is equal to the number of sampling steps of the
experiments.
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Fig. 3. Graphical representation of defined trajectory for robot manipulator.
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TABLE II. TRANSLATIONAL POSITION TRACKING
PERFORMANCE SUMMARY.

Control Strategies FO-SMC SMC
RMSE value of the Px tracking errors 0.0014 0.0060
RMSE value of the Py tracking errors 0.0011 0.0043
RMSE value of the Pz tracking errors 0.0009 0.0051
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As seen in Table I, RMSE values of P, P, and P,

positions obtained using the proposed FO-SMC are less than
those obtained using the classical SMC.

Addition to these, tracking performance of the
manipulator joints with zoom-in tracking performances that
provide desired position of the end-effector, tracking errors
and their torque control signals for both controllers have
been shown in Fig. 7-Fig. 11. Because of the 4th joint of the
robot manipulator has no angular displacement for the given
trajectory, tracking performance of the 4th joint has not been

shown.
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Fig. 7. (a) tracking performance of the 1th joint (g, ) ; (b) tracking error of
the 1th joint (g ) ; (c) torque control input of the 1th joint.

As can be seen in Fig. 7-Fig. 11(a-b), the classical SMC
controller gave the poor tracking performance as compared
to the FO-SMC due to its lack of fractional action against
uncertainties and disturbances. Meanwhile, with the robust
control designs, the FO-SMC improved the control
performances with quite small tracking errors. By
employing the fractional action to SMC, the controller
makes the robotic system more robust against the presence
of uncertainties and disturbances in the feedback loop.
Additionally, both transient and steady-state error values are
decreased by utilizing the FO-SMC controller. However,
proposed controller has shorter settling time compared with
the classical SMC controller. Hence, the proposed FO-SMC
algorithm has provided better performance than the classical
SMC algorithm with superior robustness and higher tracking
accuracy.
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Fig. 8. (a) tracking performance of the 2th joint (g,); (b) tracking error of

the 2th joint (g, ) ; () torque control input of the 2th joint.

Moreover, to show the steady-state control performance
of the proposed FO-SMC with respect to the SMC
controller, the RMSE values of the joint tracking error
norms have been calculated based on the second period of
the experimental data. And also, the integral of the square
values (ISVs) of the torque control inputs for both control
approaches have been calculated at the same period. The
integral of the square values (ISVs) show the energy
consumption and it can be calculated using (20). Obtained
results have been tabulated in Tables III-IV.

TABLE III. RMSE VALUES OF THE JOINT TRACKING ERROR FOR
BOTH CONTROL APPROACHES.

Control Aqq Ag, Ags Ags Agg
Strategies | (15q) (rad) (rad) (rad) (rad)
Classical

SMC 0.0258 0.0268 0.0335 0.0191 0.0257
Control

FO-SMC 0.0063 0.0060 0.0069 0.0032 0.0063
Scheme

TABLE IV. ISVS OF TORQUE CONTROL INPUTS.

Control
Strategies hm ) U V) uz (V) us (V) Ue (V)
Classical

SMC 525.7188 | 493.4640 | 448.1782 | 48.2697 | 512.1223
Control

FO-SMC 453.8477 | 388.8019 | 328.3401 | 28.4608 | 410.6390
Scheme
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Fig. 9. (a) tracking performance of the 3th joint (g5 ) ; (b) tracking error
of the 3th joint (g5 ) ; (c) torque control input of the 3th joint.

As seen in Table III-Table IV, the RMSE values of the
joint tracking error norms obtained using the proposed FO-
SMC are less than those obtained using the classical SMC.
The lower energy consumption of torque control inputs are
also achieved in the proposed FO-SMC scheme.
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Fig. 10. (a) tracking performance of the 5th joint (gs); (b) tracking error
of the 5th joint (¢s) ; (c) torque control input of the 5th joint.
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of the 6th joint (g, ; (c) torque control input of the 6th joint.

Also, the torque control inputs of proposed FO-SMC are
little noisy but bounded without any noticeable control
chattering

t
ISV = [V (u)du.
0

(20)

V. CONCLUSIONS

In this study, the proposed FO-SMC method has been
presented and validated on a real six-DOF robotic
manipulator to show its strong robustness, precision, and
chatter-free control. To achieve finite-time convergence,
better tracking of trajectory and chattering-free control
inputs, the fractional calculus has combined with the sliding
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mode control. A well-tuned classical sliding mode controller
is also performed to the robotic manipulator to show the
superiority of the proposed FO-SMC.

The experimental results clearly show that the proposed
FO-SMC method has performed effectively in perspective
of rapid response, fast finite-time convergence, significant
improvements in terms of minimizing the trajectory tracking
error when it compared to the responses of the classical
SMC. According to obtained the average position tracking
performance of the all joints, the steady-state error value of
the classical SMC is greater than about three times that of
the fractional-order SMC controller. In addition to these, the
control inputs of proposed FO-SMC are little noisy but
bounded without any noticeable control chattering. Also,
lower energy consumption with average 20 % improvement
of control inputs is achieved in the proposed FO-SMC
scheme compared to the classical SMC. For these reasons, it
can be said that the FO-SMC controller is more robust than
the classical SMC controller to perform tracking tasks.

For future work, adaptive fractional order sliding mode
control or fractional-order sliding mode controller with
fractional order estimator will be performed for n-DOF
robotic manipulators. With the aid of the adaptive fractional
order controller or fractional order estimator, it is expected
that the trajectory tracking error value can be remarkably
reduced.
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