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Abstract

With increasing links in a manipulator system, efficacy and usefulness are enhanced along with the complexity. In this
paper, a fractional-order self-tuned fuzzy PID (FOSTFPID) controller is investigated to control a highly nonlinear, coupled
multi-input multi-output, three-link rigid robotic manipulator system. The performance of FOSTFPID controller is
investigated for trajectory tracking, disturbance rejection, noise suppression and model uncertainty. The comparative
analysis between the performances of FOSTFPID, fractional-order fuzzy PID and integer-order self-tuning fuzzy PID
controllers, all tuned for minimum weighted sum of integral of absolute error and integral of absolute change in controller
output using cuckoo search algorithm, revealed a clear superiority of FOSTFPID for trajectory tracking, disturbance

rejection, noise suppression and model uncertainty.

Keywords Self-tuning fuzzy PID controller - Fractional-order operator - Cuckoo search algorithm - Three-link manipulator

system

1 Introduction

Robotic manipulators were developed around seven dec-
ades to replace human beings from hazardous areas in
industries. These are mechanically coupled nonlinear
uncertain plants, which normally consist of arms and seg-
ment joints, which grasp and move the material on a fixed
path [6]. These are generally used at inaccessible places
where repetitive tasks have to be performed in a given
time. Picking material and placing it is one of the major
applications of industrial robotic manipulators. Other
applications of industrial manipulators are like welding,
assembling, manufacturing, painting, etc., in the field of
automobile industries, robotically assisted surgery,
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handling of radioactive and bio-hazardous materials, etc.
As robotic manipulators are mechanically coupled multi-
input multi-output (MIMO) nonlinear complex systems,
controlling these systems is always a challenging task for
researchers [15, 40]. However, conventional proportional
integral and derivative (PID) controllers are widely used
and have been applied in about 90% for process control
industries, but for complex nonlinear coupled systems like
robotic manipulators, PID controllers fail to give effective
control action [3]. A review article on the history of clas-
sical PID and their enhancement to fuzzy PID (FPID) was
presented by Kumar et al. [17] in which it has been shown
that the classical PID controllers are most effective for
linear systems but not suitable for nonlinear and complex
systems.

Several nonlinear control techniques, like sliding mode
control (SMC) [40], model reference adaptive control
(MRAC), self-tuning regulator, gain scheduling etc., are
proposed in the literature for controlling nonlinear complex
systems [3]. But exact plant mathematical model is
required to design the control techniques, like SMC,
MRAC and self-tuning regulator. Further, gain scheduling
design becomes tedious if the operating points of nonlinear
complex plants are large. Therefore, these techniques are
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not able to give perfect control mechanism for servo and
regulatory mode operation for nonlinear complex systems
like robotic manipulators. Thus, researchers always tried to
find out the solution for efficient control design of non-
linear systems. After the development of fuzzy logic by
Zadeh [46], it was extensively used to design intelligent
controllers. It was based on the concept of linguistic vari-
ables which have given a powerful tool to design intelligent
controller which can take actions on the basis of logics
investigated by expert knowledge. The first successful
application of fuzzy logic controller (FLC) of a laboratory
scale process was reported by Mamdani et al. [28]. They
suggested advances in linguistic synthesis of fuzzy con-
troller. To design the FLC, it does not require exact
mathematical model of the system which is the main reason
of success of FLC in technical community. In the next
section, a literature survey of FLC and its variants to
control a nonlinear and complex system is presented.

2 Literature survey and contribution

A perfect control strategy considerably affects the output of
feedback controlled complex nonlinear systems.
Researchers and scientists always try to find out the perfect
intelligent adaptive control solution for servo and regula-
tory mode operations of complex systems like robotic
manipulators. Following are the some of the recent
research works in this area.

Fuzzy logic scheme was added by researchers to
enhance the robustness of controller due to its ability to
convert the expert’s control action into rule base. A linear
FPID controller and its stability analysis was described by
Mishir et al. [32] which was applied to control a two-link
flexible joint robot arm. A realistic sufficient condition for
stability by graphical approach was designed to give the
safe region for feedback system on which it gives the
guaranteed stability. Design of a FPID controller for a
nonlinear hydraulic turbine governing system is done by Li
et al. [22]. Gains of the controller were tuned by a novel
gravitational search algorithm based on Cauchy mutation
and mass weighting. Further, a SMC whose gains are tuned
in runtime by a fuzzy logic system was proposed by
Abdelhameed [1]. This adaptive SMC was applied to
control a two degree of freedom (DOF) polar manipulator
for trajectory tracking task. The simulation results revealed
that the proposed controller achieved better performance
with minimum rise time and lesser chattering effect. A
fuzzy PD (FPD) controller in which its gains and rule base
are optimized by genetic algorithm (GA) was proposed by
Alam and Tokhi [2] to reduce the end-point vibration of a
single-link flexible manipulator without sacrificing the
speed of response. Simulation results demonstrated the
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reduction in vibration at the end point with satisfactory
level of overshoot, rise time, settling time and steady-state
error. A stable hybrid fuzzy adaptive robust controller was
developed by Ho et al. [11] to control a two-link robotic
manipulator with parameter uncertainties and external
disturbances. A fuzzy adaptive algorithm was used for
parameter identification of robotic system, and then an
integral SMC was added to remove the effect of external
disturbances and uncertainties.

FPID controller offers the flexibility to the researchers to
control a nonlinear plant to some extent, but if gains of
controller are varied at run time, then the controller will
become highly robust and adaptive in nature. To design
such type of control technique, an attempt was made by
Mudi and Paul [33-35] and designed a robust self-tuning
FPD (STFPD) and FPI (STFPI) controllers. In these works,
the output gains of controller were adjusted at runtime by
another fuzzy logic scheme according to the current value
of error and rate of change of error. This controller was
applied on different linear and nonlinear second-order
processes. Comparative performance with conventional
FLC was performed, and it was reported that self-tuning
fuzzy logic controller remarkably improved the results.
Further, a self-tuning robust fuzzy PD + I controller con-
figuration was proposed by Malki et al. [27] to control a
flexible joint robot arm with uncertainties from time-
varying loads. In this case, gains of controller varied in
runtime which is the nonlinear function of their input sig-
nals. It was reported that due to these variable gains,
robustness of fuzzy PD + I controller increased with faster
response time and less overshoot than its conventional
counterpart.

A comparative study of self-organizing fuzzy PID (SOF-
PID) controller, which is applied on a two-link nonlinear
revolute joint robot arm for path tracking task, with con-
ventional PID controller has been presented [13]. In this
work, it has been shown that the SOF-PID controller fol-
lowed the specified path closely and smoothly than the
conventional PID controller. A self-tuning scheme in
which gains are tuned by fuzzy logic has been proposed by
Llama et al. [25, 26] to control a two-link planar robot. In
this work, computed torque method is used which ensures
the global stability for a fixed symmetric positive definite
proportional and derivative gain matrix. Experimental
results demonstrated the usefulness of the proposed
approach. The application of self-organizing FPID con-
troller to a MIMO nonlinear revolute joint robot arm was
studied by Kazemian [14]. Gains of PID controller were
tuned by classical method, and then SOF scheme was
employed to change the gains in runtime. Due to this
enhancement, the output trajectories of SOF-PID controller
followed the required path precisely than the self-orga-
nizing fuzzy controller (SOFC) and PID controller for



Neural Computing and Applications (2020) 32:7235-7257

7237

trajectory tracking task. Meza et al. [29, 30] proposed a
semi-global asymptotic stability analysis via Lyapunov
theory for PID controller to control a two-DOF robot arm.
In this work, the gains of PID were tuned on-line and real-
time experimental results were presented to show the
usefulness of proposed approach. A fuzzy self-tuning
scheme has been applied successfully to control different
processes like a doubly salient permanent magnet motors
drive by Cheng et al. [5], switched reluctance motor drive
system by Wang and Liu [41], peak dc-link voltage across
the inverter bridge in z-source inverters by Shen et al. [39],
etc.

To improve the positional accuracy, usefulness and
reachability, three-link robotic manipulators show better
performance in contrast to two-link manipulators. In this
context, a new output feedback tracking control approach is
developed by Kim [16] using adaptive fuzzy logic tech-
nique for three-link robotic manipulator system with model
uncertainty. The adaptive fuzzy logic allowed approxi-
mating the three-link robot model, while another fuzzy
system is used to implement the observer-controller
structure of the output feedback robot system. Simulation
results revealed the usefulness in case of trajectory track-
ing, disturbance rejection and payload uncertainty. Xiong
et al. [42] presented a position control strategy based on
energy attenuation for a planar three-link active—passive—
active manipulator in horizontal plane. Further, Hoffmann
et al. proposed a nonlinear control of an industrial three-
DOF robotic manipulator as a benchmark problem for
controller synthesis method where guaranteed stability and
performances are shown [12]. A three-DOF parallel
Maryland manipulator is controlled by fractional-order PID
(FOPID) controller, and obtained performances were
compared with classical PID controller. Simulated results
showed that FOPID controller outperforms classical PID
controller. An under-actuated spring-coupled three-link
horizontal manipulator was controlled by Zhang et al.
where a new control method was proposed that asymptot-
ically stabilizes the system at origin. In this research work,
it was claimed that this control method reduces the cost of
overall control system as well as it avoids the influence of
velocity noise [47].

History of the fractional calculus is as old as ordinary
differential calculus, invented by Leibniz and Newton.
During last three centuries, it was a topic of mathemati-
cians, but since last few years, this has been extensively
used in the applied fields of science, engineering and
economics. The concept of FOPID controller was proposed
by Podlubny [37] to control a dynamic system with frac-
tional order. Also, to find explicit analytical expression,
Mittag—Leffler-type function was used. The advantages of
fractional-order controller were investigated and shown by
open-loop and closed-loop unit step and unit impulse

responses. A fuzzy sliding mode controller (FSMC) with
fractional-order PD surface was proposed by Delavari et al.
[9]. The controller was successfully applied to control a
two-DOF robot manipulators and coupled tanks. Gains of
controller were tuned by GA. The effectiveness of frac-
tional-order FSMC was shown in this work. Further, per-
formances of three types of control schemes, PID, FPID
and FOPID controllers, all tuned by particle swarm opti-
mization (PSO) algorithm, were compared by Bingul and
Karahan [4] for a two-link planar robotic manipulator for
trajectory tracking and FOPID controller was reported to
be offering superior robustness.

Further, design of a FPID controller for a pumped
storage unit is also proposed by Li et al., where gravita-
tional search algorithm based on the Cauchy and Gaussian
mutation was used to tune the gains of the controller. It was
concluded that FOPID controller performs better than PID
controller [23]. A novel fractional-order FPID (FOFPID)
controller and their hybrid combinations, tuned by GA,
have been proposed by Das et al. [7, 8]. The proposed
control schemes have been tested on nonlinear time-de-
layed process, fractional-order processes and fractional-
order time-delayed processes. Simulation results have
shown the usefulness and effectiveness of FOFPID con-
troller. An adaptively fast fuzzy FOPID control for pumped
storage hydro unit was proposed by Xu et al. which uses
improved gravitational search algorithm for parameter
tuning of the controller. Simulation results show the
superiority of proposed controller [43]. A fractional-order
SMC was proposed by Efe [10] in which the parameters of
controller were adjusted by adaptive neuro-fuzzy inference
system in run time to control a two-DOF direct drive robot
arm. The main contribution of this work has been to
showcase the application of fractional-order operator to
enhance the robustness of SMC controller. A FOFPID
controller for a two-link planar rigid robotic manipulator
for trajectory tracking problem was investigated by Sharma
et al. [38]. Robustness testing was performed for model
uncertainties, disturbance rejection and noise suppression.
The performance of FOFPID controller was compared with
PID, FPID and FOPID controllers. Tuning of controller
gains was performed by cuckoo search algorithm (CSA).
On the basis of numerical simulation results, it was clearly
indicated the superiority of FOFPID controllers among
PID, FPID and FOPID controllers. Recently, many other
applications of fractional-order control system, such as
nonlinear active suspension system [20], hybrid electric
vehicle [21], integrated power system [36], have also been
reported in the literature.

Literature survey presented above signifies that frac-
tional-order increases the robustness of a controller like
FLC. Furthermore, the strength of a fractional-order FLC
can be increased by incorporating the self-tuning or
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adaptive technique. Motivated from the above presented
research work, a variable gains fractional-order self-tuning
fuzzy proportional integral and derivative (FOSTFPID)
controller is developed in the present work to efficiently
control a three-link planar rigid robotic manipulator sys-
tem. The considered plant is a nonlinear, uncertain, MIMO-
coupled complex system where controlling is a tedious
task. Along with the tracking of desired trajectory, another
task for the controller is to reject the effects of external
disturbances and sensor noise and also reduce the influence
of model uncertainty. To achieve these requirements all
together, variable gains in the proposed controller are
considered so that after changing the plant behaviour,
controller can generate an effective output by varying
output gains to minimize error between reference trajectory
and plant output. The output gains of the controller are
multiplied by a scaling factor (SF), and this SF is varying
in runtime by self-tuning controller block. To assess the
performance of FOSTFPID controller, a comparative study
is performed with its integer-order counterpart, i.e. integer-
order self-tuning fuzzy proportional integral and derivative
(IOSTFPID) controller and FOFPID controller. Initially,
the gains of the FLCs are tuned by CSA proposed by Yang
and Deb [44, 45]. The main contributions of the present
work are many and can be summarized as follows:

e An intelligent fractional-order fuzzy controller, named
as FOSTFPID, is proposed to control a three-link
manipulator system.

e FOSTFPID is a self-tuned, adaptive and robust con-
troller, and it can be applied to a poorly known system.

e A performance comparison of FOSTFPID controller
with FOFPID and IOSTFPID controllers for trajectory
tracking, disturbance rejection, noise suppression and
uncertainty analysis revealed the superiority of FOSTF-
PID controller.

The overall research paper is organized as follows: After
an introduction in Sect. 1, a brief literature survey is pre-
sented in Sect. 2. System description and mathematical
model are elaborated in Sect. 3 where complexity of the
plant is described and its parameters are given. Fractional-
order implementation is presented in Sect. 4, while detailed
description of controllers is discussed in Sect. 5. Tuning of
gains by CSA and trajectory tracking performance are
presented in Sect. 6. For detailed performance evaluation
where disturbance rejection, noise suppression and model
uncertainty studies are carried is presented in Sect. 7.
Finally, conclusions of the proposed work are drawn in
Sect. 8.
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3 Dynamic model of system

A three-link planar rigid robotic manipulator system with
three DOF is described in this section and shown in Fig. 1.
The first link of system is mounted on a rigid bottom with
frictionless pivot, and second link is mounted at the end of
first link with a frictionless ball bearing; also the third link
is attached to the second link with frictionless ball bear-
ings. The dynamic model of three-link planar rigid robotic
manipulator is defined as follows [6].

Dy D, D3| |0 Py R 81
Dy Dy Dy | |0y | + |Pa| + |Ra| + | &2
D31 D3y D3| |03 Ps3 R3 8
11
13

(1)

Equation (1) contains four terms. The first term com-
prises the second-order derivative of generalized coordi-
nates, i.e. angular position of three links 0; (i =1, 2, 3).
The second term known as Centrifugal consists of a pro-
duct of 012 (i = 1,2,3). The third type of terms involving

a product of éiéj (where i # j) is called Coriolis terms.
The last term contains only 0; but not its derivatives. It is
derived by differentiating the potential energy stored in
links of manipulator. The terms used in (1) are defined as:

I3
I

I

v

Fig. 1 Three-link robotic manipulator system
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D = (m1 —+ my + Wh)l% —+ (m2 + m3)l§ —+ m3l§
+ 2m3l 15 005(92 + 03) + 2(1’)’12 + I’I’l3)lllz COS(QZ)

+ 2m3l 15 COS(93)
(2)
Dy = (my + m3) 3 4+ m3l3 + msly 13 cos(0 + 03)
—+ (m2 + I’H3)lllg 008(02) + 2msl 13 008(03) (3)

Dz = mgl§ + m3li15 cos(0y + 03) + mzlplz cos(03) (4)

Doy = (moly + m3l5 + msl5 4+ m3ly15 cos(6, + 63)
+moli b COS(Gz) +mzlil COS(92) + 2m3lzl3COS(03))

(5)

= (ml3 + ms3l5 + m3l5 + 2m3ly15c05(03)) (6)

Dy3 = (m3l3 4+ mybaolz cos(65)) (7)
D3y = (m3l5 + m3lil3 cos(6 + 03) + m3hlscos(03))  (8)
D3, = (m3l3 + m3blzcos(03)) 9)
D33 = (m3l3) (10)

Centrifugal terms are defined as

Py = —1y(m3l3sin(0 + 03) 4+ myly sin(0,) + m3ly sin(0,) ) 03
— msl3(Iy sin(0; + 03) + L sin(63)) 63

(11)
Py = I (m313 sin(0, —&—_93) + myly sin(60,) + m3l, sin(()z))é%
— I’I’l3lzl3sil’l(93>9§
(12)
P; = I/I/l3l3(l1 Sil‘l(02 +93) + b sm(H;))H%
+ mslyl3sin(05) 0 (13)

Coriolis terms are defined as:

R, = —2[1("’[313 Sin(Hz + 93) + (I’)’l2 + mg)lz S?l‘l(@z))é]éz
— 2m313(ll Sin(02 + 03) + 1 sin(93))QQQ3
— 2m3l3(l1 sin(@z + 93) + b Sil’l(93))9103

Ry = —2m3ly15 sin(03)0,05 — 2m3ly15 sin(03)030, (15)
R3 = 2m3lgl3sin(03)9192 (16)
Potential energy terms are defined as:

g1 = (my + my + m3)gl; cos(6;)

+ (my + m3)gly cos(0, + 0,)

+ m3gl3cos(91 + 0, + 03) (17)
g2 = (m3 + my)gly cos(6y + 6,) + msgl; cos(0; + 6, + 03)
(18)
(19)

g3 = maglzcos(0; + 60 + 03) 19

In this simulation work, the following system parame-
ters have been taken: m; = 0.1 kg, mass of link-1;
m, = 0.1 kg, mass of link-2; m3 = 0.1 kg, mass of link-3;
[y = 0.8 m, length of link-1; I, = 0.4 m, length of link-2;
I3 = 0.2 m, length of link-3; g = 9.8 m/s”.

4 Fractional-order implementation

Incorporation of a fractional-order mathematical operators
increases the DOF, and due to that precise solutions are
obtained which have been used in the field of control in
several applications which have been explained in
[18, 19, 31]. A fractional-order differentiator and integrator
of a function g(r) is represented as D%g(¢) and D Pg(t),
respectively, where limits on « and f§ would be O0<a<1
and 0<f<1. The mathematical definition of fractional-
order differentiator and integrator has been approximated
by several approaches, given by different mathematicians.
In the present work, Griinwald-Letnikov (GL) method
Eq. (20) has been used to implement the fractional-order
operators with a memory size of 100. It may be noted that
GL definition is readily implementable on a micro-com-
puting platform as it can be reduced to a difference
equation.

[(t—a)/h)
Dlg _},]Lnﬁ ,Z (—1) ( ) (t —ih) (20)

where D represents the derivative/integrator operator and y
(o, B) is the order of fractional operator. In the present
work, o and f§ have been chosen as the order of differen-
tiator and integrator, respectively, whose values are found
by CSA.

5 Design of fuzzy controllers

A basic structure of three-input three-output rigid robotic
manipulator system is shown in Fig. 2 where a feedback
loop is depicted in link-1. An FOSTFPID controller and a
saturator with limit — 200 to 200 are incorporated before
system input inside the control loop. Saturator gives a
practical appearance of final control element after the
controller output. Two disturbances are considered inside a
feedback loop to test the robust behaviour of the controller.
First disturbance is added to the controller output, whereas
second disturbance is added at the output of the manipu-
lator system. Random noise analysis, generated inside the
sensor, is also performed to test the robustness of the
controller.

The detailed description of FOSTFPID and IOSTFPID
controllers along with FOFPID controller is presented in
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Feedback loop for link-1

Sensor Noise

)

Disturbance-2

Reference FOSTFPID
trajectory Controller-1 b
link-1

Saturator-1

_/— T 0,

X

Disturbance-1

Fig. 2 Feedback controlled diagram of three-link manipulator system

the following subsection. Here fractional-order differen-
tiator and integrator are utilized to realize FOFPID,
FOSTFPID and IOSTFPID controllers which offer higher
DOF and extra flexibility to design the controller.
FOSTFPID and IOSTFPID controllers used two layers of
FLCs out of this first layer is used for FOFPID controller
and second layer is used to vary the output gains of first
FLC at runtime.

5.1 Design of FOFPID controller

Conventional fractional-order PI controller in velocity
form for link-1 is defined as

dh‘ ul(l) _Ke dulel (t)
e e’

+ Kie' (1) (21)
where, Kc and K are proportional and integral gains,
respectively; e!(¢) and u!(t) are error and corresponding
control signal, respectively; u' is the fractional-order
operator for fractional-order differentiator. Rewriting (21).

1 1
d“el(r) d*ul(r)
11 1 _
kpe (t) + kd dﬂll - dt'“] (22)
where, k}l and k}l are new constants. A new constant ‘k&;i’ is

introduced in the right-hand side of above equation in order
to increase the DOF of overall control solution.
or

del(r) _,, d"ul(r)
det L g

kye' () + kj (23)

Therefore, fractional-order fuzzy PI (FOFPI) controller for
link-1 is designed based on (23). Input to the FOFPI con-

troller is error signal ‘kéel(t)’ and rate of change of error

1d"lel(z‘),

signal ‘kdw while output of the FOFPI controller is

@ Springer

a1’ d“]u](f),

upi in incremental form [7]. Rewriting (23), one
gets
del(t)
or k;)el (1) + kg o rorpi (1) (24)
where,
/ / d"lul(t)
upopp () = Lllpi ar (25)

is the control action of FOFPI controller. A fractional-order
integrator is used in order to get absolute output from the
FOFPI controller. Therefore, the absolute output from the
FOFPI controller is yield as follows:

o dF (@ (o)
poppr (1) = Kupi ( Yy (dﬂll

where, A' is the fractional-order operator for fractional-
order integrator.

Now, conventional fractional-order PD controller in
position form for link-1 is defined as

d’ el (1)
dr!

(26)

ul () = Kee' (1) + Kp (27)

where, Kc and Kp are proportional and derivative gains,

respectively. Rewriting (27).

)

kll)e1 (#) + ky = u' (1)

where, k['J and k! are the new gains.

(28)

Introducing a new constant ‘klll;)d’ in the right-hand side
of (28),

& el (1
or k;el(t) + k} e (1)

=k u'(1)

dﬂ‘l upd (29)
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Therefore, fractional-order fuzzy PD (FOFPD) controller
for link-1 is designed based on (29). Input to the FOFPD
controller is error signal ‘k;el(t)’ and rate of change of

error signal ‘kéd de l(f>’ while output of the FOFPD con-

troller is klpdu (¢)” in absolute form. Rewriting (29).
Or

1
kl a* el(t) 1

krl,el(t) + Ky a Uporpp (1) (30)
where,
Ugorpp (1) = kgl;)dul(t) (31)

is the control action of FOFPD controller.

From (24) and (30), it can be observed that the structure of
FOFPI controller in velocity form is quite similar with the
structure of FOFPD controller in position form. The only
difference is in output; in velocity form it is in incremental,
while in position form it is direct. Therefore, for simplicity in
design of fuzzy controller, the benefit of common architec-
ture of FOFPI and FOFPD controller was utilized to produce
the control action as depicted in Fig. 3. Therefore, FOFPID
controller can be obtained by combining FOFPI and FOFPD
controllers in parallel form as shown in Fig. 3. Thus, the
design equation of FOFPID controller is given by

d“e! (1)
k;el( ) +ky e = uorpp () + tgoppi (1) (32)
or
ael(r) 4 A d (@ (@)
11 1 1
kpe ()—I_de kupd () kuPl(d[ i T
(33)
or
a“'el (1)
kpe! (1) + kg a goppn (1) (34)

where, k1 and k1 and k1 pa and k
gains of FOFPID controller, respectlvely. Input to the fuzzy

pi are input and output
controller is ‘krl,el( )’ and ‘k} de a & 02 while overall output of

FOFPID controller is u}-opppp (f) Which is the algebraic sum
of output of FOFPD and FOFPI controllers, i.e. u}-orpp ()
and u}opp (1) and define as:

7241
upopp (f) = Upoppp () + Ugoppr (1) (35)
a* (du (¢t
uII?OFPID( 1) = klpdu( ) +klllpl <d Y (dtul()>> (36)
———

FOFPD

FOFPI

5.2 Design of FOSTFPID controller

In order to design the FOSTFPID controller, rewriting (33)

d“el(r)
k:)el (1) + kéW = aklpdu( )
d* (avul(r)
1

+ dkupi <dl‘_)'] (W (37)
where,
ups = P (38)
and
klll;d = “kLl.pd (39)
where, «, kupl and k| pd are new constants. The parameter a

is varied at runtime using FLC in layer-II which makes the
FOSTFPID controller adaptive as shown in Fig. 4. There-
fore, output of the FOSTFPID controller is again arithmetic
sum of output of fractional-order self-tuning fuzzy PD
(FOSTFPD) and fractional-order self-tuning fuzzy PI
(FOSTFPI) controllers and defined as:

MIIJOSTFPID(I) = MII?OSTFPD(t) + ull?OSTFPI(t) (40)
or
a* (d"u(r)
1 1 1

upostrpip (1) = dhypqu(?) + “kupl< 7 ( i

——— dr~ drt

FOSTFPD

FOSTFPI
(41)

Value of a varies as a € (0, 1) and due to that output

gains k| upa and kupl also vary from O to klpd and 0 to k|

upi?
respectively. As the value of « is generated by FLC in
layer-II, i.e. self-tuning block, it makes the overall

FOSTFPID controller an intelligent as well as adaptive.

Fig. 3 Block diagram of el(t) ul ®
FOFPID controller 1 _ R 1 FOFPD
kp g 4 kupd + (uforpip ()
(FLC)
Layer-I
ut > k11tpl —» — 1
k}i —> ar > " de Uporpr (L)
der!
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Fig. 4 Block diagram of FOSTFPID controller

There are five gains for link-1 for the FOSTFPID con-
troller out of which k; and ké are input gains of FLCs in
layer-I and layer-II, while k, ; and k,; are output gains of
FLC in layer-I, and a is output gain of FLC in layer-II.
Similar type of control structure is applicable for link-2 and
link-3, whereas the controller gains associated to these
links are different.

5.3 Design of IOSTFPID controller

Since the structure of FOSTFPID and IOSTFPID con-
trollers is almost same, IOSTFPID controller can be real-
ized by placing the value of x' and A' as ‘1 in FOSTFPID
controller. The design equation of IOSTFPID controller is
defined as:

d'e! (1) d' /d'u'(r)
kpe (1) + kg — 7 :akjpdu(t)—&-akipi(F( P ))

(42)

Further, in the subsequent section, the other design
parameters like number and type of input and output
membership functions (MFs), fuzzy inference mechanism,
defuzzification method and rule bases for FLCs in both
layers are presented.

5.4 Details of FLC implementation

A fundamental FLC scheme is shown in Fig. 5 which
comprises fuzzification, fuzzy inference mechanism,
knowledge base and defuzzification blocks [24]. The basic
FLC is constructed on two-dimensional rule bases where
Gaussian MFs are used. Other types of MFs, like triangu-
lar, trapezoidal, sigmoidal, etc., can be used to design an
FLC, but Gaussian MF gives output very smooth and
improves the robustness and reliability, and therefore it is
considered in the present study for both input and output
variables of FLCs and is shown in Figs. 6, 7 and 8. The

12

1

< 5 o
& =) 0
T T

Degree of membership
>
o

~—

=

-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
Input

Fig. 6 MFs for error and rate of change of error forboth FLCs

Fig. 5 FLC block diagram
e(t)

dr

dr Fuzzification [— Inference  —» Defuzzification >

Fuzzy

Mechanism

T

Knowledge
Base

@ Springer



Neural Computing and Applications (2020) 32:7235-7257

7243

Degree of membership

Output

Fig. 7 MFs for output of layer-I FLC

Degree of membership

L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Output

Fig. 8 MFs for output of layer-Il FLC, i.e.
controller

self-tuning block

Table 1 Input-output MFs and their acronyms

Input MFs Output MFs

VN Very negative ZE Zero

NM Negative medium VS Very small
NS Negative small SM Small

ZE Zero MD Medium

PS Positive small BM Big medium
PM Positive medium BG Big

VP Very positive VB Very big

range of output variables MFs is different for FLCs at both
layers, for layer-I FLC it is [— 1, 1], whereas at layer-II
FLC it is [0, 1] which can be easily observed from Figs. 7
and 8. The acronyms of inputs and outputs MFs for FLCs at
layer-I and II are presented in Table 1. A Mamdani type of
inference mechanism and centre of gravity method of
defuzzification is used, whereas for implication, minimum
type of operator and for aggregation, maximum type of
operator is used.

Knowledge base which is the principal part of FLC
design contains two different set of rules for FLCs in layer-

Table 2 Input—output rule base for FLC in layer-I

de e

VN NM NS ZE PS PM %3

VN VN VN VN NM NS NS ZE
NM VN NM NM NM NS ZE PS

NS VN NM NS NS ZE PS PM
ZE VN NM NS ZE PS PM VP

PS NM NS ZE PS PS PM %3
PM NS ZE PS PM PM PM VP
VP ZE PS PS PM VP VP A%

Table 3 Input—output rule base for FLC in layer-II, i.e. self-tuning
block

de e

VN NM NS ZE PS PM VP

VN VB BG MB SB VS ZE ZE

NM BG BG BM SM S VS ZE
NS BM BM MD VS SB S VS
ZE SB SM VS ZE VS S SB
PS VS SM SB VS SB MB MB
PM ZE VS S SB MB B B
VP ZE ZE VS S MB B VB

I and layer-II, i.e. for self-tuning blocks which are tabu-
lated in Tables 2 and 3, respectively. These two set of rules
exhibit different three-dimensional surface plots for FLCs
in layer-I and layer-II which are shown in Figs. 9 and 10,
respectively [35]. In the present work, an alteration in rule
base from [35] is done so that the surface plot becomes
smoother. An irregular surface gives abrupt change in
output gain which makes the system sometimes unsta-
ble which is excluded here. This makes the controller more
effective for a system having unstable open-loop behaviour
like robotic manipulator.

6 Tuning of gains by CSA

Tuning of the gains is required to get the desired perfor-
mance of the system. To find the suitable gains of the
intelligent controller like FOSTFPID, there is no well-de-
fined method found in the literature. In the present work,
CSA optimization method is used to find the tuned gains of
all three controllers.
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Fig. 10 Surface plot for rule base for FLC in layer-II (self-tuning
block)

6.1 CSA description

CSA is a meta-heuristic optimization algorithm which is
bio-inspired by the bird Cuckoo and proposed by Yang and
Deb [44, 45]. This algorithm has very strong ability to
solve multi-dimensional problems efficiently and also
having the strong searching ability paralleled to another
popular bio-inspired algorithm like GA, differential evo-
lution (DE), PSO algorithm etc. The balance between two

components namely diversification and intensification
explores the superiority of cuckoo search algorithm over
the existing famous algorithms such as GA and PSO. It is
well known that the bird Cuckoo has pleasing sound and
magnificent reproduction strategies.

Some species of cuckoo lay their eggs in communal
nests. Sometimes they remove other bird’s eggs from
communal nest to grow the hatching possibility of their
own eggs. If a host bird realizes that the eggs are not of
their, then they either through the alien eggs from nest or
simply leave the nest and make a new nest at some other
places. Female cuckoos have some special characteristics
that they mimic the colour and pattern of the eggs like few
picked host birds. By using this method, their eggs are less
abandoned and thus productivity is increased. Also, female
cuckoos find out the egg laying timing of other birds and
parasitic cuckoos often find out a nest where the host bird
just laid its own eggs. Generally, cuckoos’ eggs take less
time to hatch rather than their host eggs and once the first
cuckoo egg is hatched, cuckoo evicts the host eggs. This
action increases the food availability of cuckoo’s chick by
its host bird.

The concept of Lévy flight is included to design the CSA
algorithm which enhances its searching capability. It is a
type of flight behaviour by which many animals take a
sudden 90° turn from its straight flight paths and it leads
Lévy flight style to get irregular scale-free search pattern. It
has been shown that after applying such behaviour to
optimal search, the results deliver its promising capability.
A pseudocode of CSA which explains its implementation is
shown in Fig. 11.

For more explanation, a flow chart of CSA is shown in
Fig. 12. The different parameters of CSA which are used to
optimize gains of controller are given in Table 4.

Fig. 11 Pseudocode of CSA CSA pseudo code
algorithm
Start
Choose the objective function f(x) wherex = [x1, X3, cv.eo.. X"

Initial population of n host nests are generated

While (t < maximum generation) or (another stopping criteria)
Find out a cuckoo randomly by using Lévy flight and evaluate its fitness function (let say F;)
Choose a nest among n nests (say j) randomly

If (F; > F)
Replace j by new solution;
end

A fraction of worst nests is abandoned and some new nests are formed;
Find out the best solution and keep these solutions;
Sort the solutions and find out the current best;

end while

Further process the results

end
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4 o ; A
Create initial population of

host nests n and set the
bounds Lyand U,

v

Random nest is created
using Levy flight and
fitness Fa is calculated.

v

New fitness value Fp of a
random nest is computed
from initially generate

v

<

New solution a is replaced by b.]

v

[ b is considered as solution. ]

v

\4

P.=0.25fraction of nests are discarded

v

[ Best solutions are saved

Is Tolerence < 10757

[ Best nest is taken as solution

Table 4 Used parameters for CSA

Fig. 12 Flow chart of CSA

Design parameter Value
Number of nests 25
Tolerance 1.0E-9
Step size 1.5
Probability of alien eggs 0.25
Maximum number of iteration 100

6.2 Controller tuning for trajectory tracking

All the presented simulations have been carried out in
MATLAB/SIMULINK on a personal computer having
Intel® core™ i5 processor working at 3.33 GHz, 4 GB
RAM with a 32-bit operating system. Fourth-order Runge—
Kutta method was used as the ODE solver working at 1 ms
sampling time. It may be also noted that optimized gains
remained unaltered throughout the studies. The torque
limitations for both links have been taken as [— 200,
200] N-m. The desired trajectories (0,,, 0,, and 0,,) for
link-1, link-2 and link-3 have been given in (43), (44) and
(45), respectively.

6,, = sin(0.27¢) (43)
. n

0,, = sin (O.Znt - Z) (44)
. Y

0,, = sin (O.2nt - E) (45)

The objective function (OBF) has been taken as the
weighted sum of integral of absolute error (IAE) and
integral of absolute change in controller output (IACCO).

IACCO = /|(u(t) —u(t — 1))|dr (46)

OBF = (w; *IAE) + (w2 x IACCO) (47)

The TAE is defined as the sum of the IAE values of all
the three links, i.e. IAE = (IAE; + IAE; + IAE;) and
similarly the value of IACCO is defined as
TACCO = (IACCO; + IACCO; + IACCO3;). The param-
eters w; and w, are chosen as 0.999 and 0.001. Tuned gains
are listed in Table 5 where y and /' indicate the order of
differentiator and integrator where i = 1, 2 and 3 for link-1,
link-2 and link-3, respectively. The objective function
versus iteration curve is depicted in Fig. 13 for FOSTFPID,
FOFPID and IOSTFPID controllers. From Fig. 13, it can
be clearly observed that FOSTFPID controller shows best
convergence rate among the three explored controllers. The
resulting OBFs are obtained as 0.0022, 0.0090 and 0.0340
for FOSTFPID, FOFPID and IOSTFPID controllers,
respectively. Table 6 lists the IAE values of all three links
and OBFs obtained for all three controllers for trajectory
tracking study, and Fig. 14 depicts these tabulated results
in a graphical form. Figures 15, 16 and 17 show the per-
formance for all three controllers in terms of trajectory
tracking curves, controller outputs, and error signals,
respectively. X-Y plots of end-effector are also shown in
Fig. 18. Supremacy of FOSTFPID controller can be
observed in all the investigations among three controllers
where it shows 75.55% improvement over FOFPID and
93.52% improvement over IOSTFPID controller in OBF
values for trajectory tracking analysis.
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Table 5 Optimized gain

parameters of FOSTEPID, FOSTFPID FOFPID IOSTFPID
FOFPID and IOSTFPID Link-1 Link-2 Link-3 Link-1 Link-2 Link-3 Link-1 Link-2 Link-3
controllers
k;; 351.21 289.97 189.175 43.4383 67.3674 32.1611 474.155 40790 21.316
K 1 0.10 0.502 0.7903 0.5194 0.7739  2.55 0.001 0.001
u 1 0.695 0.72 0.9136 0.9307 0.6854 1 1 1
k;upi 797.474 68.91 502.35 171.2659 45.7689 38.6954 219.044 363.36 242.196
kipd 195.37 618.22 84.82 59.944 43.8388 21.0001 244.93 491.21 508.42
pu — 0594 —-0968 —0.675 —0.5155 —0.7153 —0.5202 -1 -1 -1
Where i = 1,2,3 for link-1, link-2 and link-3
0.08
......................... —FOSTFPID
007F e ====FOFPID
------- IOSTFPID
0.06
£
U N . 1
< 004} e M, 1
2 fees T,
8 0.03f i
) :
© .02t taemy E
H TAE Link-1
001 . " TAE Link-2
_M . .
% 20 0 60 80 100 Objective
Number of iteration function
B FOSTFPID ™ FOFPID m IOSTFPID
Fig. 13 Objective function versus iteration curves for FOSTFPID,
FOFPID and IOSTFPID controllers Fig. 14 Bar charts for IAEs and OBFs values
Error, rate of change of error and their corresponding ARt Tk ] [ Ref tra], Tink2 [ Ref ) T3
controller output curves for link-1, link-2 and link-3 are _ |—FOSTFPID link-1| _ [=—FOSTFPID link-2| _  [—FOSTFPID link-3
et ot X S 3|wwwFOFPID link-1 | & 3|"FOFPIDIink2 | E 3|-w FOFPID link-3
shown in Figs. 19, 20 and 21, respectively, for all three S |----10STFPID link-1 | |=*"IOSTFPID link-2 | 5 |-~ IOSTEPID link-3
controllers wherein can be concluded that a control tech- = ENZi ] o 007‘12 =
. . . . S -1 S E e £
nique designed with fractional-order operator, shows the E igggi = s E
. . . =} =} =}
smooth behaviour on integer order. In Figs. 19, 20 and 21, s ! (BT = ! Lol ad &
curves obtained by FOSTFPID and FOFPID controllers in :2,3 0 é" 0 éﬂ
all three links are smooth, whereas curves obtained by < < <
IOSTFPID controller for all three links show the chattering 1 1
: 0 5 10 0 5 0 0 5 10
behaviour. Time (s) Time (s) Time (s)
(a) (b) (©)

7 Detailed simulated performance
evaluation

An adaptive controller must have the capability to com-
pletely eliminate the effect of measured or unmeasured
disturbances, sensor noise and uncertainty in link mass etc.

Fig. 15 Trajectory tracking curves: a link-1; b link-2; ¢ link-3

from the process output. These could occur individually or
in a combined form at the same time in the control loop,
and the effect is to degrade the performance of plant.
Therefore, to further access the performance of controller,

Table 6 IAE values and OBFs

for trajectory tracking study IAE values Objective function
Link-1 Link-2 Link-3
FOSTFPID 0.0010 3.2379e—04 2.3845e—04 0.0022
FOFPID 0.0054 0.0019 0.0016 0.0090
IOSTFPID 0.0014 4.1197e—04 0.0018 0.0340
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Fig. 16 Controller outputs for trajectory tracking: a link-1; b link-2;
¢ link-3
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Fig. 17 Error curves for trajectory tracking: a link-1; b link-2; ¢ link-
3
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Fig. 18 X-Y curves for trajectory tracking

disturbance rejection, noise suppression, and parameter
uncertainty have been carried out and presented in this
section. Following are the category-wise investigated
studies elaborated for all three controllers.

7.1 Disturbance rejection
The primary objective of a control structure is to reject the

effect of undesired disturbances present in the control loop
to track the required trajectory smoothly. Under this

Fig. 19 Error, rate of change of error and controller output curves for
link-1 in case of trajectory tracking study: a FOSTFPID; b FOFPID;
¢ IOSTFPID

40 10 100
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20 5
c) ) £ 0
= 0 = 0 =
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r(@T) L T 5 @) 2
0 3 0 3 3
0 x10 0 x10 0 x10
-2 -1 e(nT) -1 -5 e(nT) -5 -2 e(nT)
(@ (b) (0

Fig. 20 Error, rate of change of error and controller output curves for
link-2 in case of trajectory tracking study: a FOSTFPID; b FOFPID;
¢ IOSTFPID
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1
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g g 05 g
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r(nT) 2 (nT) 2
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Fig. 21 Error, rate of change of error and controller output curves for

link-3 in case of trajectory tracking study: a FOSTFPID; b FOFPID;
¢ IOSTFPID

context, two different types of disturbances have been
considered at different places of the control loop. One is
injected at the controller output before the saturator,
whereas another is at the output of manipulator. The
detailed disturbance rejection and their comparative studies
have been presented in the following subsections.
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7.1.1 Disturbance at controller output

In the present study, the disturbance signal is added at the
controller output comprising of one pulse for the entire
trajectory, as described in (48), in all three links together as

Disturmance signal (N-m)

Time (s)

Fig. 22 Applied disturbance signal at controller output (magni-
tude = 5 N-m)

already shown in Fig. 2. A typical disturbance signal with
magnitude as 5 N-m is shown in Fig. 22.

d(f) = Alu(r — 2) — u(r — 6)] (48)

where A is the magnitude of disturbance signal assumed for
testing.

Two types of disturbances, positive as well as negative,
have been considered in this study. Total twenty cases,
starting from 0.5 to 5 for positive disturbances and — 0.5 to
— 5 for negative disturbances, are considered. Corre-
sponding IAE values are listed in Tables 7 and 9, whereas
their OBF values are listed in Tables 8 and 10 for positive
and negative disturbances, respectively. Two graphical
representations have been shown for OBF versus magni-
tude of disturbances for positive as well as negative dis-
turbances in Figs. 23 and 24, respectively. From all these
results, it can be concluded that the proposed FOSTFPID
controller offers superior performance for disturbance
rejection study at the controller output among the three
examined controllers.

Table 7 IAE values for variation (increasing) in magnitude of disturbance signal

Magnitude of disturbance signal IAE values
FOSTFPID FOFPID IOSTFPID
Link-1 Link-2 Link-3 Link-1 Link-2 Link-3 Link-1 Link-2 Link-3

0.5 9.3178e—04  3.0285e—04 5.3705e—04 0.0049 0.0018 0.0036 0.0013 3.9710e—04 0.0034
1.0 8.5428e—04 3.8115e—04 8.7219e—04 0.0045 0.0023 0.0059 0.0012 4.5295e—04 0.0054
1.5 7.9702e—04 5.1570e—04 0.0012 0.0066 0.0237 0.0476 0.0011 5.5037e—04 0.0072
2.0 7.5957e—04  6.3652¢e—04 0.0014 0.0069 0.0245 0.0493 0.0010 6.3821e—04 0.0088
25 7.5155e—04 7.4771e—04 0.0017 0.0071 0.0250 0.0504 0.0010 7.1941e—04 0.0103
3.0 7.8152e—04 8.5031e—04 0.0019 0.0076  0.0257 0.0520 0.0011 7.9427e—04 0.0117
3.5 8.7144e—04  9.4544e—04 0.0021 0.0077 0.0262 0.0535 0.0012 8.6424e—04 0.0130
4.0 9.6410e—04 0.0010 0.0023 0.0081 0.0266 0.0550 0.0013 9.2981e—04 0.0142
4.5 0.0010 0.0011 0.0024 0.0085 0.0273 0.0572 0.0014 9.9130e—04 0.0154
5.0 0.0011 0.0012 0.0026 0.0089 0.0279 0.0596 0.0015 0.0010 0.0165
Tab'le‘8 O.B F val}Jes for Magnitude of disturbance signal Objective function values
variation (increasing) in
magnitude of disturbance signal FOSTFPID FOFPID IOSTFPID

0.5 0.0025 0.0105 0.0356

1.0 0.0030 0.0130 0.0376

1.5 0.0034 0.5719 0.0395

2.0 0.0039 0.5774 0.0412

2.5 0.0043 0.5807 0.0428

3.0 0.0047 0.5822 0.0444

35 0.0052 0.5851 0.0460

4.0 0.0057 0.5889 0.0474

4.5 0.0063 0.5901 0.0488

5.0 0.0067 0.5934 0.0501
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Table 9 TAE values for variation (decreasing) in magnitude of disturbance signal

Magnitude of disturbance signal ~ IAE values
FOSTFPID FOFPID IOSTFPID
Link-1  Link-2 Link-3 Link-1  Link-2  Link-3  Link-1  Link-2 Link-3
- 05 0.0011  4.3594e—04 5.6691e—04 0.0063 0.0173 0.0353 0.0015 4.9470e—04  0.0036
- 1.0 0.0012  5.6543e—04  9.0000e—04  0.0065 0.0178 0.0368 0.0015 5.8950e—04  0.0056
- 15 0.0012  6.8253¢e—04  0.0012 0.0067 0.0224 0.0456 0.0016  6.7480e—04  0.0074
-20 0.0013  7.9028¢—04  0.0014 0.0070  0.0224  0.0457 0.0017  7.5360e—04  0.0090
—-25 0.0014  8.9053e—04  0.0017 0.0071  0.0222 0.0460 0.0018  8.2660e—04  0.0105
-3.0 0.0014  9.8421e—04  0.0019 0.0076  0.0224  0.0463  0.0018  8.9489¢e—04  0.0119
- 35 0.0015  0.0011 0.0021 0.0078  0.0221  0.0463  0.0019  9.5818e—04  0.0132
—4.0 0.0015  0.0012 0.0023 0.0083  0.0220 0.0466  0.0019  0.0010 0.0144
—45 0.0016  0.0012 0.0025 0.0089  0.0226  0.0479  0.0020  0.0011 0.0155
-50 0.0016  0.0013 0.0026 0.0093  0.0227 0.0485 0.0021 0.0011 0.0166
Tal:fle.10 OBF Va.l ues for Magnitude of disturbance signal Objective function values
variation (decreasing) in
magnitude of disturbance signal FOSTFPID FOFPID IOSTFPID
- 05 0.0029 0.4148 0.0362
- 1.0 0.0035 0.4280 0.0384
- 15 0.0041 0.5619 0.0404
- 20 0.0046 0.5632 0.0422
- 25 0.0051 0.5626 0.0439
- 3.0 0.0055 0.5624 0.0455
- 35 0.0060 0.5612 0.0470
- 4.0 0.0064 0.5606 0.0484
— 45 0.0069 0.5602 0.0498
- 5.0 0.0073 0.5607 0.0510
08 0.8
—roSTEPD — FOSTFPID
«==-FOFPID *==+FOFPID
0.6] - IOSTFPID RSB S FOSTFPID
é 0.4 ::' 1 Ag 04  ——, N Y 4
.g i g '\‘
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e
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Fig. 23 Variations of OBF values with increasing magnitude of
disturbance signal at controller outputs

To further demonstrate the efficacy of the proposed
controller, a complete analysis has been made for a dis-
turbance of 5 N-m. A bar chart containing the corre-
sponding IAE values as well as OBF values is shown in
Fig. 25. Trajectory tracking curves of all three controllers
for all three links are shown in Fig. 26, whereas their

Amplitude of disturbance signal (N-m)

Fig. 24 Variations of OBF values with decreasing magnitude of
disturbance signal at controller outputs

required torque as the manipulator input is shown in
Fig. 27. Comparative results clearly exhibit that the pro-
posed controller FOSTFPID performs best among three,
whereas FOFPID shows worst among three. A chattering is
observed in the controller output of FOFPID which is a
serious issue and not recommended for controlling a
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Fig. 25 TAE and OBF values for disturbance rejection study at

controller outputs
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Fig. 26 Trajectory tracking curves for disturbance rejection study at
inputs of manipulator: a link-1; b link-2; ¢ link-3
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Fig. 27 Controller outputs for disturbance rejection study at inputs of
manipulator: a link-1; b link-2; ¢ link-3

nonlinear manipulator system because it worsens the final
control element part. A poor performance of FOFPID can
also be seen in obtained error versus time curve Fig. 28,
where it can be easily detected that proposed FOSTFPID
shows less error and FOFPID shows big error among three
controllers for all the three links. To show the motion of
end-effector, corresponding X-Y plot is shown in Fig. 29
which also justifies the above obtained results. In this
particular case study of disturbance rejection, FOSTFPID
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Fig. 28 Error curves for disturbance rejections study at input of
manipulator: a link-1; b link-2; ¢ link-3
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Fig. 29 X-Y curves for disturbance rejections study at inputs of
manipulator

controller shows 98.87% superior performance on FOFPID
controller, whereas 86.62% on IOSTFPID controller in the
obtained values of OBFs.

7.1.2 Disturbance at output of the manipulator

A dynamic disturbance signal is considered and injected at
the output of all three links of the manipulator. The transfer
function of the dynamic disturbance signal is given in (49).
The disturbance is subjected to a pulse signal multiplied
with u(z — 1) for a time-period of 4 s, whereas the duty
cycle of the pulse signal is 75%. u(t) is considered as a unit
step signal.

. L 1
Transfer function of dynamic disturbance = ——

s+ 1 (49)

In this disturbance rejection study at the manipulator
output, the magnitude of the pulse signal is varying from
0.05 to 0.50 with a step of 0.05. Corresponding dynamic
disturbance is added to the output and the response of the
manipulator system is inspected. Obtained IAE and OBF
values are listed in Tables 11 and 12, respectively. A dis-
tinctive curve comprising the variation of OBF values with
varying magnitude of pulse signal is shown in Fig. 30



Neural Computing and Applications (2020) 32:7235-7257 7251
Table 11 IAE values for variation (increasing) in magnitude of pulse signal
Magnitude of pulse signal ~ IAE values
FOSTFPID FOFPID IOSTFPID
Link-1 Link-2 Link-3 Link-1 Link-2 Link-3 Link-1 Link-2 Link-3
0.05 0.0010 3.3081e—04 2.6445e—04 0.0059 0.0168 0.0337 0.0014 4.1608e—04 0.0018
0.10 0.0011 3.4371e—04 2.9409e—04 0.0060 0.0172 0.0346 0.0014 4.2280e—04 0.0018
0.15 0.0011 3.5399e—04 3.1544e—04 0.0060 0.0172 0.0346 5.6052 174.34 0.0049
0.20 0.0011 3.6198e—04 3.3117e—04 0.0062 0.0175 0.0348 10.28 0.4596 0.0056
0.25 0.0012 3.6783e—04 3.4217e—-04 0.0063 0.0175 0.0349 7.674 14.643 0.0066
0.30 0.0012 3.7255e—04 3.5140e—04 0.0064 0.0177 0.0353 9.5496 57.939 0.0049
0.35 0.0012  3.7666e—04  3.6054e—04  0.0065 0.0177  0.0351 24.447 43.657 0.0039
0.40 0.0012  3.8093e—04  3.7013e—04  0.0066  0.0178  0.0352  55.212 53.211 0.0046
0.45 0.0012 3.8457e—04 3.7726e—04 0.0065 0.0178 0.0353 14.514 10.859 0.0058
0.50 0.0012 3.8973e—04 3.8608e—04 0.0071 0.0205 0.0392 91.031 16.257 0.0079
Table 12 OBF values for variation (increasing) in magnitude of pulse 0.6 0.6
signal g 05 g 0.5
Magnitude of pulse signal ~ OBF values '%ﬂ 0.4 E 0.4
FOSTFPID FOFPID IOSTFPID % 03 Tcén 0.3
E 02 ; 02
0.05 0.0027 0.4169 0.0343 3 2
0.10 0.0032 0.4278 0.0350 '7210'1 "é 01
0.15 0.0036 0.4319 179.8100 < O o - a0
0.20 0.0039 0.4316 10.7770 -0.1;5 3 o Ol 5 10
0.25 0.0042 0.4330 22.3920 Time (s) Time (s)
0.30 0.0046 0.4328 67.4720 (a) (b)
0.35 0.0051 0.4339 68.0760
0.40 0.0054 0.4343 108.3600 Fig. 31 a Pulse signal; b disturbance signal at manipulator output
045 0.0057 04354 254040 A typical pulse signal with magnitude as 0.5 and
0.50 0.0065 0.5028 107.2400 ; . . . . .
dynamical disturbance signal subjected with that pulse is
shown in Fig. 31a and b, respectively. After adding this
disturbance signal to output of the manipulator in all three
200 — FOSITPD links, obtained values of IAE and OBFs are presented in
-~FOFPID bar chart as shown in Fig. 32. Corresponding trajectory
gio- i = I0STEPID tracking curve, controller output, error curve and X—
é Y curve are shown in Figs. 33, 34, 35 and 36, respectively.
q; 100t g After observing the trajectory tracking curve, Fig. 33, it
g can be concluded that IOSTFID controlled link-1 and link-
g sol ] 2 left the trajectory and never returns to the path again. It
S makes the overall system unstable which can be easily
B detected in X-Y curve, Fig. 36. A chattering phenomenon

0905 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Amplitude of disturbance signal at output of manipulator (radian)

Fig. 30 Variation of OBF values with increasing magnitude of
disturbance signal at manipulator output

which concludes that FOSTFPID outperforms while
IOSTFPID accomplishes worst among the three
controllers.

is also observed in the controller output of FOFPID con-
troller in Fig. 34 which creates a serious issue and can
deteriorate the motor part of the final control element. It
can be clearly observed that FOSTFPID controller gives
the smooth controller output which makes to allow the final
control element to work for long time. In this case study,
FOSTFPID controller shows 98.70% superior performance
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Fig. 33 Trajectory tracking curves for disturbance rejections study at manipulator
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Fig. 34 Controller outputs for disturbance rejections study at outputs Fig. 37 Noise signals: a link-1; b link-2; ¢ link-3

of manipulator: a link-1; b link-2; ¢ link-3 . ) ) ) ) o ]
disruptive in nature which is non-distinguishable random

on FOFPID controller, whereas 99.99% on IOSTFPID  fluctuations. It is irregular in nature which hinders the real

controller in obtained OBF values. signal and tries to make a controlled system unstable. In
electromechanical system, sensor provides the current
7.2 Noise suppression information to the controller. Generally, noise is added at

the sensor block and it contaminates the real information of
Another speciality of an intelligent adaptive controller is its ~ the system to controller. Sometimes, the nature of this
ability to suppress the effects of sensor noise present in the unwanted noise signal is unavoidable. So, a robust con-
feedback loop of a controlled system. In general, noise is  troller must have the ability to nullify the effect of

@ Springer



Neural Computing and Applications (2020) 32:7235-7257

7253

undesirable sensor noise. In this study, the output of sensor
is now considered as:

0s(t) = (6;(¢) + 6,;(¢) * per xrand), i=1,2,3; (50)

where 0; and 0,; are the angular positions and reference
trajectories of link-1, link-2 and link-3, respectively, per
represents the percentage of instant reference trajectory
while rand generates the random number within the range
[— 1, 1]. A typical generated random noise signal in all
three links of 0.01% of the instant reference trajectory is
shown in Fig. 37.

To test the effectiveness of the proposed control tech-
nique, noise signal with different percentage of instant
reference trajectory has been considered for testing starting
from 0.001 to 0.01 with a step of 0.001. Corresponding to
these noise signals, their IAE values and OBF values have
been obtained for all three links which are listed in
Tables 13 and 14, respectively. A distinctive curve in
Fig. 38 shows the variation of OBF values with percentage

variation of noise signal. After prudent observation of the
obtained IAE values and OBF values in Tables 13 and 14,
it can be concluded that proposed FOSTFPID controller
performs best among three control techniques while
IOSTFPID controller performs worst among three.

For a typical case of 0.01% noise, attained values of
TAEs and OBFs for all three links, a bar chart is shown in
Fig. 39. Trajectory tracking, required torque, error and X—
Y curves of all three links for this particular case are shown
in Figs. 40, 41, 42 and 43. After careful observation, it can
be determined that IOSTFPID controller is not able to give
the proper torque output as link-1 and link-2 leaves the
trajectory after some time which makes the system output
as unstable as shown in Fig. 41. A chattering phenomenon
is seen in the controller output generated by FOFPID
controller. This is not desirable as it wears and tears the
final control element part of the feedback controlled system
while FOSTFPID controller shows a smooth controller
output curve. On the basis of obtained simulated results, it

Table 13 IAE values for variation (increasing) in magnitudes of noise signals

Percentage of reference trajectory IAE values
FOSTFPID FOFPID IOSTFPID
Link-1 Link-2 Link-3 Link-1 Link-2 Link-3 Link-1  Link-2 Link-3
1.0e—03 9.9648e—04 3.3538e—04 3.1029e—04 0.0062 0.0179 0.0355 0.0013 2.6976e—04 0.0014
2.0e—03 9.8594e—04 3.5930e—04 4.5377e—04 0.0062 0.0179 0.0354 35.4590 72.1120 0.0039
3.0e—03 9.7750e—04 4.0406e—04 6.5177e—04 0.0060 0.0177 0.0351 41.5970 42.6330 0.0050
4.0e—03 9.6837e—04 4.4263e—04 8.1070e—04 0.0060 0.0175 0.0351 41.6680 22.7220 0.0060
5.0e—03 9.6093e—04 4.8636e—04 9.8433e—04 0.0062 0.0179 0.0356 13.2060 71.0810 0.0055
6.0e—03 9.5484e—04 5.3433e—04 0.0012 0.0066 0.0278 0.0582  9.8109 119.6700 0.0064
7.0e—03 9.5162e—04 5.8594e—04 0.0014 0.0067 0.0279 0.0583 83.6560 57.6130 0.0065
8.0e—03 9.5257e—04 6.1966e—04 0.0015 0.0067 0.0279 0.0583 42.5570 90.3520 0.0051
9.0e—03 9.5425e—04 6.7381e—04 0.0017 0.0067 0.0278 0.0584 65.9800 53.4040 0.0055
1.0e—02 9.6152e—04 7.2002e—04 0.0018 0.0067 0.0279 0.0583 90.4110 57.4420 0.0062
Tab'le.14 (.)BF vgluesbfor Percentage of reference trajectory Objective function values
variation (increasing) in
magnitudes of noise signals FOSTFPID FOFPID IOSTFPID
1.0e—03 0.0059 0.4359 0.0159
2.0e—03 0.0095 0.4399 107.480
3.0e—03 0.0140 0.4415 84.188
4.0e—03 0.0182 0.4416 64.408
5.0e—03 0.0225 0.4418 84.252
6.0e—03 0.0273 0.7081 129.430
7.0e—03 0.0322 0.7095 141.210
8.0e—03 0.0366 0.7072 132.850
9.0e—03 0.0422 0.7087 119.380
1.0e—02 0.0476 0.7103 147.860
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Fig. 38 Variation of OBF values with increasing percentage of sensor
noise signals
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Fig. 39 TAEs and OBFs values for noise suppression study

can be inferred that FOSTFPID controller performs best
among the three controllers in the case of noise suppres-
sion. The improvements in OBF values by FOSTFPID
controller on FOFPID and IOSTFPID are estimated to be
93.29% and 99.96%, respectively, in this case study.

7.3 Robustness testing: uncertainty in the mass
of link-3

In this subsection, the robustness of all three controllers has
been tested and the obtained results are presented. A robust
controller must have the capability to eliminate the effect
of changes made inside as well as outside world of the
system. Generally, in industries, main task of the manip-
ulator is to pick and place the object of different mass by its
end-effector. As earlier, it has been stated that tuning of
controller is made initially and in the runtime the controller
parameters remains unaltered. After changing the mass of
link-3, a new system seems by the controller in runtime. An
effective controller must nullify the effect of mass variation
in link-3. For robustness testing of controllers, mass of
link-3 has been increased till 0.125 kg with a step of
0.05 kg. Obtained TAEs and OBFs values are listed in
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Fig. 40 Trajectory tracking curves for noise suppression study:
a link-1; b link-2; ¢ link-3
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Fig. 41 Controller outputs for noise suppression study: a link-1;
b link-2; ¢ link-3
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Fig. 42 Error curves for noise suppression study: a link-1; b link-2;
¢ link-3

Tables 15 and 16, respectively. Variations of OBF values
with respect to mass of link-3 are plotted in Fig. 44. After
careful observation of results shown in Tables 15 and 16, it
can be stated that FOSTFPID controller outperforms
among three control techniques for the testing of uncer-
tainty in mass of link-3
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Fig. 43 X-Y curves for noise
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Table 15 IAE values for variation (increasing) in mass of link-3 signal
Mass of Link-3 IAE values
FOSTFPID FOFPID IOSTFPID
Link-1 Link-2 Link-3 Link-1 Link-2 Link-3 Link-1 Link-2 Link-3
0.105 0.0010 3.3294e—04 2.5003e—04 0.0055 0.0020 0.0016 0.0014 2.5118e—04 0.0014
0.110 0.0010 3.4208e—04 2.6213e—04 0.0056 0.0021 0.0017 0.0014 5.4621e—04 0.0024
0.115 0.0011 3.5138e—04 2.7585e—04 0.0057 0.0021 0.0018 0.0014 2.7727e—04 0.0016
0.120 0.0011 3.6068e—04 2.8945e—04 0.0058 0.0022 0.0019 0.0014 4.2638e—04 0.0022
0.125 0.0011 3.6997e—04 3.0207e—04 0.0058 0.0022 0.0020 0.0014 2.8037e—04 0.0017

Table 16 OBF values for variation (increasing) in mass of link-3
signal

Mass of link-3 Objective function values
FOSTFPID FOFPID IOSTFPID
0.105 0.0023 0.0093 0.0052
0.110 0.0023 0.0095 0.0518
0.115 0.0024 0.0097 0.0076
0.120 0.0025 0.0099 0.0306
0.125 0.0025 0.0102 0.0062
0.06
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Fig. 44 Variations of OBF values with increasing mass of link-3

8 Conclusion

Control of nonlinear, coupled, multi-input multi-output
system like robotic manipulator has always been a chal-
lenge for researchers. In this work, a robust control tech-
nique, fractional-order self-tuning fuzzy PID (FOSTFPID)
controller, is proposed to control a three-link rigid robotic
manipulator system. The performance of controller is tes-
ted for trajectory tracking, disturbance rejection, noise
suppression and uncertainty analysis, and it is compared
with fractional-order fuzzy PID (FOFPID) controller and
integer-order self-tuning fuzzy PID (IOSTFPID) controller.
For trajectory tracking, 75.55% and 93.52% improvements
have been observed in objective function (OBF) values by
FOSTSPID over FOFPID and IOSTFPID controllers. Two
types of disturbance rejection studies have been performed
where first disturbance is injected at the all three inputs of
the manipulator, whereas second disturbance is added at all
three outputs of the manipulator. In case of disturbance
considered at the system input, FOSTFPID controller
exhibited 98.87% and 86.62% improvements in OBF val-
ues over FOFPID and IOSTFPID controller, respectively,
whereas disturbance injected at the output of the manipu-
lator system, 98.70% and 99.99% improvements are
observed. Similarly, for noise suppression also superiority
of OBF values of FOSTFPID controller over FOFPID and

@ Springer



7256

Neural Computing and Applications (2020) 32:7235-7257

IOSTFPID by 93.29% and 99.96%, respectively, were
recorded. Therefore, based on the presented investigation,
it is concluded that proposed FOSTFPID controller is a
better control option over the FOFPID and IOSTFPID
controllers for controlling a three-link rigid robotic
manipulator system.
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