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Abstract—  Four  Fractional/Integer  Order  Fuzzy  Proportional Integral
Derivative controller structures are designed in this study to successfully
control a nonlinear, coupled, multi-input, multi-output, three-link rigid robotic
manipulator system. The performance of Fractional Order Fuzzy Proportional
Integral Derivative and Integer Order Fuzzy Proportional Integral Derivative
controllers is evaluated for reference trajectory tracking, changing beginning
circumstances, disturbance rejection, and model uncertainty. These controllers'
parameters are tuned using a meta-heuristic optimization approach called the
most valuable player algorithm for the objective function, which is defined as
the integral of the time-squared error. Simulation results show that the
suggested Fractional Order Fuzzy Proportional Integral Derivative controllers
outperform Integer Order Fuzzy Proportional Integral Derivative controllers
for tracking performance, stability, and robustness for all structures. Fractional
Order Fuzzy Proportional Derivative Fractional Order Proportional Integral
Derivative controller is the best one for trajectory tracking, disturbances
rejection, and parameter variation with the least integral of time square error
equal to 2.7420x10° 3.4x10° and 2.0108x10* respectively and the response
of the angular position for all links for trajectory tracking has minimum settling
time which is equal to 0.0290 s for the first link, 0.0160 s for the second link and
0.0050 s for the third link. When the initial condition is changed, the One Block
Fractional Order Fuzzy Proportional Integral Derivative controller is the best
one, since the integral of time square error is minimum and equal to
1.6253x10™.

Index Terms— Fractional order controller, Fuzzy logic, Most valuable player algorithm, PID
controller, Robotic manipulator.

I. INTRODUCTION

In recent years, robot manipulators have become increasingly common in industrial
applications. Industrial robot manipulators are essentially positioning and handling devices.
A very wide range of applications was found, which include cargo loading and unloading,
automatic assembly lines, spray paint application, handling dangerous radioactive materials,
forging and military use. As a result, an effective robot manipulator can control its motion
as well as the forces it produces on its surroundings. In fact, industrial robot manipulators
are multi-input, multi-output nonlinear systems that are sensitive to external disturbances,
nonlinear friction, and payload variation. So it is difficult to design an accurate controller
without understanding the robot system [1],[2].

Designing a simple controller with asymptotic tracking performance for robot
manipulator systems has become a fundamental criterion for researchers and engineers.
Many researchers are interested in using fuzzy controllers since in comparison to other
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nonlinear controllers, they are superior due to their robustness, simplicity, efficiency, and
universal approximation property [3].

When fractional-order mathematical operators are merged with a fuzzy logic
controller, the degree of freedom is increased and an accurate solution is achieved which
has been used in the field of control in a variety of applications [4]. Furthermore, to fit the
controlled system specifications, the controller's robustness can be improved by combining
fractional-order actions with more strong and flexible design techniques [5].

In the past few vyears, 3-Link Rigid Robot Manipulator (3-LRRM) system has been
intensively studied by many researchers. In [6], the dynamics of the 3-LRRM combined
with a camera for capturing the user’s motion system were derived and the angles of each
link were controlled by using a PD controller. The simulation results demonstrated the
effectiveness of a PD controller. The main problems with this study were that the robust
concept was not achieved and the controller’s parameters were not optimized by any
optimization method. A robust Fractional Order Fuzzy Proportional Derivative plus
Fractional Order Integrator (FOFPD+FOI) control structure was presented in [4] to
effectively control a nonlinear electrically driven 3-LRRM system. A comparison of the
performance of the FOFPD+FOI controller with the IOFPD+IOI controller, the fractional-
order proportional, integral, and derivative (FOPID) controller, and the integer-order PID
controller was performed for reference trajectory tracking, noise suppression, disturbance
rejection, and model uncertainty. Simulation results showed that the proposed FOFPD+FOI
controller outperforms PID, FOPID and IOFPD+IOI controllers significantly.

Three different position control methodologies were designed and analyzed for a 3-
DOF robot manipulator in [7]. Each link of the robot manipulator was controlled with PID,
PD and FLC controllers. The PID and PD controllers outperformed the FLC in terms of
rising time and settling time whereas the FLC had less overshoot. The main problems with
this study were that the robust concept was not achieved and the controller’s parameters
were not optimized by any optimization method.

A Self-Regulated Fractional-Order Fuzzy Proportional—Integral-Derivative
(SRFOFPID) controller was presented and successfully tested in simulation to effectively
control a 3-LRRM in [8]. The results of the study illustrated that fractional operators
increase the degree of freedom and robustness of the SRFOFPID controller. A fuzzy logic
controller for a 3-DOF robot manipulator was presented in [9]. The simulation results
demonstrated that PID produces better transient parameters. In steady state response, both
the PID and the FLC converge to their desired performance but the overwhelming FLC
exceeds null. The main problems with this study were that the robust concept was not
achieved.

A fuzzy fractional order (FO) adaptive impedance controller was presented on the
robot manipulator to prevent force overshoots in the contact stage while keeping force error
in the dynamic tracking stage where conventional control methods are ineffective[10]. The
simulation results showed that the suggested controller can be designed to be more stable
and superior to the general impedance controller and the force tracking results have also
been compared to earlier control methods.

In this work, we will use four structures of the Fractional/Integer Order Fuzzy PID
controller (FOFPID, IOFPID). The gains of all structures of the controller are tuned using
the Most Valuable Player Algorithm (MVPA) to minimize the Integral of the Time Squared
Error (ITSE). A comparison has been made for all controllers for trajectory tracking
performance, changing initial conditions, disturbance rejection, and model uncertainties.
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The rest of this paper is organized as follows: Section Il describes the dynamic model
of the 3-LRRM. In section Ill, the proposed FOFPID and IOFPID controllers are illustrated.
MVPA is displayed in section IV. Section V presents the simulation results. Finally, the
conclusion is given in section VI.

Il. THE DYNAMIC MODEL OF 3-LRRM

A robotic manipulator is made up of a sequence of links, each link is connected to its
neighboring link with a joint. The movement of a planar robotic manipulator is limited to
one plane only. Planar robotic manipulators are used as prototypes in a variety of industrial
robotic systems for assisted automation and medical applications. As a result, researchers
have been interested in the problem of controlling the position and orientation of a planar
robotic manipulator [11]. In this work, a planar robotic manipulator with three revolute
joints is considered and all of its joints are assumed to be actuated.

A three-link planar rigid robotic manipulator system with three degrees of freedom is
depicted in Fig. 1. A frictionless pivot connects the system's first link to a rigid bottom and
a frictionless ball bearing connects the second link to the end of the first link also
frictionless ball bearings connect the third and second links [12]. In robotics, the dynamic
equation of motion of the manipulator is used to build up the basic control equations. The
torques provided by the actuators are used to generate the manipulator's arm dynamic
motion in a robotic system[13]. The dynamic model of a three-link planar rigid robotic
manipulator is as follows.

g- S s

FIG. 1. THE STRUCTURE OF 3-LRRM[12].

The equations for the x and y positions of mass of linkl m, are given by:

x1 = l; cos (61) (1)
y1 =l sin(6,) (2)
Similarly, the equations for the x and y positions of mass of link2 m, are given by:
Xy = lycos (0,)+ L, cos (6; +6,) 3)
Yo = lysin(6,)+ [, sin(6,+6,) 4)
While the x and y positions of mass of link3 m5 are given by:
X3 = lycos (01) + 1, cos (61 +6;,) + l3cos(0, + 6, + 03) (5)
y3 = lysin(0,) + 1, sin(6; +0,) + [3sin(6, + 0, + 63) (6)
The kinetic energy KE is defined as:
KE=%m1v12+%m2v22 +%m3v§ (7)

Where V;, V, and V5 are the velocities for m, , m, , and m respectively and can be calculated as:

V= 22492, Vo= Ji2+92 , Vs = x5 +y3 (8)
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So the kinetic energy will be:
1 . . 1 . . 1 . .
KE = Smy (&2 + y2) +3 my (62 +32) +5 my (&3 + y2) 9)
And the potential energy PE can be written as:
PE = Y}_,m; g hy(6) (10)

Where h is the height of the mass center for each link. Hence PE can be written as:
PE = my g l; sin(6;) + m, g(l; sin(6,) + 1, sin(6, + 6,)) + m3 g(l; sin(6,) + 1, sin(6; +

0,) + I3 sin(6, + 6, + 03) (12)
Next, by using the Lagrange Dynamic, we form the Lagrangian which is defined as:
L =KE — PE (12)
The Euler-Lagrange Equation is given by:
d [aL oL
x [og] ~ 75, = PO (13

Where F6;is the torque applied to the i link.
These manipulator dynamics are in the standard form [14].

D(0)6 + P(6,6%) + R(6,0,6)) + G(6) =7 (14)
Where D(0) is the inertia matrix

Di1 Diz Dy
Dz1 Daz Dy3
D3; D3; Dss
2mslyl; cos(0, + 03] + 2(my, + m3)l; L, cos(6,) + 2msl,lscos(03)
Dy, = (my + m3)13 + m3l2 + mylyl5 cos(0, + 03) + (my + m3)l 1, cos(8,) + 2m3l,l5c05(65)
Dy5 = msl3 + mglyl5 cos(0, + 03) + mslylscos(63)
Dy = myl3 + mgl3 + myl2 + mglyls cos(0, + 03) + mylyl, cos(6,) + mslyl, cos(6,)
+ 2msl,l5c05(63)
Dy = myl3 + mgl3 + myl2 + 2mglyl5c05(63)
Dy3 = m3l3 + mglyl5c0s(03)
D3, = msl3 + mylils cos(8, + 65) + mglylscos(63)
D3, = mgl3 + mslylicos(03)

D= D11 = (m1 + m, + m3)l]2_ + (mz + m3)l% + m3l§ +

D33 = myl}

Py

P,

Ps

P, = —L(msl3 sin(0, + 03) + myl, sin(6,) + msl, sin(6,)) 2 — msl5 (L sin(6, + 63)
+ 1, sin(03))6?

P, = l,(m3l5 sin(6, + 03) + myl, sin(6,) + msl, sin(6,))07 — msl,lssin(63)603

P = are the Centrifugal terms which are defined as;

P3 == mglg (ll SiTl(@z + 63) + lz Sln(93))912 + M3l213$in(93)922
R,

R = |R,| are the Coriolis terms which are defined as;
R3

Ry = —2l,(m3l3 sin(8, + 03) + (m, + m3)l, sin(6,))6,6,
— 2m3l3 (1 sin(8, + 63) + 1, sin(63))6,06,
— 2m3l3 (1 sin(8, + 63) + 1, sin(63))6, 65

R, = —2m3lyl5 sin(03) 0,05 — 2m3l,l5sin(65)6,05

Rs = 2m3l,l5sin(63)6,6,
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Gy
62] are the Potential energy terms which are defined as;
Gs
G, = (my + my + m3)gly cos(6,) + (m, + m3)gl, cos(6; + 0,) + mzglscos(6, + 0, + 03)
G, = (my, + m3)gl, cos(6; + 6,) + mgglscos(6; + 6, + 63)
G; = mzglscos(6, + 0, + 63)
The coordinates of the end-effector of the 3-LRRM can be obtained from joint angles
0,1,0,, & 6,5 using forward kinematic [15] as it is given in the following equations:
Xy =l c0s(0,1) + 15 cos(01 + 0,5) + 13 c05(60,1 + 0,5 + 0,3) (15)
Vr = by sin(0y1) + I sin(6r1 + 012) + L3 5in(0y1 + 0r2 + 0;3) (16)
Where 6,4,0,,, and 6,.; are the desired trajectories.
The parameters that are considered in this work is given in Table I.

G =

TABLE |. THE PARAMETERS OF 3-LRRM[12]

parameters Nominal value
my 0.1 kg
m, 0.1 kg
ms 0.1 kg

L 0.8 m

l, 04 m

l; 02 m

g 9.81 m/s?

The feedback linearization is used to compute the required arm torques using the nonlinear
feedback control law and it is used for decoupling among links[16].

I11. CONTROLLER DESIGN

In this section, we will give an overview of the proposed controller's components for
the 3-LRRM and describe the nature and structures of these controllers.

A. The Proposed Controllers’ Components

In the following, we will explain the main components of the proposed controllers to illustrate the
process of completing the design of these controllers.

i. PID Controller

One of the most widely used control techniques is the PID controller. It is simple in implementation
so it is applied to a wide range of applications. The PID controller can be represented as:

u(t) = K, <e(t) +—[e(®)dt +T, é(t)) (17)

Where u(t) represents the control action, e(t) represents the error and é(t) represents
the change of error, and K, represents the proportional gain and provides a control action
proportional to the error signal e(t), T; is the derivative term that produces a control signal
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proportional to the change of error with respect to time, resulting in output overshoot
damping and thus improved transient response and T; is the integral term that decreases the
steady-state error by continuous integration of the error signal e(t) [17].

ii. Fractional Order PID Controller

Podlubny introduced the FOPID controller in 1999[18]. The FOPID controller is an extension of
the conventional PID controller that enables the integration and differentiation actions to be
performed in any order. The differential equation of the PI*D* controller in the time domain is
expressed as:

u(t) = K, e(t) + K;D~*e(t) + Ky D* e(t) (18)

If A= ux = 1, a conventional integer-order PID controller is generated, if 1=0, and x=1, a
conventional integer- order PD controller is generated, and if A=1, and =0, a conventional integer-
order PI controller is generated. Fig. 2 depicts the plane of the PID controller's integral and derivative
actions with extra freedom in adjusting the orders of the FOPID controller. The typical PID controller
can clearly be defined by only four points in the plane but the FOPID controller can be described by
the whole restricted plane [18].

A
(0.2) (2.2)
(0.1) PID _(1.1)
PI -
P - >
r (1,0) (2,0) H
PD

FIG. 2. THE ORDER OF DERIVATIVE AND INTEGRAL OF PID AND FOPID[18].

There are numerous ways to describe non-integer integration and differentiation. The most
commonly used definitions are those of Griinwald-Letnikov (GL), Riemann—Liouville (RL), and
Caputo [19]. The GL definition is:

t-a

DEf(E) = lim Lyl gy (%) Fee = jin) (19)

While the RL definition is given by:

1 d* ot f(o)

DE f(6) = rn-a) at® Ja (t—pya-n+i (20)
For (n-1<o<n) and 7'(x) is the well-known Euler’s Gamma function.
g (t, X,aDEX,aDF% x...) = 0 Where ax € R*. (21)
Caputo's definition can be written as
DEFO) = = [ (t_f)(:inﬂ dr For (n—1<a<n) (22)

iii. Fuzzy Logic Controller (FLC)

To introduce human decision-making and experience to the plant, Fuzzy Logic Controllers
(FLCs) are represented to the system to include the intelligence to the controller. The relationships
between the input and output are represented using a set of linguistic rules or relational
expressions[20]. Fuzzy systems have been employed in a variety of areas including engineering,
technology, business, medical, psychology, and others. The fuzzy controller is made up of four
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fundamental components: the first one is the rule-base which contains a set of rules for the most
effective control of the system that represents the knowledge. The second part is the inference
mechanism which decides which control rules are applicable at the current circumstance and then
determines what should be the output of the controller to the plant. The third part is the fuzzification
interface which simply modifies the inputs so that they can match the rules of the rule base. The final
part is the defuzzification interface that transforms the inference mechanism's conclusions into the
inputs to the plant [21],[22]. These elements are shown in Fig. 3.

Fuzzy Controller

Inference
Mechanism

I

Rule Base

Reference Input

r(t)

Input Output

t
u > Plant ty >

=
=
=
<
3
b=
S|
5
=

g
15}
=}
[+
Q
=l
S
N
&
')
a

FIG. 3. THE STRUCTURE OF THE FUZZY CONTROLLER[23].

B. The Structures of The Proposed Controller
Four structures of FOFPID and IOFPID controllers are presented to control the trajectory
tracking of the 3-LRRM.

i. Fractional/Integer Order Fuzzy PD + | Controller Structure (FOFPD+I/IOFPD+I)

The general block structure of the Fractional/Integer Order Fuzzy PD+l controller for
trajectory tracking of the 3-LRRM is illustrated in Fig. 4, which demonstrates the separate
controller for each input of 3-LRRM control where the reference trajectory is compared to
the actual trajectory for each link. The input variables for the fuzzy controller are the error e
and its change é.

Y
> K, ——y/ |
- Fuzzy Logic T Urpp
—K, =
Controller
d T~ Upppt Ujc
— — — K — ¥ . 0
() dt ¢ \ ) 7N 3-Link y(t)
e(t) — N / [T Robot »
AN Manipulator
T Saturator
— _[ — :K‘/ > Ure

FIG. 4. THE STRUCTURE OF THE FRACTIONAL/INTEGER ORDER FuzzY PD+| CONTROLLER FOR 3-LRRM[24].

There is only one fuzzy proportional-differential control block in the fuzzy controller
and no fuzzy integral control block. The Integral Control (IC) is used in conjunction with
the fuzzy PD controller to improve the performance of the steady-state of the system [24].

ii. One Block Fractional/lnteger Order Fuzzy PID Controller  Structure
(OBFOFPID/OBIOFPID)

The distinct controller for each input of 3-LRRM controlling of the One Block Fractional/Integer
Order Fuzzy PID controller is shown in Fig. 5. This controller is constructed as a summation of the
fuzzy PD controller and the fuzzy PI controller when the output of the fuzzy PD is given to the
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integrator to produce a fuzzy PI controller. The input variables for the fuzzy controller are error e and
derivative of the error ¢ and the output is control signal u [25].

I/ \
:}—t
QKON €(t) Fuzy ik y(0)
Logic Robot
) Controller Manipulator
— I 5
- >

FIG. 5. THE STRUCTURE OF THE ONE BLOCK FRACTIONAL/INTEGER ORDER FUZzzY PID CONTROLLER FOR 3-LRRM[25].

iii. Two-Block  Fractional/lnteger  Order  Fuzzy PID  Controller  Structure
(TBFOFPID/TBIOFPID)

The general structure of the Two-Block Fractional/Integer Order Fuzzy PID controller is shown in
Fig. 6 which represents the individual controller for each input of 3-LRRM control. Fuzzy Pl control
is known to be more practical than fuzzy PD because it is difficult for fuzzy PD to eliminate steady-
state error. However, because of the internal integration operation, the fuzzy Pl control is known to
perform poorly in transient response for higher-order systems. It is easy and convenient to combine Pl
and PD actions to construct a fuzzy PID-type controller to provide proportional, integral and
derivative control actions together at once. As a result, by combining fuzzy Pl and PD controllers with
two distinct rule-bases, a fuzzy PID controller can be constructed [26],[27].

tuzzy “/\ Urpp
Logic
Controller
r(t) FPID 3-Link y(t)
e(t) @—’%—D Robot —>
] Manipulator

Fuzzy
Logic — [
Controller

e

FIG. 6. THE STRUCTURE OF THE TWO-BLOCK FRACTIONAL/INTEGER ORDER FuZzzY PID CONTROLLER FOR 3-LRRM[26].

iv. Fractional/Integer Order Fuzzy PD- Fractional/Integer Order PID Controller Structure

(FOFPD-FOPID/IOFPD-IOPID)
The separate controller for each input of 3-LRRM controlling of the Fractional/Integer Order

Fuzzy PD- Fractional/Integer Order PID controller is illustrated in Fig.7.

. s ) Moy '
K, ;
r() K€ > Fuzzy gof — . /lﬁf & Mink (1)
J - Logic ? o e X " Robot
= —+d1 > Controller ry Manipulator
dt = \ ) Saturator
e e
L f —+ K

FIG. 7. THE STRUCTURE OF THE FRACTIONAL/INTEGER ORDER FuzzY PD- FRACTIONAL/INTEGER ORDER PID CONTROLLER
FOR 3-LRRM[28].
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This controller is composed of a fuzzy PD and a PID controller in which the output of the fuzzy
PD will be fed to the PID controller where the fuzzy controller uses error e and the derivative of the
error é as input signals [28].

In this study, seven Gaussian membership functions (MF) as "Negative large (NL)",
"Negative Medium (NM)", "Negative Small (NS)", "Zero (Z)", "Positive Small (PS)",
"Positive Medium (PM)" and at last, "Positive Large (PL)" are selected for each input signal
and control signal U, the universe of discourse chosen to be [-10 10], Center of Gravity
(COG) or (Centroid) method is used for Defuzzification, Mamdani’s fuzzy inference
method are employed where the rules in the rule base are as shown in Table II.

TABLE Il. RULE BASE FOR AN ERROR, DERIVATIVE ERROR, AND FLC ouTPUT

¢ € NL NM NS Z PS PM PL
NL NL NL NL NL NM NS Z
NM NL NL NL NM NS Z PS
NS NL NL NM NS Z PS PM
z NL NM NS Z PS PM PL
PS NM NS Z PS PM PL PL
PM NS Z PS PM PL PL PL
PL Z PS PM PL PL PL PL

IV. MOST VALUABLE PLAYER ALGORITHM

MVPA is a newly created algorithm that introduced in 2017. The MVPA is a population-based
method depends on a sporting notion. In this strategy, players create teams and these teams compete
to win the championship. Furthermore, each player competes in his team for the MVP trophy [29].

A. The Steps of the Most Valuable Player Algorithm

1- Initialization: a population of players is generated at random in the search space. Each player
and team can be represented as follows:

Playery = [Sk1 Sk - - Sk.problem size] (23)
Player;
TEAM; = Player, (24)
PlayeTPlayers Size

Where S denotes skill, Players Size is the number of players in the league, and Problem Size
is the dimension of the problem. Every team has a Franchise Player, and the league MVP is the
league's best player.

2 - Teams formation: teams are formed by randomly distributing for players.
3 -Competition phase: in this phase, there are two steps:
¢ Individual competition
Each player aims to be the franchise player for his team as well as the MVP of the league. The
skills for players are updated as follows:
skill; ., = skill; + rand X (skill(Franchise Player;) — skill;) + 2 X rand X (skill(MVP) —
skill;) (25)
Where rand is a random number distributed randomly between 0 and 1, Franchise Player is the
best player in the team.
e Team competition: In this phase, the selected TEAM; competes against TEAM;, which is
chosen at random where (i #j).
The fitness of a team is the fitness of the Franchise Player of that team and it is normalized in the
MVPA as follows:
fitnessN(TEAM;) = fitness(TEAM;) — min(fitness(All Teams)) (26)
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Then, the probability that TEAM; beats TEAM,; is calculated using the following formula:
. k
Pr{TEAM; beats TEAM;} = 1 — (fitnessN(TEAM,)) 27)

(fitnessN(TEAM))"+ (fitnessN(TEAM j))k
Finally, if TEAM,; is chosen and plays against TEAM; in the team competition phase and if
TEAM; wins, the TEAM; player skills are updated using the following expression:

skill;q = skill; + rand X (skilli — skill(Franchise Playerj)) (28)
Otherwise, the player's skills of TEAM; are updated using the following expression:
skill;,, = skill; + rand X (skill(Franchise Playerj) — skill) (29)

It should be remembered that a player's skills have lower and upper limits and all players are
actively trying to improve their skills in each competition. Therefore, if a player's skills have been
updated outside of these limits, the skills must be brought back to their bounds.

4- Application of greediness: after each step of competition (individual and team competition) a
comparison has been done between the population before and after the competition phase,
and a new solution is accepted if it produces a better result than the initial.

5- Remove duplicates: if two players in the population are equivalent, the second player is
replaced by another player.

6- Use of elitism: during this phase, the worst players are replaced by the best. The number of
elite players is chosen as the third of the Players Size.

7- Termination criterion: the algorithm repeats several times. The number of iterations is
specified by MaxNFix (maximum number of fixtures) [29], [30].

V. SIMULATION AND RESULTS

This section discusses the performance of trajectory tracking as well as the robustness of the
FOFPID and IOFPID controllers. MATLAB 2018b code is used to create the 3-LRRM, proposed
controllers, and test trajectory, and the fuzzy toolbox is used to design the fuzzy controller. The
simulation time is considered to be 10 s and the sampling time is assumed to be 1 ms. The torque
constraints for all links were taken as [-200,200] N-m. Furthermore, the 11th order Oustaloup’s
approximation (N = 5) is assumed for the fraction operator design and it is in the frequency range
[0.001, 1000] rad/s. A test trajectory tracking of each link is analyzed for the manipulator model to
follow it and the objective function has been taken as the integral of time square error (ITSE) which
is used to ensure that the error is reduced as well as speeding up the tracking of the desired path.

Depending on the tracking error between the actual path and the reference path for the
3-LRRM, the MVPA was used to tune the parameters of the FOFPID and IOFPID
controllers when the initial positions are (0.1,-0.6,-0.9)rad for 6,,0, and 63, respectively.
The MVPA setting is as follows: the population size is 40, the team size is 5, the team
players are 8 and the maximum number of iterations is 100. The computation of the ITSE is
used to evaluate the performance of FOFPID and IOFPID controllers. The controller that
has the least ITSE is considered the best controller. The ITSE can be calculated using the
following formula:

ITSE = [(t x eZ(t) +t x e2(t) +t X e2(t)) dt (30)

Where e, (t) , e;(t) , and e;(t) are the difference between the desired and actual trajectories

for link1,link2, and link3 respectively. The desired trajectories 6,4,8,, and 8,3 have been given in Eq.
(31), Eq. (32), and Eq. (33), respectively as follows:

0,1 = sin(0.2mt) (31)

0,, = sin(0.2mt —g) (32)
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O3 = sin(0.27t — ) (33)

Where (6,1(0), 0,,(0), 8,5(0)) equal to (0, -0.7, -1) rad and (x (0), y (0)) equal to (1.0769, -
0.4580) m. The tuned gains of all proposed controllers are given in Table Il and the settling time,
rising time, maximum overshoot, and ITSE of the FOFPID & IOFPID controllers are listed in Table
IV. Fig. 8 depicts the performance of all suggested controllers in terms of trajectory tracking curves,

controller outputs, and end-effector x-y plots.
TABLE Ill. THE GAINS OF THE FOFPID & IOFPID CONTROLLERS

Link
Controller NO Kp Kqd Ki Ko u A
Kp1=15.7339 K11=19.8238 ;= 0.3580
L1 Kp2=-0.6158 Ka2=-13.2834 7.7518 1, =0.3189 0.9103
FOFPD-
Kp1=-31.5902 Ka= -30.6171 1y = 0.3758
FOPID L2 Kp2= 7.9613 Kdo= 5.1884 31.8232 iy =0.6228 0.1313
Kp1=-17.3593 Kai= -13.2758 iy = 0.3005
L3 Kp2= 34.4328 Kdz= 9.8579 14.3022 pi, = 0.9375 0.1661
Kpi= 16.0156 Ka= -9.3196
L1 Kp= -17.2883 Kd2=-0.7080 -0.0706 i i i
IOFPD- Kpi= 5.5441 Kai= -4.4321
I0OPID L2 Kpz=-21.9407 Kao= -4.5521 -1.7025 i i i
Kpi= 20.3293 Kai= -18.7524
L3 Kp2=-14.8535 Kdz=-8.7990 0.0565 i i i
Kp1= 5.8016 Ka1=-33.8605
L1 K= -25.5027 Kapm 20,6376 -0.4446 64.7718 0.5094 0.8461
Kp1= -32.0495 Kai1= -37.5642
TBFOFPID L2 Keoe -18.7664 Kaom -10.686 50.9832 53.5769 0.6691 0.0116
Kpi= 6.8185 Kai= -8.4111
L3 Ko -30.9999 Kap= -10.3206 -0.8800 18.9430 0.5540 0.3762
Kp1= 9.6595 Kai= 72.2229
L1 Kpe=6.2274 Ka2= 80.5671 11.3271 -69.7011 i i
Kpi= -10.2655 Kai= -89.3741
TBIOFPID L2 Koge 0.2777 Kom -85 9503 -2.4651 109.9286 - -
Kp1= -9.5859 Kai= -93.6690
L3 Kp2=-8.0307 Kdz2=-90.9199 -12.0484 | 109.4507 i i
L1 -10.3158 -13.8669 -0.7093 51.9787 0.3243 0.9916
OBFOFPID L2 -7.5976 -10.0103 1.0436 47.9278 0.3670 0.9749
L3 -5.5835 -10.6151 -2.8414 63.9970 0.3688 0.8725
L1 5.3597 88.9284 10.5627 -63.3790 - -
OBIOFPID L2 -8.2201 -90.6135 -3.6173 78.9960 - -
L3 -5.9414 -88.1739 -8.3451 60.1748 - -
L1 -9.4215 -5.4440 0.6057 225769 0.4798 0.1151
FOFPD+I L2 4.1581 5.1692 8.9371 -21.4793 0.4767 0.6909
L3 25.9622 12.1831 9.2616 -19.8259 0.3459 0.4058
L1 6.5073 57.7893 6.1083 -58.3893 - -
IOFPD+I L2 4.8261 57.9998 4.3758 -58.9747 . -
L3 3.8466 67.9668 -48.9998 | -78.8537 . -
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TABLE IV. THE SETTLING TIME, RISING TIME, MAXIMUM OVERSHOOT AND ITSE oF THE FOFPID & IOFPID

CONTROLLERS
Link L S Maximum
Controller NO Settling time Rising time overshoot ITSE
L1 0.0290 0.0370 0.0131
FOFPD-
FOPID L2 0.0160 0.0210 0.0106 2.7420x106
L3 0.0050 0.0070 0.0017
L1 0.1910 0.1030 0.0243
IOFPD- 5
IOPID L2 0.0530 0.0810 0.0095 4.1892x10
L3 0.0060 0.0090 0.0127
L1 0.0320 0.0280 0.0099
TBFOFPID L2 0.0210 0.0250 0.0198 1.6195x10
L3 0.1200 0.0590 0.0402
L1 0.5820 0.0740 0.0565
TBIOFPID L2 0.6250 0.0250 0.1334 7.0703x10*
L3 0.5140 0.0540 0.1071
L1 0.1970 0.0290 0.0720
OBFOFPID L2 0.2230 0.0340 0.0707 5.5929x10°5
L3 0.1270 0.0300 0.0604
L1 0.6430 0.0730 0.0587
OBIOFPID L2 0.7870 0.0360 0.1244 1.2051x10°3
L3 0.8080 0.0770 0.1033
L1 0.2490 0.0490 0.0720
FOFPD+I L2 0.3360 0.0640 0.0542 1.7732x10*
L3 0.3750 0.0480 0.0660
L1 1.4490 0.0640 0.0704
IOFPD+I L2 1.3560 0.0770 0.0717 2.1042x103
L3 0.6860 0.0870 0.0563
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FIG. 8. (A) DESIRED AND ACTUAL THETAL, (B) DESIRED AND ACTUAL THETAZ, (C) DESIRED AND ACTUAL THETA3, (D)
CONTROLLER OUTPUT (TORQU1), (E JCONTROLLER OUTPUT (TORQUZ2), (F )CONTROLLER OUTPUT (TORQU3), AND (G) DESIRED
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From these results, it can be seen that FOFPID controllers give smoother, faster convergence
to the reference trajectory compared with the IOFPID controllers with the least values of ITSE. The
FOFPD-FOPID controller is the best controller among all studied controllers since it has the least
value of ITSE and the minimum settling time while the IOFPD+1 controller is the worst one.

The robustness of FOFPID and IOFPID controllers is investigated by changing the initial
positions for thetal, theta2, and theta3 respectively to (0.2,-0.5,-0.8) rad for the trajectory tracking
test, and the corresponding ITSE are listed in Table V. The trajectory tracking of thetal, theat2 and
theat3 and the path tracked by the end-effector of the 3-LRRM with changing the initial position for
all controllers are shown in Fig. 9.

TABLE V. THE ITSE oF THE FOFPID & IOFPID CONTROLLERS WITH INITIAL POSITION (0.2,-0.5,-0.8)RAD

controller ITSE controller ITSE
FOFPD-FOPID 1.9848x10* IOFPD-IOPID 4.9x103
TBFOFPID 1.4x10°3 TBIOFPID 2.2x103
OBFOFPID 1.6253x10* OBIOFPID 4.1x103
FOFPD+I 6.0077x10* IOFPD+I 6.9x10°3
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FIG. 9. (A) DESIRED AND ACTUAL THETAL, (B) DESIRED AND ACTUAL THETAZ2, (C) DESIRED AND ACTUAL THETA3, AND (D)
DESIRED AND ACTUAL PATHS WITH INITIAL POSITION (0.2,-0.5,-0.8)RAD.

It can be noted that the OBFOFPID controller outperforms all proposed controllers
for changing the initial positions of thetal, theta2, and theta3, respectively, where they have
the smallest value of ITSE but the FOFPD-FOPID remains has a minimum settling time
while the IOFPD+I has a maximum settling time and the largest ITSE.

The disturbance rejection has also been investigated for all proposed controllers by
adding the disturbance term [sin (100t)] N-m to the controller output in all three links
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together and making the initial position (0,-0.7,-1) rad without retraining the parameters
(gains) of FOFPID and IOFPID controllers as shown in Fig. 10. The obtained result is
shown in Table VI. The trajectory tracking of thetal, theta2, and theta3, the path tracked by
the end-effector of the 3-LRRM using disturbance of [sin (100t)] N-m in all links are

presented in Fig. 11.

r(t)
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Disturbance
[sin (100t)] N-m

Saturator

A
v

3-Link
Robot
Manipulator

y(t)

Fi1G. 10. ADDING DISTURBANCE TO THE CONTROLLER OUTPUT.

TABLE VI. THE ITSE oF THE FOFPID & IOFPID CONTROLLERS WITH DISTURBANCES [SIN (100T)] N-M FOR ALL LINKS

controller ITSE controller ITSE
FOFPD-FOPID 3.4x103 IOFPD-IOPID 9.3x10°3
TBFOFPID 3.81x107? TBIOFPID 4.12x10?
OBFOFPID 4.59x102 OBIOFPID 7.02x107?
FOFPD+I 4.4x10? IOFPD+I 8.44x107?
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Comparative  results clearly show that the suggested FOFPID controllers
outperform the other IOFPID controllers for disturbance rejection whereas FOFPD-FOPID
is the best one.

The manipulator's major role in the industry is to pick and place objects of various masses
using its end-effector so by increasing the masses of link3 by 10% and ensuring the controller
parameters remain unaltered, the parameter variation for the FOFPID and IOFPID controllers is also
explored. The obtained ITSE is listed in Table VII and the trajectory tracking of thetal, theta2, and
theta3 with respect to mass changes for all controllers is presented in Fig. 12.

TABLE VII. THE ITSE oF THE FOFPID & IOFPID CONTROLLERS FOR 10% INCREASING IN MASS OF LINK3

controller ITSE controller ITSE
FOFPD-FOPID 2.0108x10 IOFPD-IOPID 4x103
TBFOFPID 6.5563x10 TBIOFPID 1.1x103
OBFOFPID 5.8737x10* OBIOFPID 2.9x10%°
FOFPD+I 1.6x10°3 IOFPD+I 4.1x10%3
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FIG. 12. (A) DESIRED AND ACTUAL THETAL, (B) DESIRED AND ACTUAL THETAZ2, (C) DESIRED AND ACTUAL THETA3, AND (D)
DESIRED AND ACTUAL PATHS FOR 10% INCREASING IN MASS OF LINK3 AND INITIAL POSITION (0,-0.7,-1)RAD.

Based on the results, it can be concluded that the ITSE for the FOFPID controllers
is less than that of the IOFPID controllers for parameter variation. However, the FOFPD-
FOPID is the best among other controllers, the TBFOFPID gives a better response for
thetal and theta2 compared with other controllers. The worst controller is IOFPD+I since it
has the largest ITSE .
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To show the efficacy of the suggested FOFPID and IOFPID controllers, we
combined the effects of adjusting the initial positions, adding disturbance as well as
parameter change, The obtained ITSE is listed in Table VIII. Fig. 13 shows the trajectory
tracking of thetal, theta2, and theta3 and the path tracked by the end-effector of the 3-
LRRM with respect to changing the initial positions, disturbance as well as parameter
variation for all controllers.

TABLE VIII. THE ITSE oF THE FOFPID & IOFPID CONTROLLERS WITH INITIAL POSITION (0.2,-0.5,-0.8)RAD, DISTURBANCES
[SIN (100T)] N-M FOR ALL LINKS, AND 10% INCREASING IN MASS OF LINK3

controller ITSE controller ITSE
FOFPD-FOPID 2.4x10°3 IOFPD-IOPID 1.22x107
TBFOFPID 3.37x107? TBIOFPID 4.01x10?
OBFOFPID 4.90x10? OBIOFPID 6.35x1072
FOFPD+I 4.37x10%? IOFPD+I 8.89x1072
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F1G. 13. (A) DESIRED AND ACTUAL THETAL, (B) DESIRED AND ACTUAL THETAZ2, (C) DESIRED AND ACTUAL THETA3, AND (D)
DESIRED AND ACTUAL PATHS WITH INITIAL POSITION (0.2,-0.5,-0.8)RAD, DISTURBANCE TERM [SIN (100T)] N-M FOR ALL LINKS
AND 10% INCREASING IN MASS OF LINK3.

Even after changing the initial positions, adding disturbance and varying the
parameter, the ITSE for the FOFPD-FOPID controller stays the smallest among all
proposed controllers. We can see from thetal, theta2, and theta3 responses that it has the
minimum settling time whereas the IOFPD+I controller is the worst among all proposed
controllers since it has the largest value of ITSE and its response has a maximum settling
time.
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VI. CONCLUSIONS

A fractional/Integer Order Fuzzy PID controller in four structures is introduced to
control the motion of the three-link robotic manipulator at a given trajectory. By
minimizing the integral of the time square error, the Most Valuable Player Algorithm is
used to optimize the parameters of FOFPID and IOFPID controllers. The controllers'
robustness against changing initial conditions, external disturbances, and model uncertainty
are thoroughly investigated.

Simulation studies revealed that the FOFPID control system exceeded the IOFPID
control scheme in terms of tracking accuracy and control signal chattering with the best
controller being the FOFPD-FOPID, followed by the TBFOFPID, the OBFOFPID and
finally the FOFPD+l. However, when it came to changing the initial positions, the
OBFOFPID with the smallest ITSE was the best controller.

In terms of fast and robust response, the FOFPID controller outperforms the IOFPID
controller in all structures with the ITSE for FOFPD-FOPID, TBFOFPID, OBFOFPID, and FOFPD+I
for trajectory tracking tasks equal to 2.7420x10°, 1.6195x10°, 5.5929x10° and 1.7732x10%,
respectively whereas the ITSE for IOFPD-IOPID, TBIOFPID, OBIOFPID, and IOFPD+I equal to
4.1892x10°, 7.0703x10*, 1.2051x107 and 2.1042x10" respectively. The FOFPD-FOPID controller
is the best of all the controllers studied.
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