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This paper compared the performance between Integer Order Fuzzy PID (IOFPID) and Fractional
Order Fuzzy PID (FOFPID) controllers for inverted pendulum system as a controlling plant. The
parameters of each controller were tuned with four evolutionary optimization algorithms (Social Spider
Optimization (SSO), Swarm Optimization (PSO), Genetic Algorithm (GA), and Particle Ant Colony
Optimization (ACO)). The comparisons were carried out between the two controllers IOFPID and
FOFPID, as well as among the four optimization algorithms for the two controllers. The results of
comparisons proved that the FOFPID controller with SSO has achieved the best time response char-
acteristics and the least tuning time.
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1. INTRODUCTION

The inverted pendulum system on cart is an outstanding test benchmark for many difficult
control seeking issues, as well as a suitable instrument for verifying the capacity of controllers
in the control researching field. The inverted pendulum system is a single I/P multi O/P s’
(SIMO) method with a single I/P (force exerted on the cart) and two O/Ps’ (The angle of
inverted pendulum and the car position).

The inverted pendulum system is widely employed in a variety of applications, including
rocket launch and missile guidance. The two-wheel scooter (Segway) is a commercial use
of the inverted pendulum model. Humanoid robots that walk upright are another imple-
mentation of the inverted pendulum concept [1]. In attempt to linearize the system, some
academics neglect friction on the mathematical model for an inverted pendulum system

“Corresponding author. [2-4], however, this is not a legal approximation since the cart and the pole of pendulum
E;)I:aacllrnm?yd:&t;uimaldl@ physically come into touch with each other. Using Lagrange equations to explain the
edua equations of motion, the researchers of [5, 6] gave explicit stages in mathematical modeling

to the system. Inverted pendulum control methods and design strategies include the Integer

Order Proportional Integral Derivative (IOPID) controller [7], Fuzzy logic controller (FLC)

’j Journals [8-10], and Fractional Order PID (FOPID) controller [11]. The fuzzy controllers were
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integrated with FOPID in [12-14] to produce fuzzy like
FOPID controllers. The fine tuning of controller settings is
essential, as the controller type might have an impact on the
system’s stability. As a result, selecting the best settings is
also the goal. Parameter tuning can be done in a variety of
ways. The first way, as described in [15], is trial and error.
This method takes a significant amount of effort and time.
Podlubny released a research article [16] that connects
control theory with fractional calculus. Many evolutionary
optimization techniques, such as Social Spider Optimization
(SSO), Particle Swarm Optimization (PSO); Ant Colony
Optimization (ACO.); and Genetic Algorithm (GA); are
commonly employed (GA). Despite its advantages over other
artificial intelligence algorithms, as demonstrated by the re-
sults of this research, the SSO is rarely employed to determine
parameters with inverted pendulum controllers. This research
compares Type-1 Fuzzy Logic Controllers (T1FLC) such as
IOPID and Fractional Order Type-1 Fuzzy Logic Controllers
(FOTIFLC) such as FOPID, as well as modifying their set-
tings using four evolutionary optimization strategies (GA,
PSO, ACO, SSO).
The contributions of this research paper are:

e The fuzzy logic controller has been mixed with fractional
order PID controller for governing and controlling the
inverted pendulum system on cart.

e Determine the best evolutionary optimization algorithm
from the four algorithms (GA, PSO, ACO, and SSO) that
were used for tuning and optimising the parameters of
FOTIFLC.

This study topic may be easily modified and utilized in a
variety of technical fields. The following is how the rest of
the article is arranged after the introduction:

Sections 2 presents the mathematical model of inverted
pendulum system, section 3 conducts mathematical basis of
fractional order calculus, section 4 presents a brief expla-
nation of a fuzzy logic controller, section 5 discusses the
suggested optimization techniques, section 6 presents the
design of FOFPID controller, section 7 demonstrates the
experimental and numerical results, and section 8 highlights
the main concluded points based on results.

2. MATHEMATICAL MODEL

The Inverted Pendulum system’s mathematical model will
be re-derived here using the second kind of Lagrange motion
equations. For complex systems, Lagrange equations are the
most widely used mechanical and analytical approach for
determining the system equation of motion. Figure 1 and
Table 1, [17-19], demonstrate the Inverted Pendulum on a
cart (Table 2).

The parameters of mathematical model for inverted
pendulum system on cart are presented in Table 1 and
shown in Fig. 3. The values of the parameters represented
the physical values of digital pendulum control instrument
experiments system 33-936S, which were used in real time
implementation of research.
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Fig. 1. The cart of inverted pendulum

Table 1. Pendulum system physical parameters

Parameter Symbol Value Unit
Cart mass M 2.4 Kg
Length of pendulum ) 0.36 m
Penduium mass m 0.23 Kg
Friction coefficient of pendulum b2 0.005 Nrad's™!
Priction coefficient of cart b1 005 Nmls!

Gravitation force g 9.81 m/s*
Moment of inertia (Pendulum mass) I 0.099 Kg /m?
Force applied on the cart F - N
Cart Position X

Angle of inverted Pendulum system 0

Table 2. PID options are special case of FOPID

A p Controller
0 0 P

0 1 PI

1 0 PD

1 1 PID

In this study, Lagrangian method is used to develop the
dynamic model of the system [20-22]. The kinetic energy law is

(KE) = %MVZ (1)

X = Position of cart.

Position derivation X by time is. XX = cart velocity.
An inverted pendulum’s kinetic energy is proportional to
the passage of time.

12
Exv = EMX (2)

Xk = The pendulum’s horizontal position coordinate.
Yx = The pendulum’s vertical position coordinates.
Xk =X+Isin 0 (3)
Yix =1 cos 0 sin 6 (4)

Derivation of positions (Xg, Yx) by time is veloc-
ities (VKX7 YK),)
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VKx:X—l—lcosﬁ (5)

Viy = _16sin @ (6)
The velocity square for pendulum well be
|Ve| = Vix + Viysin @
— X+ 20X6icos(0) + PO (cos(0))* + B0 (sin(6))?
= X2 + 2IX6i cos(0) + lzéz

(7)
Since the kinetic energy of pendulum is
Exg = + mV?
2
1 .2
Exx = 3 mX
1 -2 - -2
=5m (x + 2IX0cos 0 + 1’0 ) (8)
1.2 1 2
Exy = S MX + 16 )
Ek is the kinetic-energy for the system
Ex = Exx + Exv (10)

1 ) .. .2 1 .2 1 -2
Ex = §m<X + 21X6 cos 0 + 10 > + <5MX +519 )
.. After simplifying the system, the total kinetic energy is
1 2] .2 5
Ex = 3 M+mX + 5 (I+mP)0 + miXOcos6

Equation of Lagrange for the velocity of the cart (X) and
the angle of the pendulum 6 that describe the system motion
of inverted pendulum are

d [0Ek 0Ek
e O . 11
dt (ax) ox ~ & (1)
d [9Ek 0Ex
Rl e S I 12
p ( 69) - @ (12)
The terms of above equations must calculate as follows
ai.K = M+ m)X + mlflcos 0 (13)
0X
4 aE—K _ 4 {(M+ m)X+ mlél cos 0}
dt X dt
d : d '
= (M + m) T X+ mla (lcos@&)z
= (M 4 m)X + mlblcos(0) — mlO 1 sin(6) (14)
0Ex
S 0 (15)
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Qx=F—bX (16)

Then the first Lagrange equations becomes

. . -2
[(M +m ) X+ mlOlcos(8) — mif Isin(6)| — [0]
- [F — le] 17)
, . 2 :
(M+m)X+ml6lcos(0) —m 10 1sin(0) —F+ b X =0
; 2 :
—mlflcos(0) mliO Isin(0) F b X

(M +m) (M + m) (M+m) (M+m)
(18)

And 2" equation calculated in same way
6_;: (I—i—mlz)H—i—lecosH (19)

d . d .
_ 2\ *© -
= (I+ ml ) p 0+ mldt <cos€X)

d (OE d . :
— —K> = E{(I+mlz)0+lecose}

= (I+mP) 0 + ml cos 0X — mIX6sin 0 (20)
E)—QK = —mlX0 sin 0 (21)
Qg = —mgl sin 0 — bzé (22)

Then the second Lagrange equations becomes

{(I + ml2)é + ml cos OX — mIX6sin 6’} - [—le@sin 9}
= {—mgl sin@ — bzé]
(23)

(I + mlz) 0 + ml cos 0X + mgl sin 6 + bzé =0 (24

. ml cos 0X mgl sin @ bzé’
= - - 2
0 I+ ml? I+mlP  I+mP (25)

3. FRACTIONAL ORDER CALCULUS

Fractional Order (FO) differential and integral is a frequent
branch of calculus in which the integer order of differential
and integral is generalized to real. The FO calculus is an
ideal technique to represent a real-time system with greater
precision than the integer order [23]. The fractional order
differentiator-integrator is represented by the continuous
operator D! as defined by [24, 25].
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d(l
% a>0
1 —0
D — “ (26)

a-~a t

/ ()" a<o

a

Where: a is Upper limit, ¢ is Lower limit, and a is FO, agR™".

There are multiple mathematical definitions for FO cal-
culus. The following three well-established are common and
include 1) The definition of the Grunwald Letnikovi (G-L),
2) The definition Riemann Liouvillei (R-L), and 3) The
Caputo (C) [26] as follows:

LG oy = pmp S (Ope-m @)

2 RL. D) = [ (—w) ™ de (28)

(. D) = i [t—e )™ frde (29)
Where:

f(t) is Applied function, a is FO, agR",m is Integer part
of a, m-1<a<m, m € N, t is Lower limit, a is Upper limit.
(e): Euler’'s Gamma function such that:

(z) = ;7 e7't="'dt, for each zE€R, <f> is the coefficient of

binomial, (?) = (o) [27].

ja—r+1)°
In most applications, these definitions are the same
(equivalent), but there are exceptions where there is a need
to introduce some variability. For example, R-L is used in
calculus, Caputo is employed in numerical integrations and
physics, while G-L works perfectly in communications and
control engineering field.

3.1. Fractional order controller

The FOPID controller is an expansion of the IOPID
controller. The IOPID is a “three term controller” and the
FOPID or (PI"D") is a “five term controller”, because it

includes an Integral of order (4) and Derivative of order ()
[28]. The block diagram of FOPID controller is shown
in Fig. 2.

The differential equation which describes the FOPID
controller in time domain is given by:

U(t) = Kpe(t) + K;D'e(t) + KpD*e(t) (30)
The transfer function of FOPID in S-domain (Laplace) is.

Gels) = 5 = Kp + Kise(t) + Kps'e(t), (4, p > 0)

Where: G¢(s) is the controller transfer function, E(s) is
error, A, pis the FO of s, A, u€[0, 1], U(s) is the controller
output. An IOPID controller is appeared into four points
(P, PI, PD, PID), whereas FOPID controller is extended to a
plane, so the classical PID is a special case of FOPID (PI"D")

controller, as shown in Table 2 and Fig. 5.

4. FUZZY LOGIC CONTROLLER

Fuzzy logic controllers are a class of fuzzy logic-based con-
trolling systems. A fuzzy logic is a mathematical idea that the
computer uses to deal with (truth degrees) rather than
Boolean logic (true logic and false logic) or (1 and 0). In
recent years, the use of fuzzy logic controller (FLC) having
Control engineering was the most popular application.

Derivation A

order
. PD PID
‘ractienal
PID order:
P / b > A\
0 I Integration
order

Fig. 3. Expansion of FOPID from four points to plan [24, 25]

FOPID
Ge(s)
» Kpe@
W__ £ SAELL | kiD?ew s HS Gy(s) "

o Kd D’ et)

Fig. 2. Block diagram of FOPID controller [28]
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The FLC is used instead of conventional controllers, like PID
controller, to combine the benefits of classical controllers
with the human intelligence. The first feature of a fuzzy logic
controller is that it can be implemented to nonlinear models
where the mathematical equations model is very hard to be
derived. The second feature is that the fuzzy controller can
be used to apply heuristic rules that contain the experiences
of the human operators of system. The block diagram shown
in Fig. 4 represent the structure of a FLS is.

The controller has two input and single output using
Mamdani fuzzy set system type. The 2 I/P s’ are the error
and the change-of-error for pendulum angle (e, ¢) and single
output [29] represents the voltage of DC motor (V) as
shown in Fig. 5.

5. EVOLUTIONARY ALGORITHMS FOR
OPTIMIZATION

Choosing the appropriate (optimal value) settings for the
any system controller is a difficult process. The outcomes
can occasionally be poor, not because the controller is poorly
constructed, but because the parameter values were not
carefully chosen. Researchers on the subject of evolutionary
algorithms studied the behavior of natural organisms and
observed how they use intelligent mechanisms, especially
their social behavior, such as flocks of birds or colonies of
ants or bees. This research presents four types of evolu-
tionary optimization algorithms. The first one is the Genetic
Algorithm GA, the second is the Particle Swarm Optimi-
zation PCO, the third is the Ant Colony Optimization ACO
and the fourth is the Social Spider Optimization SSO.

5.1. Genetic algorithm

The Genetic Algorithm (GA) takes its main lines from
biological development laws [29]. The GA is a powerful
evolutionary optimization approach that can optimize even
the most complicated systems to carry out a genetic

algorithm, the choice parameters’ codes set the principal
solution outlined, either in binary form (0 and 1) or as a
double string or ‘chromosome’. Non-evolutionary methods
differ from GA [30]. GA is a probabilistic algorithm rather
than a deterministic one (depends on chance or randomi-
zation). Furthermore, instead of acting on the solutions
themselves, it operates on an abstraction of the solution set.
In addition, rather than looking for a single answer, it ex-
plores a population of solutions. Finally, GA works with
fitness functions that do not have derivatives. The following
is the implementation of GA as shown in Fig. 6 [31].

1. Look for the first pop (population).

2. Locate the pop’s fitness feature.

3. Reproduce the pop. using the fittest parents from the last
generation.

4. Using a random method, locate the place of crossing.

5. Determine whether a mutation happened and, if so, what
the outcome was.

6. Repeat steps 2-6 with a fresh population until the logic
requirement is satisfied.

5.2. Ant colony optimization

Ants’ food-finding behavior inspired the ant colony
optimization (ACO) algorithm [32]. Scientists analyzed
the ant colony’s complicated behavior and discovered that
these behavioral patterns may be used to solve complex
optimization issues. Designing evolutionary algorithms for
optimization issues is shown by the ACO algorithm.
Complex optimization issues have been solved using
methods derived from the food-finding behavior of ant
colonies.

5.2.1.. Ant colony procedure. Ants release a chemical
termed a pheromone on their travels between the colony
and the food source [32]. Ants interact with each other by
leaving pheromones on their paths. This pheromone is
detectable by other ants, and it influences their path

Rules

Crisp Input .
TSP NPUt | puzzifier

: Crisp Output
Defuzzifier | P 240"

Fuzzy Input Set

Inference

Fuzzy output Set

Fig. 4. General FLC block diagram

Fuzzy Logic
Controller

K J’ v | Inverted o
Pendulum

Fig. 5. The controller with fuzzy logic system
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Fig. 6. GA flow chart [31]

choices. This indicates that the ants prefer to follow
strong pheromone concentrations. The pheromones on the
routes form "pheromone roadways," which show where
good food supplies have already been discovered by
other ants.

At all places along the route, the ACO utilizes adaptive
pheromone adjustment, as may be seen in Fig. 7. These
spots were chosen using a probabilistic approach. The ants
are directed by a probability to choose the optimal course,
which is referred to as a tour.

5.3. Particles swarm optimization

Particle Swarm Optimization (PSO) is an evolutionary sto-
chastic optimization algorithm based on a population guided
by the behavior of intelligent swarm behavior of some ani-
mals, such as bird flocks or fish schools [33-35]. Particle
swarm optimization algorithm can be briefly explained
as follows: It is a search operation by use of a swarm, such
as that every single element in the swarm is called (a par-
ticle) and each particle may include the probable solution
of the optimized case in the search space. PSO can keep
the best global position of the swarm and that of its par-
ticle himself, and memorize the velocity also. In each itera-
tion, the particle data is evaluated to adjust the velocity. Then
that is used to calculate the new local position of the particle.
Particle positions and velocities are changing constantly in
the demanded search space until they reach the optimal state.
A unique communication among the variant dimensions of
the search space is provided by the objective functions.
Experimental research showed that the PSO algorithm is a
successful optimization tool [36-38].
The particles position is calculated as follows:
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!
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s Last Iteration
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Fig. 7. ACO flow chart [32]

X;-‘H — x + Vt+1 (31)

The particles velocity is updated as follows:

1
vt =wv +ary; [pgestﬂi - xfj} + ety {Gbest - xfj} (32)
Such that:
v+ Particle position, x}: Particle velocity, pj,, ; is Per-

sonal best position of partlcle, Gpest = Global best position
of particle, ci, c;: Cognitive and social parameters,
rjs 15+ Random numbers between (0 and 1).

Fig. 8 shows a flowchart of the PSO algorithm.

5.4. Social Spider Optimization (SSO)

The SSO is a cooperative features in the spider colony so-
ciety-inspired evolutionary optimization approach. The
space of components in the SSO is a spiders collection that
act in concert to mimic the natural socializing for a colony of
spider. Each member of the colony is produced by compa-
rable behaviors and traits in the majority of evolutionary
swarm algorithms, whereas SSO employs two different ele-
ments: female and male. As a result, the job is determined by
gender. Every piece functions as a separate activity in the
colony of spiders, simulating its natural behavior. Most
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!
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Updating Particle Velocity and Position
According to the Velocity and Position
Updating Equation

Satisfying the Ending

Condition No

Fig. 8. Particle swarm optimization (PSO) Flow Chart

evolutionary algorithms have serious flaws, and this element
separation improves them. As a result, the SSO has been
refined and applied in a variety of technical domains. The
method assumes that the components all behave like com-
mon spiders, and that each possible solution is a single
spider [39, 40]. SSO was created to solve non-linear prob-
lems with constraints, as seen in the equation below:

min.( f(x) ); xx= (xxi7 X2, 12, % ) eRrY; xeX.
Where f : Ri%r - R function is nonlinear,

X={xerR? |l <x<up, h=1, ..., dd} represent a
minimized productized search space that is limited with a
low (In) and by up (uy) boundaries.

The SSO method finds optimum solutions for the
search issue by searching a search space (S) from (N)
possible solutions. To replicate a true colony, each answer
appears as a separate element, space X perceives the entire
society as a problem, with the female spiders number (N f)
randomly selected from a total space S (65-95%), while
the remaining (Nm) representing the number of male
spiders,

(Nw= S — Nf).
Thus, the set (F,) represents female -elements

(Fs ={fs1, fs2, ..., fonr} ), thus, the Ms group, represent
the male elements, (Ms = {ms;, ms,, ..., MS;y } ), Such that
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S = Fs UMss

S={ss1, S2, --ey SNu}

In SSO, each one element takes a value of weight (we;) for
it is fitness function, this weight is calculated by:

 fit; — Worst
"~ Best — Worst

WE¢E;

such that (fit;) .is a fitness function for (i—ith). element
position, {i€ (1, ..., N)i}Bestis the best case of the fitness
value of the entire space. Worst is the worst case of fitness
for the entire population.

The social spider algorithm’s core strategy is to exchange
transition information. This exchange is carried out via vi-
brations on the spider web. The vibration from a spider I
that is perceived by a spider (j) will be emulated and
modelled by:

a2
ViJ = We] e

such that (We; ) is a (ju) the weight of the spider, (d) is the
distance. from the 1% spider (i) to the 2™ spider (j).

Each first element (i) understands (3) methods only for
web vibration, (Vi;, Vi, and Vig), such that (V;,) repre-
sents a vibration that is performed by the closest to element
n by an upper weighting according to (W, — W;). (Viy) is
carried out by the closest to female elementi. It’s applicable if
(i) spider represents the male elementi. And (V;;) carried
out by the best element in the space (S).

From a 1 stage (k = 0) through a set number of loops
(k = it), SSO implements a population of elements space.
All spiders are governed by a different group of evolutionary
mechanisms depending on their gender. With female ele-
ments, the new location (fsX*!) is achieved by updating the
position of the current element (fsX). The movement is
accomplished with other spiders, and the updating proce-
dure is controlled randomly by employing a probability
factor (Pf). Furthermore, its vibrations are transmitted with
the search space.

K+1

Sl

B4 aVin (o =)+ BVip.(s0 — ) +c. (rand - %) with probability(Py)

K +avi, .(sn 7fsxK) = BVip-(su 7fs,K) +c. (rand — %) with(1—Pg)probability
(33)

Such that (a, f, ¢) and (rand) are values chosen at
random way €[0, 1],i (k) is the number of iterationi, (s,) and
(sp) are individual elements symbolizing the closest element
with a weight higher than (fsX) and they are the best ele-
ments in the commune social spider respectively.

Also, the male element is categorized into two kinds:
[dominant (D) and nondominant (ND)]. The male element
whose fitness value is considered the best is the dominant for
the overall male set and will integrate with the set. Following
that, the (ND) set is constructed by the remainder of the
male elements. With SSO technique, the (male) elements
(msK) are offered with the following optimum equation:
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1
msf-< +a .Vig .(Sf — msf) +c .<mnd — 5) if msfeD
K —

i =

msk . W
msk + a. (M — msf{) if mskeND
2 henp Wh

(34)

(a,c) and (rand) :-randomly selected numbers €0, 1]. s
is the nearest female element to the male spider (i).

The (mating operation) is employed between the dominant
male spider (m_d) and the female element in the specified
domain () in the social spider algorithm to generate a new
spider (snew)- The probability of an impact on each element in
(Snew) is determined by the weight of each element. The spider
with the most weight has a higher chance of affecting the new
spider (spew ). When a new element is created, it is compared to
the rest of the population; if the new element is superior to the
worst element in the population, the worst element is replaced
with (spew). Otherwise, it will be overlooked. Using a flow
chart, Fig. 9 depicts the entire evolutionary process.

6. FOFPID CONTROLLER DESIGN

MATLAB (R2014a) Simulink used to design controller by
a computer with CPU (Intel core i5), 2.53 GHz, 8 GB of
RAM under Windowsi7 64_bit operating system. The
design of FOFPID controller with the four algorithms
(evolutionary optimization) SSO, PSO, GA, ACO as shown
in Fig. 10.

As illustrated in Fig. 1, the number of membership
functions (MF) for both the inputs and outputs is the same
(7 MF) (Fig. 11).

The linguistic descriptions of membership functions
are abbreviated as shown in Table 3 to keep it short but
precise.

7. RESULTS AND DISCUSSIONS

7.1. Experimental InvPnd

Laboratory experiments were carried out on a digital
pendulum system (Feedback Digital Pendulum 33-936) from
Feedback Instruments Co., as shown in Fig. 12 [41, 42].
The cart runs in two opposite directions on a railway
(I m) and has two symmetrical pendulums attached to one
axis allowing them to rotate together and free swing at 360°.
The cart is connected to a DC motor located at the end of
the rail by a toothed belt. The pulling force (F) of the vehicle
is controlled by the voltage control (V) placed on the motor,

GA /PSO / ACO / SSO |«

Optimization algorithms

GA / PSO / ACO / SSO

Optimization algorithms

| | % ¥y 1 /5)\ —» Plant »
" ) 2 Out
“ p - Fractional et
: I
d u/dt Type-1 fuzzy logic ntegrator o
A Fractional controller
derivative

GA / PSO / ACO / SSO [«

Optimization algorithms

Fig. 10. FOT1FLC controller structure with four EO algorithm
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Fig. 11. TIFLC membership functions of error & change error input variable
Table 3. Abbreviation for linguistics description meaning that the force value is proportional to the value of
. — . . the voltage. Sensors determine the location of vehicle (X)
Item Linguistics description Linguistics abbreviation ) .
and the angle of the pendulum (0) using an optical encoder
1 Negative-Big N-B [35,36]. Fig. 13 shows a control system scheme.
2 Negative-Medium N-M
3 Negative-Small N-S 7.2. Type-1 fuzzy logic controller
4 Zero-Error Z-E
5 Positive-Small P-S TIFLC results using four evolutionary optimization algo-
6 Positive-Medium P-M rithms, (GA, ACO, PSO, and SSO) and the comparison

among them for parameters tuning are shown in Fig. 14.
The result show that clearly the TIFLC and SSO perform
the best in regards of the peak value, peak time and oscillation.
Table 4. Fuzzy rule base

EOE NB NM NS zE  ps pm ps 13 Type-1 fuzzy logic controller with fractional order

N-B N-B NB N-B N-B NB NM ZE The results of FOT1FLC employing four evolutionary tech-
N-M NB NB NB NB NM ZE PM niques (GA, PSO, ACO, and SSO), as well as a comparison of

N-S NB NB NB NM ZE PM P-B the algorithms for parameter tuning, are displayed in Fig. 15.
Z-E N-B NB NM ZE PM P-B P-B The results reveal that the FOT1FLC with SSO has the best
P-S NB NM ZE PM PB PB PB peak time, peak value, and settling time features.

PM NM ZE PM PB PB PB PB
P-B Z-E PM PB PB PB PB PB 74 Comparison between TIFLC & FOT1FLC

Figure 16 below is comparing between TIFLC and
FOTIFLC with the SS EO algorithm. The time response

Pendulum arms i Centre point
Sprocket wheel /
E yy~ =
/ [t cart & angle sensor

Motor Mounting

Lt @I& —Fo Mo}
A { )
rm fixing screw Bg[})§£5ion M

adjustment bolts DC m?ﬁor
- & position sensor
Ribbon cable
Adjustable feet

\_control \_measurement

i |
: / 4 ] Z PC
control
alghorithms
DC motor & interface

Fig. 12. Experimental system —Feedback Digital Pendulum [41, 42] Fig. 13. Control system scheme [35]
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Angle (Radian)

T
—— T1FLC-GA
i f : : — T1FLC-PSO
---------- ----------- —— T1FLC-ACO H

— T1FLC- SSO

i : 1
0.5 1 1.5 2 25 3 3.5 4
Time (Sec.)

Fig. 14. Comparison between the four EO algorithms with T1FLC’s

—FOT1FLC -GA

Table 6. The optimum paramters of TIFLC & FOT1FLC with SSO

4 H
—FOT1FLC - PSO Title TI1FLC FOT1FLC
—FOT1FLC - ACO
34 —FOT1FLC - SSO || Kp 17.000 2.00647
g Ki 2.8986 4.20972
k , Kd 0.5870 39.0594
% 2 A —_ 0.98977
) \\ : H — 0.70524
< 1 \ Tuning time (min.) 70.287 109.384
ol &m———‘
; N\ :
0 0.5 1' i 2 Y :'; 3E5 y graphs prove clearly ‘Fhat there i§ a strong influence for using
Time (Sec.) the fractional-order instead of integer-order on the T1FLC

structure. All the time response characteristics are reduced.
Table 5 combines the major characteristics of the two
controllers using the four evolutionary algorithms with

Fig. 15. Comparison among FOT1FLC’s with the four EO’s

6 : enhancement percentage between the two controllers.
—_TIFLC-SSO Table 6 shows the optimum paramters of the two con-
5 FOT1FLC - SSO . . .
/ \ trollers TIFLC & FOT1FLC with SSO only. Fig. 17 is a chart
_ 4 \ represents the improvent in characteristics between T1FLC
c .
g 3Q<>/ & FOT1FLC with SSO only.
3
e 2 \
=2}
<, \ 8. CONCLUSIONS

° The IOFLC and FOFLC controllers were utilized to run an
-1 : s inverted-pendulum-system on a cart using a (a digital
Time (Sec.) pendulum control experimental system-33-936-S), and the
controller’s (Gains) parameter were optimized using four
evolutionary optimizations (GA), (PSO), (ACO), and (ACO)

Fig. 16. Comparison between TIFLC and FOT1FLC with SSO

Table 5. Comparison among the two controllers TIFLC & FOT1FLC with the four evolutionary algorithms

GA. PSO. ACO. SSO.
Title T1IFLC FOTIFLC Enh.% TI1FLC FOTIFLC Enh.% TI1FLC FOTIFLC Enh.% T1FLC FOTIFLC Enh.%
Rise Time (sec.) 3.5508  0.3893 89% 15879  0.4068 74% 1.7483  0.6627 62% 1.6202  0.4446 73%
Settling Time (sec.) 4.5164  2.0652 54% 2.1896 1.8773 14%  2.5489 1.953 23%  2.2652 1.569 31%
Peak Time (sec.) 3.3605  0.8555 75% 14 1.059 24% 1.7755  0.8745 51% 14755  0.8195 44%
Peak value 52015  3.8757 25% 5.0011  4.1749 17% 55737  3.9849 29% 5.0556  3.8439 24%
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[

1

Rise Time (sec.)

Settling Time (sec.)

Peak Time (sec.)

Peak value (Radian)

B T1FLC M FOTIFLC

Fig. 17. The improvment in characteristics between T1FLC & FOTI1FLC with SSO only

(SSO). The four evolutionary optimization techniques are
compared to the results of tuned IOFLC and FOFLC with
evolutionary optimization.

The comparisons between IOFLC and FOFLC, as well as
different optimization strategies for each controller. The
result appears that firstly the action of FOFLC is higher
than the IOFLC along the four evolutionary optimization
algorithms. Secondly FOFLC and SSO perform the best in
settling time, peak time and peak value. The least tuning
time is in (SSO) for both IOFLC and FOFLC. It’s clearly the
SSO is the best optimization algorithm. Other control
techniques can be suggested for future work extension of this
study and for the sake of comparison [43-45].
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