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Abstract— The work in this paper revolves fundamentally around
the main axes of fuzzy control of the type Takagi-Sugeno (T-S) zero
order for dynamic, complex nonlinear systems. In this paper, we
present method for designing Fuzzy controller rule base using a new
swarm intelligence algorithm, which is based on the Bat algorithm.
The Bat algorithm is one of the most recent swarm intelligence based
algorithms that simulates the intelligent hunting behavior of the bats
found in nature. The main objective is to design the fuzzy rule base
of fuzzy controller respecting the desired performance. To
demonstrate the efficiency of the suggested approach, a control of a
Magnetic Ball Suspension System is selected. Simulation results
shows that the proposed approach could be employed as a simple
and effective optimization method for achieving optimum
determination of fuzzy rule base parameters.

Keywords- Fuzzy rule base, Bat algorithm, Fuzzy controller,
Magnetic Ball Suspension System.

L INTRODUCTION

Fuzzy logic is an important research topic on which focus
many scientists. Its theoretical basis was formulated in 1965
by Professor Lotfi A. Zadeh, of the University of California,
Berkeley [1]. He introduced the notion of a fuzzy subset to
provide a means of representing and manipulating imperfectly
described, vague or inaccurate knowledge.

At that time, the theory of fuzzy logic was not taken
seriously except by some experts. As early as 1975, Mamdani
and Assilian published the first results allowing this theory to
be used in control systems [2]. By using a relatively simple
controller structure, they have obtained better results when
controlling certain processes than those provided by a
standard PID controller.

Shortly after, in 1977, the Danish Ostergaard [3] applied
fuzzy logic to the control of grinding tubes for the manufacture
of cement. At that time, most studies of fuzzy logic control
systems were conducted in Europe [4]. From around 1985, it
was the Japanese [5] who began to make extensive use of
fuzzy logic in industrial and consumer products to solve
control and adjustment problems.

The fuzzy controllers make it possible to control complex
systems or difficult to model them using a reasoning method
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of "if condition then action". Fuzzy controller (FC) depends
mainly on the characteristics of three subsystems:
fuzzification, fuzzy rules and defuzzification [6]. The
fuzzification phase is perfectly specified when the
membership functions of the linguistic terms describing the
inputs are defined.

The Design of a fuzzy rule base is the process that led to
the formalization in the form of rules and/or learned relations,
from a set of examples between the inputs and outputs of a
process. In many cases, the structure is determined empirically
by choosing a priori the type of relational approximate
reasoning, the number of fuzzy sets for each input variable,
and taking all possible combinations to build the fuzzy rule
base. So, it is important to mention the difficulty of ensuring
consistency & interpretability of fuzzy rules, in particular for
multivariable systems where the number of rules becomes
very high [7].

The adjustment by successive trial of fuzzy controller
parameters is quite long and tedious. Various techniques of
optimization and learning fuzzy controllers have been
developed. They are mostly based on a learning that makes it
possible to iteratively define the best set of parameters for a
given controller structure. For now, researchers are mainly
focused on the following approaches:

- Optimization of membership functions,
- Optimization of fuzzy rules,

- Simultaneous optimization of membership functions and
fuzzy rules.

several researches have been established to optimize the
membership functions of a fuzzy controller using genetic
algorithms [8]-[12], Thrift is the first to describe a method for
optimizing fuzzy rules by genetic algorithm, using three bits
to encode each rule [13], Lee and Takagi propose, in 1993, an
optimization method that simultaneously takes into account
the membership functions of fuzzification and the fuzzy rules
[14]. several methods using the same concept were published
[15][16]. Another technique of tuning fuzzy systems was the
use of swarm intelligence [17]-[20].

The vast majority metaheuristic algorithms have been
derived from the behavior of biological systems and/or
physical systems in nature. For example, particle swarm
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optimization is inspired by social behavior of animals moving
in swarm [21], while simulated annealing is based on the
annealing process of metals [22]. New algorithms are also
emerging recently, including harmony search [23], the firefly
algorithm [24], and the Bat algorithm (BA) [25], [26]. The BA
technique is introduced by Yang in 2010. It is based on the
echolocation behavior of bats. The capability of echolocation
of micro-bats is fascinating as these bats can find their prey
and discriminate different types of insects even in complete
darkness [27]. Bat algorithm was successfully applied to a
number of very different problems [28]-[31]. BA is simple to
implement and produces good results [31].

This paper presents a simple and effective method using
Bat algorithm for designing a fuzzy controller of type Takagi-
Sugeno zero order by optimizing the centers of membership
functions and the fuzzy rule base. The remaining of this paper
is organized as follows: The structure of fuzzy controller to be
optimized is described in the next section. After, the standard
BA algorithm is briefly presented in the section III. Section IV
explained the method of designing the fuzzy controller by BA.
The test of the effectiveness of the proposed method is made
in section V. Finally, the paper is ended by a conclusion.

II.  Fuzzy CONTROLLER STRUCTURE

This section describes the fuzzy controller (FC) to be
designed in this study. The FC is of type Takagi—Sugeno zero
order. The i*" rule, which is denoted as R; , is represented in
the following form:

R;:If e(k)is Aj; and Ae(k) is Ay,

Then u(k) is o; 9]
where k is the time step, e(k), Ae(k) are the input variables,
u(k) is the fuzzy controller output variable, 4;; is a fuzzy set,

and o; is a crisp value. 4;; is a fuzzy set which uses a triangular
membership function defined by following equation:

x—a c—x
u(x) = max(min (b—a'c—b)'o)

(2)

where a,b and c represent respectively the locations of
starting point, peak point and the ending point, for a triangle
shaped membership function.

About the fuzzy rule base, the decision on the number of
fuzzy rules is a very important issue because it plays a very
important role in fuzzy control systems. Unfortunately, there
is no systematic and effective procedure for selecting the
number of the most appropriate rules, except for some
proposals. A reasonable number of fuzzy rules, without losing
too much information about the system to be controlled must
be carefully obtained.

For flexibility of the implementation of fuzzy controller,
the universe of discourse of inputs and output is limited to a
range of [-1, 1], determined by the normalization of inputs and
output [32]. To do this, the scale factors are used to have the
desired dynamics.

This paper proposes a fuzzy rule base composed of only
three enabled rules, extracted from analysis expressed as
follows:

Ry:If e(k) is N(—1,a,,a,) and Ae(k) is N (—1, by, by)
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thenu(k) = o;.

Rz:If e(k) is Z(ay, ay, as) and Ae(k) is Z(by, b,, b3)
thenu(k) = o,.

R;:If e(k) is P(ay, az, 1) and Ae(k) is P(by, b3, 1)
then u(k) = os.

where e(k) is the difference between the desired output and
the measured output of the controlled system. N, Z and P are
fuzzy sets of input variables, and 04, 05, 03 are real values of
fuzzy controller output.

In the inference mechanism, the AND in the fuzzy rule is
implemented by the algebraic product in the theory of fuzzy
logic (according to Larsen) .Thus, given a set of input data
x = (e,Ae), the degree of activation y;(X) of Rule i is
calculated by:

Yi(X) = pq,(e(k)) - up,(Ae(k)) (3)
If there are n, rules in fuzzy controller, the resulting output

of the set of rules is given by the average of weighted

individual outputs as follows:
_ Z?:rl Yi (J_C\) 0; (4)

where o; is the value of the conclusion of the i*" rule.

In this paper, the optimization of the fuzzy controller includes
the determination of all parameters of each fuzzy rule.

III. BAT ALGORITHM

Bat algorithm is a metaheuristic optimization algorithm
developed by Xin-She Yang in 2010 [25]. The algorithm is
based on echolocation of micro-bats with varying pulse rates
of emission and loudness. Bats use sonar echoes to detect and
avoid obstacles: they determine the size of an object, how far
away they are, how fast they are travelling and even their
texture, all in split in a second. After hitting and reflecting,
bats transform their own pulse to useful information to gauge
how far away the prey is. Bats are using wavelengths, that
vary from range [0.7, 17] mm or inbound frequencies
[20,500] kHz. By implementation, pulse frequency and rate
has to be defined. Pulse rate can be simply determined from
range 0 to 1, where 0 means there is no emission and by 1,
bats are emitting maximum [33]- [35].

In order to transform these behaviors of bats to algorithm,
Yang used three generalized rules [25]:

1) All bats use echolocation to sense distance, and they
also guess the difference between food/prey and
background barriers in some magical way.

2) Bats fly randomly with velocity v; at position x;
with a fixed frequency f,;,, varying wavelength 4
and loudness A, to search for prey. They can
automatically adjust the wavelength of their emitted
pulses and adjust the rate of pulse emission r from
[0, 1], depending on the proximity of their target.
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3) Although the loudness can vary in many ways, we
assume that the loudness varies from a positive large
value A, to a minimum constant value A,,;,-

The initial position x;, velocity v; and frequency f; are
initialized for each bat. For each time step t , the movement
of the virtual bats is given by updating their velocity and
position using the following equations:

fi = fmin + (fmax - fmin)-p (5)
v () = v/t = D)+ [x)pese — X/t = D].£i (6
X)) =x/t -1 +v/(©® (7)

where p € [0,1] indicates randomly generated number, and
xéb es¢ Tepresents current global best solutions.

For the local search part, once a solution is selected
among the current best solutions, a new solution for each bat

is generated locally using random walk:
A = X+ 0. A ®

Where, o € [0,1] is a random number and represents
direction and intensity of random-walk. A3'4,,, is the average
loudness of all the bats.

Based on these approximations and idealization, the basic
steps of the Bat Algorithm (BA) can be summarized as the
following pseudo code [26]:

Objective function f(x), x = (xq, ..., xg)T
Initialize the bat population x; and v; fori = 1,n
Define pulse frequency Q; € [Qmin, @max]
Initialize pulse rates r; and the loudness 4;
while (¢t < Ty,4,) / number of iterations
Generate new solutions by adjusting frequency, and
updating velocities and locations/solutions
if (rand(0,1) > r;)
Select a solution among the best solutions
Generate a local solution around the best solution
end if
Generate a new solution by flying randomly
If (rand(0,1) < A; and f(x;) < f(x))
Accept the new solutions
Increase r; and reduce 4;
end if
Rank the bats and find the current best
end while
Post process results and visualization
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IV. DESIGNING FUzzY RULE BASE OF Fuzzy
CONTROLLER USING BAT ALGORITHM

In this section, we propose to use Bat algorithm for
designing a reduced fuzzy rule base of a fuzzy controller of
type Takagi-Sugeno zero order, in order to obtain better
performances of the system to control.

A. Optimization Procedure

The diagram of the closed loop control is shown
schematically in Fig. 1. We can summarize the optimization
procedure of the fuzzy controller using Bat algorithm through
the following steps:

1. Generation of an initial population of solutions
characterizing the controller settings.
2. For all solutions:

o Evaluate the objective function.

e Classify obtained solutions according to
their fitness.

e Construction of a new population by
updating process of frequencies, velocities
and solutions.

The step 2 is repeated until a maximum number of iterations
is performed. After the process of evolution, the final iteration
of the algorithm consists of the well-adjusted solution who
provide best solution.

A

Reference z FLC u
Ae >

A

output
system »

—————

Performance

Bat

algorithm

Index

Fig.1. control structure and optimization

The inclusion of design constraints in the optimization
process helps to preserve the semantics of fuzzy rules. For
that, the constraints on the limits of the parameter vector to
be identified, and limits on the control variables are imposed.

B. Parameters's Vector Representation of Fuzzy Controller

The parameter vector (solution) x of the fuzzy controller
has nine parameters. These parameters represent the starting
point locations, the pic point, and end point, for a triangular
membership function belonging to the inputs of a fuzzy
controller and fuzzy singleton for its release.

So X = [a1 a, as bl bz b3 01 0203] (9)

While respecting the following constraint:
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(10)

C. Generation of Initial Population of solutions

Initial population is randomly generated from real-valued
vectors with dimension d and number of bats n, by taking
into account lower and upper boundaries. In this study, d =
9.

xi] = x_,]m.n + rand(O.l) * (x'r]nax - x;u’n)

(11
where i = 1,n;j = 1,d and x,’;u.n and x,];lax are lower and
upper boundaries for dimension j respectively.

V. APPLICATION

The test of effectiveness of the Bat algorithm is illustrated
to designing fuzzy controllers of type Takagi-Sugeno zero
order for control Magnetic Ball Suspension System.

The Bat algorithm parameters used in this section are

given in Table L.
TABLEI
BA Control parameters values

Parameter Designation value
n Population size 20
ng Number of generation 100
fmin Minimum frequency 0
fmax Maximum frequency 1
A Loudness 0.5
r Pulse rate 0.5

A. Magnetic Ball Suspension System

The model of the magnetic ball suspension system shown
in Fig. 6 is given by [36] :

O _ PO
az 9Ty
di(t)

v(t) =R=*i(t) + L=

T (12)

where y(t) is the ball position, M = 0.1 kg is the ball mass,
g = 9.8 m/s? is the gravitational acceleration, R = 50 Q is the
winding resistance, L = 0.5 Henrys is the winding inductance,
v(t) is the input voltage, and i(t) is the winding current. The
position of the ball is detected by a position sensor (e.g., an
infrared, microwave, or photo resistive sensor) and is
assumed to be fully detectable over the entire range between
the magnetic coil and the ground level. The ball will stay
between the coil and the ground level [37]:
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dx,(t)

i x,(t)
dx,(t) x3(t)

a9 Mx, (13)
dxs(t) R 1

7w -1 x3(t) +7 v(t)

where [x,(t), x,(t), x3(t)]=[y(0), di;(tt), i(t)]. Notice that

the nonlinearities are induced by the x2(t) and %(t) terms in
1

the dx; (t)
dt

(13), assuming that the ball is initially located at x;(t) =
¥(0), we can find a linear system by calculating the Jacobian
matrix at y(0). The linear state-space form of the magnetic
ball suspension system is given as [37]:

equation. By linearizing the plant model in Equation

dxy

szz(t)

dx, (t

e OLIORE /% x3(0) (14)
dxs(t) R 1

“ar 1 x3(t)+z v(t)

The objective of this section is to control the position of
magnetic levitation magnetic ball. The controller used is of
fuzzy controller where its output is the command u(t).

We consider a fuzzy controller of the type Takagi-Sugeno
zero order, its inputs are the error e(t) and its variation
Ae(t)and an output u(t) (the command applied to the
system).

+
Magnet coil (R, L) Input voltage wr
T]I'.I'IJ voll -IT:E wip

b Input current 1)

yith

Y o 1 d=003m

Ball (M)

|

03m

Ground level Infrared or microwave sensor

Y
| - )

Fig.2. Magnetic ball suspension system [37]

The cost function is the mean square error calculated by
the following equation:
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n

1 2
MSE =— ¢2(0) (15)
k=1
Where: n is the total number of samples and T the sampling
time, e(t) is the difference between the value of the desired
output and the value of the measured output process under
control.

After 100 generations, we obtain the best parameter vector
which gives best performance of the system with only three
rules extracted for analysis. Figure 7 shows the evolution of
the cost function. At the end of program execution, the
evaluation function (mean square error ) is equal to 2.66 X
107¢ and the fuzzy rules obtained are as follows:

Rule 1:if eis N (—1,—0.99,0.69) and Ae is

N (=1,—0.72,0.16) thenu = —1.04
Rule 2:if eis Z (—0.99,0.69,0.99) and Ae

is Z (—0.72,0.16,0.79) thenu = —0.08
Rule 3:if e is P(0.69,0.99,1.00) and Ae is

P (0.16,0.79,1.00) thenu = 1.02

2.95 1

2.9 1

2.85 1

2.8 1

2.75H 1

2.7+ 1

265 L ! ! L ! ! L ! !

Fig.3. Evolution of fitness function

desired and actual ball position (m)
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0.01
0
" I I,
i ' i e p
-0.01
2 4 6 8 10 12 14 16 18 20
Time(s)
input woltage (volt)
5
0 I v‘ﬂ v v‘ "u VA lu ul " vA
-5
0 2 4 6 8 10 12 14 16 18 20
Time(s)

Fig.4 Responses of the system via nominal parameters
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The results shows that the optimized fuzzy controller of
electromagnetic voltage can stabilize the disturbance that would
cause the metal sphere (ball) to fall or attach it to the electromagnet..

VI. CONCLUSION

In this paper, BAT algorithm is used to design a fuzzy
controller for Takagi-Sugeno zero-order, The difficulty of
obtaining the rule base and membership functions is indeed
very disadvantageous when using fuzzy techniques. the BAT
algorithm optimizes simultaneously:

e The membership functions of the input and output
variables of the controller,

e The conclusions of fuzzy rules which are the base of
rules itself, since the fuzzy controller is type of T-S
zero order. The fuzzy rule base is composed of three
rules extracted from analysis.

To demonstrate the effectiveness of the presented
approach, a control of a magnetic ball levitation system is
selected. Simulation results show that the proposed approach
presented here is a powerful tool for the control of nonlinear
systems. We can say that the BAT algorithm present a very
powerful tool for the design of intelligent controllers.
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