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Abstract—In this paper, a fuzzy PID controller was used for
to control a ball and beam system. Fuzzy logic is used to tune
the parameters of this PID controller in real time. This gain
update occurs whenever there is any disturbance in the system.
With this configuration it is aimed to improve the performance
of the ball and beam system. This controller has been designed
in MATLAB-Simulink environment and then downloaded to
the Arduino for testing. The closed loop performances and
controller efforts are compared with conventional PID tuned by
a Differential Evolution Algorithm. Simulation results show that
the proposed fuzzy PID controller have responses less oscillating,
with a lower overshoot and a lower settling time than PID
controller.

Index Terms—Fuzzy PID, Ball and Beam System, Ultrasonic
sensor.

I. INTRODUCTION

Positioning systems are present in virtually every field
of industry, either by servomotors for precise machining or
by simple displacement of materials between the production
processes. The exact position of a given object can determine
the difference between success and failure in a manufacturing
process. Well-designed position control ensures the precise
functioning of a machine and provides greater effectiveness
in the performance of a system when facing external distur-
bances.

The ball and beam system is a position system which
consists of a ball rolling over a fixed beam at one end and
connected to the rotating system of a servo motor at the
other end. This system represents a challenging stabilization
problem, representative of the difficulties introduced by fast
growing nonlinearities. Several advanced control methodolo-
gies had been applied in this field during the last decades
[1]–[5].

According to a literature survey, a successful approach is
to use Evolutionary Algorithm (EA) techniques to tune the
PID controller parameters. Other successful approach is to
use artificial intelligence to on-line tunning the PID gains. In
view of this, a fuzzy PID controller was used for to control
a ball and beam system. The differential of this work is

Identify applicable funding agency here. If none, delete this.

that before the configuration of the parameters of the fuzzy
system, a Differential Evolution Algorithm is executed to find
the optimal gains of the PID controller. Then, after that, the
fuzzy system is configured based on these parameters found
by the Differential Evolution Algorithm.

This controller has been designed in Matlab® environment
and then downloaded to the Arduino® for testing. Thus,
in order to validate the fuzzy PID proposal, results of the
application of the fuzzy PID controller in a real ball and beam
system will be presented. The performance of the proposed
controller in time domain is verified by comparing it with a
PID controller tuned by a Differential Evolution Algorithm.

The article is structured as follows. In Section 2 the
plant model is presented. In Section 3 the PID controller
is discussed, followed by section 4 that presents the Dif-
ferential Evolution Algorithm. Section 5 depicts the fuzzy
logic controller. In Section 6, the development of the pro-
posed controller are explained. Then, section 7 provides the
simulations results comparisons of the proposed controller
with other controller. Finally, in Section 8, the conclusions
are presented.

II. SYSTEM DINAMICS

The system analyzed in this paper is made up of a ball,
beam, base, lever arm and motorized gear. A diagram of this
system, based in [6]–[8], is given in Fig. 1 where one end of
beam is fixed.

ball
beam

lever arm
α

d

θservo motor

Fig. 1. Ball and beam system.
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In Fig. 1, L is the length of the beam; r is the ball position;
d is the distance between centre of the gear and the joint
between the gear arms; α is the beam angle; θ is the rotation
angle of the gear. A ball is placed on a beam, where it is
allowed to roll the ball along the length of the beam. The
ultrasonic sensor is responsible for reading actual position of
the ball on the beam. This position is feedback to the control
system to formulate a closed loop control, as can be seen in
Fig. 2.

 
 e(t)

Controller

 
 u(t)

Σ
+

Ball and Beam
      Model

 
 setpoint

 
 output

+

Fig. 2. Closed loop control.

The mathematical model of the ball and beam system
utilized in this work is based in [6], where, according to the
authors, the simplified Lagrangian equation of motion for the
ball can be seen below:

(m+ Jb

R2 )r̈ +
Jb
Rα̈ �mrα̇2 +mgsinα = 0 (1)

According to [6], if we linearize the equation (1) about the
beam angle, sinα = α for small α, we have the follow linear
approximation:

(m+ Jb

R2 )r̈ = mgα (2)

Now, when equating the distance of the arc, the equation
which associates the beam angle to the angle of the gear can
be approximated as linear:

α =
d

L
θ (3)

Substituting (3) in (2) we have:

(m+ Jb

R2 )r̈ = mg
d

L
θ (4)

Getting Laplace transform of (4), the equation in terms of
input and output can be seen below:

(m+ Jb

R2 )s
2r(s) = mg

d

L
θ (5)

According to [6], on rearranging, the transfer function of
the ball position (r(s)) to the gear angle (θ(s)) is represented
as:

r(s)
θ(s) =

mgd

L(m+ Jb

R2 )

1

s2
(6)

The ball and beam system used in this work and that will
be object of study can be seen in Fig. 3, this system was
projected in [9]. The values of constants used in this paper
can be seen in Table I. The goal of the controller is regulate
the position of the ball changing the angle of the beam. The
beam angle will control the acceleration of the ball and not
position. Therefore by controlling the acceleration of the ball,
its position can be control as well.

Ball

Servo motor

Beam

Lever arm

Sensor

Fig. 3. Ball and beam system used in this paper.

TABLE I
VALUES OF PARAMETERS USED IN THIS PAPER.

Parameters Typical Values
Beam length (L) 30 cm
Mass of the ball (m) 142 g
Gravitational acceleration (g) 9.8 m/s2

Moment of inertia of the ball (Jb) 2mR2/5Kgm2

Lever arm offset (d) 0.04 m
Ball radius (R) 26.2 mm

III. PID CONTROLLER

The PID control structure that represents the mathematical
relationship between the control signal and the error is given
by [10]:

u(t) = Kp

[
e(t) +

1

Ti

∫ t

0

e(t)dt+ Td
de(t)

dt

]
(7)

where u(t) is the signal control and e(t) is the error signal
between the desired value and the setpoint, Kp is the propor-
tional gain, Ti is the time integral, Td is the time derivative.
The other way to demonstrate the PID algorithm is by:

u(t) = Kpe(t) +Ki

∫ t

0

e(t)dt+Kd
d

dt
e(t) (8)

where Ki is the integral gain and Kd is the derivative gain.
The PID controller may also be represented by a block
diagram, as can be seen in Fig. 4.

 
 e(t) +

Σ
+

Kp

 
 e(t)

 
 e(t)dtK i  ꭍ
t

0

 
 dt
-K d

 
 de

+

 
 u(t)

Fig. 4. PID controller.

Proper configuration of these parameters improves dy-
namic response, reduces overshoot, eliminates steady state
errors, and increases system stability [10]. In view of this, an
optimization technique is required to design an effective and
efficient control system.

IV. DIFFERENTIAL EVOLUTION ALGORITHM

Differential Evolution (DE) is a branch of evolutionary
algorithms developed by Rainer Stron and Kenneth Price in
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1997 for optimization problems [11]. Some advantages of DE
are that it is simple and based on simple coding, involves few
parameters, possess excellent performance and high speed
in searching the optimal solution [12]. The algorithm of
Differential Evolution (ED) is a metaheuristic based on the
theory of natural evolution, being a relatively simple search
technique. The main steps of DE are represented in Fig. 5.

 
  Initialization

 
  Mutation

 
  Crossover

 
  Selection

Fig. 5. Main Operation of the DE Algorithm.

The performance of the ED algorithm is directly related
to its strategy of generation of the experimental vector,
which depends on two main factors, the mutation (F ) and
crossover (Cr) operators. Functional characteristics such as
problem size (D), number of local minimums and degree
of dependence of parameters give adequate values to these
factors and strategy of generation of the test vector [13].

The initial population is composed of Np individuals, is
chosen randomly and must cover the search space that makes
up the solution. The example algorithm of the DE algorithm
is presented in Fig. 6 [13].

 
  Specify the DE parameters

 
  Generate population randomly

 
  Start

 
  Is the stopping criterion 
               accepted?

 
  End

 
  Yes

 
  Mutation operator

 
  Crossover operator

 
  Survivor selection

 
  Asses the fitness of each individual population

 
   stopping criterion best individual For do

 
       Asses the fitness of the new population

 
  No

Fig. 6. Flow chart for DE algorithm.

V. FUZZY LOGIC

Fuzzy logic is a variation of conventional Boolean logic
that was developed to express the concept of partial truth.
The mathematical form of expressing the values between
the limits: ”completely true” and ”completely false” was
introduced by Dr. Lotfi Zadeh as a means of modeling the
natural uncertainty of language [14].

The advantages of the fuzzy controller are not required
the rigour of a mathematical model and the controller is
a nonlinear model, which can be developed empirically in
practice without complicated mathematics [15]. The structure
of Fig. 7 represents the basic components of a generic fuzzy
system that are: fuzzification interface, fuzzy rules, inference
system and defuzzification interface.

   Inputs Fuzzification
   Interface

Fuzzy Rule
      Base

  Inference
Mechanism

Defuzzification
     Interface

   Outputs

Fig. 7. Fuzzy controller architecture.

The fuzzification interface modifies the inputs so that
they can be interpreted and compared to the designed rule
base. The key of designing a fuzzy controller is to build
an appropriate rule base for fuzzy control. The rule base
is determined by the technical knowledge and operational
experience of engineers [16]. The rule model used in this
work can be seen below.

If < Condition > Then < Conclusion > (9)

The inference mechanism evaluates which control rules
are relevant at the current time and decides what should be
the input to the plant. The defuzzification interface converts
the conclusion obtained by the inference mechanism into the
inputs to the plant [17].

VI. CONTROL STRATEGY FOR BALL AND BEAM SYSTEM

The fuzzy PID controller used in this paper is based in
[18] and utilizes fuzzy rules to determine, in real time, the
set of PID parameters. The structure of this controller can be
seen in Fig. 8.

 
 e(t)

 
 u(t)

Σ
+

 
 setpoint

 
 output

+

Fuzzy logic
 controller

 
     PID 
controller

  K p
  K i
  Kd

d
dt

 
   Ball and beam
          model

      Differential
evolution algorithm

Fig. 8. PID fuzzy controller.

The inputs of this system are the error and the derivative of
the error. The outputs of the system are PID gains. The main
idea of this controller is to adapt the PID gains with weighting
factors computed through a fuzzy system. This controller,
take advantage of the fast-dynamic response of fuzzy control
and steady state performance of PID control to realize the
fast tracking and steady control of the system.

Before applying the fuzzy system, we use the differential
evolution algorithm to find the PID controller parameters.
For this controller, the following parameters were used:
population size = 50; crossing rate = 0.7; minimum mutation
rate = 0.2; maximum mutation rate = 0.8; number of iterations
maximum = 500; stopping criterion = MSE less than 0.001;
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number of estimated variables = 3. The values of the PID
controller parameters found by the DE algorithm are: Kp =
2.5; Ki = 0.1; Kd = 0.7. Through these values, we can define
the parameters of the fuzzy system.

The fuzzy PID controller proposed in this paper uses three
membership functions for the inputs and five membership
functions for the outputs. The membership functions of
the inputs can be seen in Fig. 9. This memberships are
designated with linguistic variables N (negative), Z (zero)
and P (positive). The membership functions of the outputs
can be seen in Fig. 10. This memberships are designated
with linguistic variables N (negative), NN (negative negative)
Z (zero), P (positive) and PP (positive positive).

   N    Z    P

Fig. 9. Membership functions of the input variables.

   NN    Z    PP   N    P

Fig. 10. Membership functions of the output variables.

The inputs e(t) and ∆e(t) are normalized within the range
of [-1.5; 1.5] and [-0.5; 0.5], respectively. The outputs Kp,
Ki and Kd of the fuzzy controllers are normalized within the
range [0; 3], [0; 1], [0; 1], respectively. The rule base used
for the outputs Kp, Ki and Kd is shown in Table II.

TABLE II
INFERENCE RULES.

e(t) ∆e(t) Kp Ki Kd

N N N Z N
N Z NN Z Z
N P N N P
Z N PP P NN
Z Z Z Z P
Z P Z P PP
P N Z Z PP
P Z Z P N
P P PP PP P

From the rules, three-dimensional surfaces was generated
that allows visualizing the effects of the same on the inputs
and output of the system. Figs. 11, 12 and 13 shows this
surfaces depicts how regular it was based on developed
rules. If the rule base is not completely consistent, gross
disproportions and irregularities in the generated surface are
observed.

Y (input):  ce      Z (output):

Y grids:
 15

Plot points:
101 Help

Fig. 11. surface Kp.

Y (input):  ce      Z (output):

Y grids:
 15

Plot points:
101 Help

Fig. 12. surface Ki.

Y (input):  ce      Z (output):

Y grids:
 15

Plot points:
101 Help

Fig. 13. surface Kd.

VII. RESULTS

In this section, results of the application of the fuzzy PID
controller in a ball and beam system are presented. This con-
troller has been designed in Matlab®-Simulink environment
and then downloaded to the Arduino® for testing.

The controller used in comparison is the PID controller
tuned by Differential Evolution Algorithm. For this controller,
the following parameters were used: population size = 50;
crossing rate = 0.7; minimum mutation rate = 0.2; maxi-
mum mutation rate = 0.8; number of iterations maximum =
500; stopping criterion = MSE less than 0.001; number of
estimated variables = 3. The values of the PID controller
parameters found by the DE algorithm are: Kp = 2.5; Ki =
0.1; Kd = 0.7. The platform used in the tests is composed
of the microcomputer, microcontroller, motorized gear and
ultrasonic sensor, as can be seen in Fig. 14.

Fig. 14. Ball and beam control system.

In all cases, the sphere was kept in equilibrium position,
that is, its setpoint was 8 cm. The first perturbation applied
in the system can be seen in Fig. 15.

Through the Fig. 15, it can be seen that the fuzzy PID
controller leads to the position reference value in a shorter
time than the PID controller. The performance of both
controllers may be better evidenced by Table III.

Through Fig. 15 and Table III, it can be concluded that
the fuzzy PID controller performs better than PID controller,
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0 20 40 60 80 100
Time [s]

6

8

10

12

14
PID
Fuzzy PID

Fig. 15. Ball position response with PID and fuzzy PID controllers
implemented in real time plant for a small perturbation.

TABLE III
SIGNAL PERFORMANCE FOR SMALL PERTURBATION.

Controllers Overshoot Stabilization time
PID 13 cm 94 s
FUZZY PID 12 cm 90 s

since it presented a smaller overshoot and a lower stabiliza-
tion time. The second perturbation applied in the system can
be seen in Fig. 16.

0 10 20 30 40 50 60 70 80
Time [s]

5

10

15

20
PID
Fuzzy PID

Fig. 16. Ball position response with PID and fuzzy PID controllers
implemented in real time plant for a medium perturbation.

The performance of both controllers may be better evi-
denced by Table IV.

TABLE IV
SIGNAL PERFORMANCE FOR MEDIUM PERTURBATION.

Controllers Overshoot Stabilization time
PID 17 cm 75 s
FUZZY PID 14 cm 70 s

Through Fig. 16 and Table IV, it can be concluded that
the fuzzy PID controller performs better than PID controller,
since it presented a smaller overshoot and a lower stabiliza-
tion time.

TABLE V
SIGNAL PERFORMANCE FOR BIG PERTURBATION.

Controllers Overshoot Stabilization time
PID 30 cm 160 s
FUZZY PID 24 cm 140 s

The third perturbation applied in the system can be seen in
Fig. 17. The performance of both controllers may be better
evidenced by Table V. Through Fig. 17 and Table V, it can
be concluded that the fuzzy PID controller performs better

0 20 40 60 80 100 120 140 160
Time [s]

0

10

20

30

40
PID
Fuzzy PID

Fig. 17. Ball position response with PID and fuzzy PID controllers
implemented in real time plant for a big perturbation.

than PID controller, since it presented a smaller overshoot
and a lower stabilization time.

VIII. CONCLUSION

In this paper, a fuzzy PID controller was used for to control
a ball and beam system. For the tests of the proposed con-
troller, three perturbations were applied out in the system. The
fuzzy PID controller was then compared with a conventional
PID controller tuned by a Differential Evolution Algorithm.
The two controllers were developed in MATLAB-Simulink
environment and then downloaded to the Arduino for testing.
The fuzzy PID controller showed superior performance over
conventional PID controller in all cases. The fuzzy PID
controller responses were smoother, less oscillating, with a
lower overshoot and a lower settling time.
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