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Chapter

Methodology for the
Implementation of a Fuzzy
Controller on Arduino, MATLAB™
and Nexys 4™ Platforms
Jesus de la Cruz-Alejo, Hugo Beatriz-Cuellar,

Agustin Mora-Ortega and Maria Belem Arce-Vazquez

Abstract

This chapter presents a methodology to implement a fuzzy controller in different
hardware platforms, which can be used to control a system or process. The method-
ology proposes a programming algorithm to implement a fuzzy controller on the
Arduino UNO, Arduino DUE, Nexys 4™, and MATLAB™ platforms. The program-
ming algorithm uses two control statements (IF-THEN and FOR) and the basic math-
ematical operations. The fuzzy controller was designed for two input variables, one
output variable, five fuzzy sets for each variable, and a Mamdani type structure. An
analysis of convergence time, amount of memory, and control surface is performed to
ensure that the fuzzy controller on all platforms is satisfactory. MATLAB™ is used to
compare these platforms through numerical simulations, which demonstrates the
effectiveness of the proposed methodology. The experimental results of the fuzzy
controller are a processing time of 117 milliseconds and 40% of the memory of the
Arduino UNO, a processing time of 21.275 milliseconds and 5% of the memory of the
Arduino DUE, and a processing time of 17.871 milliseconds and 40% of the memory
on the Nexys 4™. Finally, a Mean Square Error of 0.0326, 0.0643, and 0.1125 was
obtained for MATLAB™, Arduino, and Nexys 4™, respectively.

Keywords: fuzzy controller, methodology, MATLAB™, Arduino, Nexys 4™

1. Introduction

Currently, most of the processes use a control system, which provides the neces-
sary conditions and guarantees the correct operation of the process to obtain the final
product. Additionally, there is a great variety of control systems, for example, neural
networks, PID controllers, robust control, sliding modes, PLC (Programmable Logic
Controllers), fuzzy controller, among others. On the other hand, the characteristics of
the process must be analyzed to select a control system, for example, the cost of the
control system, the software or hardware used for the implementation of the control
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system, the mathematical requirements used to analyze the process, variables, types
of sensors and actuators necessary to control the process, desired precision in the
process, advantages and/or disadvantages of the control system, among other things.
Therefore, this work shows a methodology for the implementation of a fuzzy con-
troller in different software or hardware platforms, since a fuzzy controller does not
need the mathematical model of the system, uses the experience or knowledge of a
person, does not use complex mathematical equations for its implementation, and
uses linguistic explanations (low, high, hot, cold, good, bad, etc.) to define process
conditions and control action. Therefore, a fuzzy controller is one of the best options
for controlling a process. Currently, fuzzy controllers are used in a wide variety of
processes or applications; for example, modeling and simulation of the Maximum
Power Point Tracking (MPPT) in photovoltaic solar energy systems [1–5], increase the
accuracy in determining the degree of diabetes in a person [6, 7], identification of hot
spots and analysis of the intensity of flames in pipes to prevent fires [8], improve the
performance of a grid-connected wind generator system [9–11], control of the output
voltage of a Boost converter [12], generate a suitable microclimate for an agricultural
greenhouse [13], among other applications. On the other hand, the proposed method-
ology uses two control statements (IF-THEN and FOR), and the basic mathematical
operations (addition, subtraction, multiplication, and division) for the design and
implementation of the fuzzy controller stages. Therefore, the proposed methodology
uses basic programming elements, which allows the fuzzy controller to be
implemented in different software or hardware platforms. In this work, MATLAB™
and the Arduino UNO, Arduino DUE, and Nexys 4™ boards are used to show the
correct operation of the proposed methodology. Also, Fuzzy Logic Toolbox™ is used
to simulate and analyze the operation of the fuzzy controller. Finally, the structure of
the chapter is as follows, Section 2 shows the procedure to implement the fuzzy
controller in the different platforms, Section 3 shows the simulation and experimental
results of the fuzzy controller, which was implemented in the different platforms, and
Section 4 presents the conclusions.

2. Description of the methodology

The methodology proposes a programming algorithm, which allows implementing
a fuzzy controller on different hardware and software platforms, which have different
technical characteristics. In this case, MATLAB™ and the Arduino UNO, Arduino
DUE, and Nexys 4™ boards are used to show the correct operation of the proposed
methodology. The Arduino UNO board uses the ATmega328P microcontroller, which
has a 32 KB Flash memory, a 2 KB SRAM memory, and a 1 KB EEPROM memory. In
addition, this board has a 16 MHz clock speed, 14 digital input or output pins, 6 analog
inputs with a 10-bit resolution, and 8 PWM outputs, and its programming language is
based on the C/C++ language. The Arduino DUE board uses the SAM3X8E microcon-
troller, which has a 512 KB Flash memory and a 96 KB SRAM memory. In addition,
this board has a clock speed of 84 MHz, 54 digital input or output pins, 12 analog
inputs with a 12-bit resolution, 2 digital-analog converters, and 12 PWM outputs, and
its language of programming is based on the C/C++ language [14, 15]. The Nexys 4™
board model XC7A100T-1CSG324C contains two external memories, a 128Mbit cel-
lular RAM and a 128Mbit non-volatile serial Flash device. In addition, this board has a
clock speed of 100 MHz, USB ports, an Ethernet port, a micro-SD port, a micro-USB
port, a VGA port, accelerometer, temperature sensor, digital microphone, speaker
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amplifier, 16 user switches, 16 user LEDs, two 4-digit 7-segment displays, two three-
color LEDs and its programming language is VHDL [16, 17]. Additionally, the ISE
Project Navigator 14.7 software was used to program the Nexys 4™ board, and the
Arduino IDE (Integrated Development Environment) was used to program the
Arduino boards. Figure 1 shows the Arduino UNO, Arduino DUE, and Nexys 4™
boards. On the other hand, the fuzzy controller implementation is done in the
MATLAB™ Script, which is a program file that allows building a programming
algorithm and provides tools for displaying graphics in two and three dimensions.
Additionally, the MATLAB™ Script is used for the analysis, design, and simulation of
the different stages of the controller. Also, the fuzzy controller is implemented in
Fuzzy Logic Toolbox™, which is a MATLAB™ tool used to design, analyze, and
simulate a fuzzy controller. Therefore, the Fuzzy Logic Toolbox™ is used to analyze
the results obtained from the implementation of the controller on the different
platforms [18, 19]. Finally, this boards can be used to control a process, and the
selection of the board will depend on the characteristics of the process, for example,
the number of variables, sensors or actuators, the cost of the board, the cost of the
system, among other things.

2.1 Fuzzy controller design

The design of a fuzzy controller of the Mamdani type is carried out, which is made
up of the fuzzification, inference, aggregation, and defuzzification stages. On the
other hand, a fuzzy controller can use more than one input variable and can determine
more than one output variable; however, a fuzzy controller needs at least two input
variables and one output variable to function properly. If the number of input and
output variables of the fuzzy controller is increased, then the complexity of the fuzzy
controller implementation will increase. Figure 2 shows the structure of a fuzzy
controller of the Mamdani type. The design and implementation of a fuzzy controller
begins with the definition of the controlled variable of the process, for example,

Figure 1.
Board of (a) Arduino UNO, (b) Arduino DUE, and (c) Nexys 4™.

Figure 2.
Structure of a fuzzy controller of the Mamdani type.
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temperature, humidity, pressure, pH, among others. Subsequently, the input and
output variables of the controller must be defined. For this, it must be considered that
the input variables of the fuzzy controller are used to measure the state or condition of
the process, and the output variable of the fuzzy controller is the control action, which
will be used to adjust the controlled variable. Also, a universe of discourse must be
specified for each of the controller variable, which can be defined as the range of
values, where a specific value of the input or output variables can be found or
located. In other words, a universe of discourse is made up of the values that are
between the minimum and maximum values of a variable. On the other hand, a series
of linguistic values (low, high, good, bad, etc.) must be defined, which describe the
state or condition of the input and output variables of the controller. Subsequently,
within the universes of discourse of the controller variables, fuzzy sets must be
defined, which must be labeled with the name of the linguistic values. Also, the type
of fuzzy set that will be used to implement the controller must be defined. For this,
the computational load and the necessary programming elements must be considered.
Finally, these elements should be considered as the initial parameters of the fuzzy
controller [20].

The fuzzy controller should be used for a specific situation since this is the correct
way to show how to implement the fuzzy controller. Therefore, the fuzzy controller is
used to determine the tip of a food establishment, since this application is the simplest
to understand the operation of the fuzzy controller. This application will allow to
characterize the controller; that is, this application allows defining the input and
output variables of the controller, the length of the universes of discourse, type of
fuzzy sets, dimensions of fuzzy sets, among other things. In this case, the value of the
tip depends on the quality of the food and the service of the food establishment.
Therefore, a signal defined as “food” and a signal defined as “service” are used as
controller input variables, and a signal defined as “tip” is used as the controller output
variable. A universe of discourse from 0 to 100 was used for the input variables since
food and service can be evaluated with a score of 0 to 100. A universe of discussion
from 0 to 120 was used for the output variable, which represents the amount of
money from 0 to $120. However, the minimum value of the tip will be $20, and the
maximum value of the tip will be $100.

2.2 Fuzzy sets of controller variables

There is a great variety of types of fuzzy sets, which can be used for the imple-
mentation of a fuzzy controller. Figure 3 shows a triangular type of fuzzy set, which is
used to define the fuzzy sets of the input and output variables of the controller. This
type of fuzzy set uses the subtraction and division operations for its implementation in
software and hardware.

Figure 3.
Triangular fuzzy set.
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On the other hand, the accuracy of the process state measurement depends on the
number of fuzzy sets of the input variables. Similarly, the accuracy of the control
action to adjust the process depends on the number of fuzzy sets of the output
variable. Therefore, a process analysis must be performed to determine the number of
fuzzy sets for the input and output variables of the controller. In this case according to
the approximation error through simulations using five and seven, the approximation
error between five and seven was minimal. So, five fuzzy sets were defined for the
variable “food” labeled Very Bad (VB), Bad (BD), Regular (RG), Good (GD), and
Very Good (VG). Also, five fuzzy sets were defined for the variable “service” labeled
Very Bad (VB), Bad (BD), Regular (RG), Good (GD), and Very Good (VG). Also, five
fuzzy sets were defined for the output variable “tip” labeled Very Bad (VB), Bad
(BD), Regular (RG), Good (GD), and Excellent (EX). The dimensions of the fuzzy
sets depend on the importance of the control action; therefore, the length of the fuzzy
sets can be different. Finally, Figure 4 shows the dimensions of the fuzzy sets of the
variables of the fuzzy controller.

2.3 Fuzzification stage

The first stage of the fuzzy controller is fuzzification, which is used to transform a
real variable (“food” or “service”) into a fuzzy variable through the membership
functions. Fuzzification determines the fuzzy sets that indicate the state or condition
of an input variable. For this, the membership function μ(x) must be determined
using Eq. (1) [21–23]. The algorithm used to implement the fuzzification in the

Figure 4.
Fuzzy sets of the variables (a) food, (b) service, and (c) tip.
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MATLAB™ Script and on the Arduino UNO, Arduino DUE, and Nexys 4™ boards is
described below.

Eq. (1) is used to determine the μ(x) of the input variables (food or service), and IF-THEN conditional

statements are used to determine the fuzzy sets that define the condition of the input variables. FD and SV

are the value of food and service, respectively. Setfd and Setsv store the fuzzy set that indicates the state of

the input variables, Mf1 and Mf2 are the membership functions of the input variables, and a1, a2, b1, and

b2 are dimensions of a fuzzy set.

% MATLAB Script

if FD >= a1 && FD <= b1

Setfd = VB;

Mf1=(FD – a1) / (b1 – a1);

end

if SV >= a2 && SV <= b2

Setsv = VB;

Mf2=(SV – a2) / (b2 – a2);

end

// Arduino UNO/DUE

if (FD >= a1 && FD <= b1) {

Setfd =VB;

Mf1=(FD – a1) / (b1 – a1);

}

if (SV >= a2 && SV <= b2) {

Setsv =VB;

Mf2=(SV – a2) / (b2 – a2);

}

– Nexys 4™

if (FD >= a1 and FD <= b1) then

Setfd := VB;

Mf1:=((FD-a1)*(100))/(b1-a1);

end if;

if (SV>=a2 and SV<=b2) then

Setsv := VB;

Mf2:=((SV-a2)*(100))/(b2-a2);

end if;

2.4 Inference stage

The inference stage uses fuzzy rules, which represent the knowledge base of a
fuzzy controller and determine the controllability of the process. Fuzzy rules relate
the membership functions of the fuzzy sets that the input variables have. The result of
a fuzzy rule is a fuzzy set contained in the output variable obtained using the
Mamdani implication. The membership functions of the input variable fuzzy sets
indicate the state or condition of the process, and the fuzzy set of the output variable
indicates the control action for the process. Generally, fuzzy rules of the Mamdani
type have the structure shown in the Eq. (2), which are the most used for the
simulation and implementation of a fuzzy controller. The knowledge of a person can
be used, or the simulation of the process can be carried out to determine the fuzzy
rules. The inference stage determines the fuzzy sets that will be used in the
defuzzification stage. Finally, Table 1 shows the fuzzy rules that relate the member-
ship values of the fuzzification stage used to determine the inference matrix and with
it, the value of the tip [24, 25].

IF x is A AND y is B THEN z is C (2)

Service

Food VB BD RG GD VG

VB VB VB BD BD RG

BD VB BD BD RG RG

RG BD BD RG RG GD

GD BD RG RG GD GD

VG RG RG GD GD EX

Table 1.
Knowledge base or inference matrix of the fuzzy rules to determine the tip.
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Where: x and y are the input variables, z is the output variable, A and B are fuzzy
sets of the input variables, and C is a fuzzy set of the output variable.

The algorithm used to implement fuzzy rules in MATLAB™ Script and Arduino
UNO, Arduino DUE, and Nexys 4™ boards is described below.

Eq. (2) is used to declare fuzzy rules. Setfd and Setsv were defined in the fuzzification stage, and Settp

contains the result of the fuzzy rule (output fuzzy set).

% MATLAB Script

if Setfd==VB && Setsv==VB

Settp=VB;

end

if Setfd==VG && Setsv==VG

Settp =EX;

end

// Arduino UNO / DUE

if (Setfd==VB && Setsv==VB) {

Settp = VB;

}

if (Setfd==VG && Setsv==VG) {

Settp = EX;

}

– Nexys 4

if (Setfd=VB and Setsv=VB) then

Settp := VG;

end if;

if (Setfd=VG and Setsv=VG) then

Settp := EX;

end if;

Also, the inference stage must define a membership function μ(x) for the output
fuzzy set or result of a fuzzy rule. Generally, the inference method of the Mamdani
type (min-max) is used for the implementation of a fuzzy controller, which uses
Eq. (3), which selects the membership function of the input variable with the mini-
mum value. In this case, the IF-THEN control statement is used to determine the
membership function with the minimum value, which reduces the computational load
and allows the inference stage to be implemented on different platforms that cannot
use the min (a, b) operation. Finally, there are fuzzy rules that have the same result
(output fuzzy set), which implies that multiple membership functions can be associ-
ated with an output fuzzy set.

μC xð Þ ¼ min μA xð Þ, μB xð Þ, … , μM xð Þf g (3)

where: μA(x), μB(x),… , μM(x) are the membership functions of the input vari-
ables, and μC(x) is the membership function for a fuzzy set of the output variable.

The algorithm used to implement the inference method in MATLAB™ Script and
Arduino UNO, Arduino DUE, and Nexys 4™ boards is described below.

MfOut is the membership function of the output fuzzy set (result of a fuzzy rule), and the variables “Mf1”

and “Mf2” were defined in the fuzzification stage.

% MATLAB Script

if Mf1 >Mf2

MfOut = Mf2; % Mf2<Mf1

else

MfOut = Mf1; % Mf1<Mf2

end

// Arduino UNO / DUE

if (Mf1 >Mf2) {

MfOut = Mf2; // mf2<mf1

else

MfOut = Mf1; // mf1<mf2

}

– Nexys 4

if (Mf1 >Mf2) then

MfOut := Mf2; – mf2 < mf1

else

MfOut := Mf1; – mf1<mf2

end if;

2.5 Aggregation stage

The aggregation stage is used to determine and obtain the membership
functions μ(x) of the output fuzzy sets, which will be used in the defuzzification
stage. As mentioned above, the inference stage can associate multiple membership
functions to an output fuzzy set. Therefore, the aggregation stage uses Eq. (4) to
select the highest value of the membership function of the aggregation stage. In
this case, IF-THEN conditional statements were used to compare the multiple
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membership functions and obtain the highest value of the membership function.
This option reduces the computational load and allows the aggregation stage to
be implemented on different platforms, which cannot use the max (a, b)
operation [26, 27].

μC xð Þ ¼ max μC1 xð Þ, μC2 xð Þ, … , μCM xð Þð Þ (4)

where: μC(x) is the membership function of output fuzzy set, which will be used
for defuzzification, and μC1(x), μC2(x), … , μCM(x) are the membership functions
defined for the output fuzzy set.

The algorithm used to implement the aggregation stage in the MATLAB ™

Script and on the Arduino UNO, Arduino DUE, and Nexys 4™ boards is described
below.

Mftip is the membership function of the output fuzzy set, which will be used in the defuzzification, and

MfOut1, … , MfOut3 are membership functions, which were defined for an output fuzzy set.

% MATLAB Script // ArduinoUNO / DUE – Nexys 4

if MfOut1 >= MfOut2

Mftip = MfOut1;

else

Mftip = MfOut2;

end

if Mftip >= MfOut3

Mftip = Mftip;

else

Mftip = MfOut3;

End

if (MfOut1 >= MfOut2) {

Mftip = MfOut1;

else

Mftip = MfOut2;

}

if (Mftip >= MfOut3) {

Mftip = Mftip;

else

Mftip = MfOut3;

}

if (MfOut1 >= MfOut2) then

Mftip := MfOut1;

else

Mftip := MfOut2;

end if;

if (Mftip >= MfOut3) then

Mftip = Mftip;

else

Mftip = MfOut3;

end if;

2.6 Defuzzification stage

The last stage of the fuzzy controller is defuzzification, which is used to determine
a numerical value, which represents the output fuzzy sets. In this work, the
defuzzification value is determined using Eq. (5), which represents the centroid
method. The centroid method is used, since this method only requires the basic
operations of addition, subtraction, multiplication, and division for its implementa-
tion in software or hardware. The defuzzification value represents the rigid value of
the output controller, in this case, the value of the tip of the food establishment.
Finally, the defuzzification value represents the control action that must be performed
in a process [20, 28, 29].

defuzzification ¼ x1
∗
μ x1ð Þ þ x2

∗
μ x2ð Þ þ … þ xn

∗
μ xnð Þð Þ= μ x1ð Þ þ μ x2ð Þ þ … þ μ xnð Þð Þ

(5)

where: x1, x2, … , xn are values of the output variable (“tip”), which are found
within the fuzzy sets obtained for defuzzification, and μ(x1), μ(x2), … , μ(xn) are the
membership functions of x1, x2, … , xn.

The algorithm used to implement the defuzzification stage in the MATLAB
Script and on the Arduino UNO, Arduino DUE, and Nexys 4™ boards is described
below.
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Figure 5 shows the fuzzy set used to show the defuzzification process. Eq. (5) is used to determine

the defuzzification value. Mftip is the membership function defined in the aggregation stage, mfx is

the membership function of x, num1 and den1 are the numerator and denominator of Eq. (5),

respectively.

% MATLAB Script

Tpaso=(c - a) / 1000; x=a;

for k=1:1:1000

x = x + Tpaso;

if x >= a && x <= b

mfx = (x - a) / (b - a);

if mfx >= Mftip

mfx = Mftip;

end end

if x > b && x <= c

mfx=(c - x)/(c - b);

if mfx >= Mftip

mux= Mftip;

end end

num1=num1+(x*mfx);

den1=den1+mfx; end

% Defuzzification result

dzz=num1/den1;

// Arduino UNO / DUE

Tpaso=(c - a) / 1000; x=a;

for (k=1; k<=1000; k++){

x = x + Tpaso;

if (x >= a && x <= b){

mfx = (x - a) / (b - a);

if (mfx >= Mftip){

mfx = Mftip;

} }

if (x > b && x <= c){

mfx=(c - x)/(c - b);

if (mfx >= Mftip){

mux= Mftip;

} }

num1=num1+(x*mfx);

den1=den1+mfx; }

// Defuzzification result

dzz=num1/den1;

– Nexys 4™

Tpaso=(c - a) / 10; x = a;

for i in 0 to 10 loop

if (x >= a and x <= b) then

mux := ((x-a)*(100))/(b-a);

if (mfx >= Mftip) then

mfx := Mftip;

end if; end if;

if (x > b and x <= c) then

mux := ((c-x)*(100))/(c-b);

if (mfx >= Mftip) then

mfx := Mftip;

end if; end if;

num1 := num1+(x*mfx);

den1 := den1 + mfx;

end loop;

– Defuzzification result

dzz := num1 / den1;

2.7 Procedure for the implementation of a fuzzy controller in the process

As mentioned above, a fuzzy controller is used to control some variables of a
process; therefore, the controlled variable, the type of sensor to measure the con-
trolled variable, and the type of actuator (DC motor, stepper motor, fan, heater, etc.)
required to adjust the process must be defined. Additionally, the resolution of the
sensor (8 bits, 10 bits, 12 bits, etc.), the sampling rate of the sensor, the sensor
operating range, and the type of signal (the number of steps of a stepper motor,
minimum and maximum speed of a fan, PWM signal, etc.) required to control the
movement of the actuator must be determined to control a process using a fuzzy
controller. In this case, the sensor operating range is used to define the characteristics
of the input variables of the fuzzy controller and the working range of the actuator is
used to define the characteristics of the output variable of the controller [30]. Figure 6
shows a block diagram of a control system for a process, which uses a generic fuzzy
controller. The controller uses the error e(t) and the derivative of the error d(e(t))/dt
as input variables, the output variable is a control signal for the actuator (mvact).
Finally, a fuzzy controller does not allow an overshoot to be generated in the system

Figure 5.
Defuzzification using the centroid method.
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response like a classical controller. This is because a fuzzy controller relates the input
variables to the output variable through fuzzy rules of the IF-THEN type. So the
output response does not have oscillations in the output, and only the settling time
and rise time of the system response are short.

3. Experimental and simulation results

The analysis, design, and simulation of the programming algorithm for the fuzzy
controller were carried out in a MATLAB™ Script, which was used to perform an
analysis of its operation. Figure 7 shows the simulation of the fuzzy controller in the
MATLAB™ Script, Figure 7(a) shows the fuzzification of the “food” variable with a
score of 15, Figure 7(b) shows the fuzzification of the “service” variable with a score
of 35, and Figure 7(c) shows a defuzzification value or tip value of $31.61. Fuzzy
Logic Toolbox™ was used to determine the accuracy of the fuzzy controller, which
was implemented using the proposed methodology in the different platforms men-
tioned above. Therefore, the results of Fuzzy Logic Toolbox™ are considered as the
ideal results or correct results. The results of the fuzzy controller in the MATLAB™
Script (MS), Fuzzy Logic Toolbox™ (FLT), the Arduino UNO board (AUNO), the
Arduino DUE board (ADUE), and the Nexys 4™ board (NX4) are shown in Table 2.
The Mean Square Error (MSE) is used to as an analysis of the accuracy of the proposed

Figure 6.
Block diagram of the control of a process using a fuzzy controller.

Figure 7.
Result of (a) fuzzification of the food variable, (b) fuzzification of the service variable, and (c) defuzzification
value or tip value.
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methodology, which is summarized in Table 2. It can be seen that the fuzzy controller
implemented in the Arduino boards, Nexys 4™, and the MATLAB™ Script generate
almost the same MSE in all the examples. Also, the results show that the fuzzy
controller can estimate the optimal parameters and compensate the uncertainties and
nonlinearity of the system. As we can see, the error is minimal in the different
platforms. This is very important for the research presented here, which focuses on
the retention of experience and its subsequent instead of the mathematical model and
nonlinearities found in the system.

The MSE, which measures the error between two datasets, was used to determine
the accuracy of the proposed fuzzy controller. Eq. (6) was used to determine the MSE,
and the values of 0.0326, 0.0643, and 0.1125 were obtained for the Arduino UNO,
Arduino DUE, and Nexys 4™ boards, respectively. A high degree of accuracy is
obtained on the MATLAB™ and Arduino platforms, since their programming lan-
guage allows the use of a wide variety of variable types (integers, floating point, bit,
byte, etc.) and control statements (IF-THEN, FOR, WHILE, etc.). Finally, the preci-
sion of the Nexys 4™ board is lower, since this board does not allow the use of
floating-point numbers or real numbers.

MSE ¼
1

n

X

n

i¼1

dni � yi
� �2

(6)

where n is the data number, dn is the desired value, and yn is the system result.
An analysis of the control surface or controllability of the process is carried out,

which is obtained from the fuzzy controller results. The control surface shows the
form, in which the process control will be performed. The control surface shows the
mapping of the input and output variables of the controller. The control surfaces for
the MATLAB™ Script, Fuzzy Logic Toolbox™, Arduino UNO board, Arduino DUE
board, and Nexys 4™ board are shown in Figure 8. We can see when achieving a
monotonic curve as Figure 8 has, means that do not exist large changes and for this,

Input variables Defuzzification (tip) Mean Square Error (MSE)

Food Service FLT MS AUNO/ ADUE NX4 MS AUNO/ADUE NX4

0 0 20.0 20.0000 20.00 20 0.0000 0.0000 0.00

10 20 28.4 28.3873 28.38 28 0.0000 0.0002 0.08

20 5 24.8 24.8278 24.83 25 0.0003 0.0004 0.02

30 40 45.4 45.3849 45.38 45 0.0001 0.0002 0.08

40 80 65.4 65.3849 65.38 65 0.0001 0.0002 0.08

50 25 40.0 40.0000 40.00 40 0.0000 0.0000 0.00

60 5 45.4 45.3849 45.38 45 0.0001 0.0002 0.08

70 95 75.2 75.1726 75.17 75 0.0003 0.0004 0.02

80 10 48.4 48.3873 48.39 48 0.0000 0.0000 0.08

90 45 71.6 71.6131 71.61 72 0.0000 0.0000 0.08

100 100 100.0 100.0000 100.00 100 0.0000 0.0000 0.00

Table 2.
Experimental results and simulation results of fuzzy controller.
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control action is smooth that means that the movement of the actuators works without
stress, since an unsmooth control action can damage the actuators in the process. The
control surface shows all the possible results of the controller; that is, the control
surface shows all the results of the variable “tip” for all possible combinations of the
variables “food” and “service.”

3.1 Characteristics of the implementation of the fuzzy controller

The amount of memory and the processing time are the most important aspects
when implementing a programming algorithm on a hardware board. Therefore, the
amount of memory and the processing time of the fuzzy controller should be ana-
lyzed. The fuzzy controller, which was implemented on the Arduino UNO board, has
a processing time of 117 ms and uses 40% of the board’s memory. The fuzzy control-
ler, which was implemented on the Arduino DUE board, has a processing time of
21.275 ms and uses 5% of the board’s memory. The fuzzy controller, which was
implemented on the Nexys 4™ board, has a processing time of 17.871 milliseconds and
uses 40% of the board’s memory.

3.2 Comparison between the methodology fuzzy controller proposed with
other works

As a comparison, the analysis of the accuracy of the fuzzy controller proposed
with different research works was taken into account, in which a fuzzy controller was

Figure 8.
Control surface of (a) Fuzzy Logic ToolboxTM, (b) MATLAB™ script, (c) Arduino boards, and (d) Nexys 4™
board.
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used. In this case, Refs. [31, 32] was used to compare the efficiency. Arduino Mega
2560 board and the Arduino UNO board are compared. Tables 3-5 show the results of
the fuzzy controller and the MSE of the data. As can be seen, the fuzzy controller
using the proposed methodology has a higher precision than the fuzzy controller
taking in consideration.

On the other hand, there are research works that use a computer to implement a
fuzzy controller and a hardware board as an interface to interconnect the
environment (physical variables) with the computer [33, 34]. This action can
increase the cost of the system and make it difficult to implement it in a process.
Table 6 shows the results of a fuzzy controller, which is implemented in MATLAB™
and used for the prediction of GSM tissue and wrinkle recovery angle of laser-
engraved denim [35]. Additionally, the results of the fuzzy controller implemented
using the proposed methodology and the MSE are shown. As can be seen, a high
degree of accuracy can be obtained in a process using the methodology proposed in
this work.

Light

intensity

Brightness (LED) Mean Square Error

Fuzzy Logic

Toolbox™

Fuzzy controller of

the Greenhouse

(Arduino Mega)

Proposed fuzzy

controller

(Arduino uno)

Arduino

MEGA

Arduino

UNO

523 450 450 450.00 0.0000 0.0000

498 455 455.85 454.93 0.3612 0.0024

78 850 850 850.00 0.0000 0.0000

57 850 850 850.00 0.0000 0.0000

218 810 808.5 809.60 1.1250 0.0800

213 820 818.4 820.00 1.2800 0.0000

693 267 269.2 266.70 2.4200 0.0450

689 276 278.9 275.64 4.2050 0.0648

801 250 250 250.00 0.0000 0.0000

688 278 281.2 277.80 5.1200 0.0200

Table 3.
Test of the light intensity of an LED using a diffuse driver.

PH Moisture

(%)

Experimental

results of the

process

Fuzzy controller

for fertilization

(MATLAB)

Proposed fuzzy

controller

(Arduino uno)

Mean Square Error

MATLAB Arduino UNO

5.3 43 0 ml 0 ml 0 ml 0.0000 0.0000

6.89 71 18 ml 18.35 ml 18.37 0.0612 0.0684

4.01 57 0 ml 0 ml 0 ml 0.0000 0.0000

7.15 59 23 ml 23.23 ml 23.31 ml 0.0264 0.0480

Table 4.
Results of the acid solution for the process using a fuzzy controller.
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4. Conclusions

In this work, a methodology was proposed to implement a fuzzy controller of the
Mamdani type on different platforms (software or hardware). The methodology is
based on the IF-THEN and FOR control statements, and mathematical operations
such as addition, subtraction, multiplication, and division, which are used to establish
each of the stages of a fuzzy controller (fuzzification, fuzzy rules, or defuzzification).
The key ideas explored are the use of programming languages such as VHDL, C++,
and MATLAB™. The operation of the fuzzy controller based on the proposed meth-
odology is tested using different examples, which are compared with the Fuzzy Logic
Toolbox™ (MATLAB™ tool). The results show that the fuzzy controller methodology
can improve the convergence of the system and improve the error properties. In
addition, the proposed methodology reduces the computational difficulty and the
computational load. Also, the procedure to implement the fuzzy controller in a pro-
cess is described. Compared to other works, the greatest contribution of this work is to
describe the elements to program and implement each of the stages of a fuzzy con-
troller in software or hardware. This will allow estimating the optimal parameters,

PH Moisture

(%)

Experimental

results of the

process

Fuzzy controller

for fertilization

(MATLAB)

Proposed fuzzy

controller

(Arduino uno)

Mean Square Error

MATLAB Arduino UNO

5.3 43 55 ml 54.68 ml 54.53 ml 0.0512 0.1104

6.89 71 0 ml 0 ml 0 ml 0.0000 0.0000

4.01 57 25 ml 25.49 ml 25.64 ml 0.1200 0.2048

7.15 59 0 ml 0 ml 0 ml 0.0000 0.0000

Table 5.
Results of the neutral solution for the process using a fuzzy controller.

Dots

Per

Inch

Pixel

Time

Fabric

weight

(GSM)

Fuzzy

controller

to predict

the GSM

Proposed

fuzzy

controller

(Arduino

uno)

Recovery

Angle

(Degree)

Fuzzy controller to

predict the angle of

recovery (Degree)

Proposed

fuzzy

controller

(Arduino

uno)

15 100 439 429 428.5105 77 75 75.00

15 150 411 409 408.8334 71 70.8 70.83

15 200 385 379 378.3335 66 64.5 64.54

20 100 400 409 408.8334 69 70.8 70.83

20 150 375 379 378.3335 65 64.5 64.54

20 200 354 348 348.1668 60 58.3 58.38

25 100 372 379 378.3335 62 64.5 64.54

25 150 345 348 348.1668 58 58.3 58.38

25 200 318 328 328.1575 52 54 54.23

Table 6.
Fuzzy controller to predict the strength values of laser-engraved denim seams.
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uncertainties, and nonlinearities of a dynamic system to control a system without the
mathematical model. Finally, simulations were shown to verify that the proposed
methodology, and the theoretical and experimental results are valid.
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