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Abstract -This paper makes a general description of the characteristics and properties of intelligent
controllers, focusing on the design and implementation of a fuzzy controller for the control of a didactic
level and flow plant (AMATROL T5552). The document shows the step by step development of the
supported controller on the structuring and association of premises, in addition the structure and block
diagram of the proposed solution is analyzed in detail, the analysis of the fuzzy rules used for the value
control and the comparison of experimental results that validate the correct functioning of the proposed
solution.
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I. INTRODUCTION

The controllers allow to maintain or stabilize a system around a given value. This is achieved through
various strategies, since there are different types of control, among which are: intelligent, conventional, modern,
hybrids, among others. Between these trends, intelligent type controllers stand out, because they compensate the
system in an adaptive manner and have the ability to control another system without the need for prior modeling
[1-3].

The coupling between systems to be controlled and controllers carried out by means of techniques involving
the development of models of the systems to be controlled, increase the steady-state error (difference between
the expected value and the current value) when estimating an output value, due to the fact that designing the
controller does not take into account all the physical interactions of the system to be controlled with its
environment. As mentioned before, intelligent controllers partially solve this limitation by means of adaptive
strategies that do not require prior knowledge of the system to be controlled. However, this issue is still under
exploration because this type of controller is versatile enough to fit a totally unknown system [1-3].

The problem of controlling unknown systems has been addressed in different ways, including through the
development of optimization algorithms, random search, bio-inspired, among others. In particular, through the
use of fuzzy logic, controllers are designed based on the representation of the behavior of the different states of
the system to be controlled. This technique gives controllers the ability to reason to solve problems, since they
are constructed using sets of rules that regulate the behavior of the system to be treated [4-5].

These characteristics give fuzzy controllers an advantage over other intelligent controllers, because they
emulate behavior similar to human reasoning. When inheriting this characteristic, the controller deduces and
generates a logical action from a previous knowledge, which allows it to control one or more variables of the
system of simultancous way. However, one limitation of this technique is the large number of parameters that it
may have, due to this they are usually implemented in centralized controllers that are mostly computers [5].

However, the development of technologies for the manufacture of electronic control systems of small size,
has allowed to implement a large number of applications that are normally executed in a computer on embedded
cards. Due to the importance of this type of systems, this article proposes a methodology to implement a fuzzy
controller using an embedded system to control a real plant [6].

This article is arranged as follows: Section 1 presents the main characteristics of an intelligent controller.
Section 2 presents a description of an intelligent controller. Section 3 and 4 show a way to implement a fuzzy
controller and the results obtained by comparing the results obtained in the simulation and in practice when
implementing the controller.

Il. METHODOLOGY
A. Fuzzy Logic

Man has been identified scientifically with the name of Homo sapiens, to give a value to his cognitive
abilities that give him a sense of his own and identity when developing certain types of abilities. This type of
skills has allowed him to solve a large number of problems, by applying concepts that are developed in an

abstract way, complex ideas can be materialized. It can be said that when constructing this type of concepts, a
human being develops capacities to learn from experience and thus various types of problems [7].
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In particular, the study of these concepts and skills has been approached from the point of view of artificial
intelligence, which is defined as a capacity associated with certain types of machines or equipment, which seek
to emulate characteristics of the human mind through intelligent behavior. However, the development of this
subject has allowed it to become an area of study in itself, to establish the characteristics that artifacts that are
considered intelligent should have [7].

These technologies with intelligent components, mostly have been developed through some type of software
that emulates such behaviors; this software is known as intelligent system, since they are programs that have
some characteristics or features of animal or human intelligence. Between the functions that intelligent systems
must have are: Intelligence, Systematization, Objective, Sensory capacity, Conceptualization, Rules of action,
Memory and Learning. These functions have allowed them to be adapted to several types of application, among
which can be found: movement control in robots, character recognition systems, portfolio problem solving,
optimization of computer networks, etcetera [8-10].

Some of the results obtained during the development of intelligent systems are based on: perception-action
schemes, genetic algorithms, artificial neural networks and reasoning. The perception-action schemes allow you
to react to the system from the information of sensory perception. Genetic algorithms are based on Darwinian
evolution and when implemented in a system allow one to improve itself from previous experiences. Neural
networks make up mechanisms that give a system a certain memory capacity from mathematical constructions.
The reasoning has been emulated from the construction of programs that are based on formal logic applied to
solving problems, including fuzzy logic [9].

Fuzzy Logic is used to denote a technique by which sets of values are related, from prepositions to represent
a statement using a numeric output value. This value is not always binary as is customary in Boolean logic, but
it can partially express the truth of an affirmation through a decimal approximation, due to this it is also known
as fuzzy logic [11-12].

These approximations are constructed by means of mathematical assumptions called membership functions,
which construct linguistic variables to define a set of rules which is called knowledge representation. The
composition of a fuzzy control scheme is observed in Fig. 1 and is described below [11]:

Pre-processing

INFERENCE METHOD
CONTROL METHOD =
(IF-THEN) I

Fuzzification Rule : : :
| Base |»I Defuzzification I

RELATIONSHIP WITH
I INPUTS RELATIONSHIP WITH

OUTPUTS "

I Post-processing I

Fig. 1. Diagram of a fuzzy controller.

Pre-processing and Post-processing: Determine the necessary mechanisms to perform the operations of
adjustment, acquisition and writing of the information coming from the sensors that are used to modify the
operating parameters of the actuator.

Fuzzification: Establishes the relationship between the inputs of the system and the fuzzy relationships that have
been established in the control system.

Control method: It allows to build all the possible combinations of rules that the controller can have and on
which it is based to modify the output parameters. Normally they are represented as sets of instructions If
(conditional) and then (do), that is, when activating the rule, the output behavior is determined.
Defuzzification: Interprets the information from the rules to establish an output value.

The diagram presented in Fig. 1 is called "Method of Inference", since an evaluation of the input using
prepositions updates an output. This method covers different types of mechanisms, which are statistical,

stochastic, and logical, among others. However, fuzzy logic has been largely framed in logical inference
methods, because they are based on set logic to determine the different states of the controller [11].

When based on set logic the relationships between the different elements are known as membership
functions, since they determine the degree of belonging of an element to the set and are defined by labels. These
functions are represented by mathematical expressions, which are shown graphically in Table I [13].
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TABLE I. Membership functions used to express relationships between elements of a fuzzy set (Based on [13]).
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The relationship between membership functions is expressed through operations between sets, where the result
is represented by another set. There are some basic operations among which are (u represents the membership
function and the subscript is the name of the set):

v" Complement ug=1-—pu,
v" Union Ravp = Max Uy, Up]
v Intersection Uanp = Min [py, ug]

Graphically in Fig. 2 the relationship established between two fuzzy sets is observed when performing an
operation between them. The black line is the new set created when performing operations between sets. This
set (i) is the basis for determining the output value of the controller (y;), which is determined by several
mathematical assumptions, such as those shown in equations 1 and 2 [11].

) a
=k yuydy (1)
Is nydy
_ Z?:l a1Iiy
¥ =i @)

Equation 1 represents the controller output estimated by the center of gravity method, where S is the domain
of the function and y is the output variable of the set of values u,. Equation 2 estimates the output of the

controller by the area-center method, where 0, represents the average value of the set of values u,and R is its

domain. The criterion of use of each mathematical expression depends on the system and the case of study,
since they are strategies of linking the controller with a physical medium and the response of the controller
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depends on the approximations made by this type of mathematical assumptions. The following section shows
the application of all the concepts presented in this section by designing the controller for a system [11].

I11. DESIGN AND IMPLEMENTATION

As mentioned above, a controller is a device that is responsible for correcting the error between the
measured value and the expected value, modifying the transient response it has in the output. This behavior can
be emulated using fuzzy logic, from the construction of different premises that allow to compensate the output
from a series of rules. The premises or prepositions are evaluated using the operations between sets (mentioned
in the previous number).

Normally a controller is constructed using premises that relate variables and linguistic values. Where a
linguistic variable indicates the possible states of the system and are called linguistic values (or belonging
functions) to the set of values that have the states of the system.

For example, the design of a controller that operates a valve when detecting a very high pressure in a tank by
means of fuzzy logic could be structured in the following way:

v’ Raise the premise
0 If the pressure is high, then the valve is on.

v As it is observed x and y are linguistic variables in this case X would be the pressure e and the valve.
There is also a set of possible values to determine their status (Linguistic values) A and B, which are
high and on respectively. The premise can be represented by a diffuse relationR = AXB, which is
mathematically described as a Cartesian product.

v" Now the possible values of A and B must be defined by means of a membership function. In case 1 the
term "high" is associated with the pressure when it exceeds a range of 2 to 3 PSI and in case 2 an ignition
value can be the threshold of excitation of the transistor, that is, the change of a work voltage between
0.7 and 0.8 volts.

v" Since they are functions that represent binary states, the function in the form of S and Z is normally used
to define these variables, as shown below:

0 High Pressure = u, = sigmf (x,[2,3]),
x€[0,5] Pressure range in the boiler.
0 TurnonValve = ug = sigmf (y,[0.7,0.8]),
ye[0,2] Activation voltage of the transistor that drives the valve.

v Then the Cartesian product is made between sets, remember that a Cartesian product is the combination
of all the elements that define two sets. In this case, because the assemblies have many elements, the
operation was carried out using software, the result of which is presented graphically in Fig. 2.

o 02 04 06 08 1 12 14 16 18 2

a) b)
Fig. 2. Cartesian product represented graphically.a) Set of output values. b) Top view of the Output

As shown in Fig. 2a, it is obtained a surface of which we can say that a set of them will only activate the
valve when fulfilling the condition, more specifically, in Fig. 2b, a group of combinations of values is observed
in the upper part, which the valve is activated in a lighter color.

In practice, the way to associate the premises with the controller is to perform the mapping of the input
value, which represents a term of the set of solutions given by the Cartesian product, then this term approaches a
decimal number and is sent as output from the controller. However, due to the large number of operations that
must be performed to estimate the output values, there are different assistants to design fuzzy controllers, such
as: FuzzyLogic, FuzzyLite or Fuzzytech.
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These assistants allow to design the fuzzy controller and in some cases to foresee its operation through a
simulation, which can be linked with a controller to manipulate the physical variable. In this case a control will
be made to regulate the level of a system regulating a proportional valve that works in a range of 4-20mA. The
level will be regulated using a fuzzy controller located on a computer, which will be linked by serial
communication (Speed of 115200bps, odd parity, stop bit 0) to a PSLO S5LP. The PSOC feeds the controller
with the status of the sensor, to update its output based on the estimated value.

To use this method, normalization of the input and output variables must be done before sending them
through the serial port, except that the variables that define the physical inputs and outputs must be modified and
addressed. Basically an analog-digital converter is required that is responsible for reading the level sensor and a
digital-analog converter that is responsible for setting the output value that will have the proportional valve (As
shown in Fig. 3).

Expected PC DAC Buffer
Controller PC —)p
value > | Serial —p Valve
Level
ADC Buffer S
- ensor
Serial
a)
ADC DAC SERIAL
ADC_SAR IDACS8 UART
Entrada [ —] t SAR Rx [x———rx X f——{r] Tx
vref_out @— (] Salida tx_interrupt{=
rx_interrupt}=]
eocl tx_enf-
Tot [Hreset
115200 bps
b)
—h@—b _ZEX&_ p{Data  COM10
‘Valor Esperado
Fuzzy Logic Valvula
Contraller
COM10 Data
COoM10
115200
Sensar 8 mone, 1

Serial Configuration
c)

Fig. 3. Basic structure of the controller. a) Scheme of the fuzzy controller. b) Architecture defined in the PSOC 5LP. c¢) Controller Diagram.

Initially, to design the controller, the membership functions are defined for the linguistic variables that
determine the possible states of the inputs and outputs as shown in Fig. 4. The meanings of the belonging
functions are described in Table II, since from the combinations between them, the behavior of the fuzzy
controller is established (Fig. 5). Keeping in mind that the possible values of the error go from -100 to 100 and
those of exit of 0 to 20 because it is the range of operation of the valve.
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Fig. 4. Controller composition. a) Controller architecture. b) Input linguistic variable.c) Output linguistic variable.

TABLE II. Composition of linguistic variables

Variable Input Output Variable

ENG = Large negative error value

C = Valve Closed

ENP = Small negative error value

MC = Valve open at 25%

CERO = No error

N = Valve open at 50%

EPP = Small positive error value

MA = Valve open at 75%

EPG = Large positive error value

A = Open Valve

1. If (Error is CERO) then (Mivel is C) (1]
2. If (Error is ENP) then (Nivel is MC) (1)
3. If (Error is EPP) then (Nivel is MA) (1)
4. If (Error is EPG) then (Nivel is A) (1)
5. If (Error is ENG) then (Nivelis N} (1)

Fig. 5.Rules established to determine the behavior of the valve to regulate the level.
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When designing the controller, it must be linked to the PSOC through the implementation of a C ++ code,
which is based on the following algorithm:

DOI: 10.21817/ijet/2018/v10i4/181004014

Algorithm 1.Operation of PSOC 5LP
While Terminating Condition = True do
Input = Read digital analog converter;
Error = Desired Value-Entry;
Send via serial (Error)
Memory = Fuzzification (Error);
Memory = Evaluate rule (Memory);
Memory = Defuzzification by means of the centroid method (Memory);
Receive via Serial (Memory)
Output = Normalize value (Memory);
Send value to the analog digital converter (Output);
End While
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IV. EXPERIMENTAL RESULTS

The performance of the designed controller was evaluated through an assembly that was carried out in the
T5552 level and flow control system of the AMATROL brand. The output of the ultrasound level sensor gives a
current signal that varies between 4-20mA, due to this a resistance of 250 ohms was connected to convert the
current into electrical voltage and the output was connected directly to the valve, since, the PSOS SLP generates
a current loop of 4 to 20 mA (as shown in Fig. 6).

Initially, the behavior of the system was simulated with a conventional controller using the transfer function,
which was estimated from experimental data measured using an oscilloscope to know if the system is stable.
The method used to find the transfer function was a polynomial approximation, which determines the order of
the polynomials of the numerator and denominator as shown in Fig. 7. When estimating the transfer function, a
correlation coefficient of 76.67% was obtained. Which allows estimating the behavior of the real actuator in
different states as shown in Table III.

fo

Fig. 6. Control panel connections of the T5552 process control system.

]

== Aproximacion
= Original

5.253e—065—4.783e—09
s"2 +0.0006044 s + 3.666e—08

H(s) =
c) d)

Fig. 7.Components of the transfer function. a) Input signal (activation of the pump). b) Output signal in open loop (tank filling). c)
Response of the transfer function. d) Mathematical expression
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TABLEIIIL. Response of a conventional controller and a fuzzy one when arriving at a level of 2 inches or 8mA approximately

Simulation (Conventional PID) Reality (Fuzzy Controller)

[

V. CONCLUSIONS

The proposed methodology allows the implementation of fuzzy controllers, to control second order systems
as shown in Table III. The implemented controller emulates the behavior of a PID controller. However, there is
a margin of error due to the type of approach performed and the data measured, since the simulated system does
not perfectly emulate all the physical interactions of the controller and the environment.

The PSLO 5LP works perfectly as a coupling interface between the computer and the process control system
T5552, since it allows the transfer of information without any type of inconvenience. However, this strategy is
limited to systems with a response time of at least 500 milliseconds, because the exchange of information acts as
a delay reducing the response time of the controller and preventing it from being in real time.

The transfer function has an order of 2 since, when increasing the number of coefficients, a response that can
be considered significantly better was not found, that is, no response proposed by the approach method used
exceeds 80% of correlation.
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