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The article considers the task of developing a fuzzy-logical PID-type controller for a
nonlinear dynamic system. A feature of the structure is presented, which consists in
simplifying its controller by decomposition. In the simplest version, three fuzzy controllers
are used with one input and one output and separate rule bases. Parameters of fuzzy
controllers are optimized using a genetic algorithm. A two-step controller tuning scheme

for a nonlinear dynamic object is proposed. At the first step, the genetic algorithm is used

to tune the linear PID controller, it is shown that the obtained coefficients are used at the
output of each channel of the fuzzy PID controller. At the second step, using a genetic
algorithm, a nonlinear transforming function is formed for each channel, implemented on
the basis of an artificial neural network. The control algorithm is debugged and tested using
the MatLab system. The results show a significant improvement in the characteristics of the
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transient process compared to traditional controllers.

1. Introduction

The most common type of industrial controller currently is the
PID controller. About 90% of the controllers in commercial
operation use the PID algorithm. The reason for such a high
popularity is the simplicity of construction and industrial use,
clarity of operation, suitability for solving most practical problems
and low cost. However, the existing methods for calculating the
parameters of PID controllers are oriented to linear systems, since
the controller itself is a linear dynamic link. If the control object is
essentially non-linear, then it is difficult to achieve a good quality
of management.

A fuzzy logical controller (FLC) is a controller that contains in
its structure a block of fuzzy logic inference. Usually FLC are
included in series with the object controls, like traditional
controllers [1], [2].

The classical theory of automatic control is focused mainly on
the synthesis of linear controllers based on linearized models,
however, all real objects are nonlinear. The nonlinearity of the
mathematical model is expressed in the presence of static and
dynamic nonlinear blocks, such as “saturation”, “dry friction”,
“hysteresis”, etc. FLC, which are nonlinear in nature, can control
linear objects are better than classic controls, and also manage
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substantially non-linear objects for which linear controllers cannot
provide acceptable quality.

The main problem of using FLC is the need to formalize the
control law in the form of fuzzy rules that use linguistic variables
for descriptions of inputs and outputs of the controller. First FLC
used the experience of an expert to describe the law of control [3],
[4], but this method suitable only for a limited range of tasks.
Standard options for describing FLC rules rely on the analysis of
the phase plane of the object management [5]. FLC step-by-step
tuning methods similar to the Ziegler-Nichols method for
proportional-integral-differential (PID) controllers [6]. But in
general, the task FLC settings is an optimization task, to solve
which is enough accurate computer model of the object and
powerful global search algorithm [7], [8]. The task is to find a
suboptimal solution, satisfying user. In [9], an RBF network is
used, which serves to change the coefficients PID controller. Setup
is done using genetic algorithm (GA).

Search engine optimization algorithms are subject-
independent, the success of their application for setting up FLC
depends on the choice of the optimality criterion and the method
of describing the controller parameters. This work is devoted to the
consideration of solutions to these problems.

2. Solution methods

Experience in designing industrial control systems shows that
the behavior of many real dynamic systems can be approximated
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using the transfer functions of the first or second order (possibly
with delay). This feature has led to the widespread adoption of PID
controllers as a simple and reliable means of automation. The PID
controller equation has the form

ult)= kpe(t)+kiJ.e(r)dr+kdd2—(tt) =u,+u, +u,. (1)
0

Often, options are used only from two terms (1) - proportional
differential (PD) and proportional-integral (PI) controllers. In this
case, a clear geometric interpretation of the control law is possible,
since here the control surface is a plane (figure 1).

e d,/d,

Figure 1. Scheme of the control surface of the PD controller

A fuzzy PID-type controller receives the same input signals as
a linear PID-controller, but the control law here is described not by
a hyperplane, but by some hypersurface. The classical approach to
building FLC leads to the use of control rules with three premises
(figure 2, where N and DN are normalization and denormalization
coefficients).
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Figure 2. The scheme of the fuzzy PID-type controller with three inputs

The above path is inefficient, because when using 7 terms to

describe each input, n’ control rules are obtained. Using fuzzy
controllers, PD- and PI-type two signals are received at the input.
It can be shown that if we consider at the output of the PI-type FLC
not the value of the output signal # , but its increment du , then
the PI-type FLC control law describes the same rules that the PD-
type FLC uses.
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Figure 3. Scheme of a simplified description of PID-type FLC
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This allows you to use the structure shown in figure 3 to
implement PID-type FLC (where @ and [ are unknown

coefficients).

This representation is often used in practice, the number of

fuzzy rules here is reduced to n’. Further simplification of the
PID-type FLC description is possible when writing the fuzzy
control law in a form similar to (1):

where F' s F,,and F; - some nonlinear functions.

When using 7 terms to describe each input, only 37 control
rules are required here (figure 4).
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Normalization coefficients are selected based on a priori data
about the control system. Considering the problem of PID-type
FLC synthesis as a task of improving the quality of the PID
controller, the following algorithm can be used to select
denormalization coefficients [10], [11]:

]

I

e  Alinear PID controller is being synthesized, the parameters of
which k »» k> k, will play the role of denormalization

coefficients.

e Non-linear functional dependencies are described that
describe the fuzzy control law for each of the input variables.

Thus, in the first step, the basic gain factors are obtained, and
in the second step, additional gain factors that are nonlinearly
dependent on the input signal.

3. Evolutionary synthesis of nonlinear control law

The search for nonlinear dependencies in (2) can be solved in
various ways, however, the most effective here is the use of
population metaheuristic methods like genetic algorithm or
particle swarm method [12].

The use of a genetic algorithm involves encoding the
parameters of a problem using chromosomes whose constituent
parts (genes) correspond to individual parameters. A set of
chromosomes form a population that evolves over time. The goal
of evolution is to improve suitability of chromosomes describing
quality solutions to the problem.

The particle swarm method considers individual task
parameters as search space coordinates. For each point, the value
420
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of the objective function is calculated. A swarm of particles moves
in the search space in the direction extremum.

When using both algorithms, the complexity of the task is
determined by the number of tunable parameters and the type of
objective function.

To describe nonlinear functions p> F 4 and Fl , you can use
different methods, in particular, neural RBF networks.

Neural RBF network is a two-layer, it contains a layer of radial
basis neurons and a linear output layer [13].

As the radial basis function ¢ commonly used gaussian
function

I
goi(“x c,.||)—exp el

i

where O - width of the “window” of the activation function; ¢, -

the center of the activation RBF function of the i -th neuron; ) -is
the input signal.

The output of the RBF network is described by the expression
N
F(l) = Zwl‘% (t)a
i=1

where W, -the weight of the neuron of the output layer.

Nonlinearity F »» I, and F; are positive, i.e. the product of

1

any input signal and corresponding output positively. Therefore,
each neuron of the RBF layer has a paired neuron in which the
center has the same module, but a different sign. This allows to
reduce the number of customizable options.

Thus, each neuron has two parameters, and the third parameter
is the output weight of the neuron.

The optimization problem can be simplified if one pre-
distributes RBF neurons to the base scale and select a fixed width
of activation functions. Obviously, this operation corresponds to
the linguistic description of the input variable using a set of terms
(figure 5).

Figure 5. Approximation of static nonlinearity using an RBF network
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You can also consider piecewise linear approximation of a
nonlinear function. This option can be represented in the form of
an RBF network in which radial basis neurons have rectangular
activation functions, and the weights of the output layer
correspond to the gain of linear sections.

In fact, this means replacing the linear controllers to many
linear controllers, each of which is responsible for its own area
input space.

Denoting the gain of each linear section as W, , we get a vector

of custom parameters W = {wl s Wy s Wy }

Description of the objective function is convenient to perform
using a reference model that describes the specified transient
requirements. Objective function should evaluate proximity object
outputs and a reference model, for example:

T

gw)=3"

i=1

yi =il (3)

where T - number of time points during transition process; ) and

y* - are the real and desired output value of the object.

General evolutionary optimization scheme PID-type FLC is
shown in figure 6.

Reference |V (?)

process

Optimization ‘Q(W_,l) Assessment| €(%)
algorithm unit e
v
7

put () N u(t) [ Nonlinear | |[¥(t)
generator FLC -

|—> “|  model

Figure 6. Evolutionary optimization of a fuzzy controller

The optimization algorithm cyclically launches an input
generator that produces a test exposure to g(t). Each time the
controller is started, it gets the parameters Wj that matches
chromosome genetic algorithm or particle coordinates (particle
swarm method). At the end transient parameter set gets suitability
rating q(VVl ) Then the population (swarm) is converted, and new

testing happens. The criterion for ending the process is usually
prolonged lack of improvements or exhaustion of the number of
given iterations.

A convenient tool for implementing the described approach is
the MatLab package with the extensions Simulink and GAtool
[14].

4. Implementation examples

The mathematical description of many industrial facilities
(electrical, electromechanical, hydraulic, etc.) with one input and
one output can be presented in the form of models containing a
static non-linear link and a dynamic linear part in series [15], [16].
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Nonlinearity of the “saturation” type is introduced into the
model to take into account the limitations of variable levels when
studying the behavior of control systems in large deviations from
the equilibrium position, and also to describe the maximum levels
of the control signal.

A non-linear element of the type “dead zone” takes into
account the real properties of sensors of actuators and other devices
with small input signals. The computational experiment diagram is
shown in figure 7.
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The control object is an oscillating link, to the input of which
nonlinearities and a controller of the selected type can be
connected. When setting up the PID controller and PID type FLC,
a genetic algorithm was used. The simout blocks were used to
compute (3).

The simulation results for an object with non-linearity
“saturation” are presented in figure 8 a and b, and for an object
with non-linearity “dead zone” - in figure 9 a and b. As follows
from figure 8 a and 9 a, the transition process time was reduced by
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about half, although at the same time the energy costs of
management increase (see figure 8 b and 9 b).

Nonlinear functions describing the fuzzy control law for each
PID-type FLC channel obtained as a result of genetic training are
shown in figure 10. The resulting functions F ,» Fy and F,
turned out to be significantly different for objects with different

nonlinearities. This result is predictable, since the controller can be
considered as an inverse model of the object.

[N N
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5. Conclusion

Thus, the article considers a two-step algorithm for the
evolutionary synthesis of PID-type FLC, which, in the first step,
optimizes the gain of the linear PID controller, and in the second
step, additional gain, nonlinearly dependent on the input signal. A
comparative analysis of the simulation results shows that the use
of PID-type FLC can significantly improve the parameters of the
transition process. The proposed technique is simple and can be
recommended for use in numerous technical applications to
improve the operation of linear PID controllers.
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