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MODELLING OF THE PROCESS OF CONTROLLING THE STATE
OF A CLOSED AQUATIC ENVIRONMENT USING FUZZY LOGIC

In the state of significant development of aquaculture, the problem of managing the parameters of the aquatic
environment becomes more urgent. Existing classic systems for controlling parameters of closed aquatic environments use
strict models of dynamic control and are used for monitoring, control and regulation of those parameters. These models have
a number of disadvantages related to the specifics of strict algorithmic control and the complexity of adequate models for
growing living organisms. Such models require significant calculations related to solving differential equations and are bad
in adaptation to uncommon changes of parameters due to external factors. In addition, such models are prone to fluctuations
in parameter value changes in transient processes. The study emphasizes the importance of an adaptive control approach in
aquatic biotechnical systems operating in unpredictable environments. The proposed model accounts for the uncertainty and
incompleteness of information that arises during the monitoring of parameters such as temperature, oxygen level and other
critical indicators. The implementation of such a system can reduce the risk of biological material loss and improve the
efficiency of technological processes. The article also outlines the potential for using the model in conjunction with modern
real-time data acquisition systems to improve control accuracy. To improve the control process, the use of a fuzzy logic
apparatus is proposed. An improved model for controlling the state of closed aquatic environment based on the Mamdani
method was created. A controller structure with a fuzzy logic inference module based on the transformation of input signal
data into linguistic variables has been developed, which allows to avoid the solution of differential equations and transfer
the solution of the problem to the system of logical rules activation. The work of the created model was tested and compared
with the classic control system. The results of experimental testing confirm the effectiveness of the approach: the control
error has been reduced, and the stabilization time after external disturbances has been shortened. The created model allows
to adequately respond to changes in environmental indicators and avoids fluctuations in the value of the controlled
parameter, which makes the system work more predictable and reliable. The prospects of using the developed model for

combining the values of several input parameters for the formation of a logical conclusion are given.
Keywords: control model, fuzzy interference, aquaculture, linguistic variable.

Introduction

One of the areas of agriculture is aquaculture, which is
the cultivation of aquatic organisms for the purpose of
obtaining marketable products and their sale, artificial
breeding or reproduction of aquatic bioresources, provision
of recreational services, etc. A common approach to
aquaculture is the use of aquariums. Designing and
implementing effective control systems for aquariums is
extremely important to ensure a healthy and stable
environment for aquatic organisms. The main objective of
aquarium research is to monitor, control and regulate their
main parameters, such as water quality, temperature, light
level, acidity and oxygen percentage, to provide the best
conditions for the cultivation of aquatic organisms [1].

Among the problems that aquarium control systems must
solve is the problem of the system’s ability to adapt to
atypical changes in the main parameters of a closed aquatic
environment due to technical malfunctions or external
factors, such as changes in the temperature of the room,
excessive amounts of food or waste entering the water. In

addition, different aquatic organisms require their own mode
of operation of the closed aquatic environment and the
appropriate response of the system to deviations from the
norm. Therefore, the problem of solving the problems of
controlling the parameters of a closed aquatic environment
is relevant.

Traditional systems operate with clear sensor data based
on pre-calculated mathematical models that may not take
into account variable environmental conditions and
incomplete input information. In addition, such systems are
prone to an increase in the amplitude of fluctuations in
parameter values [2]. If such errors and inaccuracies are
taken into account, the number of mathematical calculations
and the response time of the system increase significantly.
To solve the problem of uncertainty and incompleteness of
input data, as well as to get rid of excessive fluctuations
during the operation of the control system, and to simplify
the number of calculations, the use of a model based on fuzzy
logic with the use of fuzzy linguistic variables and the
mechanism of fuzzy logical inference can help.
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The object of research is the process of controlling the
parameters of a closed water environment.

The subject of research is algorithms and methods that
provide the process of controlling the parameters of a closed
water environment.

Purpose of research is to reduce the amplitude of
oscillations of the error signal in the process of controlling
the parameters of a closed water environment.

To achieve this goal, the following main research
objectives have been defined:

e to study the subject area of controlling the parameters

of a closed water environment;

e to create a model of a fuzzy module for controlling
the parameters of a closed water environment;

e to implement the model of the fuzzy module with
modern software tools;

e to test the correctness of controlling the parameters of
a closed water environment by the implemented fuzzy
module;

e to consider the possibilities of expanding and
prospects for the development of the model of a fuzzy
module for controlling the parameters of a closed
water environment.

Materials and methods of research. The study uses
modeling and analysis methods to develop a controller based
on fuzzy logic and compares it with a PID controller. The
fuzzy logic methods were used to build a control system, as
well as error analysis based on the calculation of the output
signal deviation amplitude. Data structures, namely
dictionaries, lists, and arrays, were used to implement the
algorithms [6, 7].

The study was carried out using the Python programming
language [8] in the Jupyter Notebook environment [9]. The
scikit-fuzzy library [10] was used to develop the fuzzy
controller. The results were visualized using the matplotlib
library [11]. Numerical calculations were performed using
the numpy library [12]. The modeling of dynamic systems
was carried out using simulation methods for analyzing the
behavior of a controlled object [13].

Analysis  of recent research and publications.
Regulation of the parameters of a closed water environment
is carried out by changing the operating modes of the pump
of the closed water environment, changing the lighting
modes using a system of sensors that collect information
about the main parameters of the closed water environment
and a system of controllers that will change the operating
modes of the main components of the closed water
environment. This may be a situation in which an object
needs to be heated, cooled, or both consistently in response
to environmental changes.

Traditionally, automatic control is associated with
defining differential equations that describe it quantitatively
in accordance with the laws of physics, thermodynamics, and
electromagnetism. Defining differential equations requires a
deep understanding of the processes occurring in the object
of management (in the case of the research topic, the water
environment). At the same time, a person is able to manage

such objects without defining and solving equations. A
human trait is the ability to learn and evaluate objects of
observation in natural language - low temperature, large
error, sufficient illumination etc. The ability to formalize
such expressions is provided by the use of fuzzy variables
and fuzzy sets.

The use of fuzzy logic compared to classical systems has
a number of advantages and disadvantages. The advantage
of the classical system is the availability of a model that
adequately and fully describes the dynamics of the system,
which allows for no additional model adjustment. However,
it is difficult to obtain differential equations that adequately
describe the dynamics of the system, taking into account
nonlinear factors of influence. A fuzzy model does not
require the development of differential equations. The
system model is described in the form of linguistic variables
and rules. However, the process of setting up a linguistic
model is mandatory [3].

The use of fuzzy logic in the process of water
environment management is covered in scientific papers.

For example, paper [1] considers the possibility of using
fuzzy logic to assess the condition of fish based on
temperature, dissolved oxygen, and water conductivity.
These parameters are converted into fuzzy variables and
processed by the controller based on fuzzy logic inference.
The resulting value is converted from a fuzzy variable back
to a clear value that can be interpreted in the further process
of managing the water environment.

In paper [4], a similar fuzzy inference mechanism to the
previous one is considered, which in the context of the work
performs the function of regulating the speed of the filter
pump to ensure the improvement of water quality. The input
parameters for the fuzzy inference system are the turbidity of
the water and its acidity, which are obtained as a result of
measurements of the corresponding sensors. Such a system
brings the required indicator to the desired level evenly over
time. However, this may not be enough in every situation. If
the temperature drops by a significant amount, direct human
intervention will be required, as the control system will not
be able to adequately respond to such a change in indicators
and will not have time to bring the indicators to the desired
level within the required time period, which can lead to the
death of living organisms in the aquatic environment. A
closed-loop controller can solve this problem.

There are two main types of controllers — open-loop and
closed-loop. An open-loop controller performs the control
function without taking into account the actual output of the
parameter being controlled. Closed-loop controllers con-
stantly measure the output value of the parameter and adjust
changes to maintain the desired value of the parameter. The
key element of a controller is an algorithm or device that
decides how to continue its work and how much power to
output to change the parameter. There are several control
mechanisms - it is worth noting the on/off controller and
proportional-integral-differential (PID) controller. The latter
is based on the sum of three terms, consisting of the
difference between the input signal and the feedback signal,
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the integral of the mismatch signal, and the derivative of the
mismatch signal. The PID controller provides higher
calculation accuracy and allows to directly control the output
signal. The main disadvantages of this controller are an
increase in the number of calculations, increased ampli-
fication of the high-frequency components of the error
signal, and the possibility of signals of greater amplitude [3].

The above problems can be solved by using a fuzzy logic
mechanism that allows replacing a purely formal description
of specific temperature values and error values with
linguistic variables, which in turn can be used to form a base
of logical rules, thereby making it possible to activate the
formed rules based on error values and changes in the error
value at the previous discrete time point to form a conclusion
about the optimal behavior of the system at the next discrete
time point.

Research results and their discussion

The structure of the PID controller shown in Fig. 1 should
be considered.

desired value of the
parameter. This is the value that the controller must maintain

The controller receives the

during its operation. The summator calculates the error
value, which is usually obtained as the difference between
the desired temperature and the output signal. The error is
provided to the controller, which makes calculations based
on the error value in three components — proportional,
integral and derivative. The generated signal is transmitted
to the control element that directly affects the parameter
(heater to change the temperature, pump to purify water,
etc.). The result of the operation directly affects the value of
the controlled parameter. This new value is provided back to
the input to determine a new error value [2, 5].

Thus, the input parameters of the system such as the
desired parameter value and the error can be determined. In
addition to these parameters, the value of the error change
(first derivative) should also be taken into account, which
will allow for more accurate adjustment of the controller
output. The result is the effort to be performed by the control
element.

PID-controller

Proportional

Derivative

Integral +

Control element Process

A 4
A 4
\4

Translator

A

Fig. 1. General structure of PID controller

The disadvantages of the PID controller approach are the
need for more calculations and the need to create a complex
mathematical model. Under conditions of uncertainty,
unpredictable fluctuations in input parameters, a strict
mathematical model tends to increase the amplitude of error
fluctuations during the time of system stabilization. The use
of fuzzy logic can simplify the formalization and editing of
a set of rules during system operation. In addition, the use of
fuzzy variables can reduce fluctuations in the transient states
of the system.

Taking into account the listed disadvantages of the PID
controller and the potential advantages of using a fuzzy logic
apparatus, we will replace the PID controller with a fuzzy
inference module. To solve the problem, the Mamdani
algorithm was chosen, which is a fuzzy inference algorithm
based on a knowledge base (rules). The Mamdani method is

a fuzzy inference system (FIS). A FIS is a system that uses
fuzzy set theory to map inputs (functions in the case of fuzzy
classification) to outputs (classes in the case of fuzzy
classification). Each stage is executed sequentially, and each
subsequent stage receives as input the values obtained as a
result of the previous one [6, 7].

Data preparation for the algorithm is carried out by
means of fuzzification — the transformation of clear input
data into fuzzy variables. The resulting fuzzy variables
activate sub-conclusions based on the rule base, and the
accumulated conclusion is defuzzified, i. e., converted into a
clear output value of the force for the control element. All
other components of the controller remain unchanged. Let’s
take as a basis the structure of the controller with the fuzzy
inference module shown in Fig. 2 for further implementation
of the model.
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Fig. 2. General structure of controller with fuzzy inference module

To demonstrate and implement a controller with a fuzzy
logic inference module, the control of the water
environment’s temperature was chosen. Accordingly, the
task of the controller is to heat or cool the water to the desired
value. A separate informal requirement is to minimize
possible temperature fluctuations from the desired value to
ensure stable conditions for living organisms, as well as
smooth heating or cooling to avoid sudden temperature
changes.

The input parameters of the controller are the desired
temperature value and the current error value. The parameter
of the error change relative to the previous measurement is
also used to form a logical conclusion. Taking into account the
degree of error change can help to avoid additional
fluctuations and a sharp increase or decrease in the output
commitment of the control element. To implement the fuzzy
inference module, we chose the scikit-fuzzy package, a set of
tools for working with the fuzzy logic apparatus for the Python
programming language. The package simplifies the creation
of fuzzy variables, the formation of terms, the formation of a
rule base, and the process of defuzzification [10].

According to the Mamdani method, the conclusion is
formed on the basis of implication rules. Implication
expresses the statement that if one statement is true, then the
other is also true. The parts of the rule are antecedent and
consequent — parts of a statement that form “if — then” rules,
which are essentially rules for implicating fuzzy variables,
for example, for two input parameters:

wC'® =min(min (A, uB V), nCH)y, (1.1)
where pd® — the degree of input value x membership in the
fuzzy set A; uB® — the degree of input value y membership
in the fuzzy set B; wC*/— the degree of membership of the
output term C; uC'¢’ — implication result, the set of the rule
result [6].

Let’s define the linguistic factor variables and the sets on
which they are defined based on the input and output
parameters:

— temperature_error [-50; 51] — error relative to the
desired value;
temperature delta [-10; 10] — change in error

compared to the previous measurement moment;

— temperature_adjustment [-50; 51] — the proportional

duty transferred to the control element.

The terms of each of the factors are formalized in the
form of the same type of fuzzy sets based on a linguistic
assessment of the factor value:

— nb — negative big;

ns — negative small;

ze — close to the zero;
— ps—positive small;
— pb—positive big.

The breakdown by the degree of deviation allows you to
make more accurate and adequate decisions about the further
operation of the control. Similarly, accepting the error value
as close to zero can reduce the number of fluctuations in the
degree of commitment of the control element.

For each term, we need to describe membership
functions. Based on them, we can assign the appropriate
semantics to each new value of the linguistic variable by
forming a fuzzy set. Membership functions are formed
automatically using the automf() method from the scikit-
fuzzy package [10] on a certain universal set defined for each
linguistic variable and shown in Fig. 3.

A set of rules has been formed that make up the causal
hierarchy within the fuzzy inference module. A fragment of
the rule base is presented in the form of products that reflect
the activation of the term “nb” of the factor “tempera-
ture_adjustment”:

IF (temperature _error «nb») AND (tempe-
rature_delta = «nb») THEN temperature adjustment
= «nby.

IF (temperature _error «nb») AND (tempe-
rature_delta = «ns») THEN temperature adjustment
= «nb».

IF (temperature _error «ns») AND (tempe-
rature_delta = «nb») THEN temperature adjustment
= «nby.

Rules based on the conjunction of input values of this
type are generated for each term of the output parameter.
Together, these rules form the rule base for decision making
by the control module.

On the basis of the formed rule base, it is possible to build
a knowledge matrix, which is presented in Table 1.
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Fig. 3. Graphic representation of “temperature error” and “temperature_delta” linguistic variables membership functions

Table 1. Knowledge matrix for temperature control
by fuzzy inference module

temperature_error/

temperature_delta nb ns % ps pb
nb NB NB NS NS ZE
ns NB NS NS ZE PS
ze NS NS ZE PS PS
ps NS ZE PS PS PB
pb ZE PS PS PB PB

Based on the formed knowledge base, a three-

dimensional decision surface of the control module can be
built. Such a representation allows to better reflect the
influence of input parameters on the formation of the
controller output. To build the three-dimensional decision
surface shown in Fig. 4, it is necessary to calculate for each
possible discrete value of the input parameters on universal
sets of linguistic variables.

8 &

xuawlsnlpe'ammadwa)

Fig. 4. Graphic representation of a decisions surface
of fuzzy inference module

The work of the developed module and the PID controller
in the same model of the environment were tested — the
desired temperature value is 25 conventional units, the
temperature in the environment at the beginning of operation
and measurements is 20 conventional units, the measurement
is carried out for 300 iterations, or an analogue of 300
discrete moments of time during which the indicators were

recorded, as shown in the graphical representation of the
results in Fig. 5.

Temperature

—— Temperature
~= Temperature PID
=== Desired Temperature

Temperature

Fig. 5. Graphic representation of the test results
of fuzzy inference module and PID controller

From the test results, it is seen that both controllers
reached the desired temperature value of 25 conventional
units in a relatively similar period of time. However, the
curve of temperature change during the operation of the PID
controller has a significant amplitude of oscillations before
reaching the desired result. The controller based on the fuzzy
inference module formed a smoother temperature change
curve, reducing the control element’s commitment with a
smaller temperature error. For quantitative comparison,
Table 2 of the output temperature and error values for the

fuzzy logic inference module and the PID controller was
formed.
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Table 2. Temperature and temperature error measurements
results for fuzzy inference module and PID controller

No. PIDt | PIDdelta | Fuzzyt Fuzzy
T 20 5 20 5
10| 2334945 | 1.65055 | 2028074 | 4.71926
20 | 2594027 | 094027 | 20.54765 | 4.45235
30 | 27.12388 | —2.12388 | 20.82337 | 4.17663
40 | 2703321 | 203321 | 21.12465 | 3.87535
50| 2622185 | —122185 | 2145438 | 3.54562
60 | 2528612 | —0.28612 | 21.81783 | 3.18217
70 | 2462546 | 037454 | 2222268 | 277732
80 | 2437385 | 0.62615 | 2268177 | 231823
90 | 2445821 | 054179 | 23.22056 | 1.77944
100 | 2471005 | 028995 | 23.83621 | 1.16379
110 | 2496722 | 003278 | 24.28694 | 0.71306
120 | 2513170 | —0.13170 | 24.58204 | 0.41796
130 | 25.18002 | —0.18002 | 24.76372 | 0.23628
120 | 2514154 | —0.14154 | 24.86980 | 0.13020
150 | 25.06602 | —0.06602 | 24.92958 | 0.07042
160 | 2499670 | 0.00330 | 24.96236 | 0.03764
170 | 2495688 | 0.04312 | 24.98002 | 0.01998
180 | 2494938 | 0.05062 | 24.98944 | 0.01056
190 | 2496380 | 0.03620 | 24.99442 | 0.00558
200 | 24.98583 | 0.01417 | 2499706 | 0.00294
210 | 25.00415 | —0.00415 | 24.99845 | 0.00155
220 | 25.01346 | —0.01346 | 24.99918 | 0.00082
230 | 25.01395 | —0.01395 | 24.99957 | 0.00043
240 | 25.00904 | —0.00904 | 24.99977 | 0.00023
250 | 25.00277 | —0.00277 | 24.99988 | 0.00012
260 | 24.99802 | 0.00198 | 24.99994 | 0.00006
270 | 24.99595 | 0.00405 | 24.99997 | 0.00003
280 | 24.99623 | 0.00377 | 24.99998 | 0.00002
290 | 24.99780 | 0.00220 | 24.99999 | 0.00001
300 | 2499939 | 0.00061 | 24.99999 | 0.00001

From the measurement results, it can be seen that the
largest deviations from the desired value after its
achievement during the operation of the PID controller
are -2.1238 conventional units and 0.6261 conventional
units, respectively. As a result of the operation of the fuzzy
inference module, the obtained value does not exceed the
desired value and the corresponding oscillation amplitudes
are not recorded, which indicates the correctness of the
module’s operation, the fulfillment of the tasks set before the
study and the achievement of the work goal, namely,
reducing the amplitude of error oscillations.

Discussion of research results. The problem of
controlling the parameters of a closed aquatic environment
has received various solution proposals, including both
traditional and fuzzy control methods. Traditional methods
require completeness of input data and more complex
calculations in the process of model design, while fuzzy
methods do not take into account the dynamics of changes in
the error value to adequately respond to changes in the
aquatic environment.

Thus, based on the results of the work performed, the
following scientific novelty and practical significance of the
research results can be formulated.

The scientific novelty of the research is that for the first
time a model of a fuzzy module for controlling the
parameters of a closed water environment based on the
Mamdani method was developed, taking into account the
dynamics of changes in the error signal; a fuzzy module for
controlling the parameters of a closed water environment
was developed; an acceptable test result of the implemented
fuzzy module was obtained.

The practical significance of the research results is a
significantly reduced amplitude of the error signal
oscillations compared to traditional means of controlling the
parameters of a closed water environment.

The developed model can be used to integrate with
sensors and controls of a closed water environment, provided
that the membership functions of linguistic variables are pre-
tuned and the rule base is expanded.

This approach can be combined with a decision-making
approach based on the error values of several related
parameters. Such an approach would require a more complex
and larger rule base, but the complexity of calculations
would not increase in this case. Accordingly, without loss of
performance, there is a prospect of increasing the accuracy
and adequacy of the model’s response and allocating the
resources of several control elements for optimal use. In
addition, it is possible to use the control module in terms of
monitoring the state of the aquatic environment to connect
additional resources in case of critical deviations from the
desired values, which can prevent the death of aquatic
organisms.

Conclusions

The purpose of research, specifically reducing the
amplitude of the error signal fluctuations in the process of
controlling the parameters of a closed aquatic environments,
has been achieved. Compared to the traditional closed-loop
controller, the use of a fuzzy module makes it possible to
avoid the fluctuations of the error signal after reaching the
target value of the parameters.
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Binnuyvruil nayionanonui mexuiunui ynisepcumem, m. Binnuys, Yxpaina

MOJE/IIOBAHHA IMTPOLIECY YIIPABJIIHHA CTAHOM 3AMKHEHOI'O BOZHOT'O
CEPEJOBUIIIA 3ACOBAMU HEYITKOI JIOTIKH

I3 pO3BHTKOM aKBaKyJbTYpH CTA€ BCE aKTYaJbHIIIOI MpoOiieMa yIpaBliHHA MapaMeTpaMH BOJHOTO CEepelOBHUILA.
Knacuyni cucteMu ympapiiHHS HapamMeTpaMH 3aMKHEHOTO BOJHOTO CEPEAOBHINA, 1[0 BHKOPHCTOBYIOTH YiTKI MOJIEII
JIUHAMIYHOTO YIPABIIHHS 1 3aCTOCOBYIOTHCS JUIsl MOHITOPHUHTY, KOHTPOIIO 1 PETyJIFOBaHHS [UX MapaMeTpiB, MAlOTh TEBHI
HEJIOJIIKH, TIOB’sI3aHi 31 Crei]iKo YiTKOTO alrTOPUTMIYHOTO YIPABIiHHS Ta CKIIAIHICTIO aJIeKBATHUX MOJIENICH YMOB Jist
BHPOIIYBaHHS J)KUBUX OpraHi3MmiB. Taki Mozesi moTpeOyrTh TPOMI3IKUX PO3PAXyHKIB JJIsl PO3B’sA3aHHS TU(PEPCHIIIHHIX
PIBHSIHD, @ TAKOXK [IOT'AHO aJaNTYIOThCs 10 HETUIIOBUX 3MiH apaMeTpiB y 3B’SI3KY 13 30BHIilIHIMM YuHHUKaMu. Kpim Toro,
TaKi MOJIeIIi CXWJIbHI 1O BHHUKHECHHS KOJIMBAaHb 3HAYCHb IapaMeTpiB y MepexifHuX mporecax. JJoCiiPKeHHs aKIeHTYe Ha
B@)K/IUBOCTI aJaNTUBHOIO MiAXOAy A0 YHNPABIiHHS B YMOBaX BOJHUX OIOTEXHIYHUX CHUCTEM, sIKi (DYHKLIOHYIOTH Y
Herepe0auyBaHOMY CepeloBUIL. 3allpOIOHOBaHa MOJIENb A€ 3MOT'Y BPaXOBYBAaTH HEUITKICTb 1 HEOBHOTY iH(opMaii,
[0 BMHMKAE MiJ Yac KOHTPOJIO NapaMeTpiB, 30KpeMa TEMIICPATYpH, PiBHS KUCHIO Ta IHIIUX KPUTHYHHMX ITOKA3HHKIB.
YHpoBaKeHHsI TaKOi CUCTEMU MOXE 3HU3UTU PU3MKHU 3arubeni 6iosorivHOro marepiaiay Ta HiIBUIIUTH €(EeKTHBHICTbH
TEXHOJIOTIYHOTO TPOIeCy. Y CTATTi TAKOXK OKPECIICHO NMOTEHIIIAI BUKOPHCTAHHS MOJIEII Pa3oM i3 Cy4aCHUMH CHCTEMaMU
30MpaHHs TaHMX, L0 MPAIIOIOTh Y PEKUMI pEabHOTO Yacy, ISl yJOCKOHAICHH KOHTPOJIO. [l MOKpaIleHHs yIIpaBIiHHS
3aIPONIOHOBAHO BHKOPHCTAHHS anapaTy HediTKoi Joriku. CTBOpeHa MOKpalleHa MOENb YIPABIiHHSI CTAHOM 3aMKHEHOTO
BOJIHOTO CEpEeJI0OBHUINA HA OCHOBI MeTOAy MamaaHi. PoO3po0IieHO CTPYKTYpy KOHTpOJIepa i3 MOJIyJIeM HEUiTKOTO JIOTTYHOTO
BHCHOBKY, OCHOBAaHOT'O Ha TMEPETBOPCHHI BXIJHHMX JAHUX CHTHAJIB Ha JIHTBICTHYHI 3MiHHI, 1[0 Ja€ 3MOTY YHUKHYTH
po3B’si3aHHs AM(EpeHIItHUX PIBHAHb Ta MEPEHECTH BUPINICHHS MPOOJEMU HA CHCTEMY aKTHBAIlil JIOTIYHUX IPaBUIL.
BukoHaHO TecTyBaHHS POOOTH CTBOPEHOI MOJEII Ta MOPIBHSAHHS ii 13 KJIACHYHOK CHUCTEMOI YIpaBIiHHA. Pe3ymbratu
EKCIIEPUMEHTAIILHOTO TECTYBAHHS ITIITBEP/DKYIOTh €(DEKTHBHICTD MiZXO/y: 3HUKCHO TOXUOKY PEryJIFOBaHHS MapaMeTpiB,
a TaKOX 3MEHIIEHO TPUBAIICTH CTA01Mi3aLil Ticis 30BHILIHIX 30ypeHb. CTBOpEHA MOJIENb Ja€ 3MOTY aJJIeKBaTHO pearyBaTu
Ha 3MiHy MOKa3HHUKIB CEPEJOBHIA Ta YHUKAE KOJMBAHb 3HAYCHb I1apaMeTpiB, SKUMH YIPaBIAIOTH, IO 3a0e3neuye
nepeadadvyBaHilly Ta HafAilHiy poOoTy cuctemMu. HaBeneHO NEpCrleKTHBH BUKOPUCTAHHS PO3POOJICHOT MO s
HO€IHAHHS 3HAYCHB JICKIIBKOX BXITHUX MapaMeTpiB st (JOPMyBaHHS JIOTTYHOTO BHCHOBKY.

Knrwuosi cnosa: Mosienb KOHTPOIIIO, HEYITKE BUBE/ICHHS, aKBAKyJIbTYpa, JIIHIBICTUYHA 3MiHHA.
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