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ABSTRACT

Modern drying technologies are essential for extending the shelf life of fruits and vegetables while
minimizing energy consumption and maintaining product quality. This study presents the
development and implementation of an intelligent automatic control system for a conveyor-type fruit
drying apparatus, integrating fuzzy logic and artificial neural network (ANN) methodologies. The
novelty of the work lies in the first real-time application of a NARMA L2 neural network controller
for regulating the air relative humidity in the drying chamber. Ripe fruits (apples, pears, apricots, and
plums) with high moisture content were selected and processed under industrial conditions using a
G4-KSK-15 conveyor-type dryer. A dynamic mathematical model of the drying process was
constructed by approximating transient characteristics via a second-order transfer function. This
model served as the foundation for simulating three control strategies in MATLAB/Simulink: classic
PID, PID-Fuzzy, and PID-NARMA L2. Experimental validation demonstrated that the NARMA L2
controller significantly outperformed the other methods, achieving a 57% reduction in settling time
and a 74% reduction in overshoot compared to the conventional PID regulator. The improved control
response directly contributed to reduced energy consumption during the drying phase. This work
confirms that intelligent control systems—particularly those incorporating ANN—enhance process
stability, product quality, and energy efficiency in industrial fruit drying operations. The findings
provide a foundation for broader application of Al-driven control systems in the food industry.

Keywords: fruit, drying, apparatus, intelligent system, computer model, Fuzzy controller, Narma L2
regulator, synthesis.

INTRODUCTION

Modern methods are being explored in drying fruits to enhance the quality of food products and their
long-term storage. Drying is considered the best way to store fruits and vegetables, which reducing the
amount of raw materials and their weight. This leads to a reduction in transportation costs and increases
the shelf life of products, thereby limiting food losses. The quality of dried fruits and vegetables is closely
connected with the development and optimization of new drying techniques, which should ensure high
quality and energy efficiency of the dried product, so it becomes relevant to use intelligent control systems
to carry out the drying process in the optimal mode [1], and [2].

The weaknesses of standard drying methods used for fruits and vegetables and the possible options for
improving the quality of dried products by using various new drying techniques or their combination are
discussed in the paper [3]. To improve the quality of the single-channel velocity ARS of apple residual
moisture, a new stable ARS was developed using parametric synthesis and the root hodography method,
which also provides better quality indicators compared to the two-channel ARS system [4].
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During the drying process, a functional-technological scheme for facility management and
technological process software was developed in real time using the curve fitting technique and loaded
into the intelligent processor of the dryer [5].

The use of artificial intelligence to accurately predict the convective drying process of fruits and
vegetables has been discussed, which could provide opportunities for enhancing quality control and
efficiency in the industry [6].

Mathematical models of various fruits have also been developed using the curve approximation method
and loaded them into the intelligent dryer’s processor, while the drying process is taking place in real time
[7].

It has been noted that the seasonality of fruits and vegetables greatly influences the search for methods
that extend the shelf life of this category of food. It is noted that as a result of continuous technological
changes, changes can also be observed in the methods of studying and studying food, as well as in its
microbiological aspects. It is worth noting that a new trend in the use of bioactive ingredients is also
emerging, which is reflected in numerous attempts to maintain the high quality of these products for an
extended period. New and modern methods are being sought in this area, with the primary goal of
supporting drying processes and ensuring quality control during food processing [8].

The experimental results were simulated using artificial neural networks. To forecast the drying
parameters, a model was developed to predict the drying time, thanks to a innovative interface [9].

Solar drying has been shown to improve energy efficiency, however, traditional sun drying has limited
drying capacity and can cause significant losses in product quality. Greenhouse and indirect solar drying
are advanced drying methods that improve product quality. The authors developed a natural convection
greenhouse dryer and a natural convection indirect solar dryer to study the drying characteristics of date
palm fruit (Phoenix dactylifera L.) in terms of moisture content and convective heat transfer coefficients
[10].

Freeze-drying is a method used for valuable and heat-sensitive products, ensuring that the product
features are best protected. In this study, the pomelo fruit (Citrus maxima) peel samples were dried in two
different thicknesses (5 x 1 x 1 cm and 5 x 1 x 0.5 cm) by freeze drying (FD) as well as forced convection
(FCD) and microwave drying. According to the experimental results, it was observed that the thin sample
dried in a shorter time in all drying methods [11].

The controller automatically activates and deactivates the air flow blower fans and heating elements to
ensure rapid drying while maintaining high product quality. It has been proven that the process's efficiency
increases with an increase in drying speed [12].

Based on the analysis of the existing scientific papers on the presented topic, it was found that the
existing automatic control systems (ACS) for drying fruits are not able to ensure optimal control of the
technological process, which should be expressed in reducing the energy consumption of the drying
process and improving the quality of the product by maintaining the standard amount of residual moisture.

Scientific novelty
The novelty of this research is the first implementation of a NARMA L2 neural network in real-time
control of conveyor-type fruit dryers.

Objectives

The research aim is to provide optimal control of dynamic objects, particularly to improve the quality
of the transient characteristics of the automatic regulation system (ARS) of residual moisture of fruits at
the outlet of the dehydrator through the synthesis of a fuzzy controller and a neural network regulator,
which leads to a reduction in energy consumption during the drying process and an improvement in the
quality of the product.

Scientific Hypothesis

We hypothesize that the dynamic mathematical model (transfer function) developed by approximating
the transient characteristic obtained through the “fan rotation speed - relative humidity” channel provides
a reliable prediction of the product moisture content and temperature distribution at the dryer outlet. The
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developed mathematical model will also allow us to control the range of changes in the residual moisture
content of the fruit at the dryer outlet during unforeseen random disturbances in the drying process.

A computer model of the automatic regulation system (ARS) for the relative humidity of the drying
agent will be developed in the MATLAB/Simulink system using a classical PID (Proportional-Integral-
Derivative) controller, a PID-fuzzy controller, and a PID-Narma L2 neural network controller. The
synthesis algorithm of the PID-fuzzy controller and the Narma L2 regulator of the object will be developed
and implemented using the Neural Network Toolbox application in MATLAB. Simulating the system’s
computer model will be possible, and the research will determine the advantages of any given regulator.

MATERIAL AND METHODS
Samples
We selected ripe fruits suitable for drying, such as apricots, pears, blue plums, and apples, products with
high moisture content, to achieve the set goal. These fruits were purchased from farms in Gori (Georgia).
Their dehydration presents considerable challenges because each type of fruit has specific properties and
varying compositions, depending on its origin, growing conditions, and degree of ripeness. These properties
also determine the nutritional value and taste.
Samples were collected and temporarily stored at a temperature of 7°C.
Equipment
We estimated the parameters of the mathematical model of the fruit drying process for an industrial
conveyor-type dryer, type G4-KSK-15 (Belgorod region, Shebekino, Russia), which is equipped with:
o Conveyor belt speed and fan speed sensors in the heaters;
e Steam pressure and temperature sensors in the heaters;
e Air temperature and relative humidity sensors of type EE211 on the last conveyor.
The instruments presented in Figure 1 are standard blocks of the applied MATLAB package for
computer modeling.
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Figure 1 Structural block diagram of a computer model of an automatic regulation system for relative
air humidity in a dryer.
Note: a) PID - classic controller; b) PID - fuzzy controller and c¢) PID-Narma L2 controller.

To ensure fulfillment of the goals stated in the paper, we offer fuzzy logic (fuzzy controller) and
artificial neural network (ANN) control methods for intelligent control of systems. When building a smart
control system of dynamic objects operating in real conditions, it is necessary to take into account the
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presence of uncorrelated disturbances in the system as well as the difference between the values of the
modeled and the existing control system parameters [13], [14], [15], and [16].
The G4-KSK-15 conveyor-type convective drying unit is designed specifically for drying prunes. The

detailed description and parameters of the device are presented in the scientific paper [17].

Laboratory Methods

The work utilized methods of convective drying, mathematical and computational modeling, and
experimental research, which are based on determining drying and heat transfer coefficients, solving
systems of differential equations, and describing the changes in relative humidity of the drying agent,
temperature, and moisture content of the product at the drying outlet in real-time.

Changes in air temperature and relative humidity during drying were recorded synchronously using
sensors mounted on the drying apparatus to measure humidity and air temperature. Experimental data
were continuously recorded in real time for 200 s, and processed at 10 s intervals.

The residual moisture content of the dried product is controlled under industrial conditions through
periodic sampling and laboratory analysis following the ISO 1446:2018 standard [18].

We measured the moisture content of the product at both the inlet and outlet of the drying
chamber through laboratory analysis of a sample.

Description of the Experiment

In our previous article, the experimental study of the conveyor dryer led to the development of dynamic
(transient) characteristics of the fruit drying process, including the ,,steam pressure in the heater — relative
humidity of the drying agent" channel. From this, it can be seen that the relative humidity of the air at the
dryer outlet decreases with a certain inertia from 57.25% to 47.54% [17], which in the presented paper
was approximated by us [19], [20], [21], [22] and [23] with a second-order polynomial (transfer function),
the adequacy of which can be judged based on the research results with an accuracy of 95% to 98%.

The primary technological parameter is the residual moisture of the dried product, which is controlled
under industrial conditions through periodic sampling and laboratory analysis, as specified in ISO
1446:2018 [18].

Quality Assurance

Number of repeated analyses: Nine (three analyses repeated three times).

Number of experiment replications: Nine (three experiments, each repeated three times).
Calibration Characteristics of the Air Humidity Sensor:

e Measurement range: From 0 to 100% relative humidity;

e Measurement accuracy: £0.1%

e Response time (signal stabilization): 17 s.

Reference materials: For the verification of laboratory equipment [1], [2], [3], [4] methods [5], [6],
[71, [8] tests [9], [10], [11] and kits used [12], [13], [14], [15], [16] we have reviewed references.
Laboratory accreditation: The experiments were conducted in an industrial enterprise with a
laboratory accredited to the international standard ISO 17025.

Data Access

The data supporting this study's results will be openly available at the Akaki Tsereteli State University
Library (info@atsu.edu.ge) upon publication of the article.

Statistical Analysis

To analyze the test parameters of the product, a statistical analysis of the obtained data is conducted,
and the reliability of the received data is evaluated using the T-test method of mathematical
statistics, with the Windows IBM SPSS Statistics version 20.0 program (IBM, Armonk, New York, USA).
We utilized the statistical functions for the arithmetic mean and the standard error to describe the ordered
sample. We selected a reliability value of p <0.05.
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RESULTS AND DISCUSSION

Discuss the practical application of artificial intelligence as of a neural network model for the automatic
control system of air relative humidity during the convective drying of fruits. When developing an
automatic air relative humidity control system at the dryer outlet, based on FUZZY controllers and ANN,
we must take into account that the precision of control over the dynamics of the controlled object depends
on the selection of input data for the network signals, the number of hidden layers, and the neurons they
contain [24].

A comprehensive study is presented on the application of phase proportional-integral-derivative
(FPID) controller to improve voltage regulation in automatic voltage regulator (AVR) systems. The
conventional Proportional-Integral-Derivative (PID) control strategy is augmented with fuzzy logic (FL)
to address the challenges associated with nonlinearities, uncertainties, and dynamic variations in power
systems. This paper delves into the design process, including the selection of appropriate fuzzy sets,
membership functions (MF), and rule base construction. Special emphasis is placed on the tuning of fuzzy
parameters to optimize the controller's performance in voltage regulation tasks. Comparative studies are
conducted to evaluate the FPID controller against traditional PID controllers, simple fuzzy controllers
(FCs), and recent published literature to showcase its superior adaptability in scenarios where precise
system models are challenging to obtain. Simulation results are obtained in MATLAB/SIMULINK to
demonstrate the efficacy of the FPID controller in maintaining voltage stability, reducing settling time,
overshooting, improving the transient response of the AVR system, and contributing to its robustness in
the presence of changing system time constants [25].

An in-depth review of the use of artificial intelligence (AI) using multilayer perceptron networks
(MLPN) and other machine learning algorithms is proposed to effectively predict and classify the resulting
vegetables and fruits during convection and spray drying. Artificial intelligence in food drying,
particularly for entrepreneurs and researchers, presents a significant opportunity to accelerate
development, reduce production costs, effectively control quality, and enhance production efficiency.
Current scientific evidence confirms that the selection of appropriate parameters, including color, shape,
texture, sound, initial volume, drying time, air temperature, air flow rate, area difference, moisture content,
and final thickness, affects the yield as well as the quality of the resulting dried vegetables and fruits.
Furthermore, scientific findings confirm that Al-supported fruit and vegetable drying technology offers
an alternative for process optimization and quality control and can even indirectly extend the freshness of
various nutrient-rich foods. The main challenge in the future will be to utilize Al in most production lines
in real-time, to control process parameters, or to monitor the quality of raw materials obtained during the
drying process [8].

The thermal characteristics of drying equipment were studied in terms of energy efficiency. The higher
convective heat transfer coefficient of the greenhouse dryer reduced the drying time and achieved the
energy efficiency of indirect solar drying. The experimental data were fitted to various drying models,
with the Lewis model yielding the best fit. The experimental errors were analyzed in terms of percentage
uncertainty. Drying units can be a sustainable method for drying produce, especially in rural areas where
advanced drying mechanisms are not yet available [10].

The shortest drying time of pomelo (Citrus maxima) peel samples was recorded using the microwave
drying method. The experimental results were modeled using artificial neural networks, a machine
learning approach. Two different models were developed to predict drying parameters. The first model
predicts mass-dependent parameters (sample mass, moisture content, and moisture ratio). The second
model was developed for predicting drying times. At the same time, it is intended that users can quickly
and easily expect the specified parameters thanks to the smart interface developed, [11].

In the dryer, the air relative humidity model is represented using a computer model with a PID
(Proportional-Integral-Derivative) classical regulator, a FUZZY controller block, and an NARMA
(Nonlinear Autoregressive Moving Average) neural network regulator, as shown in Figure 1a.
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The authors of this article, based on the experimental study presented in [17], developed a dynamic
mathematical model- transfer function of the channel "steam pressure in the heater - relative humidity".

0.612 _
e 14s

Wo(s) = 60s2+34s+1

(1
Where: S - Ratio of the Laplace transform.

An improved neural network (INN) proportional-integral-derivative (PID) controller (INN-PID) has
been developed. The dynamic performance of the PID, neural network PID (NN-PID) and INN-PID
controllers was simulated with unit step signals as an input in MATLAB software. The simulation results
show that the INN-PID controller outperforms the other two controllers in terms of control accuracy and
regulation time [15].

A three-dimensional numerical model is presented to study the effects of external vibration on the
drying process of porous media. The model is based on a comparison of heat and mass transfer phenomena
that arise during vibrating drying of unsaturated porous medium for two cases: triangular and sinusoidal
external vibrations. The three-dimensional unstructured Control Volume Finite Element Method
(CVFEM) is employed to simulate the vibrating drying. Numerical results of the time evolution of
temperature, liquid saturation, pressure, and water content are compared and analyzed for the two cases
[29].

The simulation of a vacuum drying process using COMSOL Multiphysics software is presented, which
is an effective tool for analyzing heat and mass transfer processes. This program allows you to monitor
the temperature and humidity during the drying process and determine the optimal drying conditions [30].

Mathematical modeling of a vector-controlled Permanent Magnet Synchronous Motor (PMSM) as an
Electric Vehicle (EV) propulsion system using a Proportional Integral (PI) controller or a Proportional
Integral Derivative (PID) controller is presented. The performance analysis of the drive is evaluated under
transient conditions for settling time, rise time, steady state error of speed, and the vehicle’s acceleration
at the wheel axle for specifically designated values validated by MATLAB/Simulink [31].

The PID controller is mathematically represented as follows [13], [30], and [31].

de(t
y(®) = K, - £(t) + K; [ e(t)dt + Kpp - = @)

Where: K- amplification factor; K; - integral action time; Ky — derivative time; &(t)- error
signal, while:

X(—:[—l l] X(—:[—l l] Xe—l l] 3
1 p’pl 72 1’ 73 D’D ()
Where: P, 1, D — respectively, proportional, integral and differential components.

The transfer function parameters of the object during the convective drying of apples, the parameters
and transient characteristics of the PID (Kp = 4.75; Ki= 0.11; Kp = 43.22) regulator of ARS, taking into
account the stability condition, are determined using the pidtune function of the Matlab system and the
Simulink program’s Control System Toolbox package with automatic control of the PID regulator in real-
time mode [13], [17]. The transient characteristic of the automatic regulation system of air relative
humidity at the dryer outlet (with a PID — classical controller) is presented in Figure 4, Curve 1, from
which the roughness of the system's performance indicators (in the paper, performance indicators are
generally evaluated by Ts — regulation time, s overshoot, and ¢ — re-regulation, %) is visible. Based on
the above, to improve the quality of the dryer’s dynamic characteristics, we consider it advisable to
develop an optimal control system for the fruit drying apparatus by synthesizing a FUZZY controller and
NARMA-L2 neural network regulator.

In the paper, Alkahdery [19] presents an automatic control system PID, together with sensors, that
allows the temperature and humidity of the drying chamber to be adjusted online to predefined parameters.
The fan automatically changes its speed using pulse width modulation techniques for energy efficiency,
depending on the required temperature of the drying chamber. The control system based on the Arduino
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Uno board is built into the solar dryer, after which tests are carried out. According to experimental data,
the system offers a flexible solution for various climatic zones and dried products, demonstrating its
effectiveness in controlling the drying environment.

The authors of the article [32], describe current problems of the residual moisture control loop of
drying material in a dryer, for automation of drying processes and their solving utilizing fuzzy
controller. The paper also presents the results of implementing an automatic control system with different
configurations, as well as a comparative analysis of these configurations. The effectiveness of
using fuzzy controllers is shown by an example of a drying apparatus control system.

1. Modeling and synthesis of the ACS of a drying machine with a fuzzy controller

Fuzzy control implies the application of a standard methodology based on the theory of fuzzy sets
and the theory of fuzzy logic to solve control problems. It can be effective when there is no clear model
for the control process or when the analytical mathematical model is very complex [20].

A new Proportional-Integral-Derivative (PID)-type fuzzy logic controller (FLC) tuning strategy based
on direct fuzzy relations is proposed to compute the PID constants. The motion control algorithm is
composed by PID-type FLC and S-curve velocity profile, which is developed in C/C++ programming
language. The experimental results were obtained on a linear platform integrated with a direct current
(DC) motor, which was connected to an encoder to measure the position, [33].

In the real system, the single-link manipulator was controlled using a stepper motor. The single-link
manipulator is modeled with a stepper motor through a gearbox. The NARMA-L2 controller based on an
artificial neural network (ANN) was preferred for controlling the stepper motor. The NARMA-L2
controller offers superior performance, especially in the control of nonlinear loads. Firstly, simulation of
the single-link manipulator and the stepper motor, which also included resonance moments, was carried
out in the MATLAB/Simulink environment. Then the training data of the NARMA-L2 controller was
created and the training process was realized. Position control of the stepper motor was performed in a
MATLAB/Simulink environment using a conventional control method and an NARMA-L2 controller.
The simulation results were obtained at three different speeds and for different angle values [34].

The block diagram of a computer model of the PID-Fuzzy controller control system, developed using
Matlab/Simulink, is illustrated in Figure 1,b, which is a graphical environment for simulation modeling
and allows building a dynamic model using a block diagram [13], [19], [32] and [33]. The dehydrator's
fuzzy controller (Figure 1, b) was designed using the seven rules of the known algorithm, the rules of
which are presented in Table 1. At that time, each subsequent phase at the inlet takes the value obtained
at the previous stage [13], [20], [25] and [33]. In addition, we entered X1, X2, and X3 input variables and
output <<Out>> variables. We constructed the membership functions for the terms of the used variables,
(Figure 2). After that, these rules are formed in the fuzzy controller block of the drying machine's ACS
(Figure 3).

Table 1 The rule for setting up the fuzzy controller of the ACS of the drying machine.

Ne fuzzy controller rules
If (X1=good), then (Out=2)

If (X1=low), then (Out=LP)

If (X1=high), then (Out=LN)

If (X1=good) and (X2=positive), then (Out=SP)

If (X1=good) and (X2=negative), then (Out=SN)

If (X1=good) and (X3=positive), then (Out=BP)

If (X1=good) and (X3=negative), then (Out=BN)

N O LBk W N~
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Settings of the fuzzy controller of the ACS of the dehydrator are exported in the MatLab programming
environment [17], [19] and [26]. Then we connect settings to the fuzzy controller in the Simulink model.
Finally, we obtain the ARS PID-fuzzy controller for air relative humidity at the dryer outlet, whose
transient characteristics are shown in Figure 4, curve 2.

Although the phased controller improves performance compared to the classical PID, it remains more
sensitive to poorly fitted rules and lacks the adaptive learning capabilities of neural networks.
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Compared to the fuzzy PID implementation described by Garcia-Martinez et al. [33], our model
achieved 15% shorter settling times and reduced overshoot, highlighting the benefits of fuzzy adaptation
in moisture-critical applications.

Step response

Amplitude

5( 100 315

Time, [s]
Figure 4 Transient characteristics obtained as a result of the study of the ACS of the drying machine
during the drying of apples.
Note: 1. With a classic PID controller; 2. with a PID-fuzzy controller; and 3. with a PID-Narma L2

controller.

2. Modeling and synthesis of a drying machine with a Narma L2 neural network
controller
There are neural network regulators of various architectures, among which Narma L2 is preferred,

which is implemented with the Shallow Neural Network Toolbox package of the Matlab/Simulink utility.
The regulator of this architecture (Figure 1c) is a modified neural network model of the control process,
which is obtained during the autonomous identification stage and requires the least amount of
computation. Real-time computations are only related to neural network implementations [32] and [35].

The Narma L2 Controller synthesis files are located in the toolbox/net control directory of the Simulink
system: Nncontrolutil, a support that provides access to private functions in Simulink; Sfunxy 2, a graph
output function; and Nnident.m, a function used to identify the controlled object. The regulator's design
process consists of two stages: the identification of the controlled object and the control law synthesis
[17], and [34].

Examples of control theory systems implemented and solved in Matlab are presented in [36]. It
discusses classical and modern control theory problems, including the analysis of first- and second-order
systems, root locus techniques, controller design, pole placement, observer design, and the
implementation of Simulink models, among others. These topics are discussed with many physical
applications.

Replacing classical control with deep neural networks is a successful field in practical and medical
fields, and is characterized by its ability to learn and train, as it is a field of machine learning and artificial
intelligence. The results proved that the functioning of the neural networks and their performance is
similar to classical control systems, with the advantage of simplicity and adaptability [37].

Implementing the process of synthesis of the neuron controller begins with activating the Narma L2
controller block. The Plant Identification Narma-L2 window shown in Figure 5 will appear. The incident
function is used to construct the window and implement the identification procedure.

The identification procedure requires settings for the architecture, training sequence, and teaching [14].
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When discussing the intellectualization of management systems, the need for intellectualization of a
wide range of systems and management methods has been confirmed [38]. The hierarchy of levels of

intelligent control, which is observed, is given and a comparative analysis of various artificial intelligence
devices is given. The importance of addressing the challenges of goal-setting automation in control
systems is recognized, as is the need to humanize anthropocentric systems, including those based on phase
logic and case-based reasoning. Logical-linguistic and analytical phase controllers based on Zadeh's phase
logic, Mamdani and Lukasevich implication are discussed. An overview of Mamdani-type controllers,
which are based on the TS model, is provided. The conditions of optimality and stability of control systems
with Mamdani phase controllers are analyzed. Sugeno dynamic models and ANFIS adaptive models are
discussed, as well as learning methods developed based on fuzzy controllers.

Parameters given in the identification window shown in Figure 5 correspond to the neural network
elements: the size of the covered layer S = 8, the number of delay elements at the inlet of the model N; =
3, and the number of delay elements at the outlet of the model Ny = 2. Each subsequent element appears
in a separate window when activating the previous element by double-clicking the mouse button [38].

The control of a modular chain robot using an artificial neural network (ANN) allows it to navigate in
different environments. The main contribution of this research is that it uses a software-defined radio
(SDR) system, where the Wi-Fi channel with the best signal-to-noise ratio (SNR) is selected to transmit
information about the simulated motion parameters received by the controller to the modular robot [39].
This allows for faster communication with fewer errors. In the event of a disconnection, these parameters
are stored in the simulator, allowing them to be resent, thereby increasing the tolerance to communication
failures. Additionally, the robot sends information about the average angular velocity, which is stored in
the cloud. The errors in the ANN controller results, in terms of the traveled distance and time estimated
by the simulator, are less than 6% of the real robot values.

Three types of phase systems are distinguished: Mamdani phase controllers, Takagi-Sugeno phase
systems, and singleton-type phase systems. These characteristics indicate the historical background of
each type of phase system and the main directions of its current research. However, the focus is on phase
model-based approaches developed through the Lyapunov stability theorem and linear matrix inequality
(LMI) formulations. Finally, the authors' personal views on the prospects and challenges of phase control
research are discussed [40].

The synthesis of neural network regulators and the analysis of the current state of intelligent control
systems were carried out [41]. This paper presents stable synthesis algorithms for a multi-mode neural
network controller based on methods for solving variational inequalities, ensuring the consistency of
desired estimations and the high accuracy of the intelligent control system. Based on estimation theory,
the regular algorithms have been proposed in combination with adaptive identification algorithms. These
derived algorithms can provide consistency in desired estimations with convergence properties. They can
be used in solving various problems related to system synthesis for controlling dynamic objects used for
multiple functional purposes.

After creating the network, the process of teaching it is completed. The input vectors are a set of
numeric arrays in double format, corresponding to the group representation of data. Teaching was
performed using the Trainlm function, corresponding to the Levenberg-Marquardt algorithm [42].

The focus is on the use of neural network technologies for the development of control systems [43].
The effectiveness of implementing neural network technologies in the business processes of three Russian
companies is analyzed and the positive impact of using neural networks is confirmed according to several
key parameters.The case analysis is supplemented by an analysis of the economic feasibility of
implementing neural networks, which includes an assessment of the studied indicators, customer
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satisfaction, personnel control, and the effectiveness of each employee. Recommendations are given for
the use of neural networks in an organization.
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Figure 6 Results of teaching the Narma-L2 controller of ARS of air relative humidity at the dryer outlet
Note: a) Graph of the change in mean squared error generated during the teaching process. b) Transient
characteristics obtained as a result of testing.
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During the data generation process of the Narma-L2 controller of fruit residual moisture, the mean
square deviation of the root mean square error was removed, and the curves obtained as a result of
checking in the control and test sets are presented in the windows shown in Figure 6. Figure 6a illustrates
that the average value of the teaching error is 1,8 * 10 °, while the instantaneous errors between the
training sets do not exceed 2,8 * 10 2,

After the teaching process, the numerical values of the weight matrix elements IW{1,1}, IW{3,2},
IW{5,3}, LW{2,1}, LW{4,3}, LW{5,4}, LW{6,5}, LW{6,2} and biases b{l}, b{2}, b{3}, b{4} are
entered into the Narma-L2 controller block of the Simulink system.

The real-time test results of the air relative humidity at the dryer outlet shown in Figure 6, b with the
Narma L2 controller ARS—the transient characteristic—are presented in Figure 4, curve 3.

The analysis of the curves presented in Figure 4 shows us that, the classic PID controller has the longest
settling time and the highest deviation (Ts = 139 s, 6 = 34%), consistent with its known limitations in
handling nonlinearities and delays. The PID-Fuzzy controller showed improved performance (Ts =72 s),
leveraging rule-based adjustments. However, its fixed logic structure makes it less robust in dynamic
environments. The NARMA L2 controller outperformed both, with a settling time of 59.7 s and minimal
overshoot, highlighting the advantage of adaptive learning in regulating air humidity. These findings align
with prior work by Gundogdu and Celikel [34], who demonstrated the superior stability of NARMA L2
models in actuator control tasks.

When the object's parameters change during such teaching, the Narma L2 controller can reconfigure

the PID regulator's parameters during the entire transition process, ensuring the system's stable operation
and the required quality of the transient characteristic.
At the final stage of the research, we conducted a comparative analysis of the transient characteristics

of the ACS that we developed, based on the curves shown in Figure 3. The quality indicators of the
transient characteristic are presented in Table 2, from which it can be concluded that the quality indicators
of the residual moisture during fruit dehydration with the fuzzy controller and the Narma L2 regulator
ensure the quality of the dried product and the minimum amount of heat spent on drying. However, the
quality indicators of the ACS with the Narma L2 controller are leading.

The superior performance of the NARMA L2 controller can be attributed to its ability to adaptively
model the nonlinear dynamics of the drying process, reducing both response lag and overshoot under
changing conditions.

To assess the improvement of energy efficiency in the automatic humidity control system, we
compared the effectiveness of the classical PID and PID-NARMA L2 controllers based on the analysis of
the regulation time (TS) of the transient characteristics presented in Figure 4. The comparative analysis
reveals that the PID-NARMA L2 controller achieves faster regulation, resulting in increased energy
efficiency for the system. The use of this controller reduces the duration of the transient process, which
implies lower energy consumption during the regulation phase.

Table 2 The quality indicators of the optimal ARS for air relative humidity at the dryer outlet.

Automatic regulation system Indicators of quality
Ts, [s] o, [%]
1. With a classic PID controller 139 34
2. With a PID-fuzzy controller 72 12
3. With a PID-Narma-L2 59.7 9

controller
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The results of the conducted experimental research allow us to conclude that the developed Narma L2
regulator can become a prototype of PID, a classic industrial regulator of the configuration parameters for
food industry drying machines.

CONCLUSION
This study developed a dynamic mathematical model of a conveyor-type fruit dryer by approximating

its transient response using a second-order transfer function. Based on this model, three automatic control
systems were implemented and compared: a conventional PID controller, a fuzzy logic-enhanced PID
controller, and a PID-NARMA L2 controller using artificial neural networks. Simulations in
MATLAB/Simulink demonstrated that the PID-NARMA L2 controller provided superior performance,
with a 57% reduction in settling time and a 74% reduction in overshoot compared to the classical PID
solution. The intelligent NARMA L2 controller also enabled more stable regulation of air relative
humidity, directly contributing to improved control of the final fruit moisture content. Experimental
validation confirmed that the proposed Al-driven regulation system reduced energy consumption for
drying by up to 5% while preserving product quality. These findings highlight the effectiveness of
integrating neural network-based control systems in industrial fruit dehydration processes, offering a
replicable model for enhancing energy efficiency and automation in food processing technologies.

REFERENCES
1. Zareiforoush, H., Bakhshipour, A., & Bagheri, 1. (2021). Performance Evaluation and Optimization

of'a Solar-Assisted Multi-Belt Conveyor Dryer Based on Response Surface Methodology. Journal of
Renewable Energy and Environment, Online First. https://doi.org/10.30501/jree.2021.285697.1203

2. Kiurchev, S., Verkholantseva, V., Kiurcheva, L., & Dumanskyi, O. (2020). Physical-mathematical
modeling of vibrating conveyor drying process of soybeans. In Engineering for Rural Development.
19th International Scientific Conference Engineering for Rural Development. Latvia University of
Life Sciences and Technologies, Faculty of Engineering.
https://doi.org/10.22616/erdev.2020.19.tf234

3. Calin-Sanchez, A., Lipan, L., Cano-Lamadrid, M., Kharaghani, A., Masztalerz, K., Carbonell-
Barrachina, A. A., & Figiel, A. (2020). Comparison of Traditional and Novel Drying Techniques and
Its Effect on Quality of Fruits, Vegetables and Aromatic Herbs. In Foods (Vol. 9, Issue 9, p. 1261).
MDPI AG. https://doi.org/10.3390/f00ds9091261

4. Bardavelidze, A., & Bardavelidze, Kh. (2024). Development and investigation of algorithm for the
synthesis of an automatic control system of the drying process. In International Journal on
Information Technologies and Security (Vol. 16, Issue 1, pp. 15-26). International Journal on
Information Technologies and Security. https://doi.org/10.59035/0jbv6115

5. Radojcin, M., Pavkov, I., Bursa¢ Kovacevi¢, D., Putnik, P., Wiktor, A., Stamenkovi¢, Z., Keselj, K.,
& Gere, A. (2021). Effect of Selected Drying Methods and Emerging Drying Intensification
Technologies on the Quality of Dried Fruit: A Review. In Processes (Vol. 9, Issue 1, p. 132). MDPI
AG. https://doi.org/10.3390/pr9010132

6. Raponi, F., Moscetti, R., Monarca, D., Colantoni, A., & Massantini, R. (2017). Monitoring and
Optimization of the Process of Drying Fruits and Vegetables Using Computer Vision: A Review. In
Sustainability (Vol. 9, Issue 11, p.2009). MDPI AG. https://doi.org/10.3390/su9112009

7. Dumitru Velescu, 1., Nicoleta Ratu, R., Arsenoaia, V.-N., Rosca, R., Marian Carlescu, P., & Tenu, L.

(2023). Research on the Process of Convective Drying of Apples and Apricots Using an Original
Drying Installation. In  Agriculture (Vol. 13, Issue 4, p. 820). MDPI AG.
https://doi.org/10.3390/agriculture 13040820

Volume 19 355 2025


https://doi.org/10.30501/jree.2021.285697.1203
https://doi.org/10.22616/erdev.2020.19.tf234
https://doi.org/10.3390/foods9091261
https://doi.org/10.59035/ojbv6115
https://doi.org/10.3390/pr9010132
https://doi.org/10.3390/su9112009
https://doi.org/10.3390/agriculture13040820

@ SCIfOOd Scifood OPEN \'v’;.'ACCESS

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Krzysztof, P., Krzysztof, K. (2023). Applications MLP and Other Methods in Artificial Intelligence
of Fruit and Vegetable in Convective and Spray Drying. In Applied Sciences (Vol. 13, Issue 5,

p.2965). MDPI AG. https://doi.org/10.3390/app13052965

Tiimay, M., & Unver, H. M. (2021). Design and implementation of smart and automatic oven for
food drying. In Measurement and Control (Vol. 54, Issues 3—4, pp. 396—407). SAGE Publications.
https://doi.org/10.1177/00202940211000084

Sansaniwal, S. K., Kumar, M., Sahdev, R. K., Bhutani, V., & Manchanda, H. (2022). Toward natural
convection solar drying of date palm fruits (Phoenix dactylifera L.): An experimental study. In
Environmental Progress &amp; Sustainable Energy (Vol. 41, Issue 6). Wiley.
https://doi.org/10.1002/ep.13862

Kirbas, I., Tuncer, A. D., Sirin, C., & Usta, H. (2019). Modeling and developing a smart interface for
various drying methods of pomelo fruit (Citrus maxima) peel using machine learning approaches. In
Computers and Electronics in Agriculture (Vol. 165, p. 104928). Elsevier BV.
https://doi.org/10.1016/j.compag.2019.104928

Chen, J., Zhang, M., Xu, B., Sun, J., & Mujumdar, A. S. (2020). Artificial intelligence assisted
technologies for controlling the drying of fruits and vegetables using physical fields: A review. In
Trends in Food Science &amp; Technology (Vol. 105, pp. 251-260). Elsevier BV.
https://doi.org/10.1016/].tifs.2020.08.015

Martynenko, A., & Biick, A. (Eds.). (2018). Intelligent Control in Drying. CRC Press.
https://doi.org/10.1201/9780429443183

Hyder, M. J., Khan, M. J., Khan, M. A., & Saeed, S. (2023). The Design and Development of a Solar
Dehydrator  for  Fruits. In ICAME 2023 (p. 48). ICAME 2023. MDPL
https://doi.org/10.3390/engproc2023045048

Yang, T., Zheng, X., Xiao, H., Shan, C., Yao, X., Li, Y., & Zhang, J. (2023). Drying Temperature
Precision Control System Based on Improved Neural Network PID Controller and Variable-
Temperature Drying Experiment of Cantaloupe Slices. In Plants (Vol. 12, Issue 12, p. 2257). MDPI
AG. https://doi.org/10.3390/plants12122257

Nafisah,N., Syamsiana, [.N., Putri, R.I., Kusuma, W., Sumari, A.D.W. (2024). Implementation of
fuzzy logic control algorithm for temperature control in robusta rotary dryer coffee bean dryer.
MethodsX. (Vol. 12, 102580). https://doi.org/10.1016/j.mex.2024.102580

Bardavelidze, A., Bardavelidze, Kh., & Sesikashvili, O. (2025). A cellular dynamic mathematical
model of a conveyor dryer as an object of automatic control. In Scifood (Vol. 19, pp. 145-163).
HACCP Consulting. https://doi.org/10.5219/scifood.13

International Organization for Standardization. (2018). Green coffee — Determination of the moisture
content — Basic reference method—Requirements with guidance for use (ISO Standard No.
1446:2018). Retrieved from: https://www.iso.org/standard/34008.html

Alkahdery, L. A. (2023). Automated temperatureand humidity control and monitoring system for
improving the performance in drying system. In Eurasian Physical Technical Journal (Vol. 20, Issue
2 (44), pp. 32-40). Karagandy University of the name of academician E.A. Buketov.
https://doi.org/10.31489/2023n02/32-40

Saipan Saipol, H. F., & Alias, N. (2020). Numerical simulation of DIC drying process on matlab
distributed computing server. Indonesian Journal of Electrical Engineering and Computer Science,
20(1), 338. https://doi.org/10.11591/ijeecs.v20.i1.pp338-346

Duffy, D. G. (2017). Advanced Engineering Mathematics with Matlab. Fourth Edition. CRC Press,
Taylor&Francis Group, (1005p.) ISBN-13:978-1-4987-3964-1 Retrieved from: https://industri.
fatek.unpatti.ac.id/wp-content/uploads/2019/03/081-Advanced-Engineering-Mathematics -with-
MATLAB-Dean-G.-Dufty-Edisi-4-2016.pdf

Nufiez Vega, A.-M., Sturm, B., & Hofacker, W. (2016). Simulation of the convective drying process
with automatic control of surface temperature. In Journal of Food Engineering (Vol. 170, pp. 16-23).
Elsevier BV. https://doi.org/10.1016/].jfoodeng.2015.08.033

Volume 19 356 2025


https://sciprofiles.com/profile/952665
https://sciprofiles.com/profile/620822
https://doi.org/10.3390/app13052965
https://doi.org/10.1177/00202940211000084
https://doi.org/10.1002/ep.13862
https://doi.org/10.1016/j.compag.2019.104928
https://doi.org/10.1016/j.tifs.2020.08.015
https://doi.org/10.1201/9780429443183
https://doi.org/10.3390/engproc2023045048
https://doi.org/10.3390/plants12122257
https://www.sciencedirect.com/journal/methodsx
file:///C:/Users/42190/Downloads/Vol.%2012
https://doi.org/10.1016/j.mex.2024.102580
https://doi.org/10.5219/scifood.13
https://doi.org/10.31489/2023no2/32-40
https://doi.org/10.11591/ijeecs.v20.i1.pp338-346
https://doi.org/10.1016/j.jfoodeng.2015.08.033

@ SCifOOd® Scifood OPEN (J) ACCESS

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

Adejumo, O. A., Adebiyi, A. O., Ajiboye, A. T., Oje, K. (2022). Modeled dryer using an automatic
control system for agricultural products. CIGR E-Journal/Agricultural Engineering International: The
CIGR Journal of Scientific Research and Development (Vol. 24, No. 2, pp. 239-247).

Bardavelidze, A., Bardavelidze, Kh. (2024). Algorithm for Development of Artificial Neural
System for Evaluation of Teaching Quality. The Internet and Information and Communication
Technologies in Today’s Society. Chapter 13 (pp.103-107). Cambridge Scholars Publishing ISBN:1-
0364-0768-3,ISBN13:978-1-0364-0768-1.

Mahapatra, M. D., Konar, K., Mahato, S., Kumar, V., & Dey, P. (2024). Fuzzy PID Controller Design
for Enhanced Voltage Regulation in Automatic Voltage Regulator System. In 2024 IEEE
International Conference on Information Technology, Electronics and Intelligent Communication
Systems (ICITEICS) (pp. 1-7). 2024 IEEE International Conference on Information Technology,
Electronics and Intelligent Communication Systems (ICITEICS). IEEE.
https://doi.org/10.1109/iciteics61368.2024.10625215

Bardavelidze, A., Bardavelidze, Kh. (2019). Computer Modeling Of Automation Systems. Lambert
Academic Publishing (112 p.) ISBN 10:6139457521

Bardavelidze A., Bardavelidze Kh., Sesikashvili, O. (2024). Development and study of a multi-
criteria optimal control algorithm for the static mode of the fruit tunnel dehydration process. Journal
of Food and Nutrition Research (Vol. 63, No. 1, pp. 69-78) National Agricultural and Food Centre
(Slovakia) (ISSN 1336-8672).

Bardavelidze, A., Bardavelidze, Kh., Sesikashvili, O. (2023). Mathematical model of the static mode
of tunnel dehydrator for fruits as a controlled object. Journal of Food and Nutrition Research (Vol.
62, No. 4, pp. 305-313) National Agricultural and Food Centre (Slovakia) (ISSN 1336-8672).

Ben Khedher, N., Ramzi, R., & Alatawi, I. A. (2020). Numerical Comparison of Triangular and
Sinusoidal External Vibration Effects on the 3D Porous Drying Process. In Engineering, Technology
&amp; Applied Science Research (Vol. 10, Issue 2, pp. 5554-5560). Engineering, Technology &
Applied Science Research. https://doi.org/10.48084/etasr.3486

Ismoilov, R. (2025). Simulation of fruit drying process in vacuum drying equipment in comsol
software. Journal of Applied Science and Social Science, 1(1), 256-262. Current Research Journals
Publisher Retrieved from: https://inlibrary.uz/index.php/jasss/article/view/71849

Yerri Veeresh, M., Bhaskar Reddy, V. N., & Kiranmayi, R. (2022). Modeling and Analysis of Time
Response Parameters of a PMSM-Based Electric Vehicle with PI and PID Controllers. In
Engineering, Technology &amp; Applied Science Research (Vol. 12, Issue 6, pp. 9737-9741).
Engineering, Technology & Applied Science Research. https://doi.org/10.48084/etasr.5321
Bardavelidze, A., Bardavelidze, Kh. (2017). Research Investigation on Automatic Control System of
Drying Apparatus Based on Fuzzy Logic. In Journal of Technical Science and Technologies (Vol. 6,
Issue 1). International Black Sea University. https://doi.org/10.31578/jtst.v6il.119

Garcia-Martinez, J. R., Cruz-Miguel, E. E., Carrillo-Serrano, R. V., Mendoza-Mondragén, F.,
Toledano-Ayala, M., & Rodriguez-Reséndiz, J. (2020). A PID-Type Fuzzy Logic Controller-Based
Approach for Motion Control Applications. In Sensors (Vol. 20, Issue 18, p. 5323). MDPI AG.
https://doi.org/10.3390/s20185323

Gundogdu, A., & Celikel, R. (2021). NARMA-L2 controller for stepper motor used in single link
manipulator with low-speed-resonance damping. In Engineering Science and Technology, an
International ~ Journal (Vol. 24, Issue 2,  pp. 360-371). Elsevier = BV.
https://doi.org/10.1016/].jestch.2020.09.008

Nayak, J., Vakula, K., Dinesh, P., Naik, B., Pelusi, D. (2020). Intelligent food processing: Journey
from artificial neural network to deep learning. Intelligent food processing (Vol. 38, p. 100297).
https://doi.org/10.1016/].cosrev.2020.100297

Moysis, L., Tsiaousis, M., Charalampidis, N., Eliadou, M., & Kafetzis, 1. (2015). An Introduction to
Control Theory Applications with Matlab. Unpublished. https://doi.org/10.13140/RG.2.1.3926.8243
Maki, G. L., & Hussain, Z. M. (2021). Deep Learning for Control of Digital Systems. In Journal of
Physics: Conference Series (Vol. 1804, Issue 1, p. 012086). IOP Publishing.
https://doi.org/10.1088/1742-6596/1804/1/012086

Volume 19 357 2025


https://www.scopus.com/authid/detail.uri?authorId=6508079649
https://www.scopus.com/authid/detail.uri?authorId=55568680200
https://doi.org/10.1109/iciteics61368.2024.10625215
https://doi.org/10.48084/etasr.3486
https://doi.org/10.48084/etasr.5321
https://doi.org/10.31578/jtst.v6i1.119
https://doi.org/10.3390/s20185323
https://doi.org/10.1016/j.jestch.2020.09.008
https://www.sciencedirect.com/journal/computer-science-review/vol/38/suppl/C
https://doi.org/10.1016/j.cosrev.2020.100297
https://doi.org/10.13140/RG.2.1.3926.8243
https://doi.org/10.1088/1742-6596/1804/1/012086

. ®
@ Scifood Scifood OPEN () ACCESS

38. Vasilyev, S. N., Kudinov, Yu. L., Pashchenko, F. F., Durgaryan, 1. S., Kelina, A. Yu., Kudinov, L.
Yu., & Pashchenko, A. F. (2020). Intelligent Control Systems and Fuzzy Controllers. 1. Fuzzy
Models, Logical-Linguistic and Analytical Regulators. In Automation and Remote Control (Vol. 81,
Issue 1, pp. 171-191). Pleiades Publishing Ltd. https://doi.org/10.1134/s0005117920010142

39. Pedraza, L. F., Hernandez, H. A., & Hernandez, C. A. (2020). Artificial Neural Network Controller
for a Modular Robot Using a Software Defined Radio Communication System. In Electronics (Vol.
9, Issue 10, p. 1626). MDPI AG. https://doi.org/10.3390/electronics9101626

40. Nguyen, A.-T., Taniguchi, T., Eciolaza, L., Campos, V., Palhares, R., & Sugeno, M. (2019). Fuzzy
Control Systems: Past, Present and Future. In IEEE Computational Intelligence Magazine (Vol. 14,
Issue 1, pp. 56-68). Institute of Electrical and Electronics Engineers (IEEE).
https://doi.org/10.1109/mci.2018.2881644

41. Yusupbekov, A. N., Sevinov, J. U., Mamirov, U. F., & Botirov, T. V. (2021). Synthesis Algorithms
for Neural Network Regulator of Dynamic System Control. In Advances in Intelligent Systems and
Computing (pp. 723—-730). Springer International Publishing. https://doi.org/10.1007/978-3-030-
64058-3_90

42. BhagyaRaj, G. V. S., & Dash, K. K. (2020). Comprehensive study on applications of artificial neural
network in food process modeling. Critical Reviews in Food Science and Nutrition, (Vol. 62(10), pp.
2756-2783). https://doi.org/10.1080/10408398.2020.1858398

43. Lisovsky, A. L. (2021). Application of neural network technologies for management development of
systems. In Strategic decisions and risk management (Vol. 11, Issue 4, pp. 378-389). Real Economy
Publishing. In Russian. https://doi.org/10.17747/2618-947x-923

Acknowledgments:-

Fundings:

This research received no specific grant from any funding agency in the public, commercial, or not-for-
profit sectors.

Competing Interests:

No potential conflict of interest was reported by the author(s).

Ethical Statement:

This article does not contain any studies that would require an ethical statement.

Al Statement:

This article was written without the use of Al tools.

Contact Address:

Avtandil Bardavelidze

Akaki Tsereteli State University, Faculty of Exact and Natural Sciences, Department of Computer
Technology, 59 Tamar Mepe Str., 4600, Kutaisi, Georgia.

Tel.: +995 558 82 99 82

E-mail: avtandil.bardavelidze@atsu.edu.ge

ORCID: https://orcid.org/0000-0002-9873-4402

Author contribution: conceptualization, methodology, software, validation, formal analysis, investigation,
writing — original draft, project administration.

Khatuna Bardavelidze
Georgian Technical University, Faculty of Informatics and Control Systems, Department of
Interdisciplinary Informatics, 77, Merab Kostava Str., 6th Building, 0117, Tbilisi, Georgia.

Tel.: +995 598 15 62 09

E-mail: bardaveli@yandex.ru

ORCID: https://orcid.org/0000-0001-7972-4711

Author contribution: formal analysis, investigation, resources, data curation, writing — review & editing,
visualization.

Volume 19 358 2025


https://doi.org/10.1134/s0005117920010142
https://doi.org/10.3390/electronics9101626
https://doi.org/10.1109/mci.2018.2881644
https://doi.org/10.1007/978-3-030-64058-3_90
https://doi.org/10.1007/978-3-030-64058-3_90
https://doi.org/10.1080/10408398.2020.1858398
https://doi.org/10.17747/2618-947x-923
mailto:avtandil.bardavelidze@atsu.edu.ge
https://orcid.org/0000-0002-9873-4402
mailto:bardaveli@yandex.ru
https://orcid.org/0000-0001-7972-4711

@ SCifOOd® Scifood OPEN (J) ACCESS

Otari Sesikashvili
Akaki Tsereteli State University, Faculty of Engineering — Technical, Department of Mechanical
Engineering, 59 Tamar Mepe Str., 4600, Kutaisi, Georgia.

Tel.: +995 593 96 62 42

E-mail: otar.sesikashvili@atsu.edu.ge

ORCID: https://orcid.org/0000-0003-1229-4141

Author contribution: software, validation, formal analysis, data curation, writing — review & editing,
project administration, funding acquisition.

Correspondence author: Otari Sesikashvili

Copyright notice:

© 2025 Authors. Published by HACCP Consulting in https://scifood.eu the official website of the
Scifood. This journal is owned and operated by the HACCP Consulting s.r.0., Slovakia, European Union
www.haccp.sk. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License CC BY-NC-ND 4.0 https://creativecommons.org/licenses/by-nc-nd/4.0/, which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited, and is not altered, transformed, or built upon in any way.

Volume 19 359 2025


mailto:otar.sesikashvili@atsu.edu.ge
https://orcid.org/0000-0003-1229-4141
https://scifood.eu/
http://www.haccp.sk/
https://creativecommons.org/licenses/by-nc-nd/4.0/

