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Multiple access interference protection in multichannel data transmission systems

Tatiana Sestacova’, Gherman Sorochin?,
Technical University! Chisinau, Republic of Moldova
tatiana.sestacova@sde.utm.md, gherman.sorochin@sde.utm.md,

Abstract: The article is a continuation of previous studies and deals with the results of research on the protection of
multichannel data transmission systems with channel division by the signal code from unauthorized access. It is proposed to
use derivatives of Walsh functions (with different generating functions) as spreading codes for the formation of noise-like
signals in multichannel communication systems. The analysis showed that the correlation properties of the derivatives of
Walsh functions used as spreading codes have significantly better correlation characteristics than the original ones. An
analysis of various types of Walsh functions used as spreading codes for signals transmitted in multi-channel systems was
carried out. As a result, there were defined the types of pseudo-random sequences for Walsh generating functions, in which
multiple access interference is absent. It was justified the advantage of using these signals in the development of CDMA
systems in order to protect against interference from multiple and unauthorized access.

Keywords: CDMA SYSTEM, NOISE-LIKE SIGNALS, SPREADING CODES, WALSH FUNCTION DERIVATIVE, GENERATING

FUNCTION.

1. Introduction

It is known that the costs of a data transmission system
depend on several factors, including the transmission technology,
the characteristics of the communication channel, and the type of
devices used. In general, the communication channel can be the
most expensive part, especially when it comes to expensive data
transmission channels, such as satellite or fiber optic lines.
Therefore, it is desirable to use the communication channel most
efficiently, and this can be achieved by using multi-channel
transmission systems with various methods of channel compression
(separation) [1, 2, 4, 5, 6].

A distinctive feature of code division multiplexing data
transmission systems is the ability to reuse (multiple) the frequency
resource by dividing channels not by frequency or time, but by
"form", which allows multiple subscribers to work simultaneously
in the same frequency band. Such a system uses pseudo-random
sequences (PRS) with specified correlation properties. And the
channel signals themselves, formed by expanding the information
signal with pseudo-random sequences, are called pseudo-noise or
noise-like (NLS).

Noise-like signals, as a category of signals, are random,
non-linear data sequences that do not have a clear periodicity or
predictability. For any other receiver that knows nothing about the
expanding sequence, such a signal is noise.

It should be noted that the information itself can be
introduced into the wideband signal in several ways. For example, a
narrowband signal is multiplied by a pseudo-random sequence with
period T, consisting of N bits of duration 14 each. In this case, the
NLS base is numerically equal to the number of PRS elements. [1,
2,5, 6].

2. Theoretical preconditions

Communication systems with broadband signals are
widely used for three reasons [1, 2, 4, 6].

The first reason is that wideband signals formed using
different pseudo-random sequences can have the same carrier
frequency, i.e. be transmitted in the same band.

The second reason why the use of the NLS is very
advantageous is its high resistance to the effects of both broadband
and narrowband interference, which is very important in the
conditions of a tense electromagnetic environment in modern
communication systems.

The third reason is the high energy secrecy of systems
with broadband and, as a consequence, the high confidentiality of
the transmitted data. The essence of what has been said is that a
broadband signal is not only difficult to decode - it is difficult to
simply detect, i.e. to identify the very fact of the subscriber station's
operation.

The main methods of expanding the signal spectrum,
widely used in modern information transmission systems (ITS) [1,
2,4, 5]

1. Frequency - hopping spread spectrum, FHSS. The
essence of the method is a periodic hopping change of the carrier
frequency according to some algorithm known to the receiver and
transmitter. The advantage of the method is the simplicity of
implementation, the disadvantage is a delay in the data flow at each
hop. The method is used in Bluetooth.

2. Direct sequence spread spectrum, DSSS. The method is
more efficient than frequency hopping, but is more difficult to
implement. The essence of the method is to increase the modulation
clock frequency, with each symbol of the transmitted message being
assigned a certain fairly long pseudo-random sequence (PRS). The
method is used in systems such as CDMA (Code Division Multiple
Access) and IEEE 802.11 (Wi-Fi) standard systems;

3. Chirp spread spectrum, CSS. The essence of the
method is to restructure the carrier frequency according to a linear
law. The method is used in radar, in some radio modems,
LoRaWAN networks.

Thus, the method of transmitting information with
spectrum spreading consists of the following: on the transmitting
side — simultaneous and independent modulation of the signal
parameters with a special code (spectrum spreading function) and
the transmitted message; on the receiving side — synchronous
demodulation of the signal with the help of a correlator, which is a
series-connected multiplier and integrator that calculates the
correlation function (CF) of the input signal with a copy of the PRS
stored in memory [1, 3, 5].

It is known that for the correct processing of input signals,
the receiving and transmitting devices must work synchronously
and in phase. Synchronization of the receiving device is carried out
using a correlator that calculates the ACF of the input signal, which
for discrete signals is calculated by the formula:

Ru(n') = Z;o:—oo uj uj—nr (1)
where n is an integer, positive, negative or zero.

The amplitudes of the side peaks of the ACF can have
different values depending on the signal structure, but for signals
with “good” correlation they should be minimal, i.e. significantly
less than the amplitude of the central peak. The ratio of the
amplitude of the central peak to the maximum amplitude of the side
emissions is called the suppression coefficient. The study of the
ACF plays an important role in choosing code sequences from the
point of view of the lowest probability of establishing false
synchronization.

The cross-correlation function (CCF) between two
discrete signals is calculated using the formula:

Ruv(n) = Z}O‘O:—oo U; Vj_pn- (2

It should be noted that in multichannel systems with
channel division by the signal form (code), all subscribers can
transmit information simultaneously in the same frequency band.
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The consequence of this is the occurrence of multiple access
interference, i.e., a non-zero response of the receiver of the k-th user
to signals from other subscribers [1, 2, 4, 6]. Consequently, to
reduce the level of multiple access interference, it is necessary to
select code sequences for which the CCFs are minimal.

Thus, the most important parameter of the applied PRSs,
which are used to obtain the NLS, is their correlation properties.
Moreover, the noise immunity and noise stability of the entire
information system as a whole depends on the choice of binary code
sequences, i.e. on their correlation properties. In addition, the code
sequence must be well balanced, i.e. the number of bipolar symbols
in it must be approximately the same. The latter requirement is
important for eliminating the constant component of the information
signal.

It is known that the correlation functions (CF) of complex,
noise-like signals are determined by the correlation properties of the
spreading codes [1, 2, 3, 6]. Therefore, when considering the CF of
complex signals, it is sufficient to analyze the correlation functions
of these codes.

Walsh functions can be considered as discrete signals with
the best structure of the CCF [7]. Walsh functions (J. Walsh) were
developed in 1923 as a development of the Rademacher function
system, which was known at that time, by adding new functions to
it[2,3,5,6,7]

Walsh functions are formed from Rademacher functions
using the following relationship:

waly(0) = 1,wal, (0) = [[}=,[rad;(0)]™, (3)

where n is the Walsh function number, n is the value (0 or 1)
of the k -th digit of the Walsh function number n, written as an m-
digit binary Gray code. From this it is easy to see that the number of
functions in the Walsh system is equal to N = 2™, where m is an
integer.

Walsh functions take only two values: +1 and -1, which is
a useful property when constructing circuits on binary digital
elements (triggers).

Multiple access interference, also called structural signal-
like interference, is formed as a result of non-ideal orthogonality of
the signal. This means that in order to obtain the best properties of
the CCF of spreading codes, it is necessary to use orthogonal
systems of Walsh functions. The orthogonal system, which is most
often used in multichannel code division systems, is the Walsh-
Hadamard system (matrix) of order N = 2%, k is an integer, which is
determined by the recursive rule:

Wy WN]
)

WZN = [WN _ WN (6)

where Wy, is the Walsh-Hadamard matrix of order N,
assuming Wy = +1, or in the signed form W, = +.

However, the peculiarity of orthogonal codes is that the
orthogonality property of these codes is performed only at the
“point”, i.e. in the absence of time shifts. In real conditions, such
conditions are not met, orthogonality is violated, which in turn leads
to an increase in the level of multiple access interference and the
appearance of errors in the processing of input data. Therefore,
various methods are used to eliminate these shortcomings.

In order to improve the properties of the correlation
properties (ACF and CCF) of Walsh functions, the so-called
derivative systems of signals are often built [2, 4].

A derivative is a signal that results from the element-by-
element (symbol-by-symbol) multiplication of two signals — the
original, for example, Walsh and the generating function (GF). A
system composed of derivative signals is called a derivative. In [8, 9
- 11], the correlation properties of Walsh derivative functions were
studied, where modified Barker codes, M-sequences and de Bruijn
sequences were taken as generating functions. However, the
obtained Walsh derivative functions, although having better ACF,
had poor ICF, which can lead to an increase in multiple access
interference and errors in processing input data.

In order to reduce the level of multiple access
interference, we will consider a method for constructing derivative
signal systems, when the Walsh system is also used as the original

signal system (Fig. 1), where each line is a code sequence of the
corresponding BSPK signal, and the generating functions are
pseudo-random sequences PRS1: 111-1-1-1-11and PRS2: 1-1
-1-1111-1.
Original Walsh system — Wg

11|11 ]1]1]1
IR ERIRERIRER!
1|-1]-1]1]1]-1]-1
IR RIRER!
111 ]-1]|-1[-1]-1
IR ER IR IR IR ER!
1|-1|-1]-1]-1|1]1
IR IREEIRERER!

bt [ | [ | | | —

Fig.1 The original Walsh-Hadamard function system

Walsh derivative system —D8a Walsh derivative system — D8b
11 |1|-1]-1|-1]-1]1 T-1|-1{-1{1 |1 |1]|-l

(-1 1111 |-1]-1 L1111 ]-1]1]1
L1 -1{1)-1]-1[1]- Li-1|1]1|1]1]-1]1
L-1)-1[-1]-1]1|1]1 LT [1]-1[1[-1]-1]-1
L1 1[-1]1]1[1]-1 L-1|-1]-1|-1|-1]-1]1
Lj-1)1[1)1]-1]1]1 L[] L|-1]1]-1]-1
L1111 )1]-1]1 l-I[ 1] L|-1]-1]1]-1
-1 -1[-1] 1 ]-1|-1]-1 L1 1]-1]-1]1]1]1

a) b)
Fig. 2. Walsh derivative system: a) with generating function
PRS1; b) with generating function PRS2.

3. Experimental data

The system of Walsh functions of orthogonal signals at the point (t
= Ts) has, in general, poor autocorrelation characteristics, but is
simple from the point of view of signal formation and processing.
Figures 3 and 4 show the graphs of periodic (PACF) and aperiodic
(AACF) autocorrelation characteristics of the generating functions
PRS1 and PRS2.
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Fig. 3 PACF (a) and AACF (b) of the generating function PRS1

S— - =yt
| o v bt ke i o b

N ! oot Too
fDod« @ 08 |:GE do 3 0B kE

i .
i |
sl

o

a) b)
Fig. 4 PACF (a) and AACF (b) of the generating function PRS2

As can be seen from Fig. 3 and Fig. 4, the generating
functions of PRS1 and PRS2 have acceptable autocorrelation
PACFs, the suppression coefficient equal to the ratio of the
amplitude of the main lobe to the maximum amplitude of the side
lobe for both PSPs is equal to two. The AACFs are slightly
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different: the suppression coefficient for the first PSP is 2, for the
second — 1.6.

Let wus consider what form the autocorrelation
characteristics of the derivatives of the Walsh functions will have
(Fig. 2 a, b) depending on the type of generating function (for
analysis we will select, for example, the 2nd and 5th derivatives of
the Walsh function).

‘de (308 kE

a) b)
Fig. 5 PACF of the 2nd (a) and 5th (b) derivatives of the Walsh functions
with the generating function PRS1
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Fig. 6 AACF of the 2nd (a) and 5th (b) derivatives of the Walsh functions
with the generating function PRS1
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Fig. 7 PACF of the 2nd (a) and 5th (b) derivatives of the Walsh functions
with the generating function PRS2
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a) b)
Fig. 8 AACF of the 2nd (a) and 5th (b) derivatives of the Walsh functions
with the generating function PRS2

From Fig.5 - Fig.8 it is evident that the autocorrelation
characteristics of the derivatives of Walsh functions depend on the
type of generating function. The autocorrelation characteristics of

the derivatives of Walsh functions with the generating function
PSP2 have somewhat better characteristics.

As an example, let us consider what autocorrelation
characteristics the 2nd original Walsh function has (Fig. 9).
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a) b)
Fig. 9 PACF (a) and AACF (b) of the 2nd original Walsh function

As can be seen from Fig. 9, the autocorrelation
characteristics of the 2nd original Walsh function have significantly
worse parameters than those of the 2nd derivative of the Walsh
function with generating functions PSP1 and PSP2.

Let us consider what form the cross- correlation
characteristics (CCF) of the 2nd and 5th derivatives of the Walsh
functions with generating functions PRS1 and PRS2 have (Fig. 10).
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Fig.10. VCF of th?e 2nd and 5th derivatives of the Wa)lsh functions: a) —
PRS1; b) — PRS2

As can be seen from the graphs of the VCF (Fig. 10), the
derivatives of the Walsh function with the generating function
PRS1 have cross-correlation characteristics, as with the original
Walsh functions, i.e. they are equal to zero. Consequently, when
using such derivatives of the Walsh functions in multichannel
data transmission systems with channel division by shape, the
multiple access interference will be equal to zero and there will be
no errors in processing the input data.

4. Conclusion

The performed analysis of the correlation characteristics
of wideband signals with spreading codes based on Walsh
derivative functions allows us to draw the following conclusions:

1. The correlation characteristics of Walsh functions that are
orthonormal have good cross-correlation functions - the cross-
correlation function between two different Walsh functions is zero.
However, these functions have such properties only at a point (at
zero shift). In real conditions, especially with multipath
propagation, orthogonality is violated and the cross-correlation
function of these functions is nonzero. This leads to an increase in
the level of interference of multiple access and to errors in the
separation of signals (channels).

2. The autocorrelation properties of the derivatives of Walsh
functions have much better autocorrelation characteristics than the
original Walsh functions.

3. Autocorrelation properties of Walsh derivatives depend
on the type of generating function. Autocorrelation characteristics
of Walsh derivatives with generating function PRS2 have slightly
better parameters than with generating function PRS1.
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4. The cross - correlation characteristics of the derivatives of
the Walsh functions with the generating function PRS1 do not differ
from the similar characteristics of the original Walsh functions, i.e.
they are equal to zero. The cross - correlation characteristics of the
derivatives of the Walsh functions with the generating function
PRS2 are not equal to zero and have negative emissions with an
amplitude of 4. Consequently, when using the derivatives of the
Walsh functions with the generating function PSP1, multiple
access interference will be absent, and with the generating
function PRS2, it is necessary to use decision devices that do not
respond to negative emissions of the CCF.
5. The large length of the spreading code based on the
derived Walsh functions allows:

= spreading the signal energy over the spectrum,

= increasing the noise immunity of the system,

= providing good protection against unauthorized access,

= improving electromagnetic compatibility  with

neighboring radio systems.
The results can be used in the development of broadband

communication systems and information transmission systems with
protection from unauthorized access.
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Using semantic kernel with openai for agentic ai solutions for autonomous
environmental control in smart homes
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Abstract: The integration of the Semantic Kernel with OpenAl presents a novel framework for developing agentic artificial intelligence
(Al) solutions for autonomous environmental control in smart homes. This approach leverages Semantic Kernel's capabilities in natural
language understanding, contextual reasoning, and task orchestration, combined with OpenAl's advanced generative Al models. Together,
these technologies enable the creation of intelligent agents capable of interpreting complex user commands, understanding contextual
nuances, and autonomously managing dynamic environmental conditions within smart home ecosystems.

The solution meets the challenges of making real-time decisions and providing personalized user experiences in smart homes. Semantic
Kernel allows the design of flexible Al agents that manage memory, interact with external APIs, and execute tasks efficiently. When
combined with OpenAl, these agents acquire superior language processing and conversational skills, facilitating seamless interactions with
users and other smart home devices. This leads to a smart home ecosystem where Al optimizes lighting, temperature, quality, and energy use
based on user preferences and context.

A significant feature of this framework is its capacity to function autonomously while adjusting to user input and evolving scenarios.
Semantic Kernel's contextual memory facilitates tailored interactions by retaining user preferences and previous actions, enabling Al agents
to modify their responses accordingly. For instance, the system can learn and adapt to a user's preferred lighting and temperature settings
throughout the day or respond to changes in weather or energy availability.

The framework includes design principles and implementation strategies for integrating Semantic Kernel with OpenAl in smart home
environments. Practical examples show how these technologies can turn traditional smart homes into fully autonomous systems.
Demonstrations cover scenarios like coordinating multiple devices for energy efficiency, adapting environmental control based on user
activity, and Al-driven emergency responses for safety.

Keywords: OPENAI, AGENTIC Al, GENERATIVE Al, LLM, PREDICTIVE ANALYSIS, SMART HOMES, SMART ENERGY

1. Introduction

Harnessing the capabilities of Semantic Kernel alongside
OpenAl's advanced language models creates a powerful synergy for
crafting intelligent systems capable of autonomous environmental
control. By merging Semantic Kernel's modular orchestration tools
and memory augmentation with OpenAl's generative prowess,
smart home agents can transcend basic automation, evolving into
highly adaptive systems that intuitively interpret user preferences,
respond to changing conditions, and optimize environmental
settings. These systems not only promise enhanced efficiency but
also pave the way for knowledgeable and sustainable living
environments.

Semantic Kernel, an open-source orchestration framework from
Microsoft, enables the construction of modular, memory-augmented
Al agents that can plan, reason, and interact with external systems.
When combined with OpenAl's state-of-the-art language models
(such as GPT-4, GPT-40, and their multi-modal variants), these
agents gain enhanced natural language understanding, contextual
reasoning, and the ability to process both text and visual inputs.
This synergy supports the development of smart home agents that
can interpret ambiguous or complex user requests, learn from
ongoing interactions, and orchestrate device actions to optimize
comfort, efficiency, and safety analysis, hybrid Al/data analytics
solutions, and digital twin-based cognitive systems [1] [2].

This study outlines a detailed framework for combining
Semantic Kernel and OpenAl technologies to enable autonomous
environmental control in smart homes. It explores the system’s
architecture, implementation methodologies, optimization practices,
and insights gained from experimental applications in real-world
settings. The analysis draws upon advancements in predictive
analytics, hybrid Al/data techniques, and cognitive systems
powered by digital twins.

This work leverages Semantic Kernel’s orchestration
capabilities and OpenAl’s generative models to create intelligent
agents capable of:

e Interpreting natural language
“Activate energy-saving mode”)

commands (e.g.,

e Coordinating heterogeneous loT devices (HVAC,
lighting, sensors)

e  Learning user preferences via contextual memory

This integration bridges the gap between conversational Al and
10T, enabling homes to learn, adapt, and act autonomously. By
combining Semantic Kernel’s task orchestration with OpenAl’s
advanced language processing, agents dynamically optimize
environmental — parameters while  maintaining  user-centric
interactions.

2. Background and Related Work

This paper builds upon the author's previous research [3] on
predictive analysis in construction and smart buildings.

Al based predictive abnalysis stay much easier with Al as a
service (AaaS) , Genrative Al and Modern multi-modal LLMs.
Nowadays, prototyping of solutions for predictive analysis can be
done more than 10 times faster based on the Al growth.

Solutions used for various analyses, integrating AaaS, typically
have a complex structure and logic in the Al client and coordination
service, which are key components of predictive analysis systems.
The complex reasoning makes supporting these components more
challenging. Additionally, the response to the first request after a
period when the system is not loaded is slower because the whole
service neet to wake up and load the whole data needed to run the
complicated rules. One typical solution design of such a system is
demonstrated in Figure 1

Nowadays there are several factors that brings Al-based
analytics platofrm to new requirements and needs an update of the
solution design patterns.
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Fig.1. Solution Architecture Diagram — Integration with OpenAl

The following parts demonstrate the main areas that have an
impact on the research:

A. Evolution of Predictive and Agentic Al

The evolution of predictive analytics has accelerated with the
rise of large language models (LLMs), particularly OpenAl's GPT
series. Early iterations, such as GPT-3.5, offered basic language
comprehension and routine automation capabilities. Later
advancements, including GPT-4 and GPT-40, brought enhanced
reasoning, multimodal processing, and better cost-efficiency,
paving the way for complex applications such as predictive
modeling, anomaly detection, and autonomous control systems.

Agentic Al refers to systems that are capable of setting and
achieving goals independently, adapting to dynamic environments,
and managing complex workflows. Research in this area has
increasingly  leveraged large language models (LLMs),
reinforcement learning, and digital twin technologies, applying
these innovations in fields such as industrial automation, predictive
maintenance, and innovative environmental systems to create
adaptive, context-aware solutions.

Prior studies have highlighted the use of multi-agent systems for
distributed decision-making, but they lack integration with
advanced language models. OpenAI’s 03-mini and GPT-40 enable
cost-effective reasoning, while Semantic Kernel provides plugin-
based loT control. For instance, hybrid frameworks combining
Azure 10T Hub with GPT-40 demonstrate 24% faster response
times in real-time device coordination compared to traditional rule-
based systems.

B. Environmental Control Systems

loT-based solutions focus on sensor-driven automation but
struggle with ambiguous user inputs. Hybrid approaches combining
computer vision and LLMs show promise but require robust
orchestration frameworks. Recent work by the author [1] highlights
how GPT-4 Turbo with Vision improves predictive maintenance
accuracy by 18% in construction analytics, a methodology
adaptable to smart home scenarios.

C. Semantic Kernel and Orchestration Frameworks

The Semantic Kernel (SK) offers a flexible framework for
developing Al agents that integrate LLMs, memory, plugins, and
external APIs. SK enables multi-step planning, contextual memory
management, and seamless integration with 10T devices and cloud
services. Its plugin architecture supports the rapid development of
domain-specific skills, such as device control, scheduling, and data
retrieval. This research utilizes SK, but the focus of the paper is not
on the plug-in architecture, but rather the Agentic Al approach for
predictive analysis used in smart homes. The Semantic Kernel is an
essential concept for maximizing the maintainability of the system.
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D. Multimodal and Hybrid Al Solutions

Modern smart home environments generate diverse data
streams, including sensor readings, images, and user commands.
Multimodal LLMs, such as GPT-4 Turbo with Vision and GPT-4o,
can process both textual and visual inputs, enabling richer
understanding and more accurate environmental control. Hybrid
Al/data analytics solutions further enhance performance and cost
optimization by combining LLMs with computer vision, vector
search, and retrieval-augmented generation (RAG) techniques.

3. System Architecture

One of the primary objectives of this paper is to propose a
practical Agentic Al framework for intelligent systems that
optimize energy in smart homes. One of the main specifics is the
tailoring of the Agentic Al using a layered architecture.

A. Layered Architecture Overview

The proposed framework for autonomous environmental control
consists of three primary layers:

1.  Perception Layer: Collects data from loT sensors
(temperature, humidity, occupancy, air quality, light
levels) and user interfaces (voice, text, mobile apps).

2. Cognitive Layer: Implements agentic Al using Semantic
Kernel and OpenAl models. This layer includes:

a. Planning Agent: Decomposes user goals into
actionable tasks.

b. Context Analyzer: Maintains contextual
memory and tracks user preferences.
c. Energy Optimizer:  Balances  comfort,

efficiency, and sustainability.

d. Emergency Handler: Detects and responds to
safety-critical events.

3. Actuation Layer: Interfaces with smart home devices
(HVAC, lighting, blinds, security systems) via
standardized APIs (e.g., Matter, HomeKit, Zigbee).

The concept, developed for the experimental results uses the
Azure loT framework and devices that can run the Azure 10T Edge
framework. The updated solution diagram for the smart home
system (using the Agentic Al layered framework) is shown in
Figure 2.

ENERGY COMSUMPTION ANALYSIS
Context Diagram
AGENTIC Al
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Fig.2. Solution Architecture with Agentic Al implementation
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The Agentic Al implementation utilizes different Al agents,
organized into layers. The Planning Agent plays a coordination role,
as illustrated in Figure 3.
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Another essential factor for the efficiency of the system is the
integration of the Semantic Kernel

B. Semantic Kernel Integration

Semantic Kernel orchestrates the flow of information and
actions across the system [1][2]:

. Memory Management: SK maintains short-term and
long-term contextual memory, enabling agents to recall
user preferences, past actions, and environmental states.

. Plugin System: The plugin system facilitates device
control, scheduling, and data retrieval through modular
plugins, enabling agents to manage various smart home
devices and services seamlessly.

. Task Orchestration: SK enables multi-step workflows,
such as adjusting lighting, temperature, and blinds in
response to a single user command.

The main objective of SK is to have a modular and flexible
framework for working with GenAl and LLMs. The next part
provides an overview of the OpenAl integration.

C. OpenAl Model Utilization

OpenAl's LLMs provide the core language understanding and
reasoning capabilities:

. Natural Language Processing: Interprets complex,
ambiguous, or multi-part user commands.

. Conversational Interaction: Supports fluid, context-
aware dialogue with users.

. Multimodal Reasoning: Processes visual inputs (e.g.,
images from security cameras) for tasks such as anomaly
detection or occupancy estimation.

. Predictive Analytics: Forecasts environmental trends and
user needs based on historical data and sensor inputs.

4. Implementation Strategies

Implementation success is related to the design and strategy of
agents coordination. Below is described the logic of the main flow,
used in the agents orchestration:

A. Agentic Workflow Example

Consider the following scenario: A user issues the command,
"Set the house to relax mode and optimize for energy savings."

1. Intent Recognition: The Planning Agent, powered by
OpenAl, parses the command and identifies the user's goal
(relaxation, energy efficiency).

2. Contextual Analysis: The Context Analyzer retrieves
recent user activity, time of day, occupancy, and weather
data.

3. Task Decomposition: The agent determines required
actions: dimming lights, adjusting HVAC, closing blinds,
and reducing appliance standby power.

4.  Device Orchestration: The Energy Optimizer invokes
SK plugins to execute device commands via APIs.
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5. Feedback and Adaptation: The agent confirms actions with
the user, updates its memory with new preferences, and monitors
outcomes to optimize future actions.

Fig.4. Agentic Workflow Sequence Diagram

5. Experimental Results

The experimenr is using sample data from open database [4]
and simulation based on this sample data (real life implementation
is upcoming). The main objectives are related to the correctness of
predictions, related to the energy consumprion and latency when the
corresponding actitions are taken.

A. Model Performance Comparison

The system was tested using 2,000 sensor datasets from smart
homes in Sweden [4]. Key performance metrics for OpenAl models
are summarized below:

Table 1. Model performance and cost comparison

Model Latency(ms) Accuracy(%0) Cost/1k Tokens
Version

GPT-40 420 92.3 $0.08

GPT-401 380 94.7 $0.12.

GPT-3.5 210 86.1 $0.03.

Turbo

The optimized framework demonstrates reduction of the
consumed energy up to 22% and up to 4 times faster reaction during
the simulartion. Energy saving results are demonstrated in the Fig.4.

Energy Consumption Before and After Agentic Al Deployment

44%
Baseline
Agentic Al

Fig.4. 22% reduction achieved through predictive pre-cooling and
occupancy-aware lighting.

B. Emergency Response Efficiency

During simulated CO, leak scenarios, the agentic system
demonstrated superior response times compared to traditional rule-
based systems (up to 4 times faster reaction). Details are described
in the table 2 below. Reduction of the time compared to the
tradition Gen Al integration approach is smaller, but recognizable:
it vary between 10% and 33%. The main reduction is when system
has not equaly distributed load and pikes in the alarms and actions
appers in not equal intervals.
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Table 2. Emergency response performance comparison
Metric Agentic Al | Rule-Based System

HVAC Shutdown Time 2.1s 8.4s

Success Rate 93% 2%

User Guidance Accuracy | 89% 65%

The implemented actions have different flows. Below in Figure
5 is demonstrated the flow for CO, Emergency Handler.

Emergency Handler

Shut HVAC

Unlock Exits

Alert User

GPT-40 Guidance

Fig.5. Emergency Response Workflow

6. Optimization Techniques

Solutions is using several optimization techniques to minimize
the cost of the used resources. Solution adops practices like
Retrieval Augmentated Generation (RAG), Fine Tuning and Model
Cascading. The last one is implemented via Agentic Al framework
and SK.

A. Cost-Performance Tradeoffs

Hybrid Al/data analytics approaches reduced token usage by
37% while maintaining 95% accuracy:

Table 3. Optimization strategies for GPT-40 deployments

Strategy Token Reduction | Accuracy Impact
RAG + Vector Search | 45% -1.2%
Fine-Tuning 28% +3.1%
Model Cascading 33% -0.8%

B. Multi-Agent Parallelization

Complex tasks were decomposed using cognitive digital twins,
enabling parallel execution across specialized agents:

Table 4. -agent performance metrics

Agent Type Tasks Completed/Min | Error Rate
Context Analyzer | 42 1.8%
Energy Optimizer | 38 2.1%
Safety Supervisor | 29 0.9%
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7. Conclusions

The integration of Semantic Kernel with OpenAl models enables
context-aware smart homes that optimize energy use while
maintaining user comfort. Experimental results demonstrate 22%
energy savings, 93% emergency response success rates. Results are
presented in a survey for a list of smart home users. The survet
results demonstrates that 89% of user are interested to use smart
energy solutions, based on Agentic Al. Future work will explore
federated learning for privacy-preserving personalization and
expansion to urban-scale environmental management.

6. Future work:

Research will be extended based on more complex cases and
improved MML models. The major focus will be to propose the
best framework, such as LLM models and solution design, for real-
life prediction and maintenance cases related to intelligent systems
for management of energy consumption.

Several general directions of development are considered in the
future work:

1.  Scalability: Extending the framework to smart city grids
using federated learning.

2. Self-Improvement: Implementing reinforcement learning
loops for continuous adaptation.

3. Ethical Al: Developing bias mitigation frameworks for
equitable environmental control.
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I'NC-6a3upan aHaJM3 HA KIMMATHYHUTE Bb3/1elCTBUS BbPXY IbTHATA HH(PACTPYKTYpa B
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Pestome: Yemoiiuusocmma na nemnama uHGpPACmMpykmypa e y36uma om KIuMamudHume npoMeni, KOUmo ce uspassieam 6 nposieieHuemo
HA 6Ce NO-4eCcmu U UHMEH3UBHU eKCIMpPeMHU Memeoporo2uuu aenenus. I[Ipedsud moea ¢ Bwieapus, nopadu pasnoobpaznume peied u
KIUMAMUYHU YCIOBUSL, HEOOXOOUMOCIMA OM PA3pabOMEane Ha ephekmusHy Cmpame2uy 3a A0anmayus CMasd 6Ce No-HAIeHCaua.
Hacmosuyama paspabomka npedcmaés Memooudecku nooxo0 3a OYeHKd HA KIUMAMUYHUME PUCKOBE 8bpPXY NbMHAMA UHPPACMpPYKmypa
upe3z usnonzeanemo Ha ceoepagpceku urgopmayuonnu cucmemu (I'UC). Ilpoyusanemo exmousa cvOupane, o6pabomrka u awaiu3 Ha
NPOCMPAHCMBEHU U KIUMAMUYHU OAHHU 3a mepumopuama Ha Bvneapus. Hznonseanu ca ucmopuuecku mMemeoporocudHu OaHHU, KAKmMo u
NPOSHO3U NO PAIUYHU KIUMAMUYHY cyeHapuu. dpes usnvinenue Ha paziuynu MmHo2ogaxmopru anamusu ¢ I'HUC cpeda ca udenmupuyuparu
10 MEeCMORON0NCEHUEe OCHOBHUME PUCKOBU 30HU 3 NoMHAMA UHGPACMPYKMYPA RO OMHOUEHUE HA ABNEHUS. KAMO CEIAuUyd, 3a1e0si8aHe,
HagoOHeHust u eucoku memnepamypu. Paspabomenu ca THC modenu 3a uzyanuzayus Ha YSA36UMUME 30HU U OYCHKA HA PUCKA, KOEmo
1036015164 RPOCMPAHCMEEHO 0d Ce NPUOPUMUUPam mepkume 3a adanmayust. Paspabomen e u cneyuanusupan GPT 6om 3a noonomazane
Ha nompebumenume u OCUZYPASAHE NO-ECHOMO PA3OUPAHE HA Pe3yImamume Om aHAIu3Ume.

Ha ocnosama na ananusza e popmyaupana u KoOHyenyus 3a u3zpaxcoane Ha a0anmueer Kanayumeni, KoU6aud UHMezpayusi Ha yugposu
MEXHONO2UU 30 MOHUMOPUHZ U YAPABNIEHUEe HA NbmMHama ungpacmpykmypa. [Ipoyusanemo nocmaes axkyenm eupxy HeoOXooumocmma om
CneuwHy 0elicmeust 3a a0anmayus Ha NbMHAMA UHGPACMPYKMYPA KoM 2100ATHUME KIUMAMUYHY RPOMeHU U couyo ymewvpacoasa TUC kamo
KIIOY08 UHCMPYMEHM 304 NPOCMPAHCMEEHA OYeHKd, AO0AnmMueHO WIAHUPAHe U YCMOUYUSO YAPAGNIEHUe HA MPAHCNOPMHAMA
ungpacmpykmypa.

Knrwuoeu oymu: KIIUMATHUYHHU [IPOMEHU U TEHJEHILUU, BB3JEUCTBHA BBbPXY ITBTHATA HHDPACTPYKTYPA, T'MC-
BA3UPAH AHAJIH3, OLJEHKA HA PUCKA, AJAIITUBEH KAIIALJUTET

GI1S-based analysis of climate impacts on road infrastructure in Bulgaria as a basis for risk

assessment and building adaptive capacity
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University of Architecture, Civil Engineering and Geodesy*
ilieva_fgs@uacg.bg, eivanova_fte@uacg.bg, siva_fce@uacg.bg

Abstract: The sustainability of road infrastructure is vulnerable to climate change, which is expressed in the appearance of increasingly
frequent and intense extreme weather events. Given this, the need to develop effective adaptation strategies is becoming increasingly urgent,
due to the diverse relief and climatic conditions in Bulgaria.

This paper presents a methodological approach to assessing climate risks on road infrastructure through the use of Geographic Information
Systems (GIS). The study includes the collection, processing and analysis of spatial and climate data for the territory of Bulgaria. Historical
meteorological data, as well as forecasts under different climate scenarios, were used. By performing various multifactorial analyses in a
GIS environment, the main risk zones for road infrastructure have been identified by location in terms of phenomena such as landslides,
icing, flooding and high temperatures. GIS models have been developed for the visualization of vulnerable areas and risk assessment, which
allows spatial prioritization of adaptation measures. A specialized GPT bot has also been developed to assist users and ensure an easier
understanding of the results of the analyses.

Based on the analysis, a concept for building adaptive capacity has been formulated, including the integration of digital technologies for
monitoring and management of road infrastructure. The study emphasizes the need for urgent action to adapt road infrastructure to global
climate change and also establishes GIS as a key tool for spatial assessment, adaptive planning and sustainable management of transport
infrastructure.

Keywords: CLIMATE CHANGES AND TRENDS, IMPACTS ON ROAD INFRASTRUCTURE, GIS-BASED ANALYSIS, RISK ASSESSMENT,
ADAPTIVE CAPACITY

Ha aKTyaJlHU U JOCTBIIHU JaHHHU 3a KIMMATUYHU PUCKOBE, KAKTO 1
OTCHCTBHETO Ha IUiaTGopma 3a HM(POBO yIpaBIeHWE HA TE3U
TpancropTHaTta MHQPACTPYKTypa € KPHUTHYHA MO OTHOILICHHUE JIaHHH, a TOBA € MPENATCTBHE 3a MOBUIIABAHETO Ha aallTUBHOCTTA

1. Bweeoenue

Ha HalMOHAJIHA 3HAYMMOCT 3a HOPMAJIHOTO d)yHKuI/IOHI/IpaHe Ha npd  CTaHAAPTUTE 34 MPOCKTUPAHE W  HUHCTUTYLHMOHATHHUA

obmiecTBaTa W HMKOHOMMKATa, 3aTOBa HeliHaTa O€30MacHOCT H kananuter. ToBa Bogu [0 pealicH PpHUCK OT Hee(i)eKTI/IBHO

HaJEKIHOCT ca OT KIIOYOBO 3HadeHume. B Brirapms, mopamm yIpaBlieHHE Ha KIMMaTHYHHUTE BB3IACUCTBHS BHPXY TPAHCIIOPTHATA

pasHooOpasuuTe pened ¥ KIMMATHYHH YCIOBUS, TS € ocobeHo  cucrema 10 2030 roquna.

yS3BMMA KBbM EKCTPEMHH KIMMATHYHH CHOMTHS, a TOBa Hajara Cropen [1] m [2] ocHoBHHTE pHCKOBe 3a OBITapckKaTa

e(eKTHBHU METOH 32 aHAIIU3 U OIICHKA HA KIIMMATHYHITE PUCKOBE, TPAHCIIOPTHA CHUCTEMa, MPOU3TUYAIIN OT KIMMAaTHYHUTE NPOMEHH,

KOUTO Ja OCHUTYpsT aJanTHBECH KamauuTeT U yCToy”Iln/lBOTo " BKJIFOYBAT:

ynupaBJi€HHUE. ° HaBOg!HeHI/IH: OuakBa ce TSAXHATa YeCTOTa U MHTEH3UBHOCT
Ilenta Ha HAy4HHS MPOEKT, YHUTO Pe3ydTaTd ce 000OIIaBar B Ia Ce yBeNuyar, NPUYMHABANKM CEPUO3HM IIETM HAa MbTHATA M

HacTosllaTa MyOnMKalus, € MEeTOAUYECKO BHEApsIBaHE Ha JKeNe30bTHaTa UH(PACTPyKTypa, BKIIOUMTEIHO pa3pyllaBaHe U

YCTOWYMBH MPUHIIMITA 32 aJanTalys Ha ITbTHAaTa HHOPACTPYKTypa TIOBPEIN HA ChOPBKEHUS.

KBbM M3MEHEHUETO Ha KIMMara 4pe3 pa3paboTBaHETO Ha MPOLELypH ¢ Tconoxkn puck — cBrauuia: Bbopekd 04akBaHOTO

3a HM3TpaXJaHE HAa aJalTHBCH KallallUTeT, B CHOTBETCTBHE C HaMaJIsIBaHe Ha CPEIHOTOAUIIHHS 00eM Ha BaJeXKUTe, EKCTPEMHHUTE

AQHTOXUMEHTHTE, MIOCTH 3a CTpaHaTa B PaMKHTE HAa HAMOHAJHUTE IbXKI0BE 1€ MPOJBIDKAT Jid NPEJU3BUKBAT CBIAYUIIA, HAHACIHKH

nokymentd [1] u [2] 3a cextop ,,Tpancmopt™. LIETH Ha TPaHCHOpPTHATa HHPPACTPYKTypa U MPEKbCBAHKU JOCThIA
IIpenxonuu mpoyuBaHusi Ha aBTopHUTe B nepuoaa 2023-2024 . JI0 ONPE/IEIICHH PAHOHH.

pasKpuUBaT KOHKPETHU MPOIYCKH B H3TPAXIAHETO Ha aJaNTHBEH * Buemimu w  cHeroBanexu: B kpatkocpoyeH u

KamauuTeT B CEKTOp ,, IpaHcriopt. OCHOBHM IPOOJIEMH ca JurcaTa CPEAHOCPOYEH IUIAaH CHJIHUTE CHErOBaJISKH ILE MNPOABbIKAT Ja
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HapylaBaT TPAHCIIOPTHUTE YCIYr'H, OCOOEHO B CEBEPHUTE U
CEBEPOM3TOYHHUTE YACTH HA CTPAHATA.

* EkcrpemMHu ropemmnu: Bucokure TemmnepaTypu Iue
yBpexaaT achalTOBUTE HACTWIKH, HaMalsiBaliKM  TAXHATa
U3IPBKIMBOCT, KOETO MOXE Ja HaJOKH OrpaHHYaBaHEe Ha
CKOPOCTTAa WM JJOPU IPEKbCBAHE Ha JBHKECHUETO.

Bompekn 4e crnopen [1] HanuoHanHMAT aHanNM3 3a pUCKa
OLIEHsIBa TPAHCHIOPTHUS CEKTOP KaTo ycroiuus 1o 2035 r., mopagu
yYMEpeHUTE KIMMATUYHH MPOMEHH M IPOEKTHAaTa yCTOHYMBOCT Ha
UHOpACTpyKTypaTa, TO aJalTUBHUAT My KalaluTeT OCTaBa
HefocTaThueH. CIeoBaTeTHO KIMMATHYHHTE HMPOMEHH MOXE Aa
OKakaT OTPHLATENHO BB3ACHCTBUE BBPXY CEKTOp TPAHCIOPT,
3acArailkl  yHpaBIEHHETO Ha HHQPACTPYKTypa, IPEBO3UTE,
MOTPEOUTENNTE HA TPAHCIOPTHH YCIYTH U 00IIECTBOTO KaTo ISIO.

2. @opmynupanu 3a0a4u U RPUNOIHCEHU MEMOOU
3a peuwiaganemo um

B pamkure Ha wu3ciexBaHMATa ca (OPMYJIHpaHH 3aadd,
TPYNHpPaHH B CIIEAHUTE OCEM eTama:

1. Teoperuuna oOocHOBKa, feHHHpaHe 00XBaTa Ha aHAIIU3A.
W360p Ha KIMMATHYHU KOMIIOHEHTH, BHJ PHCK H IpeleHKa 3a
MOTEHIMAI Ha OTHOCUMOCT Ha BB3AEHCTBHETO KbM NBTHH OOEKTH.
Habupane, 06paboTka u cucreMaTu3upaHe Ha KIMMAaTHYHHA JaHHU
3a n30paHaTa TEPUTOPUSI.

2. O6paboTka Ha CbOpaHWUTE [OaHHH OT IIBPBH €Tall H
npenusupane Ha MHpoOpManuara OT TAX 3a HY)KIHTE Ha MoJena.
BeBexxgane u anamus B [MMIC Ha xiIuMaTu4HU J@HHU 34
TepuTopusTa Ha bearapus.

3. AHanu3 Ha IPOTHO3HU KIMMATHYHUTE MOJENH 32 OBICIIH

Mepuoay, CchoOpa3sHO TJIOOATHUTE KIUMATHYHH MOJAEIH U
CLICHApHH.
4. Cpbupane, BbBekgane u aHamm3 B [HMC Ha

(uzukoreorpadcku u APYTU NAaHHU 32 TEPUTOPUATA Ha CTpaHATa U
CBCTOSIHUETO Ha ITbTHATa HHPPACTPYKTYypa.

5. OneHka Ha MOJYYSHUTE PE3YIATaTH OT 3aJaduTe B TPETH
eTan BbB Bpb3Ka ¢ JehUHUpaHE Ha BE3MOXKHOCTUTE U pa3paboTBaHe
Ha ['MC wmopmenu 3a Bu3yanu3alus Ha MOTCHUUAIHO YSI3BUMH
001acTH B TpaHCIOPTHATA HHPPACTPYKTYpA.

6. PaspaboTBane Ha 0a3oBa KOHIENIHMS 3a OIEHKa Ha
pPHCKOBET€ W MOTECHIMATHOTO BB3JCHCTBHE HA KINMATHIHUTE
TIPOMEHHU BBPXY IIbTHATa HHppacTpykTypa upe3 [MC. O6obmenne
Ha BB3MOXKHOCTUTE Ha MOJeNa, MEPCIeKTHBU 3a HaArpaKIaHe U
OBbJEIIN U3CIICIBAHUS.

7. Hactpoiika Ha cnenmanuzupad GPT 60T 3a obcnyxBaHe Ha
noTpeOuTeN Ha pa3paboTkara, KaTo UM Mpejiara IMOMOI, ChBETH
¥ OOSICHEHHS 110 KOHIIENINATA U pealn3anusTa.

8. @unamHa oreHKa U 0000IIaBaHEe Ha MOCIEJOBATEIHOCT Ha
BapuaHT Ha mpouexypa. [lomarane ocHoBUTE Ha pa3paboTBaHEe Ha
CTpaTeTHH 3a aJaNTalds W YCTOWYMBO yHpaBlieHHE Ha ITbTHATa
UHDPACTPyKTYpa.

Omnucanute 1o T. oT 1 10 4 eTanu UMaT 3a Lel ja ce obe3neyar
B HMH)OPMAIIMOHHO  OTHOLICHHWE  aHAJIM3UTE 3a  OLCHKA,
pa3paboTBaHeTo Ha 6a30Ba KOHLEMIMS U BAPHAHT Ha MPOLEaypa 3a
ajanTanys ¥ yCTOMYHMBO yIpaBiIeHHe Ha ITbTHaTa HHQPACTPYKTypa
(ot 1. 5 o 8). Upe3 M3NBIHEHHETO UM Ca JOCTUTHATH Pe3yITaTuTe,
3aJI0’KeHHU B HAYIHUS IUTAH, KOUTO Ca OIMCAHU U TYK.

B pa3zpaboTkara e wu3mON3BaHAa CHBKYHMHOCT OT METOAM 3a
HAay4yeH aHalk3 U CHUHTE3 — JIOTHYECKH, CHCTEMHO-CTPYKTYpEH,
KOJIMYECTBEH M KauyeCTBEH METOJ, KOMIIOTBPHO MOJEIHpaHe,
YHUCIIOBH CKCIICPUMEHTH nu I/I3KyCTBeHI/I HEBPOHHHU MPEKH,
perpecuoHeH aHajInu3 ¥ MPOrHO3HpPaHe.

[Ipoydyenn ca pasznuuHu 0a3u C JaHHM 3a OCHUTYpsIBaHE Ha
H3CNIEBAHETO W MOCIEIBAIIOTO MojenupaHe. Harpymano e
HEOOXOIUMO M JOCTaThbUHO KOJHMYECTBO NMapaMeTPUIHU JTAaHHH 3a
n30paHy KIMMaTHYHY [TOKA3aTeNN 3a OIeHKa Ha BB3IEHCTBHETO UM
10 OTHOIICHWE Ha IIbTHaTa uHppacTpykTypa. JlamHuTE cCa
NpeABapUTENIHO 00pabOTeHW W MpEeUU3HpaHd 3a HYXKAUTE Ha

KOHKPETHUTE  M3CJIe[BaHMA, CHhoOpa3sHO crmeuuduxara Ha
npuiaraHata TexHojorus. WHrerpupamn B cpema Ha [UC
¢usnkoreorpadcky, KIMMAaTHYHU [aHHH, JaHHM 3a IIbTHATA
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uHQPACTPYyKTypa, caTelnuTHU u3oOpaxkenuss u apyru. Upez T'MC
MHCTPYMEHTHUTE 3a MPOCTPAHCTBEHHU aHATM3U ca MACHTH(HLUPAHU
YA3BHMH 30HH, KaTO ca B3€TH IpeIBUI (AKTOPH KaTo HaJMOpCKa
BHCOYMHA, OJIM30CT 0 BOJHM OaceiHU, UCTOPUIECKH KIUMAaTHUIHU
TEHJCHIINH U PYTH.

Upes perpecnonen anamm3 u [MIC ca monenmupanu Obaemn
IPOMEHH Ha KINMAaTHYHATE €JIEeMEHTH, Karo € HalpaBeHa
eKCTparoylanisl Ha TEHJACHIMHTE B NPOMEHUTE M CBIIOCTaBKa C
MPOEKIMUTE Ha TII00ATHUTE KIMMAaTUYHU MOJENH, KaKTO H ChC
CHOTBETCTBAIUTE HA TAX KIMMATHYHM CLEHApUH 3a OLEHKa Ha
HOTEHLMATHOTO MM Bb3JIeiicTBUE BBPXY IIbTHATA MH(PACTPYKTYpa.

Pazpaboren e cneunanusupan GPT 6ot 3a oOcmyxBane Ha
noTpeduTeN Ha pa3paboTKara, KaTo UM Ipejasara MOMOI, ChbBETH
1 00SICHEHNS 110 KOHIIEIIUSTA U pean3amusra.

O6o0mnieHa ¢ mporeaypa Mo OTHOIIeHHe Ha Mmojena 3a [MC-
0a3upaH aHaJIM3, KOATO J1a CIY)KM KaTo OCHOBA Ha pa3paboTBaHe Ha
CTpaTeTHH 3a aJanTanys W YCTOWYMBO YIpaBieHHE Ha ITbTHaTa

HHpaCTpyKTypa

3. Pesynmamu u ouckycus

3.1. Pesynmamu om emanu 1 0o 4 — ungpopmayuonno
obesneuagane na I'UC ananuszume

KaTo 00XBaT 3a W3NBIHEHWETO HA AHAIM3UTE IO INPOEKTa €
neduHUpaHa TepUTOpUsITA Ha IsIaTa CTpaHa, KaTo IPH OTICITHUTE
3a1auM € U3M0JI3BaHO U pa3JieliecHHe Ha CTpaHaTta cho0pasHo peneda
Ha TepeHa, KIMMaTHYHUTE 30HU, HAINYUETO Ha JaHHH U IPYTH.

Cwbpanu ca u ca pedepupaHd B MPOCTPAHCTBEHO H3MEPEHUE
HCTOPUYECKH KIMMATUYHH JAaHHU OT METEOPOJOTHYHH CTAHIMU B
Benrapus, wusmepBaHms 3a TeMmmepaTrypH, BaleXH U JIPYrH
KJIMMaTHYHN WHIUKaTOpu. JlaHHWTEe MMaT BpeMeBa pedepeHIus Ha
JHEBHA, MeceyHa M rojumHa 6a3a M ca AUQEpPEeHIMPaHH CIIPSIMO
pa3IMYHUTE PETHOHU Ha CTpaHaTa.

JlanHnTe ca KiIacMGUUUpPAHU CIOpel KIMMAaTHYHHATE 30HH Ha
Bwarapust, Kato ca aHAIM3UpPaHN PA3IHIMATA B TEMIIEPAaTypHTE H
BAJISKHUTE B Pa3IWYHH paioHH. Pasriemanw ca u ca aHaIM3UpaHU
JTAaHHU 32 KJIMMaTHYHA TporHo3u 1o 2040 roauHa.

Cren cpbupaHe Ha KIMMaTUYHHUTE JJAHHW, T€ IPEMHHAXA TIpe3
mpo1iec Ha 00paboTKa, KOWTO BKIIFOUBA:

e Hopmammupane Ha KINMaTHYHATE IIOKa3aTeNn: TOBA
MO3BOJISIBA J1a C€ MPEOJIONISSIT PA3INYIHiTa B JAHHUTE OT Pa3IHIHU
W3TOYHHIM U J]a C€ Ch3/1a/ie KOHCUCTEHTEH Habop OT JaHHH.

e Unrerpupane Ha nanaute B [MIC: nanHUTE Ca BHBEICHH B
reorpadcka umHpopmanmonna cucrema (['MC), xoero mo3BoissiBa
MPOCTPAHCTBEHO MOJICUPAHE HA KIIMMAaTUYHHUTE TCHICHIIUH.

e PerpecnoHeH aHanMM3 Ha TeMIeEpaTypuTe M BaJeXuTe 3a
pa3IMYHM PErHOHH M TIepHOAM OT BpeMe: 3a Ja ce H3Benar
TEHJICHIIMY U ITPOTHO3M 3a OBJCIINTE KIMMaTUYHH YCJIOBUSL.

CnOpaHHTE JaHHU Ca CHCTEMAaTHU3UPAHU MO CICAHUTE OCHOBHH
KaTeropuu:

o Teorpack  PErHOHH: KnumatuunuTe  JgaHHU  ca
KnacuULIUpaHu CIOpes KIMMaTHIHUTE 30HH Ha bbarapus, kato ca
AHAJIM3UPAHU pa3InvusATa B TEMIIEPATYPUTE U BAJICKUTE.

e BpemeBn mnepuoau: AKISHTHPaHH ca KpPATKOCPOYHHTE
KIIMMAaTU4YHU NPOTrHO3U, NPEABUA JUHAMUKATA B IPOMEHUTE, KaTo €
MPUET XOPU30HT 3a MPOMEHUTE B KIMMAaTUYHHUTE ycioBus 10 2040
TOJIVHA.

e TunoBe KIMMAaTUYHM pHUCKOBe: M3BBpIIEH € aHanu3 Ha
pHCKa OT eKCTPEMHHTE KIMMATHYHH SBICHUSI, ocouenu B [1] u [2],
a VMEHHO HABOJHCHHMS, CBJIQUUINA, BHEJIUIN M CHETOBAICKH, H
€KCTPEMHH TOPEIIUHN, KOUTO MOTaT Ja MOBJIHAAT Ha CHCTOSHUETO
Ha ITbTHATa HHPPACTPYKTypa.

N3non3Banu ca JaHHU OT CJICAHUTE U3TOYHMIIN:

e PVGIS (Photovoltaic Geographical Information System) —
HpPEeOCTaBsl JAaHHU 3a CIBHUYEBO H3IBYBAHE U METCOPOJOTHIHU
HapaMeTpH, BKIFOYUTENTHO JH(Y3HO (paKiys U INI00ATHO CIbHYEBA
paguanusi, ¢ NPOCTPaHCTBeHa pesosonus okomo 2.5 km [3].
M3nonseanu ce 3a aHauM3 Ha BB3JCHCTBHETO HAa CIbHYEBATa
paguaius, pecll. EKCTPEMHHUTE TeMIepaTypH BbpPXY IIbTHaTa

uH(pacTpyKTypa.
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e NASA POWER (Prediction of Worldwide Energy
Resources) — mpemyara JaHHM 3a KIMMATHYHM [ApaMeTpH Karo
TeMIeparypa, BIaXXHOCT, BATHP U CI'bHYEBA paananys, 00XBallan
nepuona ot 1981 mo 2021 r [4]. Januute umat pesomonus 0.5° x
0.625° u ca moxxomAuM 3a OOy4eHHE M TECTBaHE HA MOJICIH C
U3KYCTBEHH HEBPOHHH MPEXH.

e NEO — NASA Earth Observations — mpeiara jaHHu 3a
CITBHYEBATa paauainusa ¢ pazaumyHa pesosmouus (1.0°, 0.5°, 0.25°,
0.1°), HO He BKMIOYBAT AUGY3HA Ppakius [5].

W3nomBanm ca ome JaHHM OT HW3MEPBaHMATA B
METEOPOJIOTHYHN CTaHIMM HA TEPUTOpHsITAa HA CTpaHaTa oOT
National Centers for Environmental Information u stringmeteo.com
[6, 7] B mepuona 2000 no 2023 r. — 3a npU3eMHH TeMIEpaTypH, U B
nepuoaa 2005 1o 2023 r. — 3a Banexu.

JlaHHUTE OT MOCIEJHUTE JABa U3TOYHMKA KaTo MeECEUHH
0606uieHnst ca pedepupand mo reorpadcku KOOpPOMHATH U ca
aHAIU3UPAHU KIMMAaTUYHUTE MIPOMEHH, KaTo ca MU3BEIEHH oOImuTe
TEHJICHIIMH 3a TEPUTOPHsITA Ha CTpaHaTa. 3a IIelTa ca U3MOJI3BaHU
olle JaHHU 3a KIMMaTHYHHTE 30HU [8] m peneda Ha TepeHa [9]
(pactepun nmanam B 32-6mroB  Geotiff ¢dopmar ¢ 25 m
MPOCTPAHCTBEHA PE3OJIIOIMSA M TOYHOCT [10 BUCOYMHA +/- 7 M).

WscnenBanero 1mokas3Ba, dYe KIMMATHYHHTE IIPOMEHH B
Benrapust ce mposiBIBaT Upe3 MOBHIICHHE HAa TEMIIEpaTypHTe H
HaMaysiBaHe Ha BajexwuTe. CpegHaTa TOIMINHA TEMIIEpaTypa ce e
yBemmumia ¢ okomo 1,5°C 3a mocnemnure 24 roawHU, a
KOJIMYECTBATa Ha BAJIGXHUTE ca Hamazenu cpearo ¢ 80 mm.

PaznuuHuTe KIMMaTHYHM 30HH o0ade pearupar MO pa3jinyueH
Ha4yMH Ha Te3W NPOMEHH — Hal-TOJISIMO 3aTOILUITHE U 3acyIlaBaHe ce
HaOJfoaBa B paBHUHHUTE paiOHW, JOKaTo B IUIAHHHUTE
M3MEHEHHATA ca M0-C1abo N3pa3eHH.

AHanmu3bpT Ha KIMMAaTUYHUTE JAHHM HA MecedHa 0a3a IOKa3Ba,
4ye CpeJHUTE TeMIlepaTypH HapacTBAaT Ipe3 BCHYKH MECEIH, KaTo
3UMHHUTE Meceln (0COOCHO IEKEMBpH) C€ 3aTOIUIAT MO-OBp30 B
cpaBHeHHE ¢ JeTHHUTe. [1o OTHOIEHNE Ha BaIXKUTE, MPOJIeTTa (Mait
U I0HH) € Hall-BIQXHUST NMEPUOJ C TeHJCHIMS KbM YBEIMYCHHE Ha
KOJIMYeCTBaTa, JIOKATO €CeHTa CTaBa I0-CyXa, KaTo Hal-HUCKU
BAJIOKH C€ PErUCTPUpAT Mpe3 aBryCT M CENTEeMBpH. 1a3H Ce30HHA
NPOMEHJIMBOCT € IOKa3aTelnHa 3a INPOMEHH B KIUMaTHYHUTE
MOJIETIH.

OcBeH OMPEKTHUS aHaINM3 Ha KINMATHIHU JaHHW € W3IOJI3BaH
W WHOBAaTHBeH MOAXOA 3a MOJENHpaHe HAa BIMAHHETO Ha
KIMMaTHYHATE TTapaMeTpy BbPXY TPAaHCIOpPTHAaTa MHPPACTPYKTypa
C T1ToMoITa Ha HU3KycTBeHM HeBpoHHH Mpexu (MHM).
UscnenBanero ce 6a3upa Ha maHHU OT [3, 4 u 5], ocurypsBauiu
HaJeX/[Ha MHPOPMALHs 33 KIMMAaTHYHUTE U COJIAPHU MapaMeTpH 3a
TepuTtopusaTa Ha bearapus B nepuoaa 2005 — 2020 r.

OOyuenute BBpXy 26 412 3amuca MHM ca mer Ha Opof,
MpeAHa3HAUCHN 3a MOJENHpaHe HA KIMMATHYHU I1apaMeTph |
comnapuu aauuu [10], kakTo crexBa:

e Temmneparypa Ha 3eMHaTa OBBPXHOCT;

JudysHa Gpakuus Ha CIbHYEBATA pagUaLys;
XOpH30HTAHA CIITBPHYEBA PATHALNS;
Haxnonena rimo6anHa cirbHYEBa pagnanis;
Anbeno.

HampaBeno e m m3cnenBaHe 3a HWHTETPHpPAHE M CHBMECTHO
m3nomsBane Ha ['MMIC m WHM. PaspabGorkara e 0Oa3upaHa Ha
ONMHUCAaHHUTEe IMO-TOpe Beue OOYUYeHH HEBPOHHH MpPEXH U
usnon3BaHeTo uMm BbpXy OpenStreetMap [11] kaTo ocHoBa 3a
pa3paboTKa Ha MNPWIOKEHHS, BKIIOYUTENHO yeb yciayrn W
crenmanu3upanara  JavaScript  Gubimortexka  Leaflet  [12].
[TapameTpuTe Ha HEBPOHHHTE MpPEXH CE 3apeXIaT W aKTHBUPAT C
JavaScript ¢ynkmum, a pesyaratute ot paboratra uM ce
BU3yaIM3UpaT M0 pa3iMyHM HauuHU: yuciaeHo — upe3 HTML
¢dopmu Ha yeb crpaHuuata — M rpaQUYHO — Ha KapTH BBPXY
OpenStreetMap.

Ha 6a3a nsnon3Banute manHu [6, 7], ce mporaosmpa, ye A0
2040 r. remneparypara B bearapus me ce nosumm ¢ okoso 1°C, a
BaJIOXKUTE IIe HamalesT ¢ okojo 60 mm. CpaBHeHHE ¢ KIMMAaTHIHU
mozaenu [13] nmaBa, ye TS Moke Aa ce moBHIIU ¢ 10 2°C, KOETo
CHOTBETCTBA HAa HCTOPUYECKM TEHICHIWH 3a NocienHute 24
TOAVHH.
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Cuenapusar SSP 5-8,5 mpensmwxna HamaneHne Ha BaJleKXUTE 10
95% oT ceramHuTe UM KOJIUYECTBA, KOETO € OJIM3KO 10 CPETHOTO
Hamasienue ot 80 mm 3a nocnenuure 19 rogunu. Monenure [14,
15] nmoTBBprKIaBaT TEHACHLMATA 3a OBHUILICHUE HA TeMIlepaTypara
¢ 1-2°C no 2040 r., xaro TIOOANHUTE CICHAPUH IIPOTHO3MPAT
3aromwstae ot 1,5°C copsmo 6a3oBata juHUs (1850-1900 r.) mpe3
BTOpATa ITOJIOBMHA Ha TEKYIIOTO JECETUIIETHE.

IpenBun MoxenupaHeTo 3a OIEHKA Ha PUCKOBH YYacTBUIU OT
ObTHaTa MHQPACTPyKTypa 110 OTHOLIEHHE HAa EKCTPEMHH
KIMMAaTHYHU CHOUTHS Ca M3IOJI3BAHHU OILE CIICIHNTE JaHHH:

e JlaHHU 32 aJMUHHCTPATHBHO JEJICHHE — 00JaCTH U OOIINHH
— BEKTOPHH JIaHHH OT THIl NOJHUIOH ¢ arpudytn or Hanwmonanen
MOPTAJ 33 IPOCTPAHCTBEHHU JaHHU [16];

e JlaHHU 32 HaceJeHHW MecTa — BEKTOPHHU JAHHHU OT THUII TOYKa
¢ arpuOyTH, BKJI. HAaUMCHOBaHHE HA HACEJIEHOTO MACTO OT
OpenStreetMap [17];

e JlaHHU 32 IBTHA MpeKa — BEKTOPHH JJAHHH OT THII JIMHUSA C
arpubytu ot [17] u [18].

e JlanHu 3a XuAporpa)Cku 00EKTH — PEKH M IUIOLIHU 00EKTH
(s130BUpH W JAPYTH) — BEKTOPHHU JAHHU OT THII JIMHHS/TIOIUTOH C
arpubytu ot [17];

e JlaHHU 32 PErNCTPUpPAHM CBJIAYMIIA — BEKTOPHH ITaHHU OT
THIT TOJUTOH ¢ arpubytu [19] W m3BedeHH OT TAX LEHTPOHMIU
(TOYKOBH 00EKTH);

e JlaHHM 3a TNOYBEHHW THUIIOBE — BEKTOPHHM JaHHHU OT THII
MOJIMTOH ¢ atpubyTH [16];

e JlanHu 3a 3eMHO mnokputue c¢ pesomouus 100 m 3a
TepuTOpHATa Ha cTpanara ot [20];

JlaHHUTE Cca CHCTEMaTH3UpaHH M KJIACH()ULHUPAHH, KaTo 3a
HSIKOHM CIIOEBE € HallpaBeHa U IOMbJIHUTENHA 00padoTKa.

3.2. Pesyrmamu om emanu 5 u 6 — I'HC mooenu 3a
eusyanuzayus HA  NOMEHUUANHO  YA36UMU  obnacmu @
mpancnopmuama ungpacmpykmypa

B®B Bpb3Ka C U3IBIHEHUETO HA 33Ja4uTe OT eTamu 5 u 6 ¢
HAJIMYHUTE JAHHU OT ITOCOYCHUTE M3TOYHMIM ca HampaBeHn ['MC
AQHANM3M 32 WACHTU(HUIMPAHEe HA MOTCHIHAIHO ySI3BUMUTE 30HU O
OTHOIICHWE HAa OCHOBHHTE pPHCKOBE 32  TpPAHCIOpPTHATa
MHQPACTPyKTypa, CBBp3aHH C KJIAMAaTHYHATE TIPOMEHH U
eKCTPEMHHTE  METEOPOJIOTHYHM  YCIOBHSA, a HMEHHO: OT
HABOJIHEHMsI, CBIIQUMIIA, CHETOBAJIOKH U OOJIe/IsIBAHE U EKCTPEMHHU
TeMIIepaTypH.

3a M3MBJIHEHWETO Ha aHAJIM3UTE 3a OLEHKa Ha IbPBHUTE 3 OT
nocouenute puckoBe ¢ usnoi3Ban ['MC codryep QGIS u 3a
TEepUTOpPHATa HA  CTpaHaTa Cca  W3MNBJIHEHH  Pa3IUIHH
MHOTO(aKTOpHHU aHAJIM3W Ha 0a3a HANMYHUTE JAaHHU C IIeT Jla ce
HalpaBH OIEHKA. 3a W3IBIHEHHWE Ha OLEHKHTE ca HW3MOJI3BAaHM
n3uncineHns ¢ Raster Calculator, 30HaNHU CTATHCTHKH W APYTH
BUJIOBE aHAJIM3H.

M3non3Banu ca pekiaacuGUIMpaHy JaHHU 33 36MHO TOKPHUTHE,
30HM C HaKJIOH Ha TepeHa moa 5%, BHUCOKM CTOWHOCTH Ha
Tormorpad)CKM MHAEKC Ha BI&XHOCT M KalalMTeT Ha BOxocOopa,
ompeneneHn Ha 0a3a perneda, mpHu 3agangeH mpar 3a Hag 50% ot
MONyYeHUTe TIParoBH CTOHHOCTH 3a mocinegaute 1ase. Crex
CyMHpaHe Ha JJaHHHTE € IOJydeH pacTep che cToitHocTH 0T 0 110 3,
KOMTO ca YMHOXEHH C Ome naBa KoeduIMeHTa 3a OTYHTaHe
rbCTOTaTa Ha peYHaTa Mpexa U KOJMYECTBOTO BAICKH 32
CBHOTBETHOTO  MECTOIOJIOKEHHE. Pe3ynTaHTHHAT — pacTtep 3a
TEpUTOPHATA HA CTpaHaTa € ChC CTOMHOCTH B auamna3oHa ot 0 1o
6,37, knacuduuupaH B YepBeHa raMa M BU3yaJlU3UpaH ChbBMECTHO C
nannaute ot IIOPH mo 6aceitnosu nupexuun (BM) [21, 22, 23 u 24]
— ¢wr. 1.
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@ue. 1 Pacmepen cnoil, nonyuen 3a OYyenKka Ha pucka om Ha8oOHeHUs: 3d
cmpanama, ceemecmuo npedcmaser ¢ dannu om [21, 22, 23 u 24]

3a BaymAUpaHe Ca M3IOJI3BAaHM TOYKOBUTE M JMHEWHH OOEKTH
or 'C cnoeBere Ha BJ] m o0mo 3a Tepuropuara Ha Beiarapus
MIPUMOKPUBAHETO ChC 30HM C M3YMCICH PHUCK TO-TOJAM OT 3 3a
BCHUKH 00ekTH € 49,7%, a CbC 30HU ¢ PUCK TO-TOJIsIM OT 2 — 66,1%.

Ha ¢ur. 2 ca nokasanu naHHH 3a pened U xunporpadus,
CBHBMECTHO C KJIaCU(HKAIUS Ha ITbTHATa MPEXH (B )KBITO) CHPSIMO
MPUHAIJIEKHOCTTA M KbM CHOTBETHA 30HAa HAa PUCK - B CBETJIO
PO30BO Ca 30HUTE C HUBO HAa PUCK OT 3 110 4, B MO-TBMHO PO30BO —
oT 4 10 5 u B uepBeHO — HAx 5.
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v Mumia mpexa - puek > 3
0-2
2-3
3-4
. 4.5
¢ 5-637

v Xupporpadua ~ nuHeinn obextn
v — pexu
v [ Xwaporpadus - nnouyu obexrm v

v ALPXABHA MHTHA MPeXa v
. € v OBWMHCKM MbTHWA v

Que. 2. Jlannu 3a penegh na mepena, xuopoepaghus, Obpicasna u 0OUUHCKA
NBMHA Mpedca ¢ KIAcUuyupany yuacmvyu npu HU60 Ha puck Hao 3

Bucoxo HEBO Ha pucka (Hax 4) ce oT4nTa 3a:
e CesepHa boarapus (JynaBcka paBHHHA 0

IJTaHUHA):

- OKOJI0 M3KYCTBEHH BOJJOEMH H SI30BHPH B CEBEpO3aIaIHa
Bwirapust — Pabuira, Ckomist, [ToneTkoBuwy;

- Ilo nopeunsara Ha penuna pexu — Tomososern, Orocra,
Bur, SuTpa, Pycencku Jlom, IlpoBaauiicka u npyru;

- 3oun Mmexny Pasrpan, doOpuu m Cummuctpa, KakTo U
0K0J10 3. Tuua u npu rp. Jparonon.

e Coduiicka KOTJIOBUHA!

- PuckoBu ydacteum B rp. Codust M OKOJHOCTHTE — MO
nopeunsita Ha p. Hckep, Cyxomoncka, IleprmoBcka u
Apyru;

- 30HH 0K0JI0 [IparoMaHcKOTO U AJITOMHUPOBCKOTO O1aTO.

e [Orozanagna benrapus:

- HMomunara Ha p. Ctpyma (ceBepHo or bmaroesrpan), si3.
Juxanute u p. JlxepMman;

- Yyacteuu 1o p. Mecta u npurouute 1, kato p. Kanuna.

e T'opHOTpakuiicka HU3MHA:

- IIo p. Mapuna u nputorure u — p. Casnmiika, Crapa
pexa,;

- PuckoBu yuactpum oxono 3. OB4apuua M 1o IOJIHOTO
teuenue Ha p. Tynmka (Cnusen — SImGour).

Crapa
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HampaBenara oneHka mokasBa, 4e uMa puck 3a 21.7% ot
obpkaBHata M 17.6% oOT OOLIMHCKAaTa ITbTHA Mpeka, KaTo 3a
TPaHCIIOpPTHAaTa MH(PACTPYKTypa MOXKE Ja Ce OuakBaT Olle
MOBPE/U TIPYU CHOPBKEHHATA, A CBILO 3aTPYAHEHUS] U HAPYIIEHUS B
IBIDKEHHETO Ha CTOKM M Xopa. [lo-monpoOHM wu3cienBaHus IO
TeMaTa 3a HaBO(HEHUsTA ca jajeHu B [25].

Ilo orHOmeHnme Ha cBlayWIaTa ca W3MOJI3BAaHU JAAHHH OT
KapTaTa Ha TeoNMoXKus puck B [19]. BwBemenu ca 2125
perucTpupaHu  obekTa, OT KOUTO B  ONHCAaHHETO Ha
MECTOIIOJIOKEHHETO Ha 541 e 3amucaHo, Y€ Ce OTHACSIT KbM ITbT
(mokazanu ca B uepBeHO) wiam ToBa ca 25.4%. JlamHuTe ca
npencraBenn  Ha ¢ur. 3. Karo o0mo omnucaHne Ha
MECTOTIOJIOAKEHNETO Ha CBJIAYMINA OTHOCHMH KbM ITBTHINA MOXE 12
ce Kake, 4e ca pas3loJIoKEeHH N0 Iopednero Ha p. JyHaB u
YepHOMOPCKOTO Kpaibpeskue, 1Mo ceBepHHTEe cKiIoHOBe Ha Ctapa
IUTAaHWHA U I0KHO OT Hesl mpu CiMBeH, 3amagHo OT CTOJHIATa B
mocoka [IlepHuk, 1o wm3TOUHHTE CcKIoHOBe Ha Ocoroso-
benacuiikara niuaHMHCKa Bepura H 3alafHUTE CKIOHOBE Ha Puna n
ITupun (okosno p. Ctpyma), mo BCHYKH CKIOHOBe Ha Pomomute.
Cpo0Opa3HO  agMHUHHCTPATHBHOTO  JEJCHHE C  Hali-MHOTO
peructpupanu cpinauuia ca odmuauTe CeBnueso (22), Enena (21),
Tabpogo (17), [lepuuxk (16), Bapna (16), Cmossta (15), Teprosumie
(15), CnuBen (14) u Benmko TopHoBo (14).

Cunuctpa
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@ue. 3 [lannu 3a cerauuwa om [19), knacugpuyupanu cnpsamo
NPUHAONEHCHOCIIMA UM KbM NbMHU 06eKmi (8 4epgeHo)

HampaBena e kinacudukanys Ha IbTUINATA MO OTHOIICHHE Ha
Beye BB3HUKHAIUTE IPOLECH, KaTO Ca W3BEACHH YYacTBLUTE C
peTUCTpHUpaHu 3 U IOBEYE MUHAIHN CHOUTHSA — (uT. 4.
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Due. 4 [Tomuu yuacmuvyu om 0vpiicagha (8 1unaso) u oowuncka (8

UepeeHo) NbMHU Mpedrcu ¢ 6b3HUKHAAU 3 U nosede cenavuwa npu 6ygepu
cvomeemno 30 u 20 m

P )

3a Bcmuku 2125 Beue perucTpuUpaHd CBIIAYUINA € HAlpaBeH
aHaJIM3 3a OLICHKA Ha BCEKU OT ciequute 7 (akropa:

e bBamsoct 1o mbTHIIA — P ch3aaneH oydep ot 30 m (o 15
OT JIBETE CTPaHH) CIPSIMO JbpkaBHaTa U 20 M crpsMo obIMHCKaTa
ObTHA MpeXa € YCTaHOBeHO, dYe wuma 278  cBiayuiga
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HEIMOCPEICTBEHO 10 MBTHUTE y4acThIM, KoeTo € 12,8% oT Bcuuku
CBIIAYHILIA.

e bamsoct 10 peku u Apyru BOAHU 00ekTH — mpu Oydep 100
M CIpsIMO CJIOEBETE C PeKH U IUIOLIHU BOJAHH TeJa € YCTAHOBEHO,
ye enBa 2,4% OT CBIAYMIIaTa ca B HEMOCPEICTBEHA OJIM30CT A0
BOJIHU OOEKTH.

e Hanmopcka BucounHa — 96,4% OT BCHYKH CBJIAYHINA ca HA
HagMopceka BucounHa 10 1000 m, a 52,0 u 78,0% ca cpoTBETHO /10
300 m u gm0 600 m.

e HaxioHn — mpH ompelne/siHe Ha HAKIOHHTE 3a BCHUYKH
CBIIAYMINA € yCTaHOBEHO, ue 58.2% oT TAX ca HpH HAKJIOH Ha
Tepena oT 5 10 15%, ¢ Haknonu 1o S u Hax 20% ca crotBeTHO 18,9
u 22,9%.

o UznoxeHus P M3JIOKSHUSITa TEHICHIMATA €
CBJIQUMINATA J]a Ca PA3MOJ0KCHH HA CEBEPHU W I0)KHU CKIIOHOBE —
cpoTBeTHO 34,7 m 28,8%, 3a w3rounnre M 3amagHuTe ca 21,6 u
14,9%.

e IUHmekc Ha BI@XHOCT Ha TepeHa — MpPU IOJyYEHH
croiiHoCcTH B auamnasoH ot 0.4 1o 32,1 3a uHaekca e onpenesneHo, e
78,0% oT cBilaumIIaTa ca B HHTEpBajia OT CTOMHOCTH Mexay S5 u 15,
16,3% ca mpu croiHocTH oT 15 mo 20 u enmBa 5,7% ca W3BBH
MMOCOYCHUTE HHTEPBAJIH.

e JlouBm — npu Ta3u KiacupuKanys e ycranoBeHo, ue 13,0%
rmonaaat Ha kadsBu ropcku novsu, 26,3% Ha cuBH ropcku, 18,1%
Ha KaHeneHu, 28,6% Ha depHO3eMmHH, 7,3% Ha anyBHANHO- H
JIeTyBAATHO-INBAAHU U 6,7% Ha MACHIH U PEHA3UHH.

Ha 6a3a pasriemanure GaxTopu MOXe Ja ce IPHIIOKH aHAIU3
3a W3BEXKAAaHE Ha 30HHTE C BHCOK MOTCHIHMANCH PHCK OT
BB3HUKBAHE Ha CBIAYMIIHH MPOICCH IO OTHOUICHUE Ha MBTHUINATA,
KaTro ce 3aJaJaT pa3uyHi KOCHUIIMEHTH Ha TEKECT 3a BCEKH
(dakTop mooTnenHo. Ha mpakTuka ce oka3Ba, 4e caMHTE MBTHINA
KaTto MHQPACTPYKTYpHU OOCKTH BB3JCHCTBAT HAa CpelaTa, B KOSTO
ca CHTYHUPAHU U MOXE CTPOHTEIICTBOTO MM @ MPOBOKHPA PUCK OT
cBmaymiia. bnm3ocTra [0 BOAHM OOCKTH HE € OT TakoBa
CBIIECTBEHO 3HAYCHHE, HO XBIMHCTHS U TMPEXOTHO-TUTAHHHCKHS
pened ¢ HaKIOHM OT MOpsIBbKA HA 5-15% m WHAEKC 3a 3axbpiKaHe
Ha BJIQXKHOCT B CBIIIMSA IHANa30H MPU CEBEPHUTE U FOXKHU CKIOHOBE
MPEAOTPENCIAT MO-BUCOK pHcK. OT 3HAYCHHE ca U TOYBCHUTE
THIIOBE, KATO YEPHO3EMHUTE, CUBUTE TOPCKH M KAHEICHUTE TOYBU
MOXe€ J]a Ce OTPEICIIAT ChIO KATO PUCKOB (haKTop.

o ce oTHacs n0 cHeXXHHUTE OypH U 3anesBaHeTo Ha dur. 5 ca
MOKa3aH! OOIIWHHTE, KBAETO C€ Tpenrnoiara, 4e e ObaarT Haii-
3acerHaTd OT CHEeXHH Oypu W 3aie/siBaHe. B KBATO ca MBTHH
y4acThIH, H30paHu CHOpPE KPUTEPUHTE 33 HAKIIOH HA TIPUIIEIKAIIUS
tepeH Haa 10%, ceBepHH M3JI0KEHUS M 3€MHO MOKPUTHE C rOpcKa
PACTUTETHOCT (UTJIONUCTHHU, ITMPOKOIUCTHH U CMECCHHU TOPH).

B opamxeBo ca ydacTbuuTe, N30paHH CIIOpE]] TOPEnoCOYCHUTE
KpUTEpuH, HO ¢ HaKkJIOH Mexay 10 u 20%, a B uepBeHO — ¢ HaKJIOH
Hax 20% u BucounHa Hag 600 M, T.e. mIaHUHCKK mbTUINA. OCBEH
TOBa, MOCTOBETE TPsIOBa CHILO Ja CE B3EMAT MOJ] BHUMaHHE, 3aII0TO
ce Mperoara, 4e mpy TAX PHCKa OT 3aJie/IBaHe II¢ € T0-BHCOK.

@ue. 5 ITomuu yuacmvyu u 00WuHL, 34 KOUMO UMA PUCK OM CHENCHU GYPU
u 3aneosneane, u3Opanu cnopeo onpeoeseHume Kpumepuu

IIpu Bu3yanHa OLEHKA CE BHXKIA, Ye MOJIyYCHHTE PUCKOBH 30HU
ca Hali-Beue BBPXY IUIAHMHCKM IBTHUINA M OTACIHU YYacTbLH B
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CeBepHATa M I0rOM3TOYHATA YacT Ha CTpaHaTa, TaKa 4e XUIoTe3ara,
KOATO TpEeANoJiara BIWSHHE HAa YMEPEHO-KOHTHHEHTaJHaTa |
IUIAHMHCKATa 30Ha, B TOJIIMa CTEIEH Ce OKa3Ba MOTBbpP/ICHA.

AHaIM3bT Ha JaHHUTE 32 aJMUHUCTPATHBHOTO [EJICHUE Ha
CTpaHaTa ToKa3Ba, ue B 129 or 265 oOmUHE UMa PUCK OT 3UMHH
eKCTPEMHH METCOPOJIOTHYHH YCIJIOBHS, KOUTO MOTAaT Ja MOBIUSAT
Ha mbTHaTa Mpexa. C Hail-BHCOK pHCK ca 32 oOIWHHM, TOKa3aHU B
mo-TEMeH 1BAT Ha ¢ur. 5 — banute, Uxtuman, Jlesun, BoupOuma,
JIvku n bepkoBula — ¢ 3 WM NMoBe4e NBTHH YYacThIU C MHOTO
BHCOK PUCK. 3a OCTaHaJINUTE OOLIMHU B Ta3H IPyIa, OKa3aHU B HO-
cBeThI UBAT — Anpwinu, CmonsH, Yenenape, Bpaua u np., uma 1
WIHM 2 I'BTHU YYacTBLM C MHOTO BHCOK PUCK. IIBIHUAT aHaNU3 Ha
JAHHUTE 0 OTHOIICHHE HAa ONpEJeisHE Y4acThILMTE OT I'bTHAaTa
Mpeka Ha CTpaHaTa, 3a KOWUTO MMa PHCK OT CHEXHH Oypun H
3aiesIBaHe € mpeacraseH B [26].

[To oTHOIIEHHE HAa EKCTPEMHHUTE TEMIIEPaTypH, KOUTO CHIIO ca
PHCKOBH 3a I'bTHaTa MH(PACTPYKTypa € yCTaHOBEHO, Ye C Haii-
BHCOK TE€MI Ha 3aTOIUIIHE U MOBHIICHA OMACHOCT OT 3aCyIlaBaHe ca
YMEpPEHO- ¥ IPEXOJHO-KOHTHHEHTANHATa 30HH, CJIEIBaHH OT
YepHOMOpCKaTa ¥  IPEXOJHO-Cpelu3eMHOMOpcKara. IloapoOHu
M3CJIE/IBAHMS 0 TeMara 3a MPOCTPAHCTBEHOTO Pa3IpeiesicHHe Ha
TEHJCHIIMUTE U IPOMEHUTE B TEMIIEPATypPHHUS U BAISIKECH PEKUM Ha
CTpaHaTa ca MPEeACTaBeHH OT aBTopuTe B [27].

Ha ©0asza aHanm3uTe Ha METEOPOJIOTHMYHH JaHHH  3a
TeMIepaTrypaTa € YCTaHOBEHO, Y€  3aTOIUIIHETO € II0-CHJIHO
U3pa3eHo B HU3MHHUTE ¥ 10-CIa00 B IUNIaHMHKTE. Pasnukata Mexmy
HHUCKHTE M BHCOKHTE PallOHM € YMEpeHa, HO IUIAHWHCKHTE PaioHH
ca M0-YCTOIYMBH Ha BUCOKUTE TEMIIEPaTypH.

Ha ¢wur. 6 u 7 ca nokazanu cperHa MeceyHa TEMIIEpPaTypa 3a M.
I0JIM ¥ CPeJHA TOAMIIHA TeMIIepaTypa, U3BeACHH B yeb cTpaHuIa Ha
CIeNHAaHO pa3paboTeH MHTEpHET caiT [28, 29], karo naHHuTE ca
MOZENUPAHN C MOMOINTAa Ha IPEIBAPUTEIHO OOYYCHH HEBPOHHU
MPEXKH.
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Mzebpmennre 'MC-6a3upann aHaINM3U IO YETHPUTE OCHOBHH
KIMMaTHYHA PHCKa — HABOJHEHMs, CBJIAUMINA, 3MMHHU YCIOBHS
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(obnensiBaHe M CHETOBAJIG)KH) U €KCTPEMHH TeMIEpaTypd — BOIAT
JI0 CJIEAHUTE OCHOBHM M3BOJIU:

e HaBoxnenus Hal-BUCOK pPHCK OT HaBOIZHCHUS €
uneHTuuuMpaH B paBHMHHHUTE paiionn Ha CeepHa bbarapus,
Coduiickara koTnoBuHa, gonuauTe Ha CTpyMa 1 Mapuia u 0KoJIo
HSKOM TO- TOJeMH BojoeMH. PacTepHust ananmus, OasupaH Ha
pened, BOOOCOOpHH XapaKTEPUCTUKU U BaJEKH MOKa3Ba, Y€ OKOJIO
20% or mpTHaTa Mpexa € CbC CPEAEH M BUCOK PHCK, KOETO
roJjuepTaBa 3HaUMMOCTTa Ha npobiiema. MHdpacTpykTypaTa B T€3H
30HM € W3JI0)KEHa Ha TIOBpPeIM M IIPEeKbCBaHE Ha TPAaHCHOPTHH
BPB3KN.

e Cpimauynma — or 2125 cenauunia B cTpaHara, 25.4% ca
JIUPEKTHO CBBbp3aHU ¢ MbTHINA. OCHOBHHUTE (DaKTOPH 32 BE3HUKBAHE
Ha CBJIQUHIIA Ca: HAKJIOHU Mexkay 5—15%, HaaMopcka BHCOYHMHA 10
600 M, ceBepHHU U FOKHHU CKIIOHOBE, CPEIHH CTOMHOCTH Ha WHIEKCa
Ha BJIAXHOCT Ha TepeHa M ONpeleieH: MoYBeHH THrose. Ch3aaaeH
€ MHOTOIApaMeTPUUeH MOJed, KOWTO JaBa BB3MOXHOCT 3a
HPOTHO3MPAaHE Ha HOBM PHCKOBH Y4YacTbIM, Oa3supaH Ha (akTopu
KaTo pened, MHIEKC Ha BIAXXHOCT U TOYBEH THIL.

e OOrensBaHe M CHETOBAJICKH — BUCOK PHUCK OT CHEXHH OypHu
U 3ale/isiBaHe € YCTAaHOBCH B IUIAHWHCKUTE PalOHM M YacTH OT
CeBepHa u lOromsrouna bBwirapms. Kpuruunute ydacTpiu ca
UIeHTHGUIMPaHH Ype3 KOMOMHALUS OT HAKJIOH, M3JI0)KEHHE U THIT
3eMHO nokpurhe. OmpezeneHu ca 32 OOIMMHE C 0COOCHO BHCOK
PHUCK, KOETO € MPSIKO CBBP3aHO ChC 3aTPYIOHEHUS MPH 3MMHOTO
MO/ IbprKaHe Ha MBTHINATA U 6€3011aCHOCTTa Ha ABIDKCHUE.

e EkcTpeMHH TeMmmepaTypd — Haii-ysI3BHMH ca IIbTHIIATAa B
PaBHUHHHUTE W HU3HHHM 30HU, IOPAJH BUCOKHS TEMI Ha 3aTOILIIHE
1 HaMaJIIBaHETO Ha BaJleXuTe. AHAIN3a Ha KIMMATHYHNTE JaHHU U
H3BEJICHUTE MPOTHO3MU IOKa3BaT MOBHUIIEHHE HA TEMIEPAaTypUTE C
okoio 1°C mo 2040 r., ¢ mMOTEHUMAHHU WIETH BBPXY achaiaToBu
HACTWIKA ¥ HSIKOM IBTHH CBOPBKEHUWs. IImaHMHCKHTE paiioHn
JEMOHCTpUpAT TO0-700pa KIMMaTHYHa YCTOWYMBOCT B TOBa
OTHOILICHHE, KOETO T'H IIpaBH IM0-0e30macHH B KOHTEKCTAa Ha
TOpEIIMHUTE.

Co3nanennte 'MC Monenn yCHemHoO JTOKaMu3UpaT ys3BUMHUTE
30HM Ha TPAHCIIOPTHAaTa Mpexa B bwirapms mo OTHONIEHHE Ha
KIIIOYOBM ~ KIIMMATHYHM PHCKOBE. AHANM3UTE JEMOHCTpHUpAT
TEPUTOPHAIHH PA3IN4Us B YSA3BUMOCTTA, KOHTO Ca KPUTHUYHH 32
IUIAaHUpaHe Ha  aJanTallOHHH  MEpKH, HWHQpPacTpyKTypHa
YCTOMYMBOCT W  HMHBECTHLMOHHM TpHOpHTeTH. [lomyueHuTte
pe3yaTaTH MOXKe Jia CITy)KaT KaTto (GyHIaMEHT 3a IPUOPHUTH3ALMS Ha
MHTEPBEHIIMHU U pa3paboTBaHe Ha CTPATEruH 3a aJanTalys B CEKTOp
,» I paHcnopT.

3a yCHBBPIICHCTBAHE Ha aHAIHM3a W pa3lIMpsBaHe Ha 0OXBara
Ha ['MC-6a3upannre Moaeny MOraT a ObIaT HallpaBEeHH CIICTHUTE
OT0OPEHMS:

e PazpaborBaHe Ha  AITOPUTMH U  TPOUEAYPH
aBTOMATH3aNus [IPH MIPeABapUTeNIHAaTa 00pabOTKa HA TaHHHUTE

e Pa3paboTBaHe Ha MOJENM 33 CUMYJAllMd U TPOTHO3MpPaHe
Ha eKCTPEMHHU METEOPOJIOTHIHH SBIICHNSI.

e (OOyueHHe Ha HEBPOHHH MpEXH 3a pa3lo3HaBaHE Ha
PHCKOBE 110 HCTOPHIECKH JaHHHU.

e (OoOesneuaBaHe Ha MOJEIMTE C JaHHM C [O-BHUCOKA
pe30Monys, BKIIOYHTETHO M METEOPOJIOTMYHHM TaKWBa 3a IIO-
TIPEIU3HO MOJIENIMPaHe Ha MECTHUTE KIMMAaTHIHH YCIIOBHS.

e JloOaBsiHE HA COLMAIHO-UKOHOMHYECKH (JaKTOPH 3a aHAIM3
Ha NKOHOMHYECKHTE 3ary0H OT KIIMMaTHIHH PUCKOBE.

e OneHka Ha pUCKAa 3a pPA3IMYHUTE MBTHOTPAHCIIOPTHU
CHOPBKEHHS — MOCTOBE, TYHENH M TPAHCIIOPTHH BH3IIH.

e [IyOinmukyBaHe Ha CB3JaJECHHTE KapTH M BU3yalIu3alMd B
HHTEpHET NPOCTPAHCTBOTO, 3a Ja ca JOCTBIIHH 3a WHCTHTYIHH U
Tpak/IaHH.

e OcurypsBaHe Ha BB3MOXKHOCT 3a B3aUMOJCUCTBHE C
MoTpeOuTeNnTe 4dYpe3 II0JaBaHe Ha CHTHAIM 32 EKCTPEeMHH
KIIMMaTUYHH COUTHS M 00paTHA BPB3Ka 33 Ch3AaACHUTE MOJICIIN.

3a
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3.3. Pesynmamu om eman 7 — Hacmpoiika na cneyuanusupan
GPT 6om 6 pesxcum 3a o00cnyyceane Ha nompedumenu Ha
OGHHUmeE U pe3yimamume no npoeKma

ClimaGeo GPT [30, 31] e pa3paboTeH ¢ 1en NPeAoCTaBsiHEe Ha
crieNUaIn3upana HHPOPMAIHs 110 HACTOSIIIHS TPOEKT OTHACAIIA Ce
IO KIMMATHYHUTE TPOMEHH, BIHMAHHETO WM BBPXY IIHTHATA
uH}pacTpykTypa, mpuinoxkennero Ha [MC uw mnpu crassaHe Ha
JIaJIEHUTE MO-TOPEe CTpaTerusl U HacOKH. J[OMbIHUTENHATA My 0a3a
3HAHWSI € OpraHu3upana B pas3nuuHu ¢aiinose [32], Bcekn 0T KOUTO
U3ITBJIHABA OTpEIelieHa (YHKIUS:

e [Ipoexrna mapopmanus (Project information.txt): Omnmcsa
LEeNUTe U 3a1a4d Ha npoekTa ,, [ IC aHanu3u Ha Bb3ICHCTBHETO Ha

KIUMaTUYHUTE [IPOMEHM BBPXYy IbTHata HH(QpPACTPyKTypa‘,
noA4YepTaBaifKy MON3UTE OT aHANU3HUTE.
e Peunux Ha CHeIHaTn3upaHu TEePMHUHHI

(Glossary_of terms.txt): BxmouBa o0sicHenuss Ha Hayyau U [MC
TEPMHHH, U3MIOJI3BAHH B IPOCKTA.

o Kinmmaruuuu MOJIEIH u CIIEHapHUU
(Climate_models_scenarios.txt):  IlogpoOHO  ommcanume  Ha
M3I0JI3BAaHUTE KIMMATHIHHU CLCHAPUH), TEXHUTE XapaKTePUCTUKH U
HPUIOKEHHSI.

o Kiumarunyau JaHHH o 30HU u MepHOIN
(Climate_data by zones.csv): TaOmuuHH [OaHHH C KIAMaTHYHH
MHIUKATOPU KaTO TEeMIIEpaTypy M BaJeXKH, pa3JeleHH N0 PEeTHOHU
U TIePHOJIH.

e Pegynmratu ot anammsure (Results_of analyses.xlsx):
Pesynrati OT KIMMAaTHYHH IPOTHO3M, NPEACTAaBEHH B TaOIMYCH
(hopmat 3a pa3IMIHU CLIEHAPHHU U PETHOHU.

e Yecro 3a/laBaHu BBIIPOCH (FAQ)
(FAQ_questions_and answers.txt): Crnucek ¢ 4UYecTo 3amgaBaHU
BBIIPOCH M TEXHH OTTOBOPH, KOMTO IIOMaraT Ha IOTpeOHTeNInTe aa
ce OpHeHTHpaT B HHOpManusITa.

e O0606IIeHH pe3ynraTtu u 3aKITIOUCHHS
(Conclusions_from_the project.txt): KpaTtko pe3toMe Ha OCHOBHHUTE
W3BOJM OT MPOEKTA, [TOJHECEHH TOCTHITHO 3a MOTPEOUTEIHTE.

e Uuctpykumu 3a wm3nomsBane (Instructions for use.txt):
HamwrerBus kak aa ce usnomsa ClimaGeo GPT u mpumepn 3a
BBIIPOCH, KOUTO MOTAT Ja Ce 3a/1aBarT.

e JIONBIIHHUTEIHA pecypcu u BPB3KH
(Additional resources.txt): JINHKOBE KbM TMOJIC3HH HM3TOYHHIU H

JONBIHUTEIHH  MaTepHalld, KOWUTO  JIONBJIBAT  OCHOBHATa
HHPOPMAITHSL.
Crparermsita 32  TNOATOTOBKA ¥  CTPYKTYpHpaHe Ha

nHpOpMaImATa B AONbIHUTEeNHATa Oa3a 3HaHus Ha GPT BrmrouBa
cneanoro [33]:

e SlcHa CTPYKTypa Ha ChABPKAHHETO C JIOTHYECKH DPa3/ieiH,
3a yJIeCHeHa HaBHUTaLlHsl.

e [lpocr e3uk 3a mo-100po pa3dupaHe OT MOTPEOUTENUTE.

o GPT-cneunduynu TUPEeKTHBH B HAYAIOTO Ha JOKYMEHTa 32
HAacOYBaHe Ha MOJieNa.

e TabmuueH ¢opmar 3a CTPYKTYpUpPaHH [aHHH, TEKCTOBU
taitose (.TXT) 3a HecTpykTypupanu aanuu [34].

e (CpeumanusupaH peYHUK Ha TEPMHHUTE
3ar03HaBaHe Ha MOTPeOUTENHTE.

e JSON (aiinoBe 3a cioxHu pmaHHd U Python kox 3a
m3nenHenue B GPT-40.

ClimaGeo GPT e cb3aazeH ¢ 1en nomyisipu3upaHe Ha Hay4dHa
uHGOPMAILIMS U yIECHSIBaHE Ha JOCTBIA IO CIOXKHH KIMMAaTHYHH
aHamu3u. Toil e mome3eH KakTo 3a HW3CJIeAOBaTeNH, Taka U 3a
IIUpOKaTa ayJuTOpHs, KaTo mojoOpsiBa pa3OupaHeTo Ha
KIMMaTHYHUTE TIPOLIECH U MOAKPEIlsl HayYHOTO U 00pa30BaTEIHOTO
chappxaHue. bBACHIOTO pa3BUTHE Ha MNPOEKTa  BKIIOYBA
pasumMpsiBaHe Ha Oa3ata 3HaHUS C HOBM JaHHM OT [35] wu
(YHKIMOHAJIHOCTH, KaTO CBbP3BaHE Ha 4arOoTa C BHHIIHU 0a3zu
JTAHHH ¥ CHCTEMH 32 BU3yaJI3aIlysl.

32 OBp30
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3.4. Pesynmamu om eman 8 — 0606uiena nocnedosamennocm
Ha eapuanm Ha npouedypa 3a adanmayus U YCMOUYUGO
ynpasnenue Ha NbMHAMA UHPPACMPYKMYPA

Ha 6a3a u3BbpIIeHUTE aHATU3H U PE3YNTaTUTE OT MPEIXOJHUTE
eranu e (opMmynupana oboOmeHa mpouexypa, peAHa3HaueHa Ja
MOJIIOMOTHE YCTOHUYHBOTO yIIpaBJICHHE Ha IIbTHATA
nHpacTpykTypa B YCIOBHATa Ha W3MEHAN] ce KIMMarT.
IIpomenypaTa BKIIOYBAa IOpeIMIia OT CTBIKH, Oa3UpaHd Ha
uHTerpanusta Ha I'MC TexHomoruu, KIMMaTUYHU HPOTHO3H U
AQHAIUTUYHH MOJENH, U MMa 3a Ie] M3rPaXIaHEeTO Ha aJalTHBEH
KaranuTeT Ha MHCTUTYIMOHAHO U TEXHHYECKO HUBO B CIEIHATa
€TaIHOCT:

Eman 1: Cvoupane u cmpyxmypupane Ha OaHHu

e lnentuduumpane Ha KIMMAaTHYHH, HPOCTPAHCTBCHH H
UHOPACTPYKTYPHH JaHHM OT HAASKIHH YTBBPICHU
W3TOYHHIIH;

e CucremaTnsauys ¥ HOpDMalIM3alMsi HA J@HHUTE IO
reorpa)CKu 30HH, THIIOBE KIMMAaTHYHU PHCKOBE U BPEMEBH
HEePHOJIH;

e Breexaane B [VIC cpena 3a mocneasamia o0paboTka.

Eman 2: Ananu3s na KiumMamuyHu puckose

e l3BppmBane Ha MHoromapamerpuynn [MC anHamm3u 3a
OIICHKa Ha PUCKa OT HAaBOJHEHUS, CBIAUYUINA, 3AJICAIBAHE U
eKCTPEMHH TeMIIepaTypHu;

e l3noi3BaHe HA UCTOPUYECKH U MPOTHOCTUYHU KIMMATUYHU
CIICHApHUH 33 MOJICTIMPAHE Ha OBJCIIN CHOUTHS;

e PerpecHoHHH aHATW3M M M3IIOJI3BaHE Ha HEBPOHHU MPEXHU
32 MPOTHO3HUPAHE U CUMYJIALlMK Ha Bh3JCHCTBHATA.

Eman 3: Kapmoepagupane na yazeumocmma

e (Cp3aaBaHe Ha TEMATHYHH KapTH, HPEICTAaBSIINA YSI3BHMH
30HM TIO0 OTHOIICHHE HA YCTUPUTEC OCHOBHHM KIMMATHYHU
pHCKa;

e Unentndukaius Ha PHCKOBU yJIaCThIM OT ITHTHATA MPEXKa,
KPUTUYHU HMHOPACTPYKTYpHH TOYKA U JAcHUHHpaHE
0o0XBaTa Ha 30HHTE C HEOOXOAMMOCT OT MPUOPHTETHA
HaMeca,

e Banumaumpane upe3 CHIOCTaBKA C PEATHO BB3HUKHAIH
CBHOUTHSA 0 ODHUIUATHH JaHHH OT HHCTHUTYILIHH.

Eman 4: Oyenxa u npuopumusayus Ha MepKu

o ®dopMynupaHe Ha agaNTAMOHHH MEPKH CIIPSIMO CTEIEeHTa
Ha PUCKA ¥ 3HAYCHHETO Ha ITHUTE YYaCThIIN,;

e lznomBane Ha ['MC wMomenute 3a MPOCTPaHCTBEHA
NPUOPUTH3ALMUS TI0 OTHOLIEHHE Ha TOBAa KOM YYacCTBIHM
M3UCKBAT HEOTJIOXKHH MEPKH 33 IPOTHBOJICHCTBHE HA PHCKa
B TEKyIIMs MOMEHT W KOM IIO3BOJISIBAT NPEBAHTUBHU
a/IaNTAallHOHHN MEPOTIPHUSITHS;

e Pa3paboTBaHe Ha IUIaHOBE 3a YMpaBJieHHE, MOJAPBKKA U
HHDKEHEepHA 3alUTa 332 BCEKH €Tall OT )KU3HEHUs [UKBJ Ha
KPUTHYHATA HHPPACTPYKTYpA.

Eman 5. Hncmumyyuonanna unmezpayus u ynpasieHue

e JlpenocrapsHe Ha aHAIU3UTE HA OTTOBOPHUTE MHCTUTYLIUU
— AIIH, MOCB, MT, o01muHH 1 ApYyTH.

e Buenpssane Ha ['MIC cucremu B IpoleypuTe B €TanuTe Ha
IUIaHUPAHE, IPOEKTUPAHE U EKCIII0aTalus;

e BxirouBaHe Ha Pe3yIATATUTE B CTPATErMUECKU JOKYMEHTHU U
IUIAHOBE 332 YCTOMYMBO Pa3BUTHUE.

Eman 6: [Jueumanuzayus u 3aumodeiicmeaue ¢ nompeoumenu

e Unrerpupane Ha anamm3a ¢ ClimaGeo GPT 3a necen
JIOCTBII IO PE3YJITATH U KOHCYJITAIIUH;

e OcwurypsiBane Ha o0paTHa Bpb3Ka upe3 IMOJaBaHEe Ha
CUTHAJIK OT IOTPEOUTEINN U TPAXKIAHH,

e JlyOnukyBaHe Ha BHU3yalM3alUMd M JAHHH B HHTEPHET
wIaT(hOpMH C OTBOPEH JIOCTBHIIL.

Eman 7: Haoepasicoane u noodopwoicka
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e PazpaGorBane Ha  aBTOMATH3HMpaHH 3a
aKTyaJM3alys Ha JaHHUTE U MOJIEINPAHE;

e lHurerpauus Cc BBHIIHM 0a3u AaHHU (METEOPOJOTUYHHU,
CaTeNINTHH, MH)KEHEPHU U CTATHCTHYECKH 33 BeYe ChCTOSIH
ce coouTHs);

e [IpoBexnaHe Ha pelOBEH MOHUTOPUHT U aHAJIM3H 32 OLICHKA
Ha epEeKTHBHOCTTA Ha IIPHIIOKCHATE MEPKU.

Tasn nponenypa mpeAcTaBIsABa JUHAMUYHA PaMKa, KOSTO MOXKe

Ja ObAe HaArpakJaHa M aJalTHpPaHa B 3aBUCHMOCT OT HAJIMYUETO
Ha HOBH JJAHHM, TEXHOJIOTMU U TPEJU3BUKATENCTBA. 15 OCUTypsBa
Hay4Ha, TEXHOJOTHYHA M YIpaBJeHCKa OCHOBAa 3a (OpMHpaHE Ha
MONUTUKA 3a aJanTalus KbM KIMMAaTHYHUTE MPOMEHU B CEKTOP
»IpaHCHOpT®, 4Ype3 M3rpPaXJaHETO Ha YCTOHYUB  MOJEl,
MO3BOJISIBAIll MHTCTPUPAHETO Ha HOBOBBBEICHHS M I'BBKaBO
IpuiaraHe IMpH HM3MOJ3BAHETO My 3a YIpaBieHHe Ha ITbTHATa
nHppacTpykrypa B benrapus.

AIITOPUTMHU

4. 3aknrouenue

Hacrosmoro wu3crnenBaHe HOTBBPXKIaBa HEOOXOIUMOCTTA OT
CTpAaTeTHYECKH ¥  TEXHOJIOTHYHO O0E3MEeYeH MOAXOA KbM
ajanranusaTa Ha IBTHaTa MHOpacTpykrypa B benrapus crpsmo
KIMMaTHYHATE NpoMeHH. Upe3 HHTerpupaHeTro Ha reorpadcku
nadopmarmonnn  cuctemu (I'MC), xIMMaTH4HU MOJEIH U
W3KYCTBEHH HEBPOHHH MpeXH Oemle pa3paboTeHa MeETOJIOJIOTHS,
KOSITO TIO3BOJISIBA IIPOCTPAHCTBEHO MICHTH(HIMpAHE M OICHKAa Ha
KIMMaTHYHATE PHCKOBE 3a KIIOUOBH ITBTHU OOEKTH. M3BBpIICHUTE
aQHANMM3U pa3sKpuxa CBINECTBEHM TEPUTOPHAIHM pPA3IMYUsI B
ySI3BUMOCTTa CHPSIMO PHCKOBE Karo HAaBOJHEHMs, CBIIAYHINA,
obnensgBaHe W  EKCTPEMHM TeMIepaTypu, KOeTO  Hajara
NPUOPUTH3AMS HAa HMHTEPBEHIMUTE ¥ LEJICHACOUYCHO PECYpPCHO
IUIaHUPaHe.

Co3mamennte IMC Mopenw, CchYETaHHM C aHATATHYHHUTE
pesynratu  u  uHrerpupannss GPT momommumk  ClimaGeo,
JEeMOHCTpUpPAT e(QeKTHBHOCTTA Ha NH(POBUTE WHCTPYMEHTH B
MOAKpera Ha B3€MAaHETO Ha peHIeHHs H IUIAaHUPAaHeTO Ha
aJanTanuoHHH MepkHu. Ha Ta3u ocHoBa e popmynupana o6obmieHa
mporenypa  3a  YyCTOMYMBO — yHpaBleHHE  Ha  ITbTHATa
HHQPACTPYKTYpa, KOSTO BKIIOYBA BCUUKH HEOOXOIMMH CTBIIKH —
OoT cpOWpaHe Ha JaHHM [0 HWHCTHTYIMOHAJHA MHTErpaumus u
myOJIMYHa JOCTBITHOCT Ha MH(pOpPMAaIHATA.

[IpencraBeHUAT TOAXOJ HE caMO MOXE Ja IOANOMOTHE
OTTOBOPHHWTE HHCTHTYIIMM B TIpoIleca Ha aJanTalus KbM
KIMMAaTHYHATE TPEIU3BUKATEICTBAa, HO CBIIO Taka Ipejiara
Hay4HO OOOCHOBaHa OCHOBa 3a pa3paboTBaHe Ha IBITOCPOYHH
CTpaTeTHH 3a YCTOIYMBO pPa3BUTHE Ha TPAHCIOPTHATa Mpexa B
cTpanara. B Obaemie, Haarpaxmganetro Ha ['MC momenute upes
aBTOMATH3alys], JOOaBs HE Ha HOBM KIMMAaTHYHH M COLMAIHO-
UKOHOMHMYECKH  HMHAMKAaTOpM W mojobpeH  jgocTbmn 32
3aMHTEPECOBAHUTE CTPaHM IIe OBAe OT CHUIECTBEHO 3HAYCHHE 3a
rapaHTHpaHe Ha YCTOWYMBOCTTAa Ha IbTHAaTa MH(PPACTPYKTypa B
boarapus.

5. bhazooapnocmu

3a
Ha

ABTopuTe Ha myONWKamuATa W3Ka3BaT OJAarofapHOCT
¢unancosata monkpena Ha L[HUII npu VACI B pamkute
npoekt  ,JUWC-6asupan  aHanmu3  Ha  BB3ACHCTBUETO  Ha
KIMMaTHYHUTE TPOMEHM BBPXY MbTHaTa HMHQPACTPyKTypa 3a
M3rpakaaHe Ha ajantused kamaunuter, Jlorosop Ne BH-307/2024
TOVHA.
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Modeling of Compressor Performance in HVAC/R Systems Using 2-D Spline
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Abstract: This paper presents a method for predicting the performance of compressors in HVAC/R systems using 2-D quadratic spline
interpolation. Compared to traditional third-order polynomial interpolation, the spline model provides smoother and more accurate
approximations, especially useful when limited manufacturer data is available. Using real-world compressor data, we constructed
mathematical models and evaluated their performance through key statistical indicators. Results indicate that the spline-based model yields
lower RMSE values with reduced model order, improving its integration in system simulations. This study also provides a comparative
analysis against a polynomial-based model developed in earlier research.

KEYWORDS: HVAC/R SYSTEMS, COMPRESSOR MODELING, SPLINE INTERPOLATION, POLYNOMIAL COMPARISON,

PREDICTIVE PERFORMANCE

Introduction

Heating, Ventilation, Air Conditioning, and Refrigeration
(HVACI/R) systems are essential for controlling indoor climates,
making them critical in both residential and industrial applications.
Within these systems, the compressor plays a key role, especially in
heat pump operations, as it directly influences the system’s energy
consumption and overall efficiency [1]. However, despite its
importance, the data provided by manufacturers is often limited to
basic performance specifications, leaving a significant gap in our
understanding of compressor dynamics under varying conditions.

This lack of detailed performance data creates challenges for
engineers and researchers who seek to optimize HVAC/R systems
for energy efficiency and adaptability. To address this, there is a
need for mathematical models that can predict compressor behavior
across a range of operational scenarios. Accurate modeling not only
aids in analyzing performance but also informs improvements in
system design and energy-saving strategies.

Recent research in compressor performance modeling has explored
a variety of approaches ranging from empirical “black- box”
techniques to more physically based and hybrid models. For
example, Zhao et al. [2] developed a steady-state hybrid model for
economized screw chillers that combined polynomial neural
network modeling with traditional component models, achieving
performance predictions within +5% error.

Zhao et al. [3] introduced neural network—based polynomial
correlations for both single- and variable-speed compressor
families, highlighting the potential of data-driven approaches for
capturing nonlinear performance characteristics. Liu et al. [4] then
proposed a new screw compressor model for refrigeration system
simulation, showing that incorporating design parameters such as
volumetric ratios could reduce prediction errors to within 2—4%.

On the dynamic side, Ndiaye and Bernier [5] developed a dynamic
model for a hermetic reciprocating compressor operating in on—off
cycling mode. Their work underlines the importance of capturing
transient phenomena (such as the evolution of suction and discharge
mass flow rates) when designing advanced control strategies.

Finally, Bundo et al [6], contributed to the modeling literature by
assessing mathematical models for gas compressors in HVAC/R
systems. Their work emphasizes the integration of simplified yet
accurate models for practical simulations, bridging the gap between
manufacturer data and system-level performance predictions.
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In this paper, we propose a method for developing models using
real-world compressor data, with a focus on 2-D Spline
interpolation techniques [7]. By leveraging this approach, we aim to
enhance the accuracy of compressor performance predictions and
provide a practical tool for HVAC/R system analysis. Additionally,
we compare this method with alternative approaches from previous
studies to demonstrate its advantages in achieving better energy
efficiency and system performance.

Methodology

2-Dimensional Quadratic Spline Interpolation in Compressor
Modeling

Quadratic spline interpolation is a powerful mathematical tool that
enables smooth, accurate predictions of complex functions in two
dimensions. Unlike linear interpolation, which may produce abrupt
transitions at data points, quadratic spline interpolation constructs a
series of quadratic polynomials that join smoothly at specified data
points. This continuity and smoothness make it especially suitable
for applications requiring precise modeling of non-linear behavior,
such as predicting compressor performance across a range of
operating conditions in HVAC/R systems.

In 2-dimensional quadratic spline interpolation, we consider a grid
of known data points, each representing the performance of a
compressor at specific operating parameters, such as temperature
and pressure. The goal is to create a smooth surface that accurately
represents the relationship between these two variables and
compressor output. This involves solving for coefficients in a series
of quadratic functions, where each function applies within a sub
region of the data grid (often called a "patch").

In 2-D spline interpolation, we create an interpolation surface that
passes smoothly through a grid of known data points(x;,y;, f;; ),
where f;; is the known function value at each point in the (x,y)
plane. For a quadratic spline interpolation, we represent the function
in each patch using a quadratic polynomial [3].

Let’s presume that we have a patch that covers the region between

four adjustment points: (x;,y; ), (xi+1, ¥j+1), (%0 ¥ ) (Xi1, ¥ +1)-
The goal is to define a quadratic polynomial within this patch.

In each patch we can express the interpolated function f(x,y) as a
quadratic polynomial:
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fO,y) =a+bx+cy+dx?+ey?+ fxy

Where a, b, c, d, e, fcoefficients that we need to be determine based
on the known values at the grid points and continuity requirements
across adjacent patches.

To solve for the coefficients, we apply conditions based on the
values and the smoothness requirements at the grid points:

At each point the interpolated function value should match the
known data:

f(xi:y]') = fijr f(xi+1ryj) = fi+1,]‘r f(xi:}’j+1) = fi,j+1:

f(xi+1»}’j+1) = fir1j+1

The first partial derivatives of f(x,y) with respect to x and y
should be continuous along the edges of adjacent patches. For the x-
direction, this means:

al o imi direction: %| =
ol = axl, - in the similar way, for the y-direction: oyl =
13 13 Jj
% . But in some cases, it may be beneficial to enforce the
x7
]

continuity of the mixed second partial derivatives, ensuring smooth
curvature across patches:
*f
dxdy

_
" 0xdy

xiy;) (xiyj)

This continuity conditions create a system of linear equations that
can be solved to determine the coefficients a,b,c,d, e, f for each
patch.

With the coefficients for each patch determined, the interpolated
surface f(x,y) is defined piecewise, where each piece is described
by its corresponding quadratic polynomial. This results in a smooth
surface over the entire grid that satisfies the continuity conditions,
creating a smoothly varying, approximation of the underlying
function [8].

Results and discussions

Coefficients of quadratic spline interpolation:

Coefficient | Value

P1 9.2339
P2 0.3645
P3 -0.0590
P4 0.0039
P5 -0.0028
P6 -0.0002

1.0e+03 *

Z = 9233.94 + 364.49%X + -59.04*y + 3.86*X"2 + -2.84*x*y + -
0.22%y"2
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Spline Kuadratik 2D i Kapacitetit Ftohés
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Figure 1. Cooling capacity surface using 2-D spline interpolation.

The reduction of the model order is a very important element that is
not related to the calculation of the system itself but rather to the
calculation when this component is part of the refrigeration circuit.
Thus, starting from a second-order system, the first derivative of
this system would give us a linear system, which would
significantly simplify the process of finding the equilibrium of the
refrigeration circuit.

The qualitative data of this model show that the RMSE is 4.2 Watts,
the R? parameter is 0.999, and the SSE is 3.63E+04. Under these
conditions, since this model represents only the static performance
of the compressor, it can be considered an acceptable model, with
the advantage of having a lower order than the classical model used,
which is a third-order polynomial model. If we compare the
performance graphically in this case with the performance when the
cooling capacity is calculated [9].
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Figure 2. Cooling capacity surface using third-order polynomial
interpolation.

For the model shown in the figure above, the quality indicators
present an RMSE value of 19.62, an R? value of 0.999, and an SSE
value of 1.23E+04. The R? parameter in both cases shows a value
close to the ideal, while the RMSE parameter, when using splines,
indicates higher quality, and the SSE parameter, when using the
third-order polynomial model, indicates higher quality. Given that
the latter has a lower order and nearly identical quality, we can
conclude that the most advantageous model to use would be the one
generated with splines. Between the two surfaces shown above,
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there is a very high similarity, which precisely reflects the nearly
equivalent applicability of both models [10].

Figures 1 and 2 show the interpolation surfaces generated using the
spline and polynomial methods, respectively. Both methods
produce visually similar results, but the spline interpolation
provides slightly better statistical indicators in terms of RMSE.

The RMSE for the spline model is 4.2 W, while for the polynomial
model it is 19.62 W. Although both models achieve R2 values of
0.999, the spline model benefits from a lower order and smoother
surface transitions. The reduced complexity of the spline model also
facilitates its use in real-time simulations and control applications.

To further illustrate the comparative performance of the spline and
polynomial models, a graphical analysis of the RMSE and SSE
values is presented in Figure 3. The spline model demonstrates a
significantly lower RMSE, suggesting a better fit to the
experimental data. Conversely, the polynomial model exhibits a
lower SSE, indicating smaller cumulative errors, but its higher
RMSE shows that individual deviations from the actual values are
larger. This reinforces the observation that spline interpolation
offers a more balanced performance with smoother transitions,
which is especially valuable in predictive simulations and control
systems.

Comparison of RMSE and SSE Between Models

RMSE
. SSE
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Figure 3. RMSE and SSE comparison between spline and
polynomial models.

4. Conclusion

The spline interpolation model demonstrates high accuracy and
computational efficiency in predicting compressor performance,
especially when the system requires simplified but reliable
mathematical representations. Compared to the third-order
polynomial model, the spline approach reduces model complexity
while maintaining or improving predictive accuracy. Future work
will address dynamic performance modeling and explore extensions
to three-dimensional interpolation to incorporate more operational
variables. In addition to its modeling benefits, the spline method
proves to be more robust under input variability and significantly
more efficient in terms of computational resources. This positions
the spline-based model as an ideal candidate for real-time
simulation and control environments where both precision and
performance are critical. The graphical analysis and sensitivity
testing further support the model’s reliability in dynamic settings.
Overall, this approach not only advances compressor modeling
techniques but also contributes meaningfully to the optimization of
HVAC/R systems in practical, embedded, and adaptive control
scenarios.
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Future work will address dynamic performance modeling and
explore extensions to three-dimensional interpolation to incorporate
more operational variables.

Sensitivity and Computational Cost Analysis

To assess the robustness of the spline interpolation model, a
sensitivity analysis was performed by varying one input parameter
at a time, while keeping others constant. The cooling capacity
output was observed under +5% variations in the evaporating
temperature. The spline model exhibited stable performance, with
less than 2% fluctuation in the output capacity, suggesting high
resilience to small perturbations in operating conditions. This
behavior is particularly advantageous for applications in fluctuating
environments where sensor inaccuracies or transient conditions are
common.

Furthermore, a comparison of computational efficiency between the
spline and polynomial models was conducted. Simulation runs on a
test HVAC/R cycle revealed that the spline model required
approximately 38% less computation time and 25% less memory on
average. This performance gain is attributed to the model’s lower
order and its ability to produce accurate results without needing
higher-degree polynomial calculations. Such improvements make
the spline model more suitable for integration in embedded control
systems and real-time monitoring applications where computational
resources are limited.

Practical Implications and Future Applications

The findings of this study are not only theoretically significant but
also have direct implications for practical HVAC/R system design
and optimization. With the increasing global emphasis on energy
efficiency and climate-conscious engineering, predictive modeling
tools that offer high accuracy with reduced complexity are in high
demand. By enabling engineers to better anticipate compressor
behavior under diverse operating conditions, the 2-D spline
interpolation model can lead to more efficient control strategies and
improved component selection during system design.

In particular, this model could be integrated into building energy
management systems (BEMS), allowing for real-time adjustments
based on forecasted performance outputs. Moreover, given its lower
computational demand, it holds promise for applications in
embedded systems where processing power and memory are
limited. Such use cases include smart thermostats, mobile
diagnostic tools for HYAC/R technicians, and digital twin platforms
for predictive maintenance.

Although the current study focuses on static performance modeling
via 2-D spline interpolation, it is important to note that real
compressor operation is inherently dynamic. Models like that of
Ndiaye and Bernier [5] illustrate the complex transient behavior of
hermetic reciprocating compressors during on—off cycling. Future
work could integrate time-series analysis methods to capture
transient responses, thereby refining model accuracy for control
applications under variable operating conditions.

Future research could explore the combination of spline
interpolation with machine learning techniques to adaptively refine
the model based on real-time data acquisition.
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MO)Ie.]'I 3a BPEMEHHO BU3YaJTHO PCHOBUPAHE HAa Crpaaid HA KYJTYPHOTO HaCJI€ACTBO -
APXUTEKTYPHH, TCOACIUIECCKN U NHIKECHCPHU aClICKTHU

Model for temporary visual renovation of cultural heritage buildings - architectural, geodetic and
engineering aspects

Eenuna UBanosa’, JIbuesap Xpnc‘{esl’*, Benuna HaHI[)KaPOBal , ['eprana Anrosa’, I'eopru Uanos'
VHUBEPCHTET [0 apXUTEKTypd, CTPOHTENCTBO | reomesust, Codus, Beirapus’
Ihrischev_fce@uacg.bg

Abstract: The article presents an analysis of the fundamental structure of a methodology for the renovation of cultural heritage over a
specific time period. It examines the main issues that must be resolved sequentially and from the perspective of the disciplines supporting the
proposed approach — architecture, structural engineering, and geodesy. The potential embedded in the idea of methodological sequencing is
analyzed in terms of preserving cultural heritage and defining it as a societal value. Guidelines are outlined on how the application of
principles for temporary renovation of immovable monuments aligns with the development concepts of Industry 4.0.

Keywords: VISUAL RENOVATION, CULTURAL HERITAGE BUILDINGS, SAFETY NETS, FACADE SCAFFOLDINS

1. Bveeoenue

OOeKTHTE Ha HACIIENICTBOTO Ca HOCHUTEIU HAa UCTOPUYCCKOTO U
COLMAHO pa3BUTHE Ha oOmecTtBata. KoHcepBamuara Ha
KYJITYpHOTO HAcJeICTBO (B YACTHOCT Ha apXUTEKTypHOTO TaKOBa)
MO3BOJSIBAT Ja C€ CBhXpPaHH JOCTBIBT JO MHHAJIOTO U
HaIlMOHAJHATa WACHTHYHOCT, KaTo C€ Cla3BaT MNPHHIUIUTEC Ha
yCTOWYMBO pa3BUTHE Ha oOmectBara. OT Jpyra CcTpaHa,
MaMETHHUIIUTE HA apXUTEKTYPHOTO HACIEICTBO Ca ChC CHINECTBCH
npuHOC (TIOJIOKUTENEH / OTpULIATENIeH) B ypOaHUCTHYHATA cpela Ha
HACEJICHUTE MecTa, 0COOCHO B TpajJioBe, KOMTO Ca HOCHUTEIH Ha
HCTOPHUYECKHUS MOTEHINAT Ha CbOTBETHHUTE €TIOXH.

Bce mo-ronsiMa gacT oT 0O0EKTHTE Ha HEABWKHMOTO KYITYpHO
HACIIEICTBO Ca CTPajH, MPEICTABUTENN Ha CIEIO0CBOOOXKIEHCKATa
HH apXUTEKTypa, B KOUTO MHOTO SICHO JHYaT EBPOIEHCKHTE
BJIMSHUS HA aKTyaJHUTE 3a MEPHOAa apXUTCKTYpHH CTHIOBE. Te3u
crpam TeUHUPAT Hal-Beue M MCTOPHUYCCKUTE SIIPa HA TOJIEMUTE
HU rpajgioBe, Mexxay kouto ca [Inosnus u Codus, Bemuko TwpHOBO,

Bapna u npyru.
CrartucTukaTa TIIOKa3Ba, dYe B paMKuTe Ha bwiarapns,
MpuWjaraHeTo Ha 3akoHomareictBoro or 2009 rogmHa e

TIPaKTUYECKN HEHM3IIBIIHIM aJMHHUCTPAaTUBEH mporec [6]. Jluncara
Ha TPaKTUKH 3a MpWIaraHe Ha 3aKOHOAATEICTBOTO Ca JOBENH 0
ToBa, 4ye mpe3 2022 ronuna HUHKH, na npeckondepenims npen
BTA, ny6nuuHo onoBecTsIBaT, ye exeronHo Hax 400 neHHu crpaan
y Hac ce YHHIIIOKaBaT MO eJIMH WM Apyr HauuH. CpeJHO Ha TO/IMHA
MHCTUTYTHT u3AaBa 1o 2000 npexanucanus, KOUTO B OCHOBHATa CU
gacT He ce mubiHABaT. Ha chimus ¢opym Oemie mocodeHo, 4e B
Bearapus mva 39 500 HemBmkMMH KyATypHH HeHHOCTH. OT TSIX
3amuTeHn obextu ca 480. Ocranamute 39 120 ca mox MoCTOSHHA
3ariaxa ot paspymasane [1,2,7].

e daxro B Benrapus mopapmkkara W BB3CTAHOBSIBAHETO Ha
HEJBIKUMOTO KYJITYPHO HACIIE[ICTBO € MPEIU3BHUKATENICTBO, 32
KOETO C TOAMHM JHUICBaT HeoOxomumure pecypcu. ChIno Taka ¢
JMEHCTBHS W/WiIK Oe3MeHCTBUS, TEXHUTE COOCTBEHHIIM MOMPUHACST
3a HErIMKMpPaHe Ha TeKYIOTO UM cheTosiHuE (¢ur. 1).

ChbIecTByBallUTe MEpPKH Ca TNaIHaTHBHH H 1 (aKTo
MOJIbpKaT OCHOBHHS TIPoOIeM, KOMTO € HMMEHHO, CTpaau Cbe
CTaTyT Ha TaMETHHIM Ha KYJNTypaTa, KOHTO Ca H30CTAaBEHH C
TOAVHM, TIPH KOETO B JaJeH MOMEHT C€ CaMOpa3pyllaBaT WIN
NPUHYAUTETHO OUBAT pa3pylLIeHH, 3al0TO Ca OLIEHEH! KaTo OIacHa
uHdpacTpykrypa. Ta3u cuTyaiusi B JBITOCPOYCH IUIAH MPUYHHSABA
MaTepHalHl W HEeMaTepHaJHH 3aryOM B KyNTypHHs OOJIMK Ha
ypOaHH3UpPAHUTE TEPUTOPUH, OCOOCHO Te3M, KOMTO pa3uuTaT Ha
Typu3Mma, OasupaH Ha HAIOHATHOTO ApXHTEKTYPHO HACIEICTBO
(dur. 1) [8-9, 11].
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@uz. 1 Kvwama mysei na Teopeu Jumumpos na yn. , Lap Cumeon*, ep.
Cogpus (2023 2.) u kvwama na Mean I'ewos, Oyn. ,, Ilampuapx Eemumuii“,
2p. Cogpus (2023 2.).

B mpopmmkaBamata may3a Ou  TpsOBao ja  ch3manar
MHCTPYMEHTH 32 KOHCEpPBHpaHE M BH3CTAHOBSBAHE Ha 3amajalin
apXUTEKTYpPHH MaMETHHIM, Taka d4e Te Ja Cce MpeBpbUIIaT B
NpUEMITBA BU3YyaJHa KOMITO3UIIMS HA TPAJICKHS €KCTEPUOP.

Ort npyra cTpaHa, CTPOMTEIHHUTE CKelleTa HaMUPAT MPUII0KEHHE
HpH U3ITBIHEHHETO Ha (acaguTe Ha BCSKA €HA CTpaja, B T.4. ¥ IIPH
TaKuBa ChC CIIOXKHA KoHurypamus [12], kato Morat e)eKTHBHO J1a
Ce M3MONI3BAT M KAaTo YacT OT KOMIUIEKCHHTE pEIICHHS 3a
noaoOpsBane Ha obmka Ha HKH.

B mHacrosimiata craTHsi ca TNPEACTaBeHW B CHHTE3MPaH BUJ
OCHOBHHM MOMEHTH OT CTPYKTypaTa M HacOKH 3a H3CIIeIBaHHS IO
HAyYHOM3CIIEOBATEICKA IPOEKT,  CBBP3aH CbC CHEUUIHH
NPHUJIOKEHHs Ha (acaJHUTE CKeJeTa MPH OIa3BaHe Ha KYJITYPHOTO
HACIIEICTBO.

2. IHen u 3a0auu na npoekma 3a cbCcmagaHe HA
memoouxkama

Henra Ha mnpoekTa e pa3paboTBaHe Ha KOHIENIHUS 3a
BPEMEHHO ChbXpaHEHHE Ha HCTOpUYECKAaTa HACHTHYHOCT Ha Crpajiu-
HEZBIDKMMO KYJITYPHO HACJIEJICTBO, C BIIOIICH apXUTEKTYPEH BHI U
TEXHUYECKO cbcTostHMe. OCHOBHAaTa Lied Ha MHpOeKTa € Ja ce
Ch3faJle M NPECTaBH INPOLEIYPHa Bb3MOXKHOCT 32 BPEMEHHO
3ama3BaHe WM Bb3CTAHOBABaHE Ha OONMKa (T. Hap. ,,BU3yallHO
obHOBsiBaHE™), ¢ H3MoJi3BaHe Ha AByMepHH (2D) m3obpaxkenwus,
OTIEYaTaH! BBPXY B3alIMTHH IpeANa3’HH Mpexu 3a QacaaHu
ckenera. IlpuMep 3a TBHPCEHMST NPAKTHYECKH pe3yiNTaT e
MpezcTaBeH Ha Qur. 2.
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Due. 2 [Ipumepen susyanen pezynmam — cepada na Kyamyper oom 6 byxoeo.

(8]

Wnesra ce paspaborBa moeramHo ot ekumu B YACI ot 2022
roguHa u g0 MoMeHTa. [Ipe3 To3m mepmony Oemie OTYETEH
3HAQUUTENHHS HAlpeIbK B  TEXHOJOTHYHO OTHOIICHWE Ha
MPaKTHKUTE, C KOWTO C€ 3acHeMa, apXHBHpa M pecTaBpHpa
KyATYpHOTO HAcNIeACTBO. TEXHOJIOTMH KaTo Ja3epHO CKaHHpaHe,
¢dororpadpupane Ha U300paKEHUSI C BHCOKA  PE3OJIOLMSA,
BB3MOXKHOCTH 3a M3TpaKJaHe Ha TPHHU3MEPHU H XyHOXKECTBEHH
N300paKeHUs C MOMOINTA HAa M3KYCTBEH HHTEJIEKT, BKIIOYUTEIHO
NIPU apXHUBEH MaTepuall ¢ JIOIIO KayeCTBO MJIM JIMIICBAIL] TaKbB U
Ipyrd, ca HHCTpyMeHT Ha HMupyctpus 4 3a omasBaHe Ha
HaCJEACTBOTO, C KOHTO e(QEeKTHBHO MOXE Ja Ce BBH3CTAaHOBH
HCTOpHYECKaTa My CTOHHOCT 3a 00LIecTBaTa.

CobcraBsimin  3agayd Ha mnpoekta: Konuemmmsara Ha
BPEMEHHOTO PEHOBUPAHE HA HEABIKIMOTO KyJITYypHO HACIIEACTBO C
TIPUHTHPAHU MPEXU 32 (acagHu CKeleTa U3UCKBa oOe3redaBaHe Ha
METOJM4ecKaTa MOCIeJOBATEHOCT OT IIHPOK KPBI' CIENUAINCTU U
CHBPEMEHHHU TEXHOJIOTHYHH PEIICHHUSI.

Bsemaiiku HpeBU WUHTEPANCIUIIMHAPHUS u
MYJNTHIMCIMIUTMHAPHAS XapakTep Ha WjAeiHaTa KOHIENIHS U
3a7a4nuTe, KOUTO TpsAOBa na OBJAT W3NBIHABAHH, CBHIINTE Ca B
TSICHO B3aHMOJIEHCTBHIE MEXIY JaCT apXUTEKTypHA, Teoie3ndecKa 1
KOHCTPYKTHBHO-TeXHOJIOTHYHA. CIenMamucTuTe OT TEe3W HaydHH
HampaBleHHsI TPAOBa [a OCHUTYpAT [aHHM 3a U3IBJIHEHHE Ha
WHIVBHAYaTHUTE TPOEKTHH peIIeHus, Ha 0a3a NPHHIWIIHATA
METOJIOJIOTHSI B PAMKHTE Ha CJICTHUTE eTallu:

- Eranm 1 u 2 ¢ apxutekTypHO oOe3reuaBaHe, 3aIbJDKUTEIHH,
3a Ja MOXe Ja ce OmpeneiaT u AeduHupaT oOEKTHTE, KOMTO ca
MOJIXOISIIH 32 ,,BPEMEHHO BU3YaJIHO PEHOBUPaHE".

Eran 1 BriouBa crOupaHe U apXMBHpaHe Ha JTaHHU ChOOPa3HO
creruUKaTa Ha apXUTEKTypHATa KOMIO3UIUS U XYHOKECTBEHHUTE
1 0COOCHOCTH B ITBJIHOTA U Ka4€CTBO, CHOTBETCTBAIIN MAKCHMAITHO
Ha OpPUTMHAIHHATE MO CTHJI WM ermoxa. 1oBa W3WCKBA CEpHO3HA
H3CIIeIoBaTeNICKa pabdoTa 10 OTHOIICHHWE Ha BB3CTAHOBSBAaHE Ha
OpHMI'MHAJIHUS BUJ Ha Crpajy, 0COOCHO 3a Te3H, KOUTO ca MpeaMeT
Ha M3CNeBaHeTO (ChC CHIIHO BJIOLICHO BH3YalHO U TEXHUYECKO
CBCTOsIHME). 3a ONTHMAaJeH pe3ynTaT TpsOBa Aa ce ChbYeTasT
TPaAMIMOHHHUTE TOAXOAM (apXuBeH TpadUueH U CHHUMKOB
MaTepuai;) ¢ HalH-ChbBPEMEHHHTE TEXHOJOTHYHU JTOCTIDKCHHS
(u3roTBsIHE Ha M300paXKEeHHS ¢ 00YUCH M3KyCTBEH MHTEIIEKT, KOHTO
YCIENIHO Ja TeHepHpa JUICBAIaTa WIX HEeIIbJIHA HHPOPMALHs MO
H300paKEHUETO).

Eram 2 e cBbp3aH ChC ChCTaBsiHE Ha 0a3a C JaHHU C Beue
knacuuuupanuTe OOEKTH-TIAMETHHLM HAa KyidTypara (crpan,
MOCTOBE, CKYINTYPHH M apXeoJorndecku o0ekTH). JlombiaBaHe Ha
apXUTEKTypHaTa KiacuuKalus C KOHCTPYKTHBHA  TakaBa,
CBIBpPIKAIIA aHAIHN3 33 MOTEHIIHAIHATA HOCHMOCIOCOOHOCT, KOSITO
me e 0a3a 3a u300p Ha BapHaHTHTE Ha HOCEIIAa KOHCTPYKIHS Ha
Mpexure. [loOaBsiHe Ha JAHHM 3a MECTOIIOJIOXKCHUETO CIIPSIMO
IpaJIOyCTPONCTBEHN EJIEMEHTH KaTo TpaHWIla Ha HMOT, YJIM4YHA
perynanusi, MECTOMNOJIOXKEHHE CHPSIMO TUMH3UPAHUTE HANPEUHU
npod UK Ha yIUYHATa MpPEKa.

- Eran 3 - paspaGorBaHe Ha MOAXOJ 3a Ch3JaBaHEe HA
JOCTOBEpEH LM(POB MOZEN C IOMOIUTA HA Pa3iIMYHM METOIM 3a
MoJTyJaBaHe Ha NPOCTPAHCTBEHH JJaHHW, KOUTO Ja Ce M3IO0JI3Ba 3a
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n3paboTBaHe Ha HM300paXKeHUsITA, MPEAHA3HAYCHH 32 BPEMEHHO
,,BU3yaHO 00HOBsBaHe”. OCHOBHHU TYK C€ SBSBAT TC€OJC3MUCCKUTE
METO/U 3a BB3AYIIHO M Ha3€MHO CKaHMPaHE, KOMTO Ch3/aBaT Taka
HapedeHHuTe UGpoBU ABoMHUIK. OT Apyra cTpaHa, ChUeTaBaHETO
Ha pe3yJITaTHTE OT 3aCHEMaHe ¢ OC3MWJIOTHH JICTATCITHH armapaTtd
(BJIA), HazemHa (oTorpamMeTpus, JIA3CPHO CKAaHHpAaHE W JIPYTH C
dotorpadcki  TEXHONOTHH, TPEIOCTABANIM O0pa3d C BHCOKA
PE30JIONNS U TAaKUBA, TOMIBIHCHU C aHAIN3 C U3KYCTBEH WHTENEKT,
OCHTYpsIBaT ITbJIHA MHPOpMAIIHS 32 00CKTa.

- Etan 4 - onpenensiHe Ha MakeT OT MUHMMAJHU 3a{bJDKUTEITHH
XapaKTePUCTUKH (MapaMeTpU3UpaHe) Ha MPEXKHUTe, KOHTO ca
HEOOXOIMMHU 3a M3TBbJIHCHNE Ha BPEMEHHOTO 3ala3BaHe Ha 00JIHKa.
ToBa BKIIOYBA Ka4eCTBO M JOCTOBEPHOCT Ha H300paX€HUETO,
MPOMYCKIUBOCT HAa CBETIMHA  (IIPO3PAayHOCT), CTENEeH Ha
MOKPUBHOCT Ha (acajmara OT IJIeJHA TOYKA Ha KadeCTBO Ha
BU3YaJTHOTO BB3NPHEMaHEe HAa W300paKCHUETO MPH HATMYHUETO Ha
OTIICYaTBaHE BBPXY MopecT Martepuall. Te3n u3cieIBaHus U3UCKBAT
M3TOTBSIHE Ha 00pa3Lii ¢ BUCOKO KaYeCTBO Ha IIBJIHOIBETHHUS I1€YAT,
KOHTO Ja ObJJaT MOHTHUPAHU U TECTBAHU B PEAIHH YCIOBUSI.

- Eran 5.1 - uW3cnenBaHe Ha MOPHO3HOCTTA HA MPEXKHUTE H
HaJISITaHETO OT BATBP BBPXY TAX. 32 BCHYKH MPEXKH, UHUTO
XapaKTePUCTHKH, OICHEHM B eTranl 4 TH ONpeleisaT KaTo
MPUWIOKUMH 32 BU3YaTHOTO PCHOBUpaHE, TPsOBa Ja ce HampaBH
OLICHKAa Ha BB3JCHCTBHETO OT BETPOBO HASIraHe. 3a ILeNTa ce
MpEIBHXKIA OICHKA Ha OYAaKBAaHOTO BB3JCHCTBHEC MOCPEICTBOM
YTBBPICHH METOIM, KaTO H3MUTBAHE B aepOJMHAMHUYCH TYHEI,
YHUCJICH eKCIIEPUMEHT Ha OCHOBAHUE HA M3YMCIUTEIHA MEXaHUKA Ha
(hayunuTe UM U OIBETE€ BB3MOXKHOCTH. V3MUTBaHETO BHB BETPOBH
TyHEN € MPENopbyaH MOAXOM 32 OLEHKAa Ha CIO0KHOTO IOBEICHUE
Ha TIOPbO3HH CTPYKTYpPH TMOJ JCHCTBHETO HAa BETPOBH IOTOK,

BKIIIOUUTEIHO M B CTaHJApTUTE 3a IIOKPUTU CKeJeTa, KaTo
Hanpumep BJIC EN 12811-1.

- Eram 52 - exkchnepuMeHTalHO  U3CIElBaHE Ha
HOCHMOCTIOCOOHOCTTa Ha aHKEePH 3a CKeJleTa, MOHTHpPaHH B
XapakTepHH KOHCTPYKIMH HA CTPaid, TPEICTaBUTENN Ha
KyITypHOTO  HAclIeACTBO. Pe3ylaTaHTHOTO HAaToBapBaHe OT

BETPOBHUTE BB3/ACHCTBHE BHPXY MPEANA3HUTE MPEXKH, OTHECEHO KbM
HOCeIllaTa KOHCTPYKLMS Ha CKeJeTO, M3MCKBAa TapaHTHpaHe Ha
HOCHMOCIIOCOOHOCT Ha HOCELINTE aHKepHH ycTpoiicta. [IpeaBun
BpEMEBUs IIEPHOJ Ha U3IPaKIAHE Ha apXUTEKTYPHOTO HACIENCTBO,
Ha MpaKTHKa ce HaONIoAaBaT peAuiia OrpaHHYeHNs MO OTHOLICHHE
Ha W3IOJI3BAaHETO WM Pa3IoNIaraHeTo Ha aHKepPHUTE BPB3KH. ToBa
Hajara 3a H30paHus THII MpeXa U pe3ylaTaTHTe, KOUTO ca MOTydeH!
0T HEWHOTO M3cieBaHe B eTam 5.1., a ce HalpaBH MHANBHIyalHA
OLEHKAa 32 AaHKePHPAHETO Ha CKEeJIC-KOHCTPYKIMUTE KbM
CBhOTBETHATa Crpaja.

ChbIllecTBEH MOMEHT €, 4e JCHHOCTHUTE IO H3IBIHEHHE Ha
3a/lauuTe B eTanu 3 U 4 Morar caMOCTOSITEIHO M €JHOBPEMEHHO Jia
ce M3BBPIIBAT. B CHIIOTO Bpeme, B eTam 5 MocienoBaTeNnHOCTTa €

3aIb/DKUTENIHA, 3a Ja Cce MpOoCieAd BB3AEHCTBUETO BBPXY
KOHCTPYKIMATA Ha CKEJICTO U Ja C€ 0683H6‘H/I MPOCKTUPAHETO,
U3IMIBJIHCHUCTO n CKCIuIoaranuAaTa My B PaMKHUTE Ha
WHAUBUAYATHUS ITPOCKT.

3. Mamepuanu u memoou, npunazanu 3a
usnviaHeHue  Ha - 3a0auume  no Hayunume
Hanpaenenusn

Yact ,, ApxureKTypHa® ocHOBHa B eran 1:

N3cnenoBaresckara paborara Mo 4acT APXHTEKTYpHA, CBbp3aHa C
MOCTHI'aHE Ha NTOCTABEHUTE LIEJIH U 33/Ia4M B HACTOSIIHUS POEKT, Ce
OCHOBaBa Ha /iBa H3CIICOBATEICKH METOJa: HCTOPHUYECKH H
E€MITUPUYEH.

M cTOpryecKusIT N3CACI0BATEICKH METO/I BKIIIOYBA:

- AHamM3 Ha IHCMEHH HU3TOYHUIIM, CBBP3aHU C Ppa3IMvYHU
ACIHEKTH, U3SCHABALIN XapaKTEPHUCTUKHUTE HA N30paHu 00eKTH;

- AHanu3 Ha OOEKTHU 110 TEXHH apXHTEKTYPHH XapaKTEPHCTUKH
U M3BEXK/aHEe HA TUIIOJOTHYHH TIPU3HALM, HA OCHOBAHHE, Ha KOUTO
Jia ce MPEJOCTaBH BBH3MOXKHOCT 32 M3BBPIIBAHE HA CPaBHHUTEICH
aHAIIN3;
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- AHanu3 Ha rpaQM4YHM MaTepualn: apXeoJOTMYecKH H
ApXUTEKTYPHHU 3aCHEMaHUs, IUIAHOBE, TpaUuHU PECTaBPALMH U JP.
Ha U30paHy OT aBTOPHUTE MPEICTaBUTEIHU IIPUMEPH;

- CpaBHUTENEH aHAIN3 Ha MpeIBapUTETHO W30paHU NMPHMEpH.
IIpenBun roxemust Opoi NmpencTaBUTENH Ha CTPaauTe, MpEeAMET Ha
HacTosmara  pa3paboTka, ce cyYdTa 3a  LelechoOpa3Ho
HM3BBPIIBAHETO Ha CPaBHHUTEIECH aHAIM3 Jla c€ OCHOBaBa Ha Haii-
creru(pUIHA IPHMEPH.

EMIupuyHMAT U3CcIe10BaTENCKH METO BKIIIOYBA!

- Koncynraumm u 0OCHX#aHe Ha pasiM4HM aCIEKTH OT
HACTOSIOTO H3CNIEJBAaHE C JAPYTH CIENUaTuCTH B oOjacTTa Ha
TIPOEKTA;

Ilocemenne Ha MICTO Ha KOHKPETHH OOEKTH, C
npuoOMBaHe HA JIMYHY BIIeYaTIICHHs U MH(GOpManus.

IlenTa Ha apXUTEKTYPHO-TEXHUYECKUAT aHAIM3 € ChCTaBsiHE Ha
0aza ¢ JaHHM Ha TNAMETHUIN OT apXHUTEKTYpHA, HCTOPUYECKa,
KOHCTPYKTHBHAa TJIeHA TOYKa, KOHWTO Ca IOAXOISIIM 3a
JBITOTPAHO BM3yallHO PEHOBUpPAHE C TPHHTHPAaHH (acagHu
MpEXU.

3a 1a ce 0000mAT Oa3uTe JAHHU MO Pa3IMYHU KPUTEPHH B €TaIl
2 ce M3UCKBAa CbBMECTHa paboTa OT CHNENMAINCTH BBB BCHYKH
obyactH, o0e3neyaBamld MeETOAWKATa. 3a Ja Cce IPHIoXKAT
H3CIIEIOBATENICKUTE MPOLEeNypH B ,,VICTOPHYIECKH H3CIeI0BATEICKH
MeTOA™ W ,,EMITMPUYHMS HM3CICIOBATEICKM METOJ M ce u30epar
MpUMEpH C OmpejeeHa crenuduKa ciiej HalpaBeHWs aHAHU3 3a
HYXJHUTE Ha IPOEKTA B €Tal 2, JOIIBJIHATEIHO MOXE /1a CEe HAlPaBH
MIPOyYBaHE Ha:

- WHTEpaKTUBHUTE KapTH Ha KyJITYpPHOTO HACIEACTBO HA
HacesieHuTe Mecta [3-5];

- 0o0eKTUTE C IOCelmIeHHe Ha MsCTO, 3a Jia ce OLCHHU
aKTYaJHOCTTa M JOCTOBEPHOCTTA Ha M30paHHUTE CTpaad, TAXHOTO
MECTOIOJIOKEHHE [0 OTHOLIEHHE Ha TPaJoyCTPOWUCTBEHUTE H
KOMYHHUKAaIlMOHHO-TPAHCIIOPTHUTE Mapamerpu, u apyru. C Taka
HaTpyNaHWUTE JaHHU ce JOIBIBAT Ch3AaJCHUTE apXUBHU OT eTar 1 3a
HYXJHUTE Ha METONIECcKaTa MOCIeJ0BaTEIHOCT,

- KaJacTpanHaTta HHQOpMaus;

- YIMYHA MpeXa M APYTH KOMYHHUKAI[HOHHO-TPAHCIOPTHH
€JIEMEHTH C OTHOIICHHE KbM MECTOIOJIOXKEHHETO, BKIFOUHTEITHO
rabapuTH Ha TPOTOApH, YJINYHO O3eJCHSIBaHE B HEMOCPEICTBEHA
61M30CT, KPBCTOBHINA, TUIOIIA/IH, aJIeH U JPYTH.

Yacr ,,['eonesnyecka — ocHoBHa B eTan 3: 3a chOupane
Ha TIPOCTpaHCTBeHa WH(OpPMaIWs ca W3MOJN3BAaHM Pa3IHIHH
METOAM: Ha3eMHa IudpoBa hoTtorpameTpus OT OIHU3KO Pa3CTOSHUE,
BB3IyIIHA [U(poBa (QOTOrpaMeTpuss W HA3EMHO Ja3epPHO
ckanmpane. [lpumaraHero Ha MeTomuTe 3a ChOMpaHe Ha
MPOCTPAHCTBEHHU JITaHHH W3UCKBA Ha0Op OT Pa3IMYHU HHCTPYMEHTH,
KaTo Ha3eMHa M BB3AyIIHa (OTOrpaMeTpusi, Ja3epeH CKeHep 3a
Ha3eMHO JIa3epHO CKaHMWpaHe WM aHAJIOTMYHM MOJENH. 3a Jia ce
MOJTy4YH ITBJTHOTA HA JaHHUTE OOMKHOBEHO Ce Hajara U3I0J3BaHeTO
Ha MoBeYe OT eJHa TeXHoyorus. Taka HanpuMep NpH 3acHeMaHe Ha
¢dacama ,,Cesep“ ma CI'CAI' ,Xpucro bores“ B rpam Codus
MIPOITYCKUTE B CHUMKHTE OT (DOTOrpaMeTpHsATa ca KOMIIEHCHPAHHU C
HA3eMHOTO Jla3epHO ckanupane (¢pur. 3).

en

@Due. 3 3acnemane na ppaemenm om acaoa ,, Cesep *“ na CI'CAI” ,, Xpucmo
bomes* 6 epad Coghus nocpedcmeom HazemHa homozpamempus U HA3eMHO
JA3epHO CKAHUPaHe

Tonyyenure QuHATHU pe3ynTaTH, HE MOTaT JUPEKTHO Jia ce
npuiarat 3a IPUHTHpaHe Ha o0pasza, HO OT TAX MOXE J1a ce
H3BJIEKaT M300pakeHUs, KOUTO MOXE Ja Cce JONBIHAT C
¢dororpad)cku TaHHU M TOAXOJUIIIM METOAH, 3a Ja Ce IIOCTHUTHE
MaKCHMaJHa PEATNCTUYHOCT ¢ (hacazara Ha H3CIECIBAHUS OOCKT,
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KOETO € HeoOXOIMMO ¥ 3a rpaMuHMS NPOEKT 3a OTIEYATBaHE Ha
HU300paXKCHUs BbPXY MPEIKHUTE.

Yact ,, KOHCTPYKTHBHO-TEXHOJIOTHYHA* — OCHOBHA 32 eTanu
4us:

M360p Ha THIOBE ONUTHH 00pa3LHU - IPOYUBAHE HA Ia3apHaTa
raMa, u300p Ha MpEXH, BBPXY KOHUTO MOXE Ia C€ H3BBPIIH
OTIEYaTBaHEe Ha CHOTBETHHUTE N300paKEeHMSI.

Mpesxure, KOUTO ca IpeaMeT Ha aHaiW3, TpsiOBa na ObaaT
MPOYYEHH U KIACU(DUIIPAHH MO POU3BOACTBEHH XapaKTEPUCTHKH,
MOKPUBHOCT Ha H300PaKEHUETO CIIPSMO 00€KTa, IPOITyCKINBOCT Ha
CBETJIMHA U JPYTH. 3aJbIDKUTEIHO € HATPYNMBAHETO HA JaHHH II0
CIIETHUTE KPUTEPUU:

- CIIOpel TEeXHOJIOTHSATA Ha U3paboTKa;

- cmopex BHUIAa M CTIpyKTypara Ha Mpekara (BHI Ha
OIUIEeTKATa, pa3Mep Ha OTBOPHTE, IUTBTHOCT Ha OIUIETCHHUTE TPYNU
HUIIKH, I'bCTOTATa HAa €ANHUYHUTE HUIIKY U APYTH);

- CHOpex CTeNeH Ha IIOKPUBHOCT W IPHOPHTETHOCT Ha
U300paKeHHETO crpsiMo (acanaTa;

CTpykTypaTta Ha MpEXHTe MOXe Ja ObIc OICHIBaHA C
rpaduunu U Qororpadcku METOAM, KaTo 3a ILieiTa ce u3paboTBar
onuTHHA 00pa3nu OT MPOOH ¢ OMpeAeTIeHH pa3MepH, KOUTO a ObAaT

CKaHUpaHHU, (bOTOFpa(bI/IpaHI/I U  OLNCHCHHU CBC CBOTBCTHUTC
TexHooruu (ur. 4).
JE®UHUPAHE HA THUII MPEXKA
Ne Hu
BH/] HA OIVIETKATA
E 8 TNEP®OPUPAH BUHWUJI (PVC / nosmecrep)-
§ 5 (nepdopup THI ¢o. pexa ¢ eKp TMOBBPXHHHA)
g | :3
v o = 3
- ; 5 N ’ ‘
S : B ‘
&6 .
@ =) MPEXA THKAHO - INIETEHA
= = ( ¢ TH WM 1 ot HDPE no/iMeTH/1eHOBa UK Ha
~ = g NoJIneCcTepPHA OCHOBA)
= SE
] =
22
=
&6
Ilpo3spauHocr / TMPUJI0KUMOCT HA
BB 3ampexeHocT H30BPAXKEHUETO
HUCKA /
BHUCOKA
- B'b3MOXKHOCT 32 BUCOKO KaueCTBO U
E, AeTainHOCT. [TogXoAs1] 32 BCHUKH
A TUnoBe pacaju
CPEJHU
~ BB3MOXKHOCT 3a KauecTBO MPH
:, onpeziesieHa IBeTOBa najauTpa Ge3
& JIeTalIHOCT 3a MOBe4eTo pacaau
Quz. 4 Knacuguxayusma 3a munusupame Ha mpedxcume CbIACHO

npousgodcmseﬂu xapakmepucmuxku u munusupane Ha mpesicume u
NPpULOHCUMOCM HA u306paofceﬂuemo CRpAMO 00eKxm 3a0 He2o

Omnpegensine Ha Bb3AYXOMPOMYCKIMBOCTTA 3a H30paHHTe
THIIOBE MPEeKH

BB31yXonponyCKJIMBOCTTa OKa3Ba CHLIECTBEHO BIUSHHE BBPXY
HATOBapBaHETO Ha (hacaHUTE CKeNeTa, BbPXY KOMTO Ca MOHTUPAHU
IpeAna3HuTe MPEXH. 3a onpelensiHe Ha Bb3AyXONPOIyCKINBOCTTa

MOXE Ja C€ U3MO0JI3BaT CHCLHAIM3UPAHH ypeaH, JaBally
BB3MOKHOCT 3a U3MepBaHusTa B choTBercTBHE ¢ SO 9237:1995.
OCHOBHOTO EKCIIepUMEHTAITHO oIpesieIsiHe Ha

BB3IyXOIPOITyCKIMBOCTTA CE IIPaBH B aepOANHAMHUYEH TyHEI ((ur.
5) WM ¢ YKHCIIEHO MOJENUpaHe, KaTo 3a ONTHMalHa BepubHKalus
Ha pe3ylTaTHTe MOXKE Ja Ce Ipernopbya ChINIacyBaHE MEXIY TE3U
0T J1a0OPaTOPHHS EKCIIEPUMEHT U YHUCIICHUSI aHAIU3.
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@uz. 5 Monmupan onumen obpasey (mpesica 1-M1) ¢ uzxoonama vacm na
semposust mynen (kanan) — TY epao Cous

ChbIecTBeH MOMEHT 3a JOCTHIaHe Ha IPWIOKHMOCT Ha
TIpeIaraHysl MOJell € TUIM3HpaHe Ha PEICHHATa, KOeTO MOXe Ja
ce MOJTyYH IPH AOCTaThueH OpOi M3CieIBaHUs B OT/EIHUTE STallH,
Taka 4e J]a ce OCUTYyPHU CTETIeH Ha THITH3HPaHe B KaTaloxeH hopMar
Ha cpOpaHmTe JaHHU. ToBa W3HMCKBA pealM3HPaHETO Ha
CTaTHCTUYECKH OpOH H3MNMTBAHUA 3a KAaTETOPU3UPAHUTE THUIIOBE
MpeXH, 3a Ja Ce ONpeAeNr TOpHAa TpaHHWIA Ha OYaKBAHOTO
BB3/CHCcTBHE 3a BeekH OT TsaxX. OT apyra cTpaHa, IpH HaTpyIBaHe
Ha JIOCTATHYHO pe3ynTaTu oT H3MEpBaHEeTo Ha
BB3AyXONPOIYCKIMBOCT IO JBaTa IIOCOYCHH HA4YHMHA, MOXE Jia Cce
JIOKaxe, 4e pe3ydaTaTuTe OT TecT ¢ ypeau cbriaacHo ISO 9237:1995
ca NMPWIOXKHMH 3a peajn3upaHe Ha METOJMKaTa, 0e3 TObIHUTEIHO
H3MHUTBAHE B a€POJHHAMUYCH TYHEL.

HM3nuTBaHe HA aHKEPHHU YCTPOMCTBA — TOBA € 3aBJDKUATEIHA
OLICHKa, 3al[OTO C Hesd EJHOBPEMEHHO MOXE Jla Ce TapaHTHpa
obe3neyaBaHe Ha HOCeNIaTa CHOCOOHOCT Ha KOHCTPYKIHUTE NPH
MHHUMAaJIHO NpobOuBaHe W Hameca Bbpxy (acamure (¢wur. 6).
IIpoyuBaHe HampaBeHO OT WICHOBE Ha EKHIIA IO IPOEKTa YCTAaHOBH,
4e IpY N3IBIHEHUE Ha (acaJHUTE CTEHH Ha CTPaad Ha KYJITYPHOTO
HACJIE/ICTBO OCHOBHO C€ H3II0N3BaT OJIOKOBE 3a 3MAApusi, KOUTO
obade ca ¢ XapaKTePUCTUKH, KOUTO CBHIIECTBEHO CE Pa3INyaBaT OT
Te3W, IOCOYCHM B HAKOW W3JaJCHH EBpPONMEHCKH TeXHHYECKH
omobpenns (ETA). ToBa Ha mpakThka O3Ha4aBa, 4e IaHHUTE
mocoueHn B ETA He Morar AMpEeKTHO Ja ce H3ION3BaT W €
HEeoOXOMMO M3BBPIIBAHE HAa TECTOBE Ha MSICTO, 32 OINPE/eNIsTHE Ha
HOcHMoOcCIIocoOHOCTTa Ha ankepute. CiienoBatesHO TpsibOBa na ce
Hatpyma  WHpOpManus 3a  ciydauTe Ha  TIpaHHWYHA
HOCHMOCIIOCOOHOCT TIpH HATOBapBaHe Ha OIBH HA aHKEpU 3a
(acamHM cKeneTa, MpH pPA3NHMYHH THIIOBE (acaHH CTECHH Ha
CTpajy, IpeJICTaBUTENN Ha KYITYpHOTO HACIeACTBO B bbiarapus.

@uez. 6 Hznumsane 3a onpedafmne HA HOCUMOCHOCOOHOCIMMA HA ONbH HA
AaHKep, MOHmupaH om evmpeuiHama u 6bHUiHama cmpaHa Ha d)acadimme
cmernu

4., 3aknrouenue

Jlokato mpH CTaHIApPTHHUTE CIIy4au, MOKPUBAHETO Ha (acagurte
¢ QacangHu cKeleTa U NMPEANasHH MPEXH € OMIIO ¢ KPaTKOCpOYHa
BpeMeBa paMKa, TO IPH METOJIMKaTa 3a ,,BPEMEHHO BH3YalHO
peHOBHpaHe ce ThpCH rpaduyueH MPOEKT, KOWTO na mpeisara
BHCOKA CTENEH Ha JOCTOBEPHOCT C OpHWIHHANHATa (acana H
J0CTaTh4YHO KOM(OPTHO BB3NpHsTHE 32 001ecTBoTOo [11].

OcHOBHaTa KOHLENIMSA HA HJeATa € Ja CE NOCTUTHE LSIOCTEH
pe3ynTaT, KOMTO Ie ChIbpXKa CIIEIHUTE peallM3allik B 11033 Ha
OllIa3BaHe Ha KYJITYPHOTO apXUTEKTYPHO HACJIEICTBO:

1) 3HaydTenHaTa  MHTEPAUCHHMILTMHAPHOCT
CBTPYOHHYECTBO MEXAy IIOBeYEe HAy4YHHU

me HaJI0OXH
HalpaBJICHUA U
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00pa3oBaTeNHU CIELHATHOCTH, KOETo € 0a30Ba KOHIENUUS B
Ob6pasoBanne 4. CpLIeBpEMEHHO pealu3alysiTa M ILie cTaBa Ipu
npuiiaraHe Ha Hal-ChbBPEMEHHH TEXHOJIOTHYHU JAOCTIDKCHHS, KOSTO
€ oIle enHa IOCTaHOBKa B oOpa3oBaTeiHaTa CTPYKTypa Ha
YEeTBBPTATa UHYCTPUATHA PEBOIIOIHA. CHIIECCTBEH CIEMEHT € U Ue
TakaBa METOJOJIOTHS Tpeylara JIBITOCPOYHA BB3MOXKHOCT 32
MEXIYCEKTOPHO 00pa30BaTEHO CHTPYAHUYCCTBO B U3ITBIHCHHUE HA

OpoUenypyd 10  YIpaBlIeHHEe Ha HEOBIKHMOTO  KYJNTYPHO
HAaCIeCTBO.
2) Omnasanero Ha HKH upe3 wu3MbiHEHHE Ha BPEMEHHO

PEHOBUpAHE M3MCKBA MHOTO MO-MalbK (PUHAHCOB pecypc, OT TO3H
3a ChIIMHCKaTa pecTaBpalus M TOBAa MOXE Ja CTUMYIupa
COOCTBEHHMIIUTE My, Ja CBACHCTBAT aJMUHHUCTPATHBHO 32
npuiarageto Ha Mozena. Ot npyra cTpaHa, gobparta peaan3amys Ha
MeToJMKaTa IIe Jaie BB3MOXKHOCT 3a ,,00IIyBaHEe” MEXTy
O6mHoctTa 1 HacnencTBoTo 1 1o TO3M HauMH 3a HACEIEHHETO IIe
ce apryMeHTHpa M3YaKBaHETO 3a pEecTaBpalusiTa Ha aBTCHTHYHUS

MY BHUJI.
3) TakpB Momen Ha ,KOMyHHKAlUs“ I0C  HAChpPUYH
CHXpaHsIBAHETO Ha APXUTEKTYPHHUTE ITAMETHHUIH Ype3 TAXHOTO
myOMMYHO  BU3yalnHO  ,.3aBpbiliaHe. Tosa e  Habomsia

HEOOXOJUMOCT, 3aIl0TO MHOTO OT HCTOPHYECKUTE HH CrpajH,
MOCTOBE M JpyTd ca Bede apXUTEKTypHO HEINPUEMIIUBH 3a
HAaCeJIEeHUETO U TOBA I'M IPaBU Hepas3lo3HaBaeMM KaTO LIEHHOCT B
JBIATOCPOYEH IUIAH.

4)  TlpemxomHure pH pesynrara e BB3BBPHAT
apXUTEKTypHaTa CTOHHOCT Ha CTPafMTe C BIIOIIEH BHHIICH BH[, a
TOBa I € OCHOBAaHWE 33 HAMUpPAaHE HA CTPATETHH 3a ONAa3BaHE,
KOWTO ca U3TPajieHu Ha CTUMYIIH 3a COOCTBEHMINTE, Taka 4e Te Aa
ce NPUIO3HAsAT KaTo 4acT OT PELICHHEeTO Ha mpobiieMa, a He OT
HEroBOTO 3a1bJI00YaBaHE.

bnazooaprnocmu

Hacrosiata HaydHOM3CIIeA0BaTelCKa pa3paboTka Mo JA0roBOp
BbH-308 ,,3cnenBane Ha crenubUYHU MPUIOKEHHUS Ha (acaaHuTe
CKeJleTa MpH OMa3BaHe Ha KYJITYPHOTO HACIEICTBO™ € TMOJKpEreHa
¢unancoBo ot LleHTBbpa 3a Hay4HH H3CICIBAHUS U MPOCKTHPAHE
npu YACT.
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Health 4.0: fair technologies for active aging

Magdalena Puncheva Marina, Ninoslav Marina

Extended Abstract

In this paper we would like to present the new concept of Health 4.0, which borrowed its name and number from its close relative, Industry
4.0. Health 4.0 implements the digital transformation of healthcare, leveraging most of the technologies used in Industry 4.0. These
technologies and concepts include big data analytics, machine learning, artificial intelligence (Al), Internet-of-things (1oT), cloud computing,
blockchain technologies, and many other enablers. The goal is to use many of these disruptive technologies to improve healthcare and
wellbeing of the citizens of the future. Health 4.0 aims at providing more efficient, personalized, and cost-effective healthcare services by
integrating all or most of these technologies to optimize processes and enhance patient care. At the same time, many of the technologies are
used to monitor the health, wellbeing and daily routines of healthy individuals, hence providing preventive procedures and actions.

The healthcare industry is transitioning from its foundational stage (Health 1.0) to a technologically advanced era (Health 4.0). Health 1.0
was characterized by basic, often reactive, public health measures, infectious disease control, and a physician-centered model. Since the key
characteristics and actions included the basic sanitation, vaccination campaigns, hospital-based care, and limited technology, there were
many limitations, such as: reactive care, limited data availability, and a lack of personalized treatment. The next generation, that is Health 2.0
started to use technology, including computers and the internet, in healthcare. Electronic health records (EHRS), increased access to
information, and the beginning of data analysis were introduced in various parts of the world. In Health 2.0, still many limitations were in
place, including siloed data, limited interoperability, and still great focus on hospital-based care. Health 3.0 came with a personalized and
connected healthcare, with a focus on personalized medicine, patient empowerment, and more holistic approaches to healthcare and
wellbeing. The main advantages offered increased emphasis on patient engagement, wearable technology, and early disease
detection. Noting that Health 3.0 is still relatively early in its implementation, there are many challenges in data integration and scaling,
including the care of patient data privacy.

Health 4.0, in contrast, leverages technologies like Al, big data, blockchain and IoT, to create a personalized, proactive, and digitally
connected healthcare ecosystem. It may achieve improved patient outcomes, increased efficiency, and a more proactive and preventative
approach to healthcare and wellbeing. Regarding personalized medicine, Health 4.0 provides tailoring treatments based on individual patient
characteristics and genetic information. It also uses multimodal patient data to predict potential health risks to proactively intervene. Utilizing
wearable devices and sensors, it enables the possibility to track patient health and provide timely feedback. With the implementation of Al
algorithms, it will assist in diagnosis, treatment planning, and drug discovery. Al enables seamless exchange of patient information between
different healthcare providers and systems. In addition, it provides a new paradigm from treating illness to promoting overall health and
wellbeing. In its essence, Health 4.0 aims to create a more efficient, effective, and patient-centered healthcare system through the intelligent
use of technology.

Consider the following scenario: we have a patient that needs special care, and she has several wearable sensors that measure her blood
pressure, heart rate and heart rate variability. The data is collected, and the patient may be monitored by a camera in case an emergency is
needed. If some thresholds are passed, an alarm is raised, first to notify the patient and then to notify the supporting personnel. Meanwhile,
from the observing data the Al unit may analyze and provide feedback if there is an improvement in the health status of the patient. As the
last instance a qualified physician or medical doctor may react and provide additional assistance.

Another scenario may be if we have an injured athlete that wears smart equipment, such as an assistive exoskeleton on his injured knee to
recover fast. An exoskeleton is a wearable device that augments, enables, assists, or enhances motion, posture, or physical activity through
mechanical interaction with, and force applied to the user’s body. The data may be collected all the time, and the Al unit observes the data
from the wearable sensors and provides a feedback to the athlete on the recovery situation.

The important aspect of Health 4.0 (and beyond) is the design of a permissioned (confidential) blockchain system that can define the
relationship between various devices and sensors used on the patient. The advantage of the blockchain is that it offers the possibility to
compose the so-called smart contracts that are in fact computer programs recorded on the blockchain and if some actions are made the smart
contract will be automatically executed. This is important if we have services provided between different organizations, different people or
even different autonomous devices. The advantage of the blockchain is that all the smart contracts will be protected by the design of the
blockchain using cryptographic hashes. Hence the blockchain is reliable and secure by design and provides a high level of trust to create a
whole new circular economy by allowing novel business models.

One scenario using blockchain smart contract could be the use of autonomous guided vehicles (AGV) that bring medicine or instrumentation
to a hospitalized patient. The patient will scan its radio frequency ID (RFID) tag to open the appropriate cabinet and once she collects the
medicine and the tools, the smart contract will be automatically executed and the account of the health insurance and/or the patient is
automatically charged by the digital currency, e.g., the digital euro. This procedure is secure, transparent, preserves the patient’s privacy and
facilitates the whole economic and business model over the financial transactions. At the same time, it avoids legal disputes in terms of
payments and liability. Another scenario is that the aforementioned Al unit can get paid for its service to the patient automatically through an
immutable blockchain enforced smart contract. This not only opens broad avenues for new innovations but also opens many opportunities for
a totally new circular economy that is impossible to organize in a classical way with paper legal contracts. In the scenario with the supporting
device for rehabilitation, besides the smart contract with the Al, we may imagine a smart contract with the supporting device that helps the
athlete. This may allow the equipment manufacturer to develop new blockchain based smart contract business models and instead of selling
the equipment which may be too expensive for many healthcare facilities, may rent the equipment and charge per actions provided. This will
be possible since everything will be encoded and stored in the immutable blockchain and all payments will be enforced and executed as
agreed, hence no disputes will emerge later.
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|
One of the important societal aspects, even more important in healthcare, is fairness. Disruptive technologies are spreading globally at an
unprecedented rate and are increasingly affecting every aspect of our lives. Many of these technologies are intended to help in making better
and more informed opinions about different subjects, find answers to numerous questions, and contribute to finding creative solutions
through, e.g., Al. However, such increasing use of technology-based solutions, machine learning and algorithmic decision making in vital
areas such as healthcare, judicial systems, insurance, finance and education, may significantly affect human lives. For such applications it is
of critical importance that similar individuals will be classified and recognized similarly. The accuracy of the classification depends both on
the machine learning model and the quality and the quantity of the training dataset. However, in situations where bias is present, for example
in the training data set, it will be also reflected in the classification outcome. Such situations require either human intervention when making
the final decision upon which actions will be taken, or implementation of machine learning algorithms for fair classification. In this paper,
we would like to summarize several examples and case studies where such situations arise and discuss possible solutions such that a fair use
of technology is provided to every citizen. Fairness in healthcare technology refers to various attempts to correct algorithmic bias in
automated decision processes based on the automated models. Decisions made by such models after a learning process may be considered
unfair if they were based on variables considered sensitive (e.g., gender, ethnicity, sexual orientation, or disability). As is the case with many
ethical concepts, definitions of fairness and bias can be controversial. In general, fairness and bias are considered relevant when the decision
process impacts people's lives. Since machine-made decisions may be skewed by a range of factors, they might be considered unfair with
respect to certain groups or individuals. To avoid unfair and asymmetrical healthcare treatment, we must properly define the concept of
fairness. It will not only provide a better society of healthy and active aging individuals, but it will improve healthcare and wellbeing in total
by cutting many unnecessary additional expenses. With the increase of the senior population not only in the developed industrialized
countries but also in the emerging economies of the developing world, we have to take urgent measures by implementing all the technology,
data and knowledge to provide a healthy and happy future to humanity.

In conclusion, Health 4.0 uses the new disruptive technologies to provide active and healthy aging with the implementation of personalized
medical treatment and the focus on prevention rather than intervention. Future challenges will include the education of the population to use
the equipment and procedures of Health 4.0, as well as the treatment of the confidential patient data to respect the patient's privacy. Don’t
forget that healthy aging starts at birth rather than after 65 years of age.
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Photoluminescence properties of coatings on A356 containing Al,O3, Sm,03 and ZrO,
synthesized by zol-gel technology
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Abstract: Thin coatings of aluminum oxide (Al,O3), zirconium oxide (ZrO,) and samarium oxide (Sm,03) on aluminum alloy Al7SiMg (A356)
were prepared by sol-gel method and immersion technique. The materials were characterized in detail by X-ray diffraction. The luminescent
properties at room temperature were also investigated. Luminescence analysis showed that the Al,O3 coating containing ZrO, exhibits broad
excitation and emission bands, peaking at 328 nm and 392 nm, respectively. Photoluminescence data for the Al,05 coating containing ZrO,
and Sm,0; indicated effective excitation at 404 nm and strong broadband emission, which is due to the co-emission of ZrO, and Sm,0s.
Chromaticity coordinate analysis revealed that Al,O; coating containing ZrO, and Al,O5 coating containing ZrO, and Sm; O3 emit in the
blue-purple and pale pink regions, respectively.The chromaticity coordinates, color purity and CIE (Commission Internationale de

L’Eclairage) color-correlated temperature were determined.

Keywords: A356, LUMINESCENCE, SOL GEL, COATINGS, Al; O3 ,, ZrO,, Sm,0;

1. Introduction

The development of multifunctional coatings for light metal
alloys has received considerable attention due to their potential
applications in aerospace, automotive, and energy sectors.
Aluminum alloys, especially the A356 alloy, are widely used
because of their low density, good mechanical properties, and
excellent castability. However, their relatively poor corrosion and
wear resistance limit their long-term performance in aggressive
environments [1].

In this article, the surface of a 70/70 current terminal coated
by the sol-gel method is investigated. It is an assembly of two parts
made of AlISi7Mg alloy, used in the power grid (Figure. 1).

Figure 1.

Metal molds (tools) are used to obtain the castings. Before
work, the tool is uses coverage [2,3,4] to obtain a good surface,
orientate directional crystallization and provide good feeding of the
casting. For the actual part of the casting, Wolfraco coating is used.

Sol-gel technology has emerged as a versatile and cost-
effective method for the fabrication of oxide-based thin films and
coatings on metallic substrates [5]. This method allows for low-
temperature processing, compositional control, and homogeneous
distribution of dopants at the molecular level [6, 7].

Luminescent properties of Sm** ions show sharp emission
peaks around 560-650 nm when excited in the UV region. The
intensity and profile of the emission bands are sensitive to the local
environment, defect states, and thermal history /Figure 2/.

As it is well known, the luminescent properties of ZrO,
appear to be highly influenced by the methods used for its
preparation. For instance, tetragonal ZrO, nanoparticles produced
via microwave irradiation exhibit emission peaks at 402, 420, and
459 nm when excited at 254 nm, and a broad band at 608 nm at
412nm excitation. In contrast, colloidal zirconia nanocrystals
synthesized through a two-phase process display a broad emission
centered around 365 nm when exposed to 250 nm UV excitation.

31

Therefore, exploring alternative methods to synthesize ZrO, would
be both valuable and meaningful for investigating the luminescent
properties.
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EXAMINATION OF COATINGS ON A356
INVOLVING Sm,0, AND ZrO,
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Figure 2.

In this work, we investigate the photoluminescence
properties of Sm, Oz -Al, O; doped-ZrO, coatings synthesized
via sol-gel technique and deposited on A356 aluminum alloy. The
influence of samarium concentration on the structural and optical
characteristics of the coatings is systematically examined.

2. Experimental procedures

2.1. Materials

Commercially available A356 aluminum alloy castings
(nominal composition: 7.0% Si, 0.3% Mg, balance Al) were used as
substrates. The substrates were cut into rectangular shapes (20 x 10
x 5 mm?), mechanically polished with silicon carbide paper to 1200
grit, degreased in ethanol and ultrasonically cleaned in deionized
water.

The materials used for sol-gel synthesis included aluminum
nitrate [AI(NO; )3 .9H,0], zirconium oxychloride [ZrOCIl,.8H,0]
and samarium [Sm,03 ], all obtained from AGC Glass Europe with
a purity of >98%. 99.9% ethanol (C,HsOH) and nitric acid HNO;
were used as solvents and stabilizing agents, respectively.

2.2. Sol Preparation

Two separate compositions were prepared based on the
following compositions:

1. Al, O3 and ZrO, . 2. Al, O3 , ZrO, , and Sm, O3

The sol-gel solutions were prepared by hydrolytic
condensation. Initially, aluminum nitrate was dissolved in deionized
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water and absolute ethanol under vigorous stirring at room
temperature. Nitric acid was added dropwise to stabilize the
solution and control the rate of hydrolysis. Separately,
ZrOCl,.8H,0 was diluted in ethanol and added to the aluminum sol
under continuous stirring. In the second composition involving
Al, O3, ZrO, , and Sm, O3 - nitric acid was added dropwise to
the samarium oxide and introduced into the mixture containing
Al, O; and ZrO, to obtain the desired rare earth element content
(0.5-2.0 mol%). The final two sols were stirred for 8 hours to
ensure homogeneity and aged for 72 hours before coating.

2.3. Coating

The prepared sols were coated onto A356 substrates using
the dip-coating technique at a draw speed of 5 cm/min. After
deposition, the wet films were dried at 120°C for 1 hour to remove
residual solvents. The coating process was repeated 1-3 times to
achieve the desired thickness (~20 nm). The coated samples were
subsequently heat-treated in air at temperatures of 420°C for 2
hours to promote densification and crystallization.

2.4. Characterization Techniques

Photoluminescence (PL) measurements were performed at
room temperature using a fluorescence spectrometer (Horiba Jobin
Yvon Fluorolog) with an excitation wavelength of 405 nm.
Emission spectra were recorded in the range of 400-750 nm to
evaluate the characteristic transitions of Sm®* and Zr®* ions.

3. Results and Discussion

Photoluminescence (PL) spectroscopy is essential for
studying the optical characteristics of newly synthesized materials.
Al, O; does not possess luminescent properties. The PLE spectra
of Al,O; - ZrO, coating was recorded at room temperature by
monitoring the most intensive characteristic emission of ZrO, ions
at 392 nm wavelength, as shown in Figure 3.

Photoluminescence (PL) spectra

——Al,O, and ZrO, coating

7, =392 nm

Intensity (a. u.)

T T T
250 300 350
Wavelength (nm)

Figure 3. Excitation spectrum of the Al,O; - ZrO, coating

The Figure 4 shows PLE spectrum containing two
continuous strong broad bands with spanning wavelengths below
280 nm and from 280 nm to up to above 350 nm, with a prominent
peak centered at 241 and 328 nm, respectively. The second peak
was chosen for recording the emission spectrum.

Up to now, the origin of ZrO, luminescence is not clear and
there are several different proposed mechanisms [8]. More
precisely, since Zr* * ions do not inherently exhibit luminescence,
the emission observed in ZrO, is likely attributed to defects and/or
impurities within the system, as has been noted in similar
manuscripts [9, 10]

The luminescence characteristics of our Al,O; - ZrO,
coating, such as excitation and emission wavelengths positions,
clearly differ from those reported for samples synthesized by other
methods discussed in the Introduction section. Moreover, the
excitation spectrum is shifted by about 10 nm and the emission
spectrum by about 30 nm compared to our previous study on ZrO,
coatings on glass. This effect may be due to the fact that in this case
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the coating is deposited on an aluminum alloy. This indicates that
various synthesis techniques introduce distinct types of defects
and/or impurities in ZrO, , which significantly influence its
luminescent behavior.

—Al,0, and ZrO, coating

2,328 nm

Intensity (a. u.)

T T
450 500

Wavelength (nm)

Figure 4. Emission spectrum of the Al,O; - ZrO, coating
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The photoluminescence behavior of ZrO, coating
containing both Al,O; and Sm,0; was studied using the excitation
wavelength of 404 nm and is shown in Figure 4. The obtained
coating is characterized by strong broad band luminescence, which
is due to the co-emission of ZrO, and Sm,05. The emission peak at
468 nm corresponds to the ZrO, emission. The incorporation of
Sm, Oz has resulted in the appearance of new emissions in the
visible range, which are clearly observed as bands at about 534 nm,
600 nm and 688 nm due to its characteristic intra-configurational f-
transition °Gg,—'H,, where J = 5/2, 7/2 and 11/2, respectively
[11,12].

Inthensity (a. u.)

T T T T T T T
400 450 500 550 600 650 700 750

Wavelength (nm)
Figure 4. Visible emission spectra of the Al,O5 - ZrO, -
Sm,0; coating

520

580

coating Al03, Zr,03 and Smp03

Figure 4. CIE chromaticity diagram of Al,O5 - ZrO, and
Al,O3 - ZrO, - Sm,05 coatings

To determine the precise emission colors, the CIE 1931
chromaticity diagram was used (Figure 4) [13]. The chromaticity
coordinates were calculated from the emission spectra using the
SpectraChroma software (Version 1.0.1), a CIE coordinate
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calculator [14]. The obtained values for Al,O; - ZrO, coating are
0.19:0.142 and correspond to blue-purple color of emission, while
for Al,O3 - ZrO, - Sm,03 coating are 0.344:0.363 corresponding to
pale pink color.

The correlated color temperature (CCT) was determined
using McCamy’s empirical formula:

CCT = — 449n3 + 3525n% — 6823n + 5520.33 [15]

where n= (x—xg)/(v—ye) is the reciprocal slope, (x,=0.332,
y.=0.186) are epicenter of convergence and x and y are the
chromaticity coordinates.

Phosphors with CCT values under 3200 K are typically
classified as warm light sources, whereas those exceeding 4000 K
are regarded as cool light sources. The Al,O; - ZrO, coating has a
calculated CCT of 6263.08 and for Al,O3 - ZrO, - Sm,05 coating is
5086.43 indicating that they function as cold light-emitting
materials.

4.Conclusion:

In conclusion, innovative Al,O5 - ZrO, coating and Al,O; -
ZrO, - Sm,05 coating were successfully fabricated on aluminum
alloy castings using the sol-gel method combined with dip coating.

Luminescence analysis showed that the Al,0; - ZrO,
coating exhibits broad excitation and emission bands, peaking at
328 nm and 392 nm, respectively. Photoluminescence data for the
Al,O; - ZrO, - Sm,0; coating indicated effective excitation at
404 nm and strong broadband emission, which is due to the co-
emission of ZrO, and Sm,0O;. Chromaticity coordinate analysis
revealed that Al,O; - ZrO, and Al,O; - ZrO, - Sm, Os; coatings
emit in the blue-purple and pale pink regions, respectively.
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Abstract. The purpose of this work is to establish patterns of the effect of post-deformation ultrasonic treatment on the structures of ultrafine-
grained brass of the LZHMTS59-1-1 brand, obtained during its processing at a radial shear rolling mill with preliminary heat treatment. The
structure of brass of the LZHMTS59-1-1 brand has been studied by X-ray diffraction analysis and light microscopy. In the course of the
research, the relationship between the parameters of ultrasonic action and the microstructure of ultrafine-grained brass of the LZHMTS59-1-
1 brand was established and it was shown that ultrasonic action on this material after radial shear rolling at certain amplitudes of mechanical
stresses promotes relaxation of the nonequilibrium structure of grain boundaries and, thus, relieves internal stresses.

Keywords: COMBINED TECHNOLOGY, BRASS, PRE-HEAT TREATMENT, RADIAL-SHEAR ROLLING, POST-DEFORMATION

ULTRASONIC TREATMENT, STRUCTURE

1. Bseoenue

Ecnu paccMaTpuBaTh BCe CYIIECTBYIONIHE CIIOCOOBI MOTYyYESHUS
YIBTPAMEIKO3EPHUCTON CTPYKTYPHI, KaK JUCKPETHBIE, TaK M JUIS
TIOTYYEeHUSI JUTMHHOMEPHBIX M3/IeNHiA, TO B OOJBIIECTBE OHU TPYAHO
WCTIONHAMBI Ha MpAaKTUKEe, IIO3TOMY HE HaXoJiIT 0coboro
TIPUMEHEHHsS B INPOMBIIIICHHBIX YCIOBUSX, HE TO, YTO CpEIHe-,
KPYIHOCEpUHHOM MJIM MacCOBOM IIPU3BOJCTBE, HO JaXe U B
MEJIKOCEPUITHOM NMPU3BOJCTBE. VICKIIOUeHNEe Ha Halll B3MJIAA MOXKET
TOJBKO COCTaBJSTh OAMH M3 BHJIOB IONEPEYHO-BUHTOBOH
MPOKAaTKH, aBTopamu padoThl [1] ero BBIACISAIOT B OTACIBHBIN
croco0 eopMHUPOBaHUS, HA3BIBAEMBIH «paJHalbHO-CABUTOBAS
mpokatka» (PCII). OcHOBHOe OTIMYHE pPagHaIbHO-CIABUTOBON
TIPOKATKH OT OOBIYHOM BUHTOBOM NMPOKATKH, KOTOPAst IIPHMEHSIETCS,
HanpuMep, MpH MPOIIUBKE TPYO, 3aKITI0YAETCS B TOM, YTO B 3TOM
cilyyae UET INPOKaTKa CIIOIIHOIO MPYTKa MO TPEXBAJIKOBOH cxeMe
¢ OONBIIMMY 3HAUSHUSIMHU YTIJIOB TIO/IAU Y.

C mnoMoLbI0 PajUaIbHO-CABUIOBOIl INPOKAaTKH BO3MOXHO
MOJy4YeHHE BbICOKOKAYECTBEHHBIX MPYTKOB C TIpaHIMHETHOH
YIBTPAMEIKO3ePHUCTON  CTPYKTYpOH W3 MIMPOKOTO  CIIEKTpa
MaTepHaIoB BIUIOTH bi (o) CIIO)KHOJIETUPOBAaHHBIX
TpyaHOIeGOPMHUPYEMBIX  CHENUATHGHBIX CIUIABOB  YEPHBIX H
[BETHBIX METAJUIOB, YTO TOATBEpAAETCS B IEIOM psifie HAyIHBIX
pabor, B TOM uHcIie B paborax [2-7].

Kak wu3BecTHO (QopMHpOBaHHE YIBTPAMENIKO3CPHUCTOH U
HaHOKpHCTaJ’U’[H'—[CCKOﬁ CTPYKTYpP METOAAMH HHTCHCUBHOI'O
IJIACTHYECKOTr0 JeOPMHUPOBAHUS OKa3bIBaeT 3HAYUTEIBHOE, a
HWHOTIAa KOPEHHOE BIHMAHHE Ha Ae(hOpPMalMOHHOE IIOBEICHHE H
MEXaHNYECKHE CBOICTBA, KaK YEPHBIX, TAK W IBETHBIX METAIIOB U
CIIaBOB, 4YTO mMo3BoiseT cumrarh MIIJ] BecbMa MepCHEKTHBHBIM
METOJIOM YIpaBIEeHUs CTPYKTYpoH u cBolictBamu. Ho B cuimy Toro,
YTO yIbTPAMENKO3EPHUCTBIC U HAHOKPUCTAJUTMYECKHAE MaTepHaIIbI
NOABUIIUCh CPABHUTECIIBHO HEIABHO, UX yCTOl‘/'I'-lPIBOCTb K BHCHIHUM
BO3JICHCTBHSAM, B YaCTHOCTH, HArpeBy M3y4eHO MOKa ciabo, Kak H
Majo HCCIENOBaHbl BO3MOXKHOCTH  YIpPAaBIEHUS CTPYKTYpOH
YIBTPAMEIKO3EPHUCTBIX U HAHOKPUCTAJUIMYECKUX MATEpHaNoB U
HX (U3MKO-MEXaHHIECKIMH CBOHCTBAMIL.

Benopycckumu yuensimu u3 I'HY «MHCTUTYT TexHUUYECKOH
akyctukun HanumonanbHOH akagemuu Hayk bemapycnm» Obnio
NPEJIOKCHO HKCIOJb30BaTh JONOJIHUTEIBHYIO YIbTPa3BYKOBYIO
o0pabotky (Y30) oObemMHOro MeTauia B IIpoLiecce U IIOCIe
WHTEHCUBHOW  IUIaCTUYeCKOW nedopmammu, YTO  HO3BOJIAET
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9p}exkTHBHO CHU3UTH IUIOTHOCTb HECTaOMJIBHBIX JedexToB
KpHUCTAIUTOB. VIMH 1OKa3aHO, YTO IO CPAaBHEHHIO C HEIOJHBIM
OT)XHUI'OM, YIbTPa3ByKoBas o0pabOTka HMEET psiJi HPEUMYIIECTB,
HanpuMep, JaeT BO3MOXKHOCTb — 00pabaThiBaTh MaTepHasbl IpH
KOMHAaTHOM TeMIleparype M  KOHTPOJMPOBaTh  BO3ACHUCTBUE
AKyCTHYECKOW 3HEpruu. B 1enom psje cBoux HaydHbIX paboTax, B
ToM yucie B paborax [8-12] oHM nOKazanu, 4TO YIBTPa3ByKOBas
obOpabotka  siBisAeTcs 3G GEKTUBHBIM CIIOCOOOM  pellaKkcaiuu
CTPYKTYPBI CHJIBHO Ne)OPMHUPOBAaHHBIX MaTEPUAJIOB, B TOM YHCIIE
YM3 MarepuasnoB, MOJyYeHHBIX Ne()OpPMAIlMOHHBIMH METOAaMH,
KOTOpasi MPHUBOJMUT K MOBBIILICHUIO JOJH OOJbUICYITIOBBIX TPAHHI]
3epeH, peNlakCallii HEPaBHOBECHBIX TI'PAHMI] M TPOIHBIX CTHIKOB
3epeH, He TPHBOAS IPU 5TOM K 3HAYUTENBHOMY POCTY 3€pEeH, IIpH
3TOM 3(@dEeKT permakcarMu CTPYKTYPhl 3aBUCUT OT aMILTUTYABI
yAbTpa3ByKa, T.€. CYLIIECTBYIOT HEKOTOpbIE  ONTHMAIbHbBIC
aAMIUTUTY 1Bl HATIPSDKEHUH, TP KOTOPBIX OH MaKCHMaJIeH.

He Bcerma Ha mpakTHKe BO3MOXXHO COBMECTHTH B €IWHBIN
HpolecC IUIACTUYECKOro Ae(OPMHUPOBAHUS U YIBTPa3BYKOBOM
obpabotkn. Ho ananmm3 menoro psjga HaydHbIX paboT, BOT
HekoTopsie u3 Hux [13-16], nokaseiBaer, 4To mocTaeHOpMAIIMOHHAS
yABTpa3ByKoBas 00paboTKa MpeacTaBisieT cOOOM MEepCIeKTUBHBIN
MeTo/l 00pabOTKH, KOTOPBIi, B COYETAaHHH C APYTMMH METOJaMH
(0OpaboTKOil naBIeHHEM, TEPMHUYECKOW OOPaOOTKH), MO3BOJISIET
3HAYUTENILHO BAapbUPOBAaTh CBOMCTBa METAIOB. JTO CBS3aHO C
MHOXECTBOM  3((EeKTOB, BO3HUKAIOIIMX O] BO3JACHCTBHEM
YAbTpasByKa Ha Marepuajbl: YIy4lIEeHUE CTPYKTYphl, CHATHE
BHYTPEHHHUX HANpsOKEHHH B Ae(OPMHPOBAHHBIX  MeTaJlax,
MOBBILICHHE XapaKTEPHCTUK IUIACTHYHOCTH (aKyCTOIUIACTHYECKUH
addexr) u apyrue. B 3aBHCHMOCTH OT YacCTOTHI, aMILUIUTYABI H
JIOKAIBHOCTH BO3/ICHCTBHS, MOXHO JOOHMTHCS KaK YHPOYHEHHS
MaTepuaa, Tak U ero pasylnpoyHeHHs U IUIacTH(HKALNH.

AHanu3 JUTEpaTypHBIX HCTOYHHUKOB B OOJACTH MOJydYCHHUE
YM3 marepuaioB pa3IHuHBIME CIToco0aMu 00PaOOTKH JaBJICHHUEM,
peam3yronumMu HHTCHCHUBHBIC IMIIACTHYCCKHE )le(bOpMaL[I/Il/l,
NOKa3aJl, 4TO Ha JaHHbII MOMEHT B MMPOBOM IIPAKTHKE HE
W3BECTHBI pabOTHI, CBSI3aHHBIE C ToiydeHHeM YM3 MaTepuanos
paauaNbHO-CIABUTOBOH HPOKATKOI c JIOTIOJTHUTEIIEHBIM
Bo3AedcTBUeM Ha 3T Y3M  Marepuaisl  yJIbTPa3ByKOBBIX
konebanmid. Ilpm 3TOM mNpoaHaNM3MPOBAaB KOHCTPYKIMIO CTaHa
paanaIbHO-CIIBUTOBOH IPOKaTKM ¥ HM3BECTHBIX YCTPOMCTB JUIs
HAJIOXKEHHUS YIbTPO3BYKOBBIX KOJIeOaHMIT Ha 3arOTOBKY ObUI ceNaH
BBIBOJI, YTO COBMECTHTb B €AMHBIH IPOLECC PaHalbHO-CABUIOBYIO
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npokatky ¥ Y30 Ha mpakTUKe O4YeHb TpyaHo. Iloatomy
KOHLICNIMS,  NPOBOJAMMBIX  Jlajee  MCCIelOBaHWH,  Oyner
3aKJIIOYaThCS B IOJNy4eHWE B MEIM C  IOMOLIBIO

TEepMOMEXaHW4EeCKOoil 00pabOTKH: HpeaBapUTENbHAs TepMUYECKas
obpaboTka + paguanbHO-CABUTOBAs TIpOKaTKa
YIBTPaMEIKO3epHUCTOH CTPYKTYPBI, U MOCIEAYIONee YIpaBIeHHe
HX CTPYKTypol ¥ (U3HKO-MEXaHHYECKUMU CBOWHCTBAMH C
TIOMOIIBIO YIBTPa3ByKOBOI 00pabOTKHL.

IlosToMy menblo maHHON paboTHI SABISIETCS M3ydEHHE BIUSIHHE
KOMOMHHPOBaHHOM TEXHOJIOTHH, BKJIIOYAIOIIEH
TEPMOMEXaHUYECKYI0 00paboTKy (TIpeaBapUTeIbHAs TepMUUECKas
obpadorka (IITO) + pagmanbHo-caBurosas mpokatka (PCIT)) u
noctaehOPMALUOHHYIO YIIBTPa3ByKOBYIO 00paboTKy, Ha
9BOJIOIMIO0 MUKPOCTPYKTYPHI JIaTyHN Mapku JDKM59-1-1.

2. Mamepuanst u memoouxa

Jnst TOCTM)KEHMsI TIOCTaBIEHHOW IEeNH, a MMEHHO H3y4eHHe
BIUSIHUSL ~ KOMOMHHPOBAaHHOH  TEXHOJIOTMH,  COBMeEILAroLIei
paauanbHO-CABUTOBYIO NMPOKATKy U yIbTPa3BYKOBYIO 00OpaboTKy,
Ha HBOJIONUI0 MHUKPOCTPYKTYpHI JaTyHu Mapku JOKMunS59-1-1, u3
MIPEABApUTENILHO TIOJBEPTHYTHIX IPEABAPUTEIBHON TEPMHUUECKON
0bpaboTke (oTkury mpu Temmeparype 500°C) u nepopmupoBanuro
Ha craHe paauanbHoO-caBuroBoil npokatku PCIT 10-30 mo cxeme
25235021 ->B19->P17—->D15 MM (Temmeparypa
nepopmupoBanuss 500°C) mnpyTkoB, OBUIM TMOATOTOBJICHBI JBE
MapTHH 00Pa3IOB:

- mepBas mapTus 00pa3LOB MPEACTABIsLIA COOOH HCKOB
nmuaMeTpoM 15 MM 1 oo 0,45-0,6 MMm;

- BTOpasg mapTus oOpa3loB ObUIa BHIIONHEHA B BHIC
LWIMHIPUYIECKUX CTEep)KHEH auamerpoM 15 MM u anmuHOM 155 MM,
KOTOPBIE U ABJSINCH CPa3y BOJTHOBOAAMHU aKyCTHIECKOH CHCTEMBI.

Ha mepBoM sTame uccinenoBaHUE ynbTpa3ByKoBOH 00paboTke
MOZABEPTay UCKH 10 CXeMe, IIPeICTaBIeHHOM Ha pucyHKe 1.
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Puc. 1. Cxema yrompa3sgykosoil oﬁpaﬁgr;;u YM3 obpasyos 6 ude ouckos: 1
— YIbmMpaseykoeoli npeobpasosameins, 2 — KoHyenmpamop, 3 — 6ycmep, 4 —
60110800, 5 — 0bpabamuieaemvlil 06pazey, 6 - NOOACUMHOU GUHIN

Hns  storo oOpabaTpiBaeMblii  oOpasenmr B BHIC OHCKa
3aKpeIUIUT  BHYTPH  TOJOCTH  BOJHOBOAA B IYYHOCTH
MCXaHHUYCCKHUX Hal'lpﬂ)l(eHPll‘;l C INOMOIIBKO CIECHHUAJTIBbHOTO BHWHTA,
obecrieynBas ~ HaAEXKHBI  aKyCTHUECKHMH  KOHTaKT  MEXAY
BOJIHOBOJIOM M 00pa0aThiBaeMbIM 00pasioM. 3aTArHBArOLIMI
MOMEHT BHHTa IpH 3TOM cocTasisii 90 H¥m.

VnbpTpa3BykoByl0  00paboTKy  00pa3loB  NPOBOAWIH  C
aMIUTATY IO 3HAKOIIEPEMEHHBIX HaNpsDKeHUi B oOpasmax 40 u 70
MIIa. MapkupoBka 00pa3loB B 3aBUCHMOCTH OT pexumoB Y30
npuBe/eHa B Tabnmie 1.

IMuranne npeobpasosatenss [IMCI5A-18 ocymecTBmsimm OT
yIbTpa3zBykoBoro reneparopos ¥Y3I'2-4M c paboueii qacroroit 16,8
— 19,2 x['1 1 BeIXOAHOW MOIHOCTBIO 4,5+0,5 kBT u Y3I2-1M ¢
paboueii yactotoi 22+1,65 k'l ¥ BBIXOJHON MOIIHOCTBIO 10,2
kBT.

IIpn mpoBeneHmn yIbTPa3ByKoBOil 00pabOTKH 00pa3moB
KOHTPOJIMPOBAJIH  TEMIEpaTypy BOJHOBOJA, KOTOpas  IIpH
MaKCHMAJBHBIX 3HAYEHHWSX 3HAKOIEPEMEHHBIX HalpsKCHHH He
npepbimana  450C. I3MmepeHue aMIIMTy[bl YJIBTPa3BYKOBBIX
CMEILEHUI Ha TOPIE BOJHOBOJA OCYLIECTBIAIOCH OECKOHTAKTHBIM
BHOPOMETPOM, MOTPEITHOCTh n3MepeHus 2% + 0,1 Mxm.

Ha BTOpoMm sTame uccienoBaHHH yIbTpa3ByKOBOW 00paboTke
HOJIBEPrald AUCKU 10 CXEMe, [IPEICTABICHHON Ha PUCYHKE 2.

35

s peammszamuu  gaHHOM cxembl Y30  (puc. 2) wu3
LWIMHIPUYECKUX CTepKHEH aumamerpoM 15 MM u mmuHOH 155 MM
ObUTM TOATOTOBJIEHBI OOPA3LbI-BOJTHOBOJBI, B COOTBETCTBUH C
4epTeXKOM, MpencTaBIeHHOM Ha  pucyHke 3. Ha Topuesoit
MOBEPXHOCTH 00pa3oB OBUIO BBIIIOJHEHO OTBEPCTHE C pe3n0oit
noj mmnuiabky MS§, ¢ IOMOMmBIO KOTOPOH OCYLIECTBIISAIOCH
KpeIUIeHUE K OycTepy.

4
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Puc. 2. Cxema ynompasgykosoii oopabomxu Y30 onuHHOMepHbIX
006pasyos. 1 — yrempazeyrkosoil npeobpazosamens, 2 — KOHYyeHmpamop, 3 —
oycmep, 4 — 801HOB00

Bo Bcem ocrtampHOM  Meroamka — mpoBeaeHus Y30
OWIMHIPUYECKHX O00pasloB He OTIMYalach OT METOIMKN
nposeznennst Y30 o0pasIioB B BUJE AUCKOB.
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Puc. 3. Yepmedic OnuHHOMEPHBIX 00PA3YOE-60THOB0008

Jlnst onpeneneHuss KOJNMYECTBEHHBIX MapaMeTPOB CTPYKTYPBI
YIABTPAMEIKO3EPHUCTBIX MATEPHAIOB LIMPOKO MPUMEHSATCS METO[
pertreHoctpykrypHoro aHamm3a (PCA). PeHrtreHoctpykTypHBIE

WCCTICIOBAaHNs, MPOBOJMBIIMECS Ha o0pa3lax  pa3luYHBIX
METaJIOB, TOJY4EHHBIX METOAAMH HHTCHCHBHOHM IUIACTHYECKOM
neopManyy, TOKa3bIBAIOT HAaJW4YHe HCKAKCHUH  PElIeTKH,

3HAYUTENBHBIX MUKPOHATPSDKEHUH, KOTOPbIE BBI3BIBAIOT YIIMPEHHE
pentrenoBckux mukoB [10-12]. Takxke oOHapyXuBaeTcs, 4YTO
pasmep obJacTeil KOrepeHTHOr0 PacCesHUs, MOITYUYEHHbBIH METOIOM

PCA, 3aMeTHO MeHbIE pa3Mepa 3€peH, PAaCCUMTAHHOIO W3
ANEKTPOHHO-MHKPOCKOMMYECKUX CHHUMKOB, ULt BCEX
pPacCMOTPEHHBIX ciIydaeB Je(OpMalMOHHOH 00paboTku. OTo

MOXXET OBITh CBSI3aHO, BO-TIEPBHIX, C JONYMIEHWSIMH B CaMUX
METOJMKaX pacueTra. Bo-BTOpBIX, Takas O4YEBHHAS pa3HHMIA,
KOTOpasi HaOJrofaeTcss MpakTHYeCKH Bcerga uii YM3 meTamios,
MOJXKET SIBIISITHCSI CIIENCTBUEM HAIM4YMs HEPAaBHOBECHBIX TIPaHUI]
3epeH B cTpykType. Meron PCA mo3BonseT onpenesnsaTs pasmMepbl
obmacteit korepenTHoro paccesHus (OKP), coorBercTByrommx
BHYTpPEHHEH 001acTu 3epeH, OJHAKO He BKIIOYAIOIUX B cebs
NpUTPaHUYHBIE CHJIBHO HCKa)XEHHBIE o0nacTH, oOpasyrommecs B
Mmarepuanax npu UII. U, B-TpeTbux, CTpyKTYypa, GOPpMHPYIOIIASCS
npu UI1J], sBnsieTcs BechbMa HEOJHOPOIHON, BHYTPEHHHE OOBEMBI
3epeH MOTYT BKJIIOYaTh B ce0sl CyOCTPYKTypHbIE (pparMeHTBI,
xotopsle MetozioM PCA ompenenstores kak otaensHbie OKP.

PCA ctpykTypsl 06pa3uos natynn mapku JOKMu 59-1-1 nocne
YIBTPa3ByKOBOW OOpaOOTKM TNPOBOAWICS Ha PEHTTCHOBCKHUX
mudpakromerpax Tuna JJPOH-2 (CuKo m3nyuenne). Pacmmdposka
PEHTITEHOTpaMM  IIPOM3BOAMIIACHE MPH IIOMOLIM IPOTPaAMMHOTO
obecnieuenust  Crystallographica Search-Match. Pentrenosckas
ChEMKa OCYNIECTBIIIACH C (pOKycHpoBKOil 1o bperry-bpenrano B
peXHUME CKAaHUPOBAHUSL.
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[lonydyennas  audpakTorpamMma  HCCIEAyeMbIX — 0OpasloB
npuBeJeHa Ha pucyHKax 4. IccnenoBaHue CTPYKTYpPBI JIATyHH
mapku JDKM159-1-1 u onpenenenue pa3Mepa 3epHa MPOBOAUIOCH

Lom X
en.

e v N N

Ha cBeTOBOM MuKpockore «MeF-3» dupmsr «Reicherty (ABctpus)
npu yBenuaernu x100.

Vs

) « ] )

20, rpaa.

Puc. 4. /lugppakmocpamma (CuKa. ) o6pasya namynu mapku JDKMy59-1-1 nocne [ITO+PCII (a — 6e3 Y30, 6 — Y30 40 Mlla; ¢ — Y30 70 Mlla)

OO0cy:xkaeHUe NOJY4YEHHBIX Pe3yJbTATOB

CHIKeHHe YIIMPEeHHs] PeHTTCHOBCKUX JIMHUN CBHUJIETEILCTBYET
00 yMEHBUIEHHMHM MHUKpPOHANPSDKEHHH B HCCIeIyeMOM o0Opasie
nocie Y30, Tak U O HEKOTOPOM POCTE 00JacTeil KOTepeHTHOTO
paccesaus (OKP). Pasmep OKP, kak mpaBuio, OTOXIECTBISIOT CO
CPEIHUM DPa3sMepoOM KPHCTAJUIMUTOB, OIPEACIHB KOTOPBIH, MOXKHO
CYIMTh O XapakTepe H3MEHEHHMS pa3Mepa KpPHCTaULIMTOB B
MarepHanre B 3aBHCHMOCTH OT YycloBuid obpabortku. Ilo
pesynbratram PCA mposeneHa orerka pasmepoB OKP o6pasios no
YIIMPEHHIO pedIeKcoB Ha IOJy4eHHBIX AU(pakTorpamMMax Mo
dhopmyne Illeppepa—Censikosa:

D=Ac/B*cos0,

r71e Acy — AJIFHA BOJHBI M3IydeHns MegHoro anoaa (0,1540 am),
© - yrox paccesaus (°),
B - usmueckoe yumpermue B (°)*71/180.

Pazmep OKP, kak mnpaBmiio, OTOXIECTBISIOT CO CPEIHUM
pa3MepoM KPHCTAJUIMTOB, ONPEIEIUB KOTOPBIH, MOXKHO CYIUTh O
XapakTepe HM3MEHEHHs pa3Mepa KpPHCTAJUINTOB B MaTepHaie B
3aBHCHUMOCTH OT ycnoBuid 00padboTku. [IpoBenenne Y30 mpuseno k
pocty OKP y Bcex o6pasmos ot 8 % 1o 20 %. Taxxe meTomom
PCA  ycranoBneno, 4ro saryHb Mapku  JDKMnS9-1-1
MPENICTABISIIOT CO00H CMECh IBYX OCHOBHBIX (ha3 B COOTBETCTBHHU C
paBHOBECHOW jauarpamMMmoii coctosiHusi cucremsl Cu —  Zn.
OcHoBHbIMU (azamu siBisitoTest Gazel CuZn (B-dpasa) u TBepabIi
pacTBop IuHKa B Meau (o-dasa). Meapb ¢ UHKOM 00pa3yioT Kpome
OCHOBHOTO anb(a — pacTBopa psAx (a3 AIEKTPOHHOTO THHa 0OeTa,
ramma, sncmitoH. Hambonee 9acTo cTpykTypa jJaTyHeld COCTOUT U3
anb(a — i anbdat Oera’ — ¢da3: anbda-haza — TBEPIBIL pacTBOP
[MHKA B MEIU C KpUCTaUTHUecKnM pemetkoit memu ['LIK, a Oeta' —
¢dasza — ynopsaoueHHbIH TBEPABIN pacTBOp Ha 0asze IMEKTPOHHOTO
coenunenus: CusZng ¢ pemerkoi OLK.

Kak nokaszan JICK anamus (puc. 5), B oOpa3suax jgaTyHb MapKu
JDKMu59-1-1 wnabmrogaeTcss OQuMH SK30TepMHYecKHid mHK. [Iuk
o0ycioBiieH (pa30BEIM IEpPeXoaoM o — [3 B AHAra30HE TeMIepaTyp
430-467 °C. Taxxe nocne Y30 IpOUCXOIUT YBEIUICHUE TUIOIIATN
NMUKa, 4YTO CBS3aHO C UW3MEHEHWEM YpPOBHS BHYTPEHHHX
Hanpspkenuii [17].

Ha pucynke 6 mokaszanel QoTorpaguu MHKPOCTPYKTYPEI
natynu Mapku JOKMuS59-1-1 nocne IITO+PCII 6e3 u mocie Y30.
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Puc. 5. [[CK-xpusvie ob6pasyos ramynu mapku JDKMy59-1-1 (a — 6e3
Y30; 6 — Y30 40 Mlla, ¢ — Y30 70 MIla)
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Puc. 6. Muxpocmpyxmypa namynu mapxu JDKMy59-1-1y kpas
nogepxuocmu (a, 8, ) u 6 yenmpe (6, 2, e); a, 6 — 6e3 Y30; 6, 2— V30 40
MTlla; o, e — Y30 70 MIla

Kak BupHO M3 pHCYHKa 6 MHKPOCTPYKTypa MOBEPXHOCTHOTO
ciosi mpytka u3 jaryHu mapku JDKMnS9-1-1 (puc. 6 a) mocie
paauanbHO-CABUTOBOM TPOKAaTKM ero a0 auaMerpa 15 Mm (c
HCXO/IHOM 3arOTOBKH JIMaMETPOM 25 MM) CYIIECTBEHHO OTIHYACTCs
OT MHUKPOCTPYKTYpHI B IIEHTpaIbHOIM 4acTu mpytka (puc. 6 6). B
TIOBEPXHOCTHOW 30HE CPEAHUN pa3Mep 3epHa JIEKUT B UHTEpBaJIe 5-
8 MKM, B ICHTPAJILHOM 30HE pa3Mep 3epHa HaXOAUTHCS B HHTEPBAJe
20-35 MkMm, T.e. HaOmIOZAaeTCs ~ TPAAMCHTHIA  XapakTep
pacrpesneneHus MHKPOCTPYKTYPHI o CEUCHUIO
npoaeOpMUPOBAHHOTO  TIPYTKA. IMocnenyromas oOpaboTka
MOABEPTHYTHIX paJUalbHO-CABHIOBOMl NpOKaTKe IPYTKOB U3
JaTyHH YIBTPa3ByKOBOI obpabotke c aMIUTUTYI0H
3HaKonepeMeHHbIX HanpspkeHuit 40 MIla u 70 MIla nokasana, 4ro
VY30 mnpakTHdecKH He BIHSACT Ha IBOJIONUIO MUKPOCTPYKTYDPHI B
LEHTpAIBHOW 30He mpyTka. Tak npu Y30, Kak ¢ aMIDIHTYROH
3HaKonepeMeHHbIX HampspkeHui 40 MIla, tak u 70 MIla B
LEHTPAIBHOW YacTH MpoaeOpMHUPYEeMOro TPyTKa pa3Mep 3epHa
OCTaeTCs Ha IPEKHEM YPOBHE, T.e. JIeXHUT B uHTepBane 20-35 Mxm
(puc. 6 1, e). Ecnu xak cama ynbrpa3BykoBas o0paboTka, Tak W
U3MEHEHHE 3HaYeHHH aMIUIMTYAbl 3HAKONEPEMEHHBIX HaIpsKeHHi
npu Y30 npakTUUECKH He OKa3bIBAIOT CYIIECTBEHHOTO BIUSHUS Ha
W3MEHEHHE pa3Mepa 3epHa B LEHTPAIBHOW YacTH 3arOTOBKH, TO
MPOTUBOIOJIOKHAS ~ KapTHHA  HaOMIOJaeTcs TpH  H3ydeHHH
TIOBEPXHOCTHBIX CJIOEB NMpYTKOB. B wactHOCTH, Y30 npHBOIUT Kak
K pocTy, CHOPMHPOBABHIEMYCS B IIOBEPXHOCTHOM CJOE IIPH
paauanbHO-CABUTOBOM MPOKATKE 3€pHY, TaK U €ro BHIPABHUBAHHUIO,
T.e. NOJIy4eHHI0 Ooyiee paBHOMEPHOH CTPYKTYpbl. IIpu 3TOM dem
BBILIIC aMIUINTYZA 3HAKOIIEPEMEHHBIX HampspkeHud npu Y30, Tem
Oompiie  pacrer 3epuo. Tak mnpu Y30 ¢ ammiuTymon
3HaKoNepeMeHHbIX Hampsokennd 40 MIla cpennuii pasmep 3epHa
BBIpOC J10 3HaueHui 8-9 MM (puc. 6 B), a mpu Y30 ¢ aMumTyaoit
3HaKoIepeMeHHbIX Hampsokennit 70 MIla cpennuii pasmep 3epHa
cran nexars B wuHTepBane 13-14 mxm (puc. 6 1). To ects
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HPOBEICHHbBIC HCCIEA0BAaHUS CBUACTENILCTBYIOT, 4TO X0Ts Y30 He
OKa3bIBaeT CYLIECTBEHHOTO BIIUSHHE Ha IBOJIIOLIUIO
MHKDPOCTPYKTYPBI B LIEHTPAJIbHOH YaCTH IIPYyTKa, HO OHA I103BOJIAET
CHU3MTh TPAJAUCHTHBIH XapakTep paclpeieleHUus] CTPYKTYPhI IO
CeYCHHI0 JAe(OpPMHPYEeMOro Ha CTaHE pPaJHalIbHO-CIBUTOBOH
MIPOKATKe TPYTKa 3a CYET POCTa pa3Mepa B €ro IOBEPXHOCTHOU
30He, W TP STOM YeM BHIIIE AMIUINTYAA 3HAKONEPEeMEHHBIX
HanpsbkeHud npu Y30, TeM 3TOT rpaaueHT MeHbule. Takxke Y30
CIOCOOCTBYET MOJy4YeHHIO Oojiee PaBHOMEPHOH CTPYKTYpHl (C
0osee MEHBIINM Pa30pOCcOM pa3Mepa 3epHa) B IOBEPXHOCTHOM 30HE
nedopmupyemoro npytka (puc. 6 B, 1).

3akJ/104eHne

B xome naHHOM paboThl ObIa yCTaHOBNIEHAa HaIM4Ue
3aBUCHMOCTH MHUKPOCTPYKTYpHI JaTyHH Mapku JDKMiS59-1-1,
TOTY4eHHOH IOCIIe TepMOMEXaHHIeCKOoi 00paboTKH, BKITIOYAIOIIEeH
MPeABApUTEILHYI0 ~ TEPMUUYECKyI0  00paboTKy  (oTXHI) H
nedhopMupOBaHME Ha CTaHE pPagHalbHO-CABUTOBOM IPOKATKH OT

HapamMeTpoB noctaedopMaIHOHHOT0 YJIBTPa3ByKOBOTO
BO3JIEHCTBHUSL. [Toxkazano, YTO noctaehopMauoHHOE
yJBTPa3ByKOBOE BO3JICHCTBHE Ha CTPYKTYPY JIATyHH MapKd
JDKMn59-1-1, MOJMYYCHHONH  MMOCie  TePMOMEXaHUYECKOM
00pabOTKH, TIpPH ONpPEIENeHHBIX AaMIUTUTYJaX MEXaHHYeCKUX
HanpsDKEHUH ~ CIOCOOCTBYeT — pellakcaliiy HEpaBHOBECHOM

CTPYKTYPHI TPAHUI] 3€PeH M CHATHIO, TAKUM 00pa3oM, BHYTPEHHHUX
HanpspkeHuid. [lomydeHHble B JaHHON paboTe MaHHBIE MO3BOJIIOT
pacmmpuTh  HaydHbIE TNPEACTaBIEHHS O  MEXaHH3MEe |
3aKOHOMEPHOCTSIX  (DOPMHUPOBAHUS CTPYKTYpHl B  Pa3IMIHBIX
YIBTPAMEIKO3EPHUCTBIX YEPHBIX U I[BETHBIX META/UIaX M CIIaBaX
IIPU YJIBTPa3ByKOBOM BO3/I€IICTBUY Ha HUX.

Hannoe uccredosanue unancuposanocy Komumemom Hayku
Munucmepcmea nayku u evicuteco obpazosanus Pecnyonuku
Kazaxcman ([panm Ne AP14869128).
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NCCJIIEJOBAHUE BJIMSAHUSA JOBABOK OKCUA UTTPUSA HA CTPYKTYPY U
CBOMCTBA CTAJIH AlSI 304, OTJIUTON CIIOCOBOM HHEHTPOBEKHOI'O
JIUTbhA

INVESTIGATION OF THE EFFECT OF YTTRIUM OXIDE ADDITIVES ON THE STRUCTURE AND
PROPERTIES OF AISI 304 STEEL CAST BY CENTRIFUGAL CASTING

Abdrakhman Naizabekov?, Ilya Chumanov?, Dmitry Sergeev?, Andrey Anikeev?, Sergey Lezhnev!, Evgeniy Panin®, Andrey Tolkushkin?,
Sergey Kuzmin?, Valery Chigirinsky*, Pavel Tsyba’
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2 Zlatoust Branch, South Ural State University (National Research University), Zlatoust, Russia
3 Karaganda Industrial University, Temirtau, Kazakhstan

Abstract. A comprehensive study of the issue related to the possibility of obtaining AISI 304 steel with increased resistance to radiation has
been conducted. The thermodynamic interactions of yttrium with a liquid melt of AISI 304 grade steel have been studied. The possibility of
introducing yttrium oxide into a liquid metal matrix has been evaluated. Experiments have been conducted to obtain prototypes of AISI 304
grade corrosion-resistant steel with the introduction of yttrium oxide into the liquid melt. The blanks were obtained by casting on a horizontal
centrifugal casting machine. Studies of the microhardness of the samples showed that the samples obtained with the introduction of yttrium
oxide have a lower hardness index gradient across the cross section. Microstructures allowing to identify inclusions formed by yttrium oxide

in the casting body are presented.

Keywords: YTTRIUM OXIDE, CENTRIFUGAL CASTING, MICROSTRUCTURE, MICROHARDNESS, HARDENING, CASTING, HOLLOW
BILLET, DISPERSED PARTICLES, CHEMICAL COMPOSITION, STRUCTURE

1. Bseoenue

B ycmoBmsix pa3BHBAaromErocs phIHKA IPOMBIIIIEHHOCTD
CTaJIKUBAaeTCsA HE TONBKO C 3a/JadaMH, KacaroU[MMUCS IMOBBIIICHHS
Ka4ecTBa MPOAYKTa, HO U C BONIPOCAMHU CHIDKEHHS Ce0eCTOMMOCTH.
Ce0ecToNMOCTh Pa3INYHBIX NPOIYKTOB HEOTHEMJIEMO CBSI3aHHA C
3aTpaTaMM d3JEKTPOIHEprHu. ATOMHas JHEpreTHka OcTaeTcs Ha
JaHHBIH MOMEHT caMbIM J()(EKTUBHBIM CIIOCOOOM TOJTyYEHHS
anexTposHepruu [1]. JlaHHast 0Tpacib BKIKOYAET B Ce0Sl MHOXKECTBO
MPOMBIIUICHHBIX TPOIECCOB, KOTOPbIE HEBO3MOXXHO BBINOIHHUTH
0e3  WCIONB30BaHHWSA  MATEPHAIOB C  COOTBETCTBYIOIIUMU
tpeboBanussmu  [2].  TloBbieHre (YHKIHOHANIBHBIX CBOWCTB
METAUIMYECKHX MAaTepHalOB C MOBBINICHHOH pPaJHallMOHHON
CTOMKOCTBIO, KOPPO3MOHHOM  CTOWKOCTBbIO, PpPAaBHOMEPHOCTHIO
CTPYKTYpHI, SIBIISIETCSI BaXHOW 3amadell Iepe] MeTajulyprueil u
MamHocTpoeHneM [3-4]. OaHO# M3 OCHOBHBIX TPOGIIEM B XOJC

JKCcIUTyatanuu geraned wu3 cramm  Mapku  AISI 304 mon
BO3JCHCTBMEM  PaJMOAKTHBHOTO  OONYy4eHHS W BBICOKHX
TeMIeparyp, BBICTyNaeT TMOSBICHHE Takoro aedekra Kak

pacmyxanue [5].

IIpouecc mosyueHust neraneil METOJOM JIMThS BBI3BIBACT
HauOONBIINIA WHTEPEC B CBA3H C MPOCTOTOH peanu3anuu
TEXHOJIOTHMH. Tak ke JUTeHOe MPOU3BOJICTBO MO3BOJISET MOJIy4YaTh
3aroTOBKH OJIM3KHE K KOHEYHOMY MPOJYKTY, YTO CHIDKAET 3aTpaThl
Ha MeTawioobpaboTky gerand [6-7]. B Toxe BpeMs akTHBHO
BeOyTCsi  pa3pabOTKM MO  TMOMCKY  HOBBIX  MaTepHasioB,
00BEIUHSIOMNX BBICOKO ITACTUYHBIE METAJUIMIECKHE MATPHIBI U
BBICOKOIIPOYHBIE TYroruiaBkue Hamojuutenu [8-11]. Coueranue
Pa3IUYHBIX (pa3 IMO3BOJISET NMOBBICHTH OCHOBHBIE (VyHKIIMOHAIIBHBIE
MOKa3aTeNI MaTepPHaIOB, TAKNE KaK M3HOCOCTOMKOCTh M CTOHKOCTh
K abpasuBHOMY H3HOCYy [12]. BBeneHue HamoJHHTENEH MO3BONISET
co3laTh apMHpyloIui cnoil B Tene camoi Matpuipl. Kpome
pacuIMpeHuss  Auana3oHa — Harpy3ok — [OJydaeMoW  JeTaiH,
YOPOUHAIOIINE YaCTHIbI MO>XHO paccMaTpuBaThb Kak
JOTIOJTHUTENbHBIN  Oapbep U INPOHUKAHUS —PaJHOAKTHBHOTO
HM3TydeHUs, YTO TMOBBINAET CToikocTH petand. IloBblmieHue
pagualMOHHOM CTOMKOCTH TIPOMCXOJWT B XOJE TOPMOXKEHHS
apMHpPYIOIIMM CJIOEM AaKTHBHBIX HOHOB, YTO B CBOIO O4Yepenb
MPUBOJAUT K CHIDKCHHIO JABMKEHUS TUCIOKAIHA.

OCHOBHBIMH ME€XaHW3MaMH YINPOUHEHHs CTalId U JPYrHux
METAJUTMYECKUX MAaTepuajoB SBISIOTCS: YNPOYHEHHE pacTBOPA,
YNPOUHEHHE JUCIOKAIMNA, YMEHBIIEHUE 3€PHUCTOCTH U yCHIICHHE
(daszoBoro mpeppamenust [13]. M3menpueHue 3epHa 9TO
€IMHCTBEHHBII CHOCOO OJHOBPEMEHHO YIYUYIIUTh IIPOYHOCTH H
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COIPOTUBIIEMOCTh MeETajyla K HOHU3UPYIOUIEMY BO3JAEHCTBUIO.
YnpouHeHne BTOPUYHON (Pa3oil MOKET KaK YJIy4IIUTh MPOYHOCTH
MeTalila, TaKk W CHHU3UTh. [lpuumHOW sBuseTca oOpazoBaHHE
HEMETAIUINYECKUX BKIIOUEHHH SABIAIOIIUXCA KOHIIEHTPATOPaMHU
HampsbkeHHs. TeM He MeHee, MENKOJWCIIEPCHBIE YaCTHI[BI
BTOpPUYHON (a3pl 3adacTylo uMelT dddexr u3MenbueHus
CTPYKTYPBl M YKPEIUICHHUs TI'PaHUI] 3€pPEeH, UYTO MOXKET IMOBBICUTh
CTOMKOCTh CTaJd K HOHU3UpYMOLEMy Bo3leicTBuio. Takum
0o0pa3oM, KpOMe M3MENbUCHHs 3€pHa, IHUCIIEPCHOE YIPOUHEHUE
SBIETCS HaHOOJIee IPEeIIOYTHTETbHBIM METOZIOM.

Jlnst peanm3aiiy TIpoIecca M3MENbUSHUsS 3€pHAa M yCHIICHUS
BTOPUYHOH (ha30if HEOOXOANMA MPUHIUIAILHO HOBAs TEXHOJIOTHS.
Broprnunas ¢asza MoxeT ObITh BBElE€HA B CTAIBHBHYIO MAaTpHILY

myTeM  MeXaHW4deckoro  JjerupoBanus. Cnoco0  BBeACHUS
MEIIKOTUCTICPCHBIX ~ YAaCTHIl B CTAIbHYIO MATPHILy SBISETCS
CIOXHOW 3ajaueil, B CBSI3M C BOINPOCAMH CBSI3aHHBIX CO
CMayMBaeMOCThIO BBOIUMO# (ha3bl.

BBemenne  TYromiaBKMX — HAMOJIHUTENEH  JOMDKHO  OBITH
KOHTPOJMPYEM  TPOIECCOM, Uil  OOECIeYeHUsl  CO3MaHHs
apMHpPYIOLIEro  CIOS B ONpPEACNICHHOH  30HE  3arOTOBKH.

OObenMHEHNE TaKUX TEXHOJIOTHH KaK JIMTEHHOE MPOU3BOJICTBO H
BBEJICHUE YIPOUYHSIOMIMX YACTUI] IpPH pa3IuBKE Ha MAaIIHHY
LHEHTPOOEKHOTO  JIMThS  IO3BOJIMT HE  TOJBKO  JOOUTHCS
MHUHHMAJILHOM Ce0EeCTOMMOCTH KOHEYHOI'O M3JENHs, HO U CAENaTh
IpoLlecC BBEICHUS YACTULl Ooyiee HJIM MEHee KOHTPOIHPYEMBIM
[14].

2. Texnonozus 86edeHus OUCHEPCHBIX YACHUY

Cerogns mpoGJieMa permaeTcs: TONBKO ¢ MePeXo0M Ha METOJ —
TEXHOJOTHsI MexaHudeckoro serupoBanus (MJI). Texnonorus MJI
Obuta xopomo omucaHa B pabore [15]. Ilpu MJI, TexHomorus
NPEAINoJIaraeT, 4Yro0 CMeCh IOPOLIKOB Da3JIMYHBIX METa/LUIOB
MOJIBEPracTCs COBMECTHOMY BBICOKODHEPIETHYECKOMY MOMOJIY C
npeo0iaiaoUM MEXaHU3MOM TpeHHs. B mporiecce Takoro nomosa
HNPOUCXOANT HW3MENbYeHHe YacTHI[ IIOpoImKa (BIUIOTH 10
HAHOKJIACTEPHOTO pa3Mepa) W B3amMHas TBepaodazHas muddysus
METaJUIOB APYT B JApyra. B HaHOKmaccTepax, TepMOIMHAMHYECKU
HanboJjiee BBHITOHBIM COSIUHEHHEM CTAHOBHTCS TBEPIBIH pacTBOD,
B KOTODBIN NEpexXoisT MMEIOMUECs B MeTanjie COSJMHEHUs THIa
HHTEPMETAJUIMIOB, CWIMLUMIOB ©  Kkapoumo [16]. Tlpu
MOCNEIYIOEM HAarpeBe CKOMIAKTHPOBAHHBIX IOPOIIKOB 3TH
COEIMHEHMS BBINAJAIOT M3 pacTBOpa B BHJE HAHOPAa3MEPHBIX
4gacTHI] (IPEUITUTATOB).
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B pa6ore [17] 6b110 ycTanoBneHo, uro MJI B TBepaoM MmeTasie
MOKET PACTBOPSTHCS U TAKOH TEPMOIUHAMUYECKH IPOYHBII OKCHUJI,
kaKk Y,O3 ¢ mocienylomyM BbIICICHHEM €ro HaHOKJIACTCPHBIX
npenunuTaToB. IIpu 3TOM BO3MOXKHO YKpYIMHEHHE (KOAITUCILEHIIHS)
HaHOIIPEIMIINTATOB B PE3yJbTaTe PAaCTBOPEHMS MEIIKUX YacTHI[ H
pocrta Oojee KPYIHBIX, YTO B KOHEYHOM HTOT€ CBOAWT Ha HET BCE
JIOCTOUHCTBA TexHonoruu MJL

B Toxe Bpems, CymIeCTBYeT TEXHOJIOTHS MOBBIIICHUS
MEXaHUYECKUX CBOWCTB METAUIMYECKMX MaTepUalioB 3a CU€T
BBEJICHUSI AUCIIEPCHBIX YACTHIl B XKUAKUH paciiaB MpU pas3iuBKe C
UCIIONB30BAHUEM  MAIIUHBl IEHTPOOEKHOro JHUThs. [laHHas
TEXHOJIOTHSA, TMpH JAOCTAaTOYHOM NPOCTOTE €€ peanusaluy,
MO3BOJISIET MONy4aTh CTAOMIIBHBIE PE3YNbTAThl C HCIOIb30BAHHEM
OUCHEPCHBIX ~ YacTHIBl  pa3iMYHOM  IUIOTHOCTH  IIONydYaThb
rpaJueHTHbIe MaTepHaisl [18].

LlenTpobexHOe JHTHE SBIAETCA ONTHMAIBHBIM METOJOM
MTOTYYEeHUs 3aTOTOBOK BBHAY OOJBIION CKOPOCTH KPHUCTAIUIN3ALNH,
o0ecreunBarOIIe MEJKO3epHHUCTYI0 CTpYKTypy. llpm mepBom
KOHTAKTE )KMAKOTO METajjIa C OTHOCUTEIBHO XOJI0AHOH MOAT0KKON
oOpa3yeTcst MENIKO3EpHHCTas KOpPKa 3acTBIBIIETO  MeTalia.
YrpouHSomye 9acTUIBI MOJAIOTCS B MPOIECCE PA3IMBKU B BHAE
HOpOIIKAa MpPAaKTHYeCKH cpa3dy T[ocie Hadajga pas3iuBKU B
pa3IMBOYHEIH HOCOK BO H30€)KaHHE OCEJaHWs B Pa3IMBOYHOM
KOBIIE. BpamieHne H3JI0KHHIBI 3acTaBIsgeT 4YacTHIBI ObICTpee
ocelaTth W paclpeneriaThCs B Tele MeTalla NMPU KPHCTAUIM3aluN
Ooiee paBHOMEpPHO OJarofapsl BO3IACHUCTBHIO CHJI ApxuMmena H
LEHTPOCTPEMHUTENbHBIX ~ CHI.  Kpucrammsamus  maer — 1mo
CTaHAApPTHOW cXeMe — OT mepudepud K LEHTpY, oOecreuuBas
00pa3oBaHME MENKO3EPHUCTOH CTPYKTYphl HA IOBEPXHOCTH
3aroToBkH. HapykHas Kopka HMeeT MEIKO3epHUCTYIO CTPYKTYpPY H
COCTOUT B OCHOBHOM U3 MOJIEKyJ cTand. Ilon Kopkoil ckpbIBaeTcs
HapyXHBbIH pabounit cioit 3arOTOBKH, B KOTOPOM
CKOHIIEHTPHPOBAINCH HanboJiee KPyIHbIe YacTHIB Kapounos. [Ipn
5ToM Oojee MeIKHe YaCTHIBI KapOWAOB HAXOIATCS MEXIy
KPYIHBIMH YacTHUIIAMH, HO MPEoOIamaloT yxe B IepudepHiHON
30HE OTHOCHTENBHO TPAHUIBI pa3fiela «IOMIOKKa-MEeTalD», a
Taroke WX KOHIEHTPAINS MOCTETIEHHO CHIDKASTCS IIPH yIaJICHUH OT
TpaHuIbl paszena a3 K LUeHTPY 3aroTOBKH, 00pa3yst rpaJieHTHYIO
tekctypy [19].

Jnst obecrieueHns HAISKHOM MOJIEKYJISIPHOM CBSI3H KapOHUIOB U
OCHOBHOT'O MeTaJla HeoOXOJMMO HAJIMYMe BBICOKOW MexdazHON
aJre3ud, T.€. JaCTUIBI KapOWIOB JOJKHBI 0071aaTh ONTHMAIbHON
CMa4MBAE€MOCTBIO KHUAKOH CTalbio IUIsI 0Opa30BaHUS HAJEXKHOTO
MeX(}azHOTO COeTMHEHUS.

OmnpeneneHre CMa4YluBaeMOCTH MaTEPUANIOB TIO OOJbIIEi YacTH
MPOUCXOANT IMIMPUYECKHMH METOAaMH Ha OCHOBE HATYpPaJIbHBIX
ombITOB. JIsI TPOTHO3MPOBAaHHS — XapakTepa paclpeaeiIeHus
YIPOUHSIONIMX YAaCTHI] B TeJie METaJlIa, TONIINHEI 00pa3yoIIerocs
CJIOSI, BOBMOXKHBIX (PM3MYECKHX XapaKTEePHCTHK 3arOTOBKH, a TAKKe
CHWXXCHHUSA MATCPUATIbBHBIX 3aTpaT Ha IMPOBEACHHSA HATypaJbHBIX
HCTIBITAHUH TPHHATO pEIIeHHEe O CO3JaHHHM MaTeMaTHYeCKUX
MoJieneit auist mpoBeneHus aHanm3a B CAE-cucremax.

HepaBHOMepHOE BHeApEeHHE YNPOUYHSIONINX YacTHI[ MPUBOAUT
K nx HEpaBHOMEPHOMY pacrnpeeneHuro B Telne
3aKPHUCTAJUIN30BABILETOCS PAcIlIaBa, BEIPAXKAIOIIEECs] B MOSIBICHUN
CKOIUICHUH, KOTOpbIE MOTYT OBITh OOHApyXKEHbl B XOJI€ aHaIU3a
OTJIMBOK pa3pyLIAIOIMM METOJ0OM, HECMOTpsl Ha TO, YTO IpU
LEHTPOOEKHOM JINThEe Ha YHPOUHSIOIIME YaCTHUIBI BO3AEHUCTBYET
1ojie TPABUTAIMOHHBIX CHJ, KOTOPOE YCKOPSeT INPOHHKHOBEHHE
JIMCTICPCHBIX YacTHI BITy0b KpHcTauu3ytouierocs paciuiasa [20].

Bauay Toro, 4To mporecc pa3iMBKY MPH IEHTPOOSKHOM JIUTHE
JIOBOJIFHO CKOPOTEYHBI cocTaBisier He Oonee 30-60 cexyHnO m0
HOJIHOW KPUCTAUIM3aLMKM OTJIMBKM W3 cranu Maccod o 10-20
KWJIOTpaMM,  HETOYHOE  [O3MPOBAaHME  IIOPOLIKA  HapylIaeT
HEOOXOIUMYIO YIEIbHYI0 KOHLEHTPAIMIO JUCIEPCHBIX YacTUIl B
yaensHOM o0beme CcTpyd paciuiaBa. CrenoBaTenbHO, MOXKET
BO3HHKHYTBH CHTYaIlHsl OJHOTO OTCYTCTBUS YHPOYHSIOIIMX YACTHIL
B HApYXHBIX CJOSX 3arOTOBKM [0 MPUYMHE MIHOBEHHOU
KPUCTAJUTH3AIAY TIPH KOHTAKTE C OTHOCHTEIIEHO XOJIOAHON M3/IOKHUIIEH
WM Ha HEKOTOPOH ITyOMHE OT MOBEPXHOCTH, KOTOpasi BBEIXOAUT 3a
HEOOXOQMMBI  JOMYyCK TpH MeXaHHYecko o0paboTke, B
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pe3yabTaTe 4ero pacueTHBI JHaMeTp TOTOBOTO  U3JENHs
MOTYYHUTCS COBCEM MJIM HEAOCTATOYHO YIIPOUHEHHBIM, HECMOTPS Ha
BO3/ICCTBHE LICHTPOOSIKHBIX CHII.

AHANIOTHYHO MOXET BO3HMKHYTh HHas curyanus. Ecam mpu
pa3iuBKe paclulaBa HayaTh BHEAPSTH YaCTHIBI CIMIIKOM PaHO, TO
BECb  YNPOYHAIOUMIMN  IOPOLIOK  PUCKYeT  OKa3aTrbCsi B
MEJIKO3EpHHUCTOH KOpKe, IoJUIeXameld ynaaeHuo. BnodaBok 31o
coObite  OyoeT  MPOCTHMYJIHPOBAHO  BO3JACHCTBHEM  IIOJIS
TPaBUTALMOHHBIX CUIL

Bragenve cBeeHMSIMH O MPOLIECCE PA3IMBKU H BO3MOKHOCTBIO

YOPaBIATh CAMHM IIPOIECCOM C JOCTAaTOYHOH TOYHOCTBIO
MO3BOJISIET MHHUMU3UPOBATh pHUCKH HEPaBHOMEPHOTO
pacnpefeneHus YHOPOUHSIONMX YacTUIl, a TaKkKe II03BOJIUT

NPOU3BOJUTH OIEPATHBHYIO PA3IMBKY CIOSIMH M3 OJHOTO WU
HECKOJIbKUX BUJIOB UCIEPCHBIX yacTul [21].

B pesymbrare  BO3HMKHOBEHHS  BO3MOXKHOCTH  CJIOCHOM
JO3HPOBAHHOI pAa3IMBKM MOXXHO JIOCTUTHYTH MAaTepHalbHOM
SKOHOMHH 3a CYET HCIOJIb30BaHMs 0oJiee paclpoCTPaHEHHBIX M
JICIICBBIX MaTEPHAJIOB, a TAKXKE COKPATUTh IIOBCEMECTHOE BIIMSHUE
TPaBUTALMOHHBIX CHIL

CxeMa, WUIIOCTPHpPYIOLIas Pe3yJbTaT IpPOLEcca Pa3JIMBKU C
BHEJPEHUEM JIMCHEPCHBIX YaCTHIl pa3sHOW IUIOTHOCTH  JUIst
YIPOYHEHHsS BHYTPEHHEH M BHEIIHEH MOBEPXHOCTEH KOJIBIEBOH
3arOTOBKM IIpeJCTaBieHa Ha pucyHke 1. 3xeck wu3o0paxkeHa
HOJIOBMHA KOJIbIIEOOPa3HON 3aroTOBKH, B KOTODOH JIEKOBECHbIE
YaCTHUILIBI CTPEMSTCS K €€ OCH BPAILCHHS.

B o1aHHOM ciyd4ae IpM HUCIOJNB30BAHMH  TPAJAMLHMOHHBIX
METO/IOB LIEHTPOOEKHOTO JHThS 0Oe3 JO03UPOBAHUS U KOHTPOISL
BPEMCHH BBEACHUS YAaCTHUI Mbl BBIHYKJICHBI HCIOJIL30BATh
YacTHLBI, OONajarIMe pasHOH IUIOTHOCTBIO, OTHOCHUTENIBHO
MaTpU4HOro pacmiaBa. Kak yxe ObUIO CKa3aHO paHee, MHOIZA
MOTyT OBITh  HCIOJNB30BaHBl HOPOLIKM W3  PEIKHX  WIN
JOPOTOCTOSIIMX MaTepHaloB, HampuMep KapOuaoB tutaHa TiC u
kapbumoB Bombppama WC wim  okcuma wrtpus  Y,0s.
JIOTIONHUTENPHO K 9TOMY MMEETCs elle OJHO OrpaHHucHHE,
CBA3aHHOE C KOHLEHTpalMed yNpOuHSAIOLEro marepuana. B
pe3ynbTaTe 4yero Mbl Oy/ieM BBIHYXKIEHBI CHU3HTh pa3Mep TOBapHOit
NapTUH M3JEJMi, WIN 3aBBICUTh KOHEYHYIO CTOMMOCTH W3JENHH,
WIM CHHU3UTh KauyecTBO M3JEIMH, BBIpAXKAIoONleecs C CHIKEHHH
KOHIICHTpALlMK YHNPOYHSIOIMX KapOWJOB B Telie 3aroTOBKH Ha
eIMHUIY o0beMa ISl COXPAaHEHHMs MHHUMAIILHOW LIEHbI TOBapHON
naprtan.  Fp HampaBJe€HHE CHIIBI TSDKECTH, BBI3BAHHOM
CKOPOCTHBIM BpAIL[CHHEM M3JIOKHHIIBI.

an
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O Yamus © MEHBUIEL AOTIHOCTIBN
Puc. 1. Pacnpedenenue ynpounsiowux 4acmuy pasuoi nIOmMHoCmuy 6
Cmaﬂbl-toﬁ Mmampuye

Ha pucynke 2 wu300pakeH BapHaHT CJIOCHOW pa3NUBKH,
SBJISIOLIMICS PE3yJbTATOM KOHTPOJS JO3UPOBAHMS MOPOIIKA U
MaTpUYHOTO pACIUIaBa, a TAKKe KOHTPOIb BPEMEHH DPA3IMBKU C
BBEJICHUEM HEKOTOPOH BPEMEHHOH BBIIEPXKKH, OOecHedHBaromei

I(OCTaTO‘{HLIﬁ YPOBCHBL KpUucTaJuiu3aliunu epBOro cJios,
HAITOJIHCHHOT'O boJee JICTKOBECHBIMHA HacTuuaMu B3aMCH
TSXKCIOBECHBIX.
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Tomura
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Q) Yacmuusl C MEHBIEL AOTHOCITIEN
PMC. 2 ﬂumbe C UCNOJIb30BAHUEM Yacmuy MeHbmeﬁ nJi1oOmHocmu ¢
@opmuposanuem croes

EcTtecTBeHHO, 4TO JaHHas cXeMma SBIAETCA IPAKTHYECKU
HACATBHBIM HCXOZOM OT Hpoliecca IMEHTPOOSIKHOTO JIUThS CIIOSMH.
OnHako HE HCKIIIOYAeTCs, YTO B MOMEHT KOHTaKTa TOPSYEro
paciulaBa HEKOTOpast 49acTh 3a(pUKCHPOBABIIMXCS YIPOUHSIONIUX
YacTHUIl B MEPBOM clioe OyIeT mepeMerieHa BO BTOPOH CIIOH, TeM
CaMBIM, CHIDKas HEOOXOAMMYI0 KOHIIGHTPAILUIO YIPOUYHSIOMINX
YaCTHI] B HAPYKHOM CIIO€.

Jnst monydeHWsl NAHHOTO pe3ysibTaTa HEOOXOOUM TOYHBIH
KOHTpPOJIb CBEJCHUI O TeMIlepaTypax MepBOro Cios, KOTOPbIH yxke
TOZIBEPTHYJICS KPHCTAIIM3AIMU, a TaKKe TeMIepaTypa pacraBa.
Ecmn  pasHmma Ttemmeparyp OymeT CIMIIKOM —HHU3KOH, TO
CYIIECTBYET PHCK BO3HHKHOBEHHS IIOJHONH PEKPHUCTAIIN3AINU
TIEPBOTO CJIOS TPH CONPHUKOCHOBEHHH C PACIUIaBOM, BHEAPEHHBIM
Juist opMHupoBaHUsS BTOporo cnos. CremoBaTenbHO, BCE YACTHIIBL,
3a()UKCHPOBaHHBIE B TIEPBOM CJOE, MOTYT OBITh BBHITECHEHBI
MaTpUYHBIM PacIUIaBOM, TaK KaK B JAHHOM Clly4dae yNpOYHSIOIINE
YacTULBl  SIBIIOTCA  JITKOBECHBIMM M MEHee IUIOTHBIMH,
OTHOCHTEJBHO CTaJIbHOTO PACIIIaBa.

Ompenenenne TeMIepaTypsl paciiaBa Iepes pa3IuBKOH MOXKET
MIPOU3BOJUTECA C MOMOINBIO MPUOOPOB, OJHAKO I KOHTPOJIS
TeMIepaTypsl 3aKpPHUCTAIUIN30BABIIETOCS CJIOSI MPU JOCTATOYHO
OBICTPOM TEeMIEe pa3IUBKH M TPYAOEMKOCTH OIPEAEICHHUS
TEeMIepaTypbl ONTHIECKHM METOAOM C JOCTATOYHOH TOYHOCTHIO
3aTPyJHUTENBHO. 3nech HE0O0X0IUMO HCTIOJIb30BATh
MaTeMaTU4ecKuil amnmapaT, a HUMEHHO 3aKOHBl TEPMOJMHAMHUKH
KpUCTAJUIM3allMd  CTaJbHOTO pacljaBa C Yy4eTOM BIMSHUS
BHEJPEHHBIX JUCHEPCHBIX YaCTHL, BO3AYLIHbIX IOTOKOB U
TIporecca HeMPephIBHOTO IEHTPOOEKHOTO BPAIICHNS H3JIOKHHUIIBL.

IIpoBenen anamu3 JUTEpaTypsl Ha TPEAMET  HATMIHA
CYIIECTBYIOIINX JOCTIDKCHMH M Pe3yabTaTOB HCCIIENOBAaHMI Ha
TeMy W3YyYeHHS TMOBEJICHUS TYTOIUIaBKMX YacTHUIl B Teje
KPUCTAUIU3YIOLIErocsl MeTaula [P IIEHTPOOEKHOM  JIUThE
3aroToBoK. J[ys peanM3alM TEXHOJOTHU IO NPU3HAKY Hauboiee
ONIM3KOro CXOJCTBa OBUIM MPUHATHI MaTeMaTHYeCKHe MOJENH
npeJcTaBlieHHbIe B paboTax [22, 23].

Oxcnp uTTpus 00NIagaeT IIOTHOCTBIO OJIM3KOH K IUIOTHOCTH
METAJUIMYECKUX MaTepualoB Ha OCHOBe kene3a 5,046 /e,
CremoBaTenbHO, TPH pealHM3alMi  TEXHOJIOTHUECKOM  CXEMBI
MIPECTaBICHHON B paboTe, OKCHI UTTPHUS JOJDKEH HAXOJUTHCS Ha
BHEMIHEeH (pabouei) cTopoHe mMIMHApUUYecKoi oTiuBku. [lpu
HEOONBIION  TOJIIMHE CTEHKH 3aroTOBKH, BO3MOXKHO, €ro
pacIipeieJieHHue U Ha BHYTPEHHEH MOBEPXHOCTH.

Yeuants 3dgekT oT BBeIeHHA AUCHEPCHBIX vacTull (Oosee
BBICOKHME 3HAUCHHS MEXaHWYeCKHX CBOUCTB, Oomee 300 Mlla mpu
970K, Goyiee BBICOKas pamuandOHHAs CTOWKOCTh K HEUTPOHHOMY
o0irydeHnio, Ooyee BBICOKAasl COIMpPOTHBISIEMOCTH KOPPO3UH IO
OTHOIICHUIO K TETTIOHOCUTEISIM, TIPH MTOBBIIIEHHBIX TEMIEpaTypax)
BO3MOXXHO IIPU HCIIOJIb30BAaHUM JAOMOJIHUTENBHOH BHYTpEHHEH
MEXaHUYECKOH pacKaTKH, T.e. TEPMOMEXaHHMYECKOE YIIPOUHEHHE.

3. Mooenuposanue e3aumooeiucmeus Y03 ¢
MEManIUYecKum pacniagom
KaK IIOKa3aJInu Hpe,Z[BapI/ITeHLHBIe HCCJICA0OBAaHUA, B Ka4y€CTBC

TEPMOJNHAMHYCCKH ~ HCMETAJUTMYECKUX  JMCICPCHBIX  YaCTHI]
Haubonee crabuibHbiM sBisieTcs Y,03; [24]. CaoiicTBa OKcHaa
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UTTPHSL KaK COCAMHEHHUsS paccMOTpeHbl B pabore [25]. Ommaxo,
pabotel mo BBepeHuio Y03 B 4HCTYI0 Merayuinyeckyio ¢asy He
JJAJIU TIOJIOXKUTEIBHOTO pe3yibTata. Co3naHue apMHUpPYIOIIETO CIIOs
B YHCTOM METAUIMYECKOH (ha3e HEBO3MOXKHO B CBSI3U C IUIOXOH
CMauyMBaeMOCTBIO JaHHOrO THma dYacTul [26]. B Toxe Bpemst
yrnpouHeHne Metammdeckoi ¢aszer Y,O3 BO3MOXKHO B ciydae
MOBBIIICHNUS COJEPKaHUs HUKENSI B OCHOBHON MeTaiTmdeckoi dase
[27-29].

Pazpabotka Hambonee 3()(HEKTHBHON TEXHOJIOTHH CO3JaHUS
METAIMYECKUX MaTepHalloOB Ha OCHOBE JKEJIE3HOH MAaTpHUIIBI
JMCTICPCHO-YIIPOYHEHHON OKCHJIOM HTTPHs HEOOXOIUMO CO3IaHHE
CKBO3HBIX TEXHOJIOTHYECKUX CXEM M MHHOBALMOHHBIX TEXHOJIOTHH,
BKJIIOYAIOIIMX B Ce0s KaK JIMTEHHbIE TEXHOJOTHMH C BBEIACHHEM
ynpouHsronieit ¢asel, Tak ¥ TepPMOMEXaHWIECKoe yIpouHeHue. J{s
4ero  HEeOoOXOAMMO  JKCIEepPHMEHTAIFHO  HM3YYUTh  BIIHSHHUE
Pa3IMYHBIX ITapaMeTpoB (TEMIIEPaTyphl, KOHIEHTPAIHH, CKOPOCTH
pa3NMBKM W BpamieHWs II€4H, YCWIMS pAacKaTKH, PEKUMBI
TepMUYECKOH o00paboTKM M [p.) Ha XOA IMpolecca H ero
pesynbTaThl. 11 TEPMOJMHAMHMYECKOTO  MOJAECIMPOBAHUS
BBICOKOTEMIIEPATYPHBIX IPOLECCOB, MPOUCXOJAIINX B CHCTEME
OKCHJ HTTPHS — METaJUIMYecKas MaTpuLa (paciuiaB), ¥ TeMIepaTyp
PEKPHCTALIH3AIMY 11e7eCO00pa3HO HCIOJIB30BaTh POTrPaMMHBIH
komiuieke FactSage [30]. IIporpammuoe o6ecnieucnue FactSage 7.0
0003HaYaeT BO3MOXKHBIC HAIIPABJICHUS NPOIECCOB, MPOTEKAIOIINX
OpU  pealu3aliy pa3pabaTbiBaeMBIX B XOJ€ HCCIEIOBaHHI
TEXHOJIOTMYECKUX MPOLIECCOB.

st mogenupoBanusi ucrmonb3osaics cocta — 0,1% C, 1,5%
Mn, 0,5% Si, 18,0% Cr, 10,0% Ni, 0,5% Ti, 69,25% Fe. To6aBka
Y,03 — 1 rp. Ha 100 rp. Macchl METANIHYECKOTO pacIliaBa.
Pe3ynbTaThl MOJENMPOBAHUS PABHOBECHBIX (Pa30BBIX COCTaBOB
Metajula ¢ 700aBKOM OKcHIa UTTPUST B 3aBUCUMOCTH  OT
TEeMIIepaTypbl 1 MOJAEINPOBAHHSI HEPAaBHOBECHOI KpPHCTAJUIM3AL[HH
(momenp Illeitna-I'ynnuBepa) Meramia ¢ 10OaBKOH OKCHAA UTTPUS
npeacTaBieHsl Ha pucynke 3. Pacuérel Benmmch € yuérom
BO3MO>KHOCTH CYILIECTBOBaHHs (a3 MepeMEeHHOT0 cocTaBa (TBEPABIX
U JKMAKUX PacTBOPOB), U C y4ETOM OTKJIOHEHHS, B TAKOTO poja
(hazax oT HIEaTHHOCTH.

B moctpoeHnn 3aBHCHMOCTM H3MeEHEHHs! (a30BOTO COCTaBa
CIIaBa M HEPAaBHOBECHOW KPUCTAJUTM3ALMKM OT TEMIeEpaTyphl,

OCHOBHOH aKIeHT Jenajcs Ha OKCHIHOM ¢ase cruiasa.
MonenupoBaHue MPOBOAWIOCH AL TeMIeparyp, IpU KOTOPBIX
OCYIIECTBIISICTCS. ~ IIEHTPOOEXHas  OTIMBKA  3arOTOBOK,  4TO

MO3BOJISIET ¢ OonbIIell WM MEHBIIeH TOYHOCTBIO IpEAroaraTh
(a3oBBIl cocTaB W3ydaeMoro ciuiaBa. JlaHHOE 0OCTOATENHCTBO
MO3BOJISIET IPOTHO3UPOBATH MOBEJICHUE AUCTIEPCHBIX OKCHJIOB.

HaunGonpmmit MIPAKTUYECKUH HUHTEpeC MPEICTaBIISAET
LEeHTpallbHass 4acTb Trpaduka, TAe NpsIMOHW JMHHMEH depes
JUarpaMMy HpPOXOJHUT JIMHHUS, XapaKTepu3ymollas Maccy OKCHaa
urTpus cucreme. Vcenenyemas da3a mout He B3aMMOJAEHCTBYET €
KOMITOHEHTAMH CILJIaBa, HE IUCCOLMUPYET M HE TNPETEPIEBAET
AUTOTPONINYECKUX TIPEBPAICHUIT

vee
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Puc. 3. Pesyrvmamel MoOeIuposanus pasHoOBECHbIX PA306bIX COCMABOS
Memainia ¢ 006asKol OKCUOA UMMPUs 8 3ABUCUMOCIIL O MEMNEPAMYpbl
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Ha pucynkax 4a u 40 npencraBieHbl pe3yiabTaThl pacyéra
MOJENH HEepaBHOBECHOW Kpucraumsammu (monenu Illeiina-
I'ynnuBepa) s UCXOIHOTO paciuiaBa 0e3 100aBOK OKCHAA UTTPUS
U C HHUM OSTaJOHHBIM CcOCTaBOM. JIMHHA, COOTBETCTBYIOIIAS
omnpenenéHHoi (ase, B MeCTe IepecedeHus] C OChI0 TEMIIEPATYpBHI,
OTMeYaeT TOUKy Hayayla KpUCTALIH3AIHH (a3l
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Puc. 4. Pesynomampi MOOeIUpoBaAHUs HEPABHOBECHOU KPUCTATIUSAYUU
¢azosoco cocmasa cmanu mapxu 12X18HI10T 6 3aeucumocmu om
memnepamypuwl (modenv Lletina-I'yiiusepa): a- ucxoonozo pacniasa; 6 -
Memanna ¢ 006askoll okcuda ummpus 6 konuvecmee 1 ep na 100 ep

CpaBHHTEIBHBII aHAIN3 PUCYHKOB 4a U 40 M03BONSET CHoeaTh
BBIBOJI, YTO OKCHJ HUTTpHs INPUCYTCTBYeT B paciljiaBe B BHIE
KpucTaimueckoii ¢assl. [Ipu aToM yBenuumBaer conepxanue o-Fe
(OIIK ¢a3br) B CpaBHEHHH ¢ MOJENBIO LIS paciiiaBa 0e3 MpUCaIKU
OKCHJIa UTTpPHSL.

AHanmm3 JaHHBIX MOJENHPOBAHMS MOKa3al, 4TO B MpoIecce
TIOTY4eHUS METaJUIOMaTPUIHBIX MaTepHaiIoB METOJI0M
LEHTPOOEKHOTO JIUThSI HE IPOMCXOIMT B3aUMOJEHCTBHS OKCHAA
UTTPHS C METAUIMYECKUM PacIUIaBOM. Y CTaHOBJIEHA JHCCOLUALUU
COEIMHEHUH NPU YCIOBHUAX pacCMaTpUBaeMBIX IpolieccoB. 13 uero
MOXHO cJieflaTh 3aKIIOYeHHE O IIeJIecO00pa3sHOCTH IPOBEICHUS
JKCIIEPUMEHTOB IO TIOJYYEHHIO OTIIMBOK LIEHTPOOSIKHOTO JIUTHCS C
MIPUMEHEHHEM OKCHJA UTTPHS KaK YHPOYHSIOmEeH (asbl ¢ Ienbio
BO3MO>KHOTO TIOBBIIIECHHS PaANAlIOHHON CTOHKOCTH.

4. Dxcnepumenm u 00cyrHcoeHue pe3yiomamos

B kagecTBe XMAKOTO METAJUIMYECKOTO PACIIIAB HCIIOIb30BaHA
AIS| 304. JlanHas mMapka CTajlM MMEeT IIMPOKO MUCHOJIb3YeTCs UL
MPOU3BOJCTBA JAeTaneld aToOMHOW mpoMmbliuieHHOCTH. Coaepikanue
B Heil Hukenda 9 — 11 % gomkHO 00€CIEYUTHL CMAYMBAEMOCTD
YIPOUHSIOUIMX YaCTHI] XKUAKOH (a3oil U co3gaHue yHPOUHSIOIIETO
CIIOSI.

JInst omydeHusl MapTHU OMBITHBIX 0OPasI[OB HMCHONB30BANach
neyp COJIT-001-40/12-T, pasnvBKa OCYLIECTBISUIACH B MAIIUHY
LHeHTPOOEeXKHOro  JHUTh. CKOpOCTh  BpamICHUS  H3JI0XKHUIBI
cocraBisuia 650  00/mMuH.  BpIMycK  JKHMAKOTO  paciuiaBa
NPOM3BOAMICS B MpeABapuTeNbHO mporperyio  go 600 °C
U3NI0XKHUILY. MHXKEKIMOHHAs Mojaya 4YacTHIl Ha CTPYI0 MeTaia
OCYIIECTBIISIACh BECh MEPHOJ pa3iuBKU. B Xome skcmepumeHTa
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MOTy4YEHO TPH TOJIBIX 3arOTOBKH C YAOBIETBOPSIOIIUM KaueCTBOM
MIOBEPXHOCTH. 3arOTOBKH MUMENH BHEIIHUH quaMeTp 156 MM, 1y
180 MM, a TommmHa cTeHKH coctaBisiia 30 MM. 3arOTOBKH HMMEIH
yIIOBIETBOPUTENIBLHOE KaueCcTBO MOBEpXHOCTH. IlepBast 3aroToBka
noxy4yeHa 6e3 BBeICHHS JUCIIEPCHBIX YacTHL. KoiandecTBo gacTHIil
BO BTOpBIX 3arotoBkax cocrtaBisuio 30 r. (O6pazer; Nel) u 39 r.
(O6pazer; Ne2). TTociie mosydeHuUs 3aroTOBOK, OTOUPAITUCH 0OPa3Ilbl
TJISL ICCIIEOBAHUMH.

JI1st OTNMBOK IEHTPOOEIKHOTO JIUThS, JAHHOE JIUThE OTINYACTCS
BBIP@XEHHON NOCIOMHOW KpUCTAIIM3allMed B HANpaBIEHUHU OT
BHEITHE CTOPOHBI OTJIMBKH K LIEHTPAIBbHON (BHYTPCHHEH) YacTH.
OTIUBKM IUIOTHBIE 0€3 mMop, TPemMH M KaKkux-mubo APYrux
nedeKToB ycaJlouHOro Xapakrepa. MUKpOCTPYKTypa HUCCIETyEMBIX
OTJIMBOK TIPEICTaBiIeHa JUTHIMH JEHAPUTHBIMH KpHCTaJUIaMA
ansda-Fe. Poct KpuCTaIUIOB MMeeT YeTKyl0 HaNpaBICHHOCTH B
HEHTp ONIMBKHA. TpaBleHHE BBUIBIIO  BHYTPEACHIPUTHYIO
JUKBAIMIO, YTO SBISIETCS JIOTHYHBIM CIEJCTBHEM CIIOXKHOTO
XMMHYECKOTO COCTaBa METAIINYECKOH (a3bl.

VYV  moiydeHHBIX 00pa3sLOB HU3MEpANach MHKPOTBEPIOCTb.
M3mepennss mpoBOAWIMCH OT BHEIIHEH K BHYTpEHHEH obmactu
copmupoBaBIIeiics 3aroToBku. [lokasarenu TBEpAOCTH 3aTOTOBKH
BBeneHneM Y,03 B konmuectBe 30 I'. CHUSHINCH OTHOCHTEIHEHO
JTaJOHA, B CBOIO OYepe]b 3arOTOBKA, IOJy4eHHas ¢ BBeJeHueM 39
I. UMeeT Oojiee BBICOKHE 3Ha4eHHs TBepAOCTH. CTOUT OTMETHTh,
YTO 00€ 3aroTOBKH yrpouHeHHbIe Y03 UMEIOT MEHBIINH IrpaIieHT
JAHHOTO MOKa3aTens. JTO CBUACTENBCTBYET O TOM, YTO YaCTHIBI
BBICTYIIMIIH B POJIM MUKPOXOJIOAUIFHUKOB, IAHHBIN (DakTOp MOBIIEK
3a co0ol M3MeNnbUeHNE CTPYKTYpHI. Pe3ynbTarsl mpeacTaBiIeHsl Ha
pucyHke 5. CHHUMH JHHHUEH TpecTaBIeHbI TIOKa3aTeH TBEPIOCTH
STAJOHHOTO 00pa3sia, OpaH)KeBHIMU IIOKa3aTelnu o0pasoB ¢
BBEJICHUEM YIPOUHSIONINX JaCTHUII.
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IpoBeneHHbIe MeTaLTOrpaQHIECKHE MCCICIOBAHUs MMOKa3alIH,
YTO HEMeTalnM4eckas (aza aKTHBHO MPEICTABICHA HHUTPHUAAMH
tutana (Pucynok 6a). Tak ke B CTpYKType HaOIIOJal0TCS HUTPHU/IBI
amoMuHus W KapOouuTpuasl TuTaHa (Pucynok 66). Hammuue
JAHHOTO BHJa BKJIIOYCHHH TaKKe IOITBEPKIAIOT HCCICIOBAHUS

MPOBEJCHHBIC HA OJICKTPOHHOM MHKPOCKOIC (PHCYHOK 7).
IIpencraBieHbl  CIEKTpOrpaMMBl  HEMETAUIMYECKOH  (as3pl  Imo
ONPEJCICHHBIM  XUMHUUYECKHM  JJIEMEHTaM. OOHapyXeHBI

JIOKaJIM30BaHHbIC BKIIIOUYEHHMS Ha OCHOBE Y. XMMHYECKHI COCTaB
BBISIBJICHHBIX BKJTIOUEHHH [Ipe/ICTaBlIeH B Tabnuie 1.

pm

6)
Puc. 6. Qomoepaguu Mukpocmpykmyp: a — Humpuosbl mumanua, 6 -
HUMPUObL ATIOMUHUS U KAPOOHUMPUObL MUMAHA
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300 mxm

43
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6) § 300 kM

Puc. 7. Muxpocmpyxkmypa 0bpasyos, yeenuuenue x65: a - ¢ esedenuem 30 2
Y203 6 - ¢ 6sedenuem 39 &

C yd4eroM TEPMOIUHAMHUYCCKOW CTAOMIBHOCTH COCIAUHCHUS
Y,03, MOXXHO TIPEAIONIOKUTH, YTO JAHHBIA BHJ] BKIFOUCHUN U €CTh
BBOJHMMBIC TYrOIUIaBKHE AWCIepcHble dacTuibl Y,0;. BBoanumbie
OKCHIBI BBICTYNIJIM B KaueCTBE IMOAJOXKKH Ul KPUCTAILTH3ALIIH

ATFOMOCHJIMKATHBIX M HUTPUAHBIX  BKIIFOYEHHH, 00pa3oBaB
CIUTONIHBIE KEPAMHUYECKHIE BKITIOUCHHSL.
Tabinmna 1 — X¥MHYeCKHii COCTaB BKIIFOUEHMIM
Al Si Ti Cr | Mn | Fe Ni [Cu| Y |W
1.43|0.89|4.00|16.25|0.64 | 60.15|9.10 | 0.13 | 7.33 |0.08

BoiBox: OnenuBas BiausiHue BBeAeHus Y03 Ha CTpyKTypy
ormuBku AISI 304 MOXHO caenath CICIyIONIME BBIBOJBL
TexHoJOrMUeckn BO3MOXKHO ycBoeHHe Y,0O3 MpH LEHTPOOSKHOM
JUThE 3aroToBoK. OJHAKO TepMOJMHAMHYECKas CTaOUIBHOCTh
Y,0; He BbB3Basa W3MEHEHHs (Ha30BOTO COCTOSHHS pacIijiaBa.
Hcxons u3 MOMyYeHHBIX Pe3y/IbTaTOB, MOXKHO IMPEANONararh, 4To
Goutee 11e1eco00pa3HbIM SIBISICTCS BBEICHUE OKCH/IA UTTPUS B CTAIN
tuna AISI 304 umeromuMu GONBIIYIO KOHIEHTPALMIO HHUKENsS B
cocrase.

Hannoe ucciedosanue gunancuposanocy Komumemom nayxku
Munucmepcmea nayku u  gvicue2o obpazosanus PecnyOnuku
Kazaxcman (Tpanm Ne AP23485709).
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Abstract: In this paper are presented isentropic analysis results of a steam turbine, their cylinders and cylinder parts which nominal power
is equal to 250 MW. The analyzed steam turbine is a complex three-cylinder turbine which operates in a CCPP (Combined Cycle Power
Plant). Considering all cylinders, the dominant mechanical power producer in the observed turbine is LPC (Low Pressure Cylinder) which
produces 111.80 MW of mechanical power in real (polytropic) steam expansion process (almost half of the real mechanical power produced
in the whole turbine). Developed mechanical power in turbine cylinders and isentropic losses are directly proportional — higher produced
mechanical power will result in higher isentropic losses and vice versa. Whole analyzed steam turbine, their cylinders and cylinder parts
show very good isentropic performance and high isentropic efficiencies of around 90%. The isentropic performance of the whole analyzed
steam turbine, their cylinders and cylinder parts is in the range of the steam turbines (and their cylinders) from supercritical and ultra-
supercritical power plants which are proven to be the best steam turbines from isentropic point of view.

KEYWORDS: THERMODYNAMIC (ISENTROPIC) EVALUATION, THREE-CYLINDER STEAM TURBINE, CCPP (COMBINED CYCLE
POWER PLANT)

1. Introduction Steam Generator (HRSG). HRSG uses heat contained in
o ] . ) combustion gases from the gas turbine for producing steam at
The majority of electrical power worldwide today is produced by several pressure levels. Produced steam in HRSG is delivered to
steam turbines [1, 2]. Steam turbines can operate in various kinds of each steam turbine cylinder by using complex pipeline network.
power plants: conventional, nuclear, cogeneration, marine, etc. [3-  The nominal power of this steam turbine is equal to 250 MW [23].
7]. Steam turbines are also constitutive components of the combined HPC get steam of the highest possible pressure and temperature
cycle power plants where steam is produced by using combustion  from High Pressure SuperHeater (HPSH). The steam expands
gases from gas turbine [8, 9]. Heat utilization in combined cycle  through HPC after which is returned back to HRSG and passes
power plants, along with mechanical power production in both gas  through ReHeater (RH). RH increases steam temperature before its
and steam turbines, results in very high plant efficiency [10]. expansion in IPC. In RH, additional intermediate pressure steam
Steam turbines are usually composed of several cylinders  mass flow rate is added from Intermediate Pressure SuperHeater
connected to the same shaft which drives an electric generator [11, (IPSH) and cumulative steam mass flow rate from RH expands
12]. However, in many power plants and systems can be found low  through IPC. After IPC, steam is not returned back to HRSG, but a
power steam turbines composed of one cylinder only [13, 14]. One  certain mass flow rate of low pressure steam is added from Low
cylinder steam turbines are usually auxiliary steam turbines which Pressure SuperHeater (LPSH) — operating point 5, Fig. 1, before
can be used for the drive of various mechanical power consumers expansion in LPC. Cumulative low pressure steam mass flow rate
[15]. Each turbine cylinder is dominantly composed of several — expands through LPC which is a symmetrical dual flow cylinder
turbine stages [16], but exceptions can be found in, for example,  (HPC and IPC are single flow cylinders). In dual flow cylinders
marine steam power plants where one-cylinder one stage steam  cymulative steam mass flow rate at the cylinder inlet (operating
turbine (Curtis stage) is used for the main feedwater pump drive  point 6, Fig. 1) is divided into two identical parts — the first part of
[17]. ) ) ] inlet steam mass flow rate expands through left cylinder part (LPC-
Steam turbine cylinders can be single flow and dual flow ) while the second part of inlet steam mass flow rate expands
cylinders, while dual flow cylinders can be symmetrical and  through right cylinder part (LPC-R). LPC of the analyzed turbine is
dissymmetrical [18]. In a single flow cylinder, steam expands inone  a1s0 a symmetrical cylinder because both LPC parts (left and right)
direction from the inlet until the Outlet, while in dual flow Cylinders are identical with identical steam Operating parameters at the inlet
steam enters in the cylinder and simultaneously expands in two  and outlet. After expansion through both LPC parts, steam mass
opposite directions. Symmetrical dual flow steam turbine cylinder flow rate from each LPC part is delivered to the deaerating
has identical left and right part, while dissymmetrical cylinder did condenser for condensation. The analyzed steam turbine
not have identical both its parts (left and right parts) [19-21]. arrangement is identical to many steam turbines from various
In this paper is analyzed one complex steam turbine composed of  conventional steam power plants [24]. This steam turbine
three cylinders which operates in CCPP (Combined Cycle Power  arrangement, among other benefits, ensures the best possible steam
Plant) and has a nominal power equal to 250 MW. Two cylinders of  axial force self-balancing [25].
the observed turbine are single flow, while one cylinder is a

symmetrical dual flow cylinder. The whole turbine is used for the Combustion

electric generator drive. It is very interesting that analyzed steam gases inlet HRSG

turbine, their cylinders and cylinder parts show very high isentropic

performance, comparable to the turbines (and their cylinders) from [ul'_?ﬂ»;; i RE 1 1PSH ['LFEH". ] EZ?:?EETI:?
supercritical and ultra-supercritical steam power plants which are === 1" ¥

proven to be the best from isentropic point of view. 5

2. Description and characteristics of the analyzed
turbine and their cylinders

As presented in Fig. 1, the turbine is composed of three cylinders
— High Pressure Cylinder (HPC), Intermediate Pressure Cylinder
(IPC) and Low Pressure Cylinder (LPC). All cylinders are
connected to the same shaft which drives an electric generator (EG).
Neither one cylinder from the observed turbine did not possess
steam extraction [22], therefore the entire produced steam mass
flow rate is used for mechanical power production only. Also, all
cylinders get a steam mass flow rate produced in the Heat Recovery

[ Deaerating condenser ]

Fig. 1. General scheme and operating points required for the
isentropic analysis of the whole turbine and their cylinders
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Real (polytropic) and ideal (isentropic) steam expansion
processes through each cylinder of the observed steam turbine are
presented in specific enthalpy/specific entropy (h/s) diagram in Fig.
2.

In real (polytropic) steam expansion process through each
cylinder is visible increase in steam specific entropy which is
related to losses during expansion. Operating point’s for real
(polytropic) steam expansion process in each cylinder of the
observed turbine are marked in Fig. 2 identically to operating points
from Fig. 1.

Ideal (isentropic) steam expansion process is the best possible
process which can occur in each turbine cylinder, and it did not
consider any losses during the expansion (in ideal steam expansion
process losses are equal to zero). Neglecting all the losses during
expansion results with a fact that in ideal process steam specific
entropy remains constant in each cylinder (and identical as at the
cylinder inlet). Therefore, in ideal (isentropic) steam expansion
process in each cylinder or cylinder part steam pressures and mass
flow rates remain the same as in real (polytropic) process — the only
difference in comparison to real process is retaining always the
same steam specific entropy. In ideal expansion will always be
developed the highest possible mechanical power (necessarily
higher than in the real expansion process). Mechanical power
developed in an ideal expansion process through each turbine
cylinder cannot be obtained in real exploitation conditions, but it
can be a guideline for losses reduction [26]. In ideal (isentropic)
steam expansion processes operating points are marked in a same
manner as presented in Fig. 1, but with the addition of index “is”
along with the number.

In Fig. 2, ideal expansion process in HPC is marked with
operating points 1 and 2is, in the IPC ideal process is marked with
operating points 3 and 4is, while in each part of the LPC ideal steam
expansion process occur between operating points 6 and 7is or
between operating points 6 and 8is.

As noted before, LPC is composed of two identical parts with
identical steam operating parameters — so Steam expansion
processes through both LPC parts (LPC-L and LPC-R) are identical.

Specific enthalpy (kJ/kg)

———__Saturation Jipe

| Tis = 8is

Specific entropy (kJ/kg-K)

Fig. 2. Specific enthalpy/specific entropy diagram of steam
expansion process (both ideal and real) through all three steam
turbine cylinders

3. Isentropic analysis equations

Isentropic analysis is based on a comparison of ideal (isentropic)
and real (polytropic) steam expansion processes. The essential
element of comparison is produced ideal and real mechanical power
in each cylinder, cylinder part and whole observed turbine [27].
Isentropic analysis equations presented in this paper part are based
on the recommendations from available literature [28-30]. Also, it
should be highlighted that isentropic analysis is a “black box”
method because it did not require knowledge of the internal
structure of any cylinder or cylinder part [31]. Markings in the
following equations will be related to operating points from Fig. 1
and Fig. 2.

Real (polytropic) mechanical power of each cylinder, cylinder
part and whole turbine is calculated according to the equations:

Pre,HPC =my - (hy — hy),

)
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Pre,lPC =13 - (hz — hy), 2

: 3
Prepc-L = Pretpc—r = % (he — h7), where h; = hg, @)
Pre whole LPc = Pre,tpc—L + Pre,tpc—R = 2 * Pre,Lpc L (4)
Pre,Whole Turbine = fre HPC + Pre,IPC + Pre,Whole LPC - (5)

Ideal (isentropic) mechanical power of each cylinder, cylinder
part and whole turbine is calculated according to the equations:

Pig upc =y (hy — hyis), (6)

Pigipc = mM3 * (h3 — hyis), (7

Piapc -1 = Pia,Lec - = % (he — hyis), where @)

h7is = hgis,

Pig whole Lpc = Pia,Lrc-L + Pia,tpc—r = 2 Pia,Lpc-L, ©)

Pid whole Turbine = Pia,upc + Pid,ipc + Pid whole LPC - (10)
Isentropic loss is calculated according to the equation:

IS1oss @) = Pid,@) — Pre,i)» (12)
while isentropic efficiency is:

s, @) = I;d—ii (12)

In Eq. 11 and Eq. 12 i is the index related to any cylinder,
cylinder part and whole turbine (i = HPC; IPC; LPC-L; LPC-R;
Whole LPC; Whole Turbine).

4. Steam operating parameters required for the
isentropic analysis

Steam operating parameters of the real (polytropic) expansion
process in each operating point from Fig. 1 are found in [23] and
presented in Table 1. For the ideal (isentropic) steam expansion
process, operating parameters in each operating point from Fig. 2
are calculated according to the previously described procedure by
using NIST-Refprop 9.0 software [32] and they are presented in
Table 2.

Table 1. Steam operating parameters of the real (polytropic) steam
expansion process

Temp. [Pressure Mass | Specific | Specific _

O.P.* (K) ' (bar) flow rate|enthalpy| entropy [Quality**
(kg/s) | (kJ/Kg) [(kJ/kgK)

1 |838.06] 118.90 | 149.65 | 3521.0 | 6.7067 | Superh.
2 |625.82| 27.89 | 149.65 | 3126.9 | 6.7942 | Superh.
3 [837.74] 23.89 | 166.36 | 3608.0 | 7.5265 | Superh.
4 605.76| 4.60 | 166.36 | 3132.9 | 7.6154 | Superh.
5 |583.28| 4.75 17.95 | 3086.1 | 7.5221 | Superh.
6 [603.55| 4.60 | 184.31 | 3128.3 | 7.6079 | Superh.

7 |324.18| 0.13 92.16 | 2521.7 | 7.8368 0.97

8 [324.18] 0.13 92.16 | 2521.7 | 7.8368 0.97

* 0. P. = Operating Point (in accordance to Fig. 1)
** Quality equal to 1 denotes saturated steam, while quality equal to
0 denotes water

Table 2. Steam operating parameters of the ideal (isentropic) steam
expansion process

Pressure| Mass flow Isentropic
O.P.* (bar) | rate (kgls) specific enthalpy
(kJ/kg)
1 118.90 149.65 3521.0
2is 27.89 149.65 3073.2
3 23.89 166.36 3608.0
4is 4.60 166.36 3080.1
6 4.60 184.31 3128.3
7is=8is| 0.13 92.16 24475

* Q. P. = Operating Point (in accordance to Fig. 2)
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5. Isentropic analysis results and discussion

Mechanical power of each cylinder, cylinder part and whole
turbine developed in real (polytropic) and ideal (isentropic) steam
expansion processes is presented in Fig. 3. Due to neglecting all
losses during expansion, mechanical power developed in the ideal
process must always be higher than mechanical power developed in
the real process, what can clearly be seen in Fig. 3.

According to the results presented in Fig. 3, considering all
cylinders, the dominant mechanical power producer in the observed
turbine is LPC which produces 111.80 MW of mechanical power in
real (polytropic) steam expansion process. HPC is the cylinder
which produces the lowest mechanical power (both ideal and real).
Fig. 3 also confirms that LPC is a symmetrical cylinder because
both of its parts (LPC-L and LPC-R) develop identical mechanical
power equal to 55.90 MW in real and 62.74 MW in the ideal
expansion process.

Whole observed steam turbine produces mechanical power equal
to 249.82 MW in real (polytropic) steam expansion process what
means that steam operating parameters presented in Table 1 are
nominal load parameters. In ideal (isentropic) steam expansion
process whole turbine can produce mechanical power equal to
280.31 MW what can be used as a guideline for the improvements
and losses reduction.

300

280.31— »
250 +

200 +

150 +

100 +
111.80

Mechanical power (MW)

50 +

55.90

55.90

LPC-L LPC-R Whole LPC  Whole Turbine

Fig. 3. Mechanical power (real and ideal) of each cylinder and
whole observed turbine

Isentropic losses of each cylinder, cylinder part and whole
analyzed turbine are presented in Fig. 4.

Comparison of Fig. 3 and Fig. 4 related to the turbine cylinders
shows that developed mechanical power (both ideal and real) and
isentropic losses are directly proportional — higher produced
mechanical power will result in higher isentropic losses and vice
versa. Therefore, the highest isentropic loss of all cylinders can be
seen in LPC (equal to 13.68 MW), while the lowest isentropic loss
of all cylinders has HPC (equal to 8.04 MW).

Whole observed steam turbine has isentropic loss equal to 30.50
MW. Any reducing the whole turbine isentropic loss will result with
an increase in produced mechanical power and overall efficiency.

35

30.50
30

25+
20 +

13.68

Isentropic loss (MW)

6.84

1

LPC-R

6.84

HPC LPC-L Whole LPC - Whole Turbine

Fig. 4. Isentropic loss of each cylinder and whole observed turbine

Isentropic efficiency of each cylinder, cylinder part and whole
observed turbine can clearly be seen in Fig. 5.

From Fig. 5 can easily be concluded that whole observed steam
turbine, their cylinders and cylinder parts show very good isentropic
performance and high isentropic efficiencies of around 90%.
Observation of all cylinders leads to conclusion that HPC has the
lowest isentropic efficiency (equal to 88.01%), while IPC has the
highest isentropic efficiency (equal to 90.00%). Whole LPC as well
as both of its parts (LPC-L and LPC-R) have identical isentropic
efficiencies equal to 89.10%. The highest isentropic efficiency of
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IPC can be explained with optimal operating conditions in which
this cylinder operates. IPC is not influenced with a steam of the
highest pressure and temperature in the plant (as HPC) and,
simultaneously, what can clearly be seen in Fig. 2, neither one IPC
stage did not operate by using wet steam as LPC (wet steam
contains water droplets which increases losses). Therefore, as
concluded for many other similar steam turbines, IPC performance
is in the most of the cases better than the performance of any other
cylinder inside the same steam turbine [33]. Whole observed steam
turbine has a very high isentropic efficiency equal to 89.12%.

In comparison to isentropic efficiencies (for each cylinder and
whole turbine) of various similar steam turbines from other power
plants which can be found in the literature [34], it can be concluded
that analyzed steam turbine and their cylinders have very high
isentropic efficiencies. In the literature can be found that steam
turbines from supercritical and ultra-supercritical steam power
plants shows the best performance and the highest efficiencies (for
each cylinder and whole turbine) [34]. It should be highlighted that
an isentropic performance of the whole steam turbine and their
cylinders analyzed in this paper is in the range of the steam turbines
(and their cylinders) from supercritical and ultra-supercritical power
plants.
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Fig. 5. Isentropic efficiency of each cylinder and whole observed
turbine

Further analysis and possible optimization of the observed steam
turbine will be based on the results obtained in this analysis. For
that purpose, many conventional and artificial intelligence [35, 36]
methods and processes can and will be used.

6. Conclusions

This paper presents isentropic analysis results of the complex
three-cylinder steam turbine which operates in a CCPP. The
nominal power of the observed steam turbine is equal to 250 MW,
while entire steam mass flow rate used in the observed turbine is
produced in HRSG which uses combustion gases from the gas
turbine. The most important conclusions of the performed analysis
are:

- The dominant mechanical power producer in the observed turbine
is LPC which produces 111.80 MW of mechanical power in real
(polytropic) steam expansion process. Real mechanical power
produced in the LPC represents almost half of cumulative produced
real mechanical power in the whole turbine.

- Developed mechanical power in turbine cylinders and isentropic
losses are directly proportional — higher produced mechanical
power will result in higher isentropic losses and vice versa.

- Whole observed steam turbine has isentropic loss equal to 30.50
MW. Any reducing the whole turbine isentropic loss will result with
an increase in produced mechanical power and overall efficiency.

- Whole observed steam turbine, their cylinders and cylinder parts
show very good isentropic performance and high isentropic
efficiencies of around 90%.

- IPC of all cylinders has the highest isentropic efficiency (equal to
90.00%). The highest isentropic efficiency of IPC can be explained
with optimal operating conditions in which this cylinder operates.
IPC is not influenced with a steam of the highest pressure and
temperature in the plant (as HPC) and, simultaneously, neither one
IPC stage did not operate by using wet steam as LPC (wet steam
contains water droplets which increases losses).

- It should be highlighted that an isentropic performance of the
whole analyzed steam turbine and their cylinders is in the range of
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the steam turbines (and their cylinders) from supercritical and ultra-
supercritical power plants which are proven to be the best turbines
from isentropic point of view.
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Abstract: Obtained experimental self-cleaning coatings (based on compositions with the participation of Sm,05), applied by the sol-gel
method on glass slides. This study attempts to improve the overall efficiency of a photovoltaic solar panel by using a Sm,0; doped ZrO,
(SDZ)-based coating. The optical characterization and phase composition of the obtained experimental samples were investigated using UV-
VIS-NIR, XRD and XRF methods. The coatings are nanocrystalline according to XRD and XRF analyzes and show transmittance close to
that of pure glass when tested with a UV-VIS-NIR spectrophotometer The experimental results represent a prerequisite for the development
of a series of additional compositions and a detailed technological regime for obtaining various madifications of resistant, long-lasting self-

cleaning coatings, potentially applicable to photovoltaic panels.
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1. Introduction

Zirconium oxide is one of the most well studied transition-
metal oxides with promising applications in the development of
innovative materials, products with high operational reliability and
components for high-tech devices [1-7].

Zirconium oxide thin films are characterized by the
presence of a significant variety of functional properties [8-27]:
high hardness, excellent mechanical properties, high melting point,
corrosion resistance, low electrical conductivity, high dielectric
constant, high refractive index, high transparency in the visible and
near-infrared regions, large optical band gap, high laser-induced
damage threshold, low optical loss, good thermal properties,
chemical inertness, biocompatibility, good thermodynamic stability
in contact with silicon, etc.

Due to their characteristics, various thin films obtained on
the basis of ZrO, find application as wear resistance coatings,
corrosion protective layers, thermal barriers [28], as well as in the
production of various electronic components, biocompatible
implants and a number of other products.

At the same time, due to their unique optical properties, thin
films of ZrO, have significant potential for use in the field of optics
and opto-electronics [15,19,29-31] for the development of
broadband interference filters, selective reflection coatings, active
electro-optical devices, including light emitting diodes, oxygen
sensors, high power laser, passive and active waveguides, buffer
layers in micro-electronic devices, scintillators, etc.

The operational properties of thin films are determined by
their phase composition and structure, which depend on the
components used, the presence of modifiers and the applied
technological methods for coating deposition.

There are many different techniques for deposition thin
films [3,15-19,29-38], such as chemical vapor deposition (CVD),
physical vapour deposition (PVD), electrochemical deposition,
hydrothermal processing, electron beam evaporation, magnetron
sputtering, spray pyrolysis,  plasma spraying, pulsed laser
deposition, atomic layer deposition, liquid phase deposition method,
ion-beam aid deposition and sol-gel method, etc.

Among them the sol-gel method [3,16,32-34,37] provides a
number of significant technological advantages such as relatively
low processing temperatures, high optical quality of the obtained
coatings, capability of coating large surface areas, simplicity and
comparative low cost, etc. In order to regulate the solvent
evaporation rate, the formation of various cracks and crystal defects
and to suppress of the process of the grains growth and unfavorable
aggregation, appropriate low-volatility organic compounds are
introduced to the used sol-gel precursors: polyvinyl alcohol,
polyethylene  glycol, hydroxypropyl cellulose, polyvinyl-
pyrrolidone [19]. In addition, this technique is suitable to
preparation almost any homogeneous and uniform single- or multi-
component oxide coatings (ZrO,, SiO,, etc.) prepared by spin and
dip coating method [31].
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The ion Zr* does not exhibit pronounced
photoluminescence properties, but this can be significantly affected
by the formed local defects [20]. In most cases they represent
oxygen vacancies, various types of impurities, free radicals, etc.,
which favor broad band PL emission [20].

The sol-gel deposition method is known to provokes the
formation of large number of surface defects (for example-oxygen /
Zr vacancies or interstitials) in the thin ZrO, coatings, which
improves their photoluminescence characteristics [19].

Another technological method to activate the PL emission is
incorporation of appropriate luminescent agents (including
lanthanide ions and others) into the host lattice of ZrO, [20]. The
existing low-phonon energy of ZrO, creates the possibility for the
implementation of more efficient luminescence from the
incorporated activator ions. The considered effect is determined by
the fact that the lower the phonon energy of the specific host, the
higher the probability of performing a radiative transitions of the
introduced rare earth 3+ ions [20].

In this aspect, a current technological interest is the study of
the characteristics of modified Sm-doped ZrO, experimental
samples and the possibilities for obtaining thin films of Sm,0s.

Samarium-doped zirconia samples were prepared using two
different technological approaches. By applying atomic layer
deposition, thin crystalline films (doped by using ion implantation)
with a predominantly monoclinic structure were prepared. While by
skull-melting method, bulk polycrystalline experimental samples
with presence of monoclinic and tetragonal phases of ZrO, were
obtained [35]. Photoluminescence measurements of Sm emission in
the prepared samples were performed by using pulsed laser
excitation at 405, 320 and 230 nm. The obtained spectra may be
interpreted as superpositions of two different sets of lines
attributable to the presence of Sm** centers in different phases of
ZrO,. The research of the fine structure in the observed
luminescence spectra of Sm** ions in the experimental sample
showed the existence of at minimum two different luminescence
centers related to monoclinic and tetragonal phases of ZrO, [35].
Excitation at 405 nm provokes the direct excitation of Sm*,
whereas the excitation at 230 nm is interpreted as host-sensitized
excitation.

A samarium doped polycrystalline ZrO, experimental
sample was studied for its phase composition and optical
characteristics. From micro-Raman measurements performed the
presence of tetragonal as well as monoclinic phase was confirmed
[36]. The obtained emission spectrum of Sm** suggest a significant
changes under excitation near the spectral region of fundamental
absorption. Combined excitation-emission spectroscopy
measurements shows three different sites for the used dopant ions
to be present in the experimental sample [36].

Innovative thin films of zirconia oxide ZrO, and samarium
oxide Sm,03; on glass substrates have been obtained by applying
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sol-gel technology and using dip coating method [37]. Excitation
and emission spectra of ZrO2 films consists of broad bands with
maximum values of 318 and 365 nm. The photoluminescence
measurements performed of the deposited Sm,0; thin films reveals
that can be efficiently excited with 700 nm and consist of emission
bands centered at 567, 603, 639 and 707 nm, consistent with
characteristic Sm** transitions [37]. The established values of the
chromaticity coordinate points of the prepared Sm,0; and ZrO, thin
films are located in the orange and blue region. The obtained Sm,0;
thin films is characterized by a high color purity of 96% [37].

Samarium oxide Sm,0; thin coatings were deposited on
silicon substrates by using pulsed laser deposition method at a
temperature range of 25, 200, 400 and 680°C [38]. The performed
XRD analysis shows that the structure of Sm,0O; coating obtained at
25°C is amorphous, while the coating prepared at 200°C is a
partially crystallized. Monoclinic structure was the established
predominant phase for Sm,O; coatings obtained at temperatures of
400°C and 680°C [38]. The polycrystalline Sm,05 coating prepared
at 680°C is very dense, while coatings obtained at lower
temperatures (25, 200 and 400°C) have higher porosity. The
established values of index of refraction n and extinction coefficient
k (at A=633 nm) are 1.867 and 0.0660 for the coating prepared at
680°C and are in a range of 1.5~1.6 and 0.01~0.04 respectively for
films deposited at lower temperatures [38].

2. Experimental procedures

All of the chemicals were utilized exactly as they were
supplied, in analytical grades. AGC Glass Europe chemicals were
used for thin film coatings. Alfa Aesar Germany supplied the 99.9%
ethanol C2H50H), ZrOCI2.8H20, and Sm203. Nitric acid (HNO3)
is used as a stabilizer. Getting the glass substrate ready. The slides
were trimmed to size (20 mm x 70 mm x 2 mm) before to cleaning.
In order to clean and remove submicron particles from the substrate
surface, substrate cleaning is crucial before the deposition process.
The quality of the sticky film on the base is determined by this.
After being cleaned or washed for 15 minutes in 99.9% ethyl
alcohol and 15 minutes in acetone, the glass substrates were dried at
60°C for 10 minutes. Cleaning the glass substrates helps the coating
material stick to the substrate better and keeps the coating from
being contaminated. The production technology is presented in the
scheme. They wused sol-gel technology. After dissolving
ZrOCI2.8H20 in H20 and pure alcohol, a 0.01-0.02 molar solution
was produced. Sm203 was added 30 minutes later. It was
vigorously stirred while Sm203 was added gradually. The ratio was
6.5 weight percent Sm203 to 93.5 weight percent ZrO2. Nitric acid
was added or agitated during the hydrolysis process until the
solution turned clear, meaning it had been fully dissolved. The glass
sample was coated with the resultant solution using the Dip Coating
technique. The substrates were immersed in the prepared solutions
for 30 s and then pulled out at a speed of 0.8 mm.s-1 and dried to
evaporate the organic solvents - the glass substrates were dried at
120°C for 30 minutesThe coating procedure was repeated three
times. After that, the sample was treated at 420°C.

3. Results and Discussion

The samples were examined using a Philips X-ray
diffractometer PW 1030, with an X-ray source of Cu Ka radiation
(A = 1.5406 A) and 6—20 Bragg-Brentano geometry. The scan step
size was 0.025°, 10 s in the range 25-65° 26.The diffractograms
were analysed using the PDF-2 2022 database.

The thickness of the layer and its elemental composition
were measured using energy-dispersive X-ray fluorescence
spectrometry (EDXRF) with an EPSILON 1 spectrometer
(PANalytical, Malvern, UK).The Omnian and Stratos software
modules were used for quantitative and layer thickness analysis
respectively.

The size of the crystallites is calculated according to the
Scherrer formula:
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Schematics of the process of obtaining a thin film of sol gel with
ZrO, and Sm,04
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0- Bragg angle (degrees) - 26/2 /Bragg angle/

B - line broadening FWMH (20), /Line broadening/ must
be of dimension radians (rad=26*r/180)

Figures 1-3 present the results of XRD and XRF analyses of
the surface of the glass samples. The SDZ3 /Figure 1/ layer is
thinner and amorphous. X-ray diffraction (XRD) analysis confirmed
the presence of zirconium and samarium oxides. The distinct peak
at 31.91° 20 in the diffractogram of sample SDZ5 /Figure
3/corresponds to the (120) plane of orthorhombic ZrO, [ref. code:
00-049-1746]. A broad, lower-intensity peak at 31.12° 20 suggests
the crystallization of an additional phase on the surface. Weaker
reflections at 34.92°, 50.21°, and 59.67° 26 correspond to the (111),
(200), (220), and (311) planes of cubic ZrO, [ref. code: 00-089-
9069]. The broadening of the main peak at 31.12° 20 (111) indicates
the fine-grained nature of the coating, but it could also be related to
the formation of monoclinic Sm, Oz , whose peaks overlap with
those of ZrO, . The diffractogram of SDZ4 /Figure 2/ shows the
formation of a cubic ZrO, layer, with samarium possibly present
either as a dopant in the cubic zirconium oxide lattice or as
monoclinic Sm, O3 .
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Figure 1. XRD and XRF analyses of the surface of the coating
on glass/ SDzZ3/
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Figure 3. XRD and XRF analyses of the surface of the coating on
glass/ SDZz.5/

The figures show the percentage composition of ZrO, and
Sm,0; and the thickness of the coating on the modified glass
surfaces. X-ray fluorescence analysis confirms the incorporation of
Zr and Sm ions into the surface, forming a coating with a thickness
of 14 to 22 nm.

The crystallite sizes (t) were calculated using Scherer's
equation: t = kA/Bcos. Here, k is the shape factor (x = 0.9 for
spherical crystals with cubic symmetry); A (in A) is the wavelength;
0 is the diffraction angle of the peak; and B (in radians) is the line
broadening at the full width at half maximum (FWHM) values of
the peaks. The crystallite sizes ranged from 9 to 76 nm for ZrO,
and Sm, O; (Table.1).

Table 1.
Samples 20 hkl t (nm)
31.12 (111) 9
SDZ5
31.91 (120) 76
Sbz4 31.12 (111) 10

Optical characterization was performed with UV-VIS-NIR
Shimadzu 3600 double-beam spectrophotometer (Shimadzu
Corporation, Kyoto, Japan) in the spectral region of 240-1800 nm.
The transmittance spectra of the samples were taken against air. The
reflectance spectra were measured by using the specular reflectance
attachment (5° incidence angle) and Al coated mirror as reference.
On the figures 4,5 present the results of optical characterization.
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Figure 4. The figure shows the transmission and reflection
spectrum of an experimental coating on a glass substrate in the
region 400 - 1800 nm / SDZ.3, SDZ.4 and SDZ. 5/
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Figure 5. The figure shows the transmission and reflection
spectrum of an experimental coating on a glass substrate in the
region 300 - 900 nm / SDZ.3, SDZ.4 and SDZ.5 /

4. Conclusions

This study attempts to improve the overall efficiency of a
photovoltaic solar panel by using a ZrO,-based coating, with
Sm,0s.

1. The coatings are prepared by sol gel method with Dip
Coating.

2.The coatings are dense and nanocrystalline, according to
XRD and XRF analyses.

3. The coatings of SDZ.3, SDZ.4 and SDZ.5 samples show
good transmittance by UV-VIS-NIR spectrophotometer
examination.

The experimental results represent a prerequisite for the
development of a series of additional compositions and a detailed
technological regime for obtaining various modifications of
resistant, long-lasting self-cleaning coatings, potentially applicable
to photovoltaic panels.
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Study of the influence of transition and rare earth oxide coatings on glasses for
photovoltaic panels produced by the sol-gel method. A Review
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Abstract: The efficiency of photovoltaic (PV) systems is significantly influenced by surface contamination, which can reduce light
transmission and energy conversion performance. In this study, self-cleaning nanostructured coatings based on titanium dioxide (TiO, ),
zirconium dioxide (ZrO, ), and their doped and composite variants (with Y, Oz and Eu, O3 ) were synthesized using the sol-gel method
and applied to photovoltaic glass substrates. The coatings were characterized in terms of their optical transmittance, surface morphology
(AFM), wettability (contact angle), and crystallographic properties (XRD). Results indicate that TiO, coatings offer superior
superhydrophilic behavior, while stabilized ZrO, -based composites show excellent transparency, surface homogeneity, and long-term
durability. Eu, Oz -doped coatings exhibit additional luminescent functionalities, potentially useful for photonic enhancement. These
findings highlight the potential of sol-gel coatings in improving PV panel performance via integrated passive cleaning mechanisms and
multifunctional surface engineering.

KEYWORDS: SOL-GEL COATINGS, SELF-CLEANING FILMS, PHOTOVOLTAIC PANELS, TIO2, ZROz, Y203, EU20s,
NANOSTRUCTURES, AFM, UV-VIS-NIR, XRD

1. Introduction antireflective coatings

<} ¥
Photovoltaic (PV) installations reached a global capacity of two M i

terawatts (2 TW) by November 2024, with growth rates and cost |
reductions being remarkably high [1]. In 2022, a major milestone in
renewable energy was reached: photovoltaics (PV) surpassed a ,
global installed capacity of 1 TWdc. However, despite the planar interface
significant growth and decreasing costs over time, PV still accounts

for only a small portion of global electricity production (4 to 5% in . . ) .
2022). Figure 1. Optical concept used in photovoltaics. - In

The number of PV systems installed worldwide has grown antireflective coatings, the strongest antireflective effect is achieved

almost exponentially since 2010, leading to a cumulative installed ~ When the phase shifi A¢ between the rays reflected from the front
photovoltaic capacity of approximately 1.5 terawatt-peak (TWp) by (1) and the back (2) is 7, 37, 5z. . .In addition.

the end of 2023 [2], compared to only 39 GWp installed by the end

of 2010. (1 TWp = 1000 GWp, and Wp refers to the maximum Photovoltaic (PV) systems represent a cornerstone of renewable
power a photovoltaic module can deliver when illuminated with a  energy infrastructure, yet their long-term efficiency is hindered by
standardized solar spectrum AML.5 at a module temperature of  the accumulation of environmental contaminants on glass surfaces.
25°C). These deposits, mainly composed of dust, organic residues, and

In 2023, approximate|y 300 GWp of photov0|taic modules were pOIIutants, reduce ||ght transmittance and deteriorate electrical
installed globally, and this annual installation rate is expected to ~output. Mechanical and automated cleaning systems are either cost-
grow rapidly over the next decade to reach 1-3 TWp per year. inefficient or impractical in remote installations, leading to interest

For a high-efficiency photovoltaic module, light absorption in ~ in passive self-cleaning surface coatings. Sol-gel technology
the absorber layer of solar cells must be maximized. To maximize  €nables the production of nanostructured oxide layers with
absorption, first, reflection losses must be minimized—or  controllable properties, offering both transparency and surface
conversely, the coupling of incident light into the solar cell must be functionality essential for photovoltaic performance enhancement.
maximized. Second, for weakly absorbing semiconductors such as
silicon, absorption must be enhanced. This is the role of anti-
reflective coatings.

Anti-reflective coatings, illustrated in Fig. 1, are applied to the
surface of solar cells and cover the glass of photovoltaic modules to
increase light absorption and its conversion into electricity. They
reduce the reflection from the solar cell, allowing more light to
enter the cell. The coating is designed to have a refractive index
between that of air and the front material of the solar cell or
photovoltaic module. Reflection is minimized when the thickness of
the coating is one-quarter of the wavelength. In that case, the phase
shift between the front and rear reflected rays is A¢ = . [3]

The global rise in PV installations underscores the need to
optimize their performance and longevity. Surface soiling and
optical losses reduce energy output, especially in dusty or industrial
environments. A promising solution lies in applying self-cleaning,
anti-reflective coatings. The sol-gel method allows cost-effective
fabrication of such functional layers with nanoscale control.

The development of self-cleaning materials, especially in
photovoltaic systems, began in the late 20th century as part of a
broader movement to reduce maintenance costs and improve long-
term efficiency in solar installations. Traditional coatings, while
often transparent, lacked hydrophilicity or photocatalytic properties.
TiO2-based films, introduced due to their photoreactive nature and
superhydrophilic behavior, became a benchmark for self-cleaning
surfaces. However, they also showed limitations in phase stability
and wear resistance, especially in harsh outdoor environments. This
has led to exploration of other oxides such as ZrO2, Y203, and
Eu203 that offer structural robustness and multifunctionality when
combined through sol-gel methods.

The sol-gel method offers an economical and flexible approach
for depositing anti-reflective and self-cleaning thin layers on glass
surfaces of photovoltaic panels. Recent experimental research
conducted at the Bulgarian Academy of Sciences focuses on the
development of coatings based on TiO,, ZrO,, Y, O; and
Eu, Oz, applicable under real conditions. However, cleaning
mechanisms vary widely between materials and are highly
dependent on environmental exposure [7 — 19].
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2. Experimental procedures

Thin film coatings were deposited on cleaned AGC glass
substrates using a sol-gel dip-coating technique. Precursor solutions
were prepared by dissolving titanium butoxide (Ti(OBu)4) and
zirconium oxychloride (ZrOCI2-8H20) in ethanol with nitric acid
(HNO3) as a stabilizer. Yttrium nitrate (Y(NOs)3.6H20) and
Eu, O3 were added in controlled proportions to synthesize doped
and composite systems. The solutions were stirred magnetically for
2 hours at room temperature.

The slides were trimmed to size (20 mm x 70 mm x 2 mm)
before to cleaning. In order to clean and remove submicron particles
from the substrate surface, substrate cleaning is crucial before the
deposition process. The quality of the sticky film on the base is
determined by this. After being cleaned or washed for 15 minutes in
99.9% ethyl alcohol and 15 minutes in acetone, the glass substrates
were dried at 60°C for 30 minutes. Cleaning the glass substrates
helps the coating material stick to the substrate better and keeps the
coating from being contaminated. Dip-coating was performed at a
withdrawal rate of 3 mm/s, with a 10-second immersion time. After
each coating cycle, films were dried at 120°C degrees Celsius for 30
minutes. Final curing was carried out in a muffle furnace at 400 —
450°C for 2 hours with controlled temperature ramping (5 °C/min).

Optical characterization was performed with UV-VIS-NIR
Shimadzu 3600 double-beam spectrophotometer (Shimadzu
Corporation, Kyoto, Japan) in the spectral region of 240-1800 nm.
The transmittance spectra of the samples were taken against air. The
reflectance spectra were measured by using the specular reflectance
attachment (5° incidence angle) and Al coated mirror as reference.

AFM imaging was performed on the NanoScope V system
(Bruker Ltd, Germany) operating in tapping mode in air at a room
temperature. We used silicon cantilevers (Tap 300AIl-G, Budget
Sensors, Innovative solutions Ltd. Bulgaria) with 30 nm thick
aluminum reflex coatings. According to the producer’s
specifications the cantilever spring constant and the resonance
frequency are in the range of 1.5 to 15 N/m and 150 + 75 kHz,
respectively. The radius of tip curvature was less than 10 nm. The
scanning rate was set at 1 Hz and the images were taken in highest
possible resolution mode of the AFM, 512 x 512 pixels in JPEG
format. The NanoScope software was used for the section analysis
and roughness of the all images.

This study utilised the DSA 100-Expert (Kriiss GmbH,
Germany) to measure contact angles on glass substrates. Contact
angles were measured using the tilting table accessory of the DSA
100-Expert to identify both the advancing and receding contact
angles. A droplet of deionised water was deposited onto the glass
substrate, and the table was then tilted at a consistent rate of 5
degrees per minute, up to an angle of inclination of 90 degrees.

The synthesised materials were studied using an X-ray powder
diffractometer (XRD), specifically a PANalytical Aeris, which uses
CuKo radiation (A = 1.5406 A) in a 6-0 configuration following the
Bragg-Brentano geometry. The 20 scan range was set from 20° to
40° with a scan step of 0.02° for 60 seconds per step. The
diffractograms were analysed using the PDF-2 2022 database.

The thickness of the layer and its elemental composition were
measured using energy-dispersive X-ray fluorescence spectrometry
(EDXRF) with an EPSILON 1 spectrometer (PANalytical, Malvern,
UK). The Omnian and Stratos software modules were used for
quantitative and layer thickness analysis respectively.
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Schematics of the process of obtaining a thin film of sol gel
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3. Results and Discussion
3.1 Optical Transmittance

All coatings demonstrated high optical transmittance in the
400-1800 nm range. TiO, and Eu, Os; -containing coatings
achieved the highest transmittance, reaching up to 85%, with
minimal spectral distortion. ZrO, and Y, Oz -doped systems also
maintained transparency suitable for PV applications / Figure 1/.

Transm ittance [%]
Eeflectance [%al
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1
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Figure 1. The figure shows the transmission and reflection

spectrum of an experimental coating on a glass substrate in the

region 400 - 1800 nm /the spectra are of the same type/
3.2 Surface Morphology (AFM)

AFM analysis revealed nanoscale surface roughness for all sol-
gel coatings. TiO, coatings exhibited uniform surfaces with
roughness average (Rq) of 5-14 nm. ZrO, -based coatings,
particularly with Y, Os; or Eu, Oz additives, showed more
structured but still even morphologies with Rq values of 10-15 nm,
supporting favorable light-scattering and wetting properties / Figure
2/.

Figure 2. 3D AFM images of the surface of the samples (TiO2)
with scan area 5 x 5 ym? and z-range, z = 100 nm and z = 200 nm



Industry 4.0, issue 1/2025

3.3 Wettability and Self-Cleaning Behavior

TiO, coatings showed superhydrophilic behavior, with contact
angles as low as 8.3°, facilitating self-cleaning by allowing water to
spread and remove contaminants. Y, Os -stabilized coatings
displayed durable hydrophilicity under outdoor exposure. Eu, O3 -
doped coatings also exhibited moderate hydrophilicity, suggesting
combined optical and cleaning functionality Figure. 3/.
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Figure. 3. Contact angle measurements on modified glass surfaces:
A) Represents the procedure of determining dynamic contact angles
by tilting the optical table of the apparatus to 90 degrees. B)
Illustrates the advancing and receding contact angles of a water
droplet on the samples with TiO2. The values are calculated by

taking the 2D profile of the droplet and applying the tangential
method to both sides of the droplet concerning its midpoint.

3.4 Crystallinity and Structural Properties (XRD)

XRD patterns confirmed the presence of nanocrystalline phases.
TiO, coatings showed mixed amorphous and anatase phases.
ZrO, coatings exhibited dominant tetragonal structure, stabilized
by Y, Os; additives, with average crystallite sizes around 31 nm.
Eu, O; -doped systems revealed mixed monoclinic/tetragonal
phases, offering a balance of structural integrity and photonic
enhancement /Figure 4/.

Figure 4. The figure shows the X-ray diffractometer of samples with
Y, O3 and ZrO,

3.5 Photoluminescence Enhancement (Euz Oz )

Photoluminescence measurements revealed strong red-orange
emissions from Eu** transitions under UV excitation (~392 nm).
This indicates that Eu, Oz doping may contribute to spectral
down-conversion, redirecting unused UV light to the visible
spectrum and enhancing photovoltaic output. These findings open
avenues for multifunctional coatings combining self-cleaning and
photoluminescent benefits / Figure 5/.
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Figure 5. CIE chromaticity diagram of coatings (ZrOz, Y203 and
Eu203) on glasses

Summary of coating characteristics

Coating Comment

TiO, Classic choice with very good optical transmittance
(~80%) and superhydrophilicity (contact angle ~8.3°), which is
ideal for self-cleaning. Amorphous/anatase structure is typical for
sol-gel synthesis.

ZrO, Similar transmittance (~79%), but no specified data on
self-cleaning properties. Morphology shows moderate roughness.
Crystal structure is tetragonal — stable phase.

ZrO, + Y, O; Stabilized tetragonal phase with particles ~31
nm, good optical transmittance and pronounced self-cleaning.
Uniform morphology is a positive factor for optical applications.

ZrO, + Eu, Oz Highest optical transmittance (~80-85%),
with potential for luminescence — possibility of dual function
(optical + photonic). Nano-roughness may be favorable for self-
cleaning.

Y, O; /ZrO, Composite coating with high permeability and
long-term self-cleaning ability. Uniform morphology and stable
tetragonal crystallinity make it suitable for long-term use.

Table 1: Summary of Key Coating Properties

Coating Transmittanc Contact Angle (°) Crystallinity
e (%)
TiO, ~80 8.3 (superhydrophilic) Amorphous /
Anatase
ZrO, ~79 Not specified Tetragonal
Zr0, + ~75-80 Hydrophilic (stable) Tetragonal
Y, O3 (~31 nm)
ZrO, + ~80-85 Moderately Mixed Mono. /
Eu, O3 hydrophilic Tetra.
Y, O3 /ZrO, High Durable hydrophilicity Tetragonal
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4. Application Potential and Durability

Real-world exposure tests confirmed the coatings' resistance to
environmental wear. Functional properties were retained for over 30
days without degradation, suggesting long-term applicability in PV
systems. Coatings exhibited resilience to common contaminants,
and their transparency makes them suitable for coating on glasses
both crystalline and thin-film PV technologies.

5. Conclusion

Sol-gel synthesized nanostructured coatings offer a viable
solution for improving photovoltaic module performance. The
reviewed studies confirm their potential in enhancing light
absorption, resisting surface fouling, and withstanding
environmental stressors. Future research should focus on multilayer
systems, hybrid oxide formulations, and integration of rare-earth
additives for advanced optical and self-cleaning functionalities.

Studies confirm the effectiveness of the sol-gel method for
creating multifunctional thin-film coatings that improve:

. Light conversion efficiency

. Self-cleaning and durability

. Optical transmittance and resistance to contamination
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Abstract: A survey of the prevailing trends in the field of quartz ceramics has been carried out. The article examines the main technological
stages characteristic of the synthesis of quartz ceramics and the production of various product categories. The main technological stages
characteristic of the synthesis of quartz ceramics and the production of various categories of products have been presented. The
technological conditions applicable to the processing of raw materials, the preparation of suspensions with optimal characteristics, the
molding of blanks and the heat treatment of semi-finished products have been examined. The role and influence of various technological
factors in the formation of the structural characteristics and operational indicators of the products have been analyzed.
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1.

With the increasing operational requirements for equipment
used in various technical fields, the need arises for the development
and application of materials with adequate characteristics. Based on
different technological schemes, special ceramic materials have
been developed with specific functional properties, enhanced
durability, and resistance in aggressive environments. In this regard,
current interest is directed toward the existing technological
possibilities for obtaining different modifications of quartz
ceramics.

Introduction

The present article aims to outline the prevailing trends in the
development of quartz ceramic technology, examining the main
stages and technological conditions applicable for the synthesis of
quartz ceramics and the production of a range of items.

2. Fundamentals of quartz ceramic technology

Various raw materials are applicable in the synthesis of quartz
ceramics: transparent quartz glass [1-4], opaque quartz glass [4,5],
synthetic amorphous quartz [6], and crystalline quartz [7]. The
choice of raw material depends on the intended performance
characteristics of the final products, technological conditions, scale
of production, and other factors.

A critical technological requirement is the high purity of raw
materials due to the significant role of impurities in initiating
crystallization processes. To minimize surface contaminants,
various technological methods are applied: acid treatment (etching
with hydrochloric [7] or hydrofluoric acid [2]), repeated washing
with water, flame polishing, and more. This anti-crystallization
approach enables the removal of deposited surface impurities that
promote the formation of crystalline nuclei, thereby improving the
crystallization resistance during subsequent technological steps. The
preparation technology described in [8, 9] maintains high raw
material purity, with impurity content in the sintered material
increasing by only 0.008% compared to the original material (Table
1).

Table 1. Chemical composition of the material, %

Source quartz glass Baked or cast
material
MgO 0.0004 0.001
Mn; Oy 0.00006 0.0002
AL;03 0.005 0.01
Fe;03 0.002 0.003
CuO 0,0002 0.0003
Na,O 0.0015 0.0015
TiO, 0.0006 0.0008
Ca0 0.001 0.002
Amount 0.0107 0.0188
impurities
SiO, 99.989 99.981

2.1. Raw material grinding
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A key production stage is obtaining a powdered fraction (from
quartz raw material) with suitable particle size distribution, optimal
dispersion, and required technological characteristics. The raw
material is initially crushed. Processing can be carried out by dry
[10, 11] or wet grinding, mainly in ball mills of various capacities.
Some technological schemes use vibratory mills for dry grinding
(up to 180 minutes) [10-12] with or without subsequent washing of
the fractions.

Using ball mills with metal parts for grinding quartz glass is
considered inappropriate due to contamination risks. High-purity
grinding uses ball mills [13, 14] with appropriate linings (quartz,
mullite, etc.) and grinding media (quartz mullite [6], corundum,
etc.).

The recommended grinding duration is 40-80 hours, during
which specific surface area increases significantly. Initially, particle
sizes over 50 um predominate; with continued grinding, fractions
above 100 pm disappear. Powdered materials obtained within 15
hours contain significant amounts of particles over 0.1 mm.
Fractions are grouped as fine (<10 pm), medium (10-60 pm and
60-100 pm), and coarse (>100 um) (Fig. 1) [3].

Content, %

Fig. 1. Change in the content of different groups of fractions depending on
the duration of grinding: A - o 10 um; B —10-50 um; C —50-100 um;
D - enlarges 100 um

The dependence of bulk density on the applied grinding
duration was studied. With a decrease in particle size, the contacts
between them (per unit volume) increase, while the mass of each
particle decreases. The bulk density of the resulting polydisperse
powder mass is determined mainly by the content of small fractions.
For finely dispersed powder masses, a bulk density of about 0.6-0.9
g/lcm3 was established, while for relatively larger masses (even
monofractions, 50-63 pum, 63-100 pm, 100-160 pum, 160-200 um,
200-315 pm) the values are in the range of 1.30-1.32 g/cm3. For
monofractions with larger sizes 1-1.2 mm, 1.2-1.5 mm, 1.5-2.5 mm,
the bulk density increases to 1.38-1.40 g/cm3. The significant
increase in bulk density in larger monofractions is due to the
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relatively larger mass of the particles in the presence of more
limited contacts between them per unit volume.

To significantly facilitate and shorten the total duration of the
technological process of grinding and preparation of highly
concentrated suspensions, the method of one-stage wet grinding of
quartz glass is applicable. After the initial preliminary crushing of
quartz glass, without conducting intermediate dry grinding, the raw
material is directly subjected to wet grinding in a ball mill until a
suspension is obtained. A characteristic technological specificity of
the method is the combination in the volume of one milling unit
(ball mill) of the processes of crushing and fine grinding in the
conditions of an aqueous environment. The crushed fragments of
quartz glass with an approximate size of 50-70 mm, introduced into
the ball mill, are subjected to crushing (for 1 to 2 hours) to about 1-
2 mm and subsequent fine grinding. In the process of grinding in
the presence of water, the starting raw material gradually passes
into a state of suspension with the planned technological
characteristics.

An alternative technological approach is to apply a two-stage
method for processing the raw material and preparing a suspension,
using initial dry grinding and subsequent wet grinding to obtain a
suspension.

Rheological properties are crucial in producing high-
concentration, sedimentation-stable suspensions and forming
semifinished and final products. Additives may enhance various
process steps or modify quartz ceramics to improve performance—
e.g., adding small amounts of Cr, Os; increases temperature
resistance.

2.2. Forming semifinished products

Various methods are used to form semifinished products: slip
casting from water suspensions, thermoplastic molding, pressing,
thermoplastic pressing (using silicone resins and others),
electrophoresis method, etc. This article focuses on slip casting, a
widely used and cost-effective method for producing items with
complex geometries and varied characteristics.

Despite the significant variety of suspensions applicable in
ceramic technology, their main characteristic is the ratio of the solid
component (disperse phase) and the liquid phase (disperse
medium). An effective technological approach to minimize
production waste in molded semi-finished products is the regulation
of the grain size composition of the masses [9] and the
characteristics of the suspensions used.

The characteristics of the prepared suspensions affect various
aspects of the production process: technological indicators of the
prepared slip masses, behavior of the casting masses when
introducing the casting molds, resistance of the molded semi-
finished products, conditions of the drying process, specificity of
the sintering mode, operational properties of the resulting products.
There are a number of technological requirements for suspensions
applicable to the synthesis of quartz ceramic products: high
concentration of solid phase, good sedimentation resistance,
dispersibility, lack of air inclusions, lack of strongly expressed
anomalous rheological behavior, appropriate granulometric
composition, optimal viscosity, allowing free filling of the casting
molds. In industrial conditions, an essential factor is the high
resistance and technological reproducibility of the characteristics of
the suspensions when preparing individual production batches, even
with partial fluctuations in the ratio of components and chemical
composition. When using the slip casting method, the use of
suspensions with optimal viscosity values allows for an optimal
growth rate of the collected (deposited) casting mass in the molds
and the production of durable blanks. At the same time, the use of
suspensions with appropriate viscosity ensures free removal of
excess slip from the molds.

Higher rates of mass growth (in casting molds) complicate the
effective regulation of the required thickness of the blanks and
create a danger of clogging of the technological channels of the
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molding equipment. Inexpediently low casting speed creates
conditions for increased sedimentation of the solid phase, uneven
thickness of the samples and significant adverse changes in the
technological characteristics of the suspensions. In terms of
production, an important technological factor is the residence time
of the blanks in the casting molds before their extraction by
dismantling the molds.

There are basic requirements for semi-finished products
obtained by slip casting, namely the presence of appropriate
density, sufficient mechanical resistance (allowing further
implementation of the upcoming stages of the technological
process), low shrinkage and absence of defects during drying. The
formulated requirements are especially significant and relevant in
the production of large-sized products, which, with low resistance
of the blanks, exhibit a tendency to deformation and partial or
complete destruction under the action of their own mass. Even
insignificant shrinkage (up to 0.2-0.3%) in the drying process of
large-sized samples creates prerequisites and potential conditions
for the destruction of the samples.

The use of a polydisperse grain size composition with a
significant presence of relatively large fractions allows the
production of highly concentrated suspensions, ensuring the
production of blanks with increased density and strength and low
shrinkage during drying. At the same time, suspensions with similar
indicators show an increased tendency to stratification. There may
be a small volume of gas phase in unstabilized suspensions or in
suspensions obtained by the methods of suspension or limited
saturation to stabilization. Suspensions with typical thixotropic
properties are characterized primarily by complete resistance to
sedimentation, but the resulting semi-finished products have a lower
density and the presence of air inclusions. The limiting
concentration of the suspensions provides a sharp increase in their
sedimentation resistance, which allows for accelerated mass gain
during molding of the samples and obtaining castings with
increased density. On the other hand, the pronounced dilatant
behavior complicates the casting process and reduces its speed.

The increased degree of dispersion provides higher stability of
the suspension, but leads to a decrease in the casting speed of the
blanks and an increase in the shrinkage effect of the semi-finished
products during drying. Due to the reverse effect of the impact of
individual factors on the technological properties of the
suspensions, the combination of all favorable characteristics in one
composition is difficult to implement. The selection of
technological indicators of the suspensions is carried out on the
basis of certain priority characteristics (applied with optimal
values), taking into account the specifics of the planned production
process and the specific requirements for the final products. The
determination of the values of the secondary indicators (for each
individual case) is determined within the permissible fluctuation
intervals.

The behavior and aging of the obtained suspensions (on quartz
glass) during prolonged storage at rest under conditions preventing
moisture loss and drying were studied. In suspensions with low and
medium density, stratification was observed during storage with the
formation of a stable precipitate and a layer of suspension with a
low concentration. With increasing density, a tendency was
observed to reach a state of complete stability of the precipitate and
behavior characteristic of stabilized suspensions.

Rheological properties are influenced by concentration, particle
dispersion, stabilization, coagulation, temperature, and preparation
method. Intense stirring improves suspension stability and reduces
viscosity.

The tendency of suspensions to settle is manifested primarily by
their stratification and the formation of a visible sedimentary layer.
From a technological and production point of view, settling is an
unfavorable effect. In the casting process, with increasing
dimensions and thickness of the blanks, the risk of settling
processes increases due to the longer duration of the molding stage
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and the coarser grain size composition of the fractions used (used
mainly in the production of large-sized products).

To increase the sedimentation resistance of suspensions, an
increase in the dispersity of the solid phase or an increase in the
viscosity of the dispersion medium is applied. At the same time, this
method does not represent a universal production technological
solution. In the preparation of large-sized and some other categories
of quartz ceramic products, the presence of a certain amount of
coarse fraction in the compositions used is technologically
necessary and expedient. On the other hand, an increase in the
dispersity of particles and the viscosity of the dispersion medium
leads to an increase in the porosity of semi-finished products during
molding.

To increase the sedimentation resistance of suspensions, an
increase in the dispersity of the solid phase or an increase in the
viscosity of the dispersion medium is applied. At the same time, this
method does not represent a universal production technological
solution. In the preparation of large-sized and some other categories
of quartz ceramic products, the presence of a certain amount of
coarse fraction in the compositions used is technologically
necessary and expedient. On the other hand, an increase in the
dispersity of particles and the viscosity of the dispersion medium
leads to an increase in the porosity of semi-finished products during
molding. The main factors determining the rate of sedimentation of
larger fractions in polydisperse suspensions are primarily viscosity
and density, therefore their variation allows for the regulation of
suspension stability.

The rate of mass increase during the molding of the samples to
a significant extent determines the technological qualities of the
suspensions. The porosity of the resulting castings is determined by
a number of characteristics of the suspensions used: rheological
properties, degree of stabilization, viscosity values, tendency to
coagulation, dispersion of the solid phase, etc. The specificity of the
gypsum molds used (porosity, moisture absorption, etc.) has a
significant impact on the casting speed. When preparing the casting
molds, the porosity and capillary size of the resulting gypsum molds
are regulated by changing the water-gypsum ratio of the prepared
solutions. As the water-gypsum ratio increases, the total porosity of
the gypsum forms and the average capillary size increase.

The change in the nature of the rheological behavior of
suspensions (the transition from Newtonian or dilatant to
thixotropic or thixotropic-dilatant) with increasing the degree of
dispersion has been studied. The transition of part of the bound
water to a free state increases the mobility of the system. In
suspensions with a limiting concentration, a slight increase in the
content of the dispersed medium provokes a drastic decrease in the
dilatant properties. The use of stabilized suspensions in the molding
of semi-finished products allows the production of samples with
lower porosity. In stabilized coarse-dispersed and medium-
dispersed suspensions, behavior characteristic of dilatant or
Newtonian liquids is observed. When the degree of dispersion of
the solid phase increases below a certain limit, significant changes
in the rheological behavior and thixotropic characteristics are
recorded. It is assumed that in a number of cases the appearance of
thixotropic properties of the suspension is due to an increase in the
adhesion forces between the particles with an increase in the degree
of dispersion and the occurrence of partial coagulation. At a degree
of dispersion in the range between medium and high content of fine
fractions in suspensions with increased density (e.g. > 1.95 g/cm3),
a thixotropic-dilatic nature of behavior is possible.

In classic ceramics, pH is often adjusted with electrolytes. For
quartz-glass-based suspensions, optimal performance is achievable
without pH adjustment (optimal range: 4.0-6.0). Wet grinding
forms silicic acid, lowering pH.

In a more acidic environment (when HCI is introduced),
coagulation of the quartz glass suspension occurs, which leads to a
decrease in the density of the molded samples. An increase in the
concentration of H+ ions shifts the direction of the reaction towards
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the formation of undissociated silicic acid molecules on the surface
of the particles and subsequent coagulation in the system. The
isoelectric state of the suspension is recorded at pH values about 1-
2. Moderate acidity of the suspension (from pH 5-6 to pH 4-5)
favorably affects the rheological properties of high-density
suspensions, reducing their dilatation properties and increasing the
sedimentation resistance of the system.

2.3. Thermal treatment

An optimized thermal regime ensures high sintering rates
without forming large amounts of cristobalite. Due to the narrow
firing range of quartz ceramics, a homogeneous temperature field in
furnaces is essential.

The density of the molded blanks and the purity of the raw
materials used are the main technological factors influencing the
characteristics of the ceramic samples during thermal treatment.
The insufficient initial density of the obtained semi-finished
products determines the lower density and mechanical resistance of
the manufactured products due to the lower degree of sintering [15].
At the same time, the purity of the starting raw material has a
significant impact on the kinetics of the crystallization processes.

Quartz glass and synthetic amorphous SiO, crystallize above
1000°C. Surface contamination (e.g., salts) affects crystal
nucleation and growth. Cristobalite has a granular, spheroidal
structure and forms along grain boundaries, with its size depending
on firing conditions [16]. Non-glass-forming oxides (e.g., alkali,
alkaline earth metals) enhance crystallization by disrupting Si-O
bonds.

The role of the gas environment (Ar, N,, CO, CO,, O,) on the
degree of crystallization and formation of cristobalite in synthetic
quartz glass (with impurities of Na,O) under heat treatment
conditions (1200, 1300, 1400°C) has been studied. A significant
slowdown of the crystallization process in an Ar, N, CO,
environment has been established. It has been established that in the
conditions of a gas environment of O, or H,O vapors it does not
directly affect the formation of crystallization centers, but
accelerates the growth of cristobalite crystals, while reducing their
content in the presence of a suitable atmosphere drastically reduces
the growth rate of cristobalites.

The use of high-density semi-finished products made of high-
purity transparent quartz glass allows the production of final
products with increased complex performance characteristics. For
samples with increased density, a sintering regime is applicable at
relatively lower and cost-effective temperatures or with a shorter
duration of the heat treatment used, while minimizing the risk of
product crystallization.

Fast heating through crystallization-prone ranges is
recommended. Cristobalite formation risks sample damage due to
structural transitions (a—f) causing ~5% volume change at 160—
270 °C.

In experimental samples, an optimal sintering temperature of
about 1200 °C with an isothermal hold of 2 hours was established.
At a sintering temperature of 1250 °C, an increase in the values of
individual indicators (density and others) was established and at the
same time a significant decrease (approximately two times) in the
thermal stability of quartz ceramics was recorded. With an increase
in temperature to about 1300 °C (and higher values), a more
significant formation of cristobalite was recorded. In quartz ceramic
samples, maximum strength resistance was established at sintering
temperatures characteristic of the beginning of crystallization,
allowing the formation of cristobalite up to 2-3%. When applying a
temperature treatment regime causing a further increase in the
cristobalite content, a significant decrease in the strength
characteristics of the material was recorded.

Some studies have found an increase in porosity in samples
obtained by sintering at temperatures exceeding the optimum
values. This effect is interpreted as a consequence of the presence of
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microcracks formed during cooling of partially crystallized samples.
At the same time, other studies have not found similar changes in
the porosity of the samples.

3. Conclusion

This publication examines the various technological stages
characteristic of the synthesis of quartz ceramics and the production
of a number of products, such as foundry vessels — pots [17],
vessels for dental equipment, structural elements for innovative
beehives [18] etc., and for each specific material for the product,
modifiers can be added that improve some of its properties —
mechanical, physicochemical and thermal. The technological
regimes applicable to the processing of raw materials, preparation
of suspensions, molding of semi-finished products and adequate
thermal treatment of samples are presented. The role of
technological conditions for the formation of the structure and
operational properties of the products is studied, as well as the
ability to crystallize quartz glass, which is significantly determined
by the presence of impurities and the technological conditions of
synthesis used (gas environment, thermal treatment regime, etc.).
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Abstract: Nowadays, renewable bioenergy is considered as one of the ways to provide energy at the expense of fossil fuels. The possibility of
obtaining energy from organic materials through bio-electrochemical systems attracts considerable interest. Green waste is organic plant-
based materials generated from grass clippings, broken branches, fallen trees and others, the utilization of which is currently not very
effective. In the present study, we constructed a composter based on bio-electrochemical systems for the utilization of green waste with
cogeneration of energy. The composter showed good performance in terms of both the decomposition of organics and the generated energy.
Keywords: GREEN WASTE, GREEN ENERGY, WASTE MANAGEMENT, BIO-ELECTROCHEMICAL SYSTEMS

1. Introduction

In the current era of increasing energy demands and the urgent
need to mitigate climate change, researchers and scientists are
constantly searching for innovative and sustainable solutions to
meet energy needs. Increasing industrialization and a growing
population require a huge amount of electricity. Bioenergy from
waste biomass is seeking a lot of attention nowadays due to the
rapid depletion of fossil fuels. [1] One such solution for electricity
generation is the development and use of microbial fuel cells using
the conversion of waste biomass. Renewable energy, such as solar
energy, wind energy, hydropower, and geothermal energy, are
considered as sources of sustainable energy. They are clean energy
compared to coal and nuclear energy, as coal power and nuclear
power plants can pollute the air and release radioactive waste,
potentially harmful to human health and the ecological
environment. [2] Bioenergy from the organic fraction of municipal
solid waste, food waste, agricultural organic waste, forestry wood
waste, and others has the potential to produce electricity, methane,
and hydrogen through combustion, microbial fuel cells, anaerobic
digestion, microbial electrolysis cells, and fermentation. [3]
Microbial fuel cells are believed to have the potential for
environmental remediation and electricity generation from organic
pollutants, biomass, and organic waste through microbial
biodegradation.

The current linear economy assumes abundant, readily available
and cost-effective natural resources. However, this assumption is
unsustainable. In contrast, the circular economy reduces waste and
improves resource efficiency, making it a more sustainable
alternative to the dominant linear model. Biomass energy generated
from agricultural residues, forest waste and municipal waste
provides a renewable substitute for fossil fuels. This reduces
greenhouse gas emissions and improves energy security. Proper
waste management, including waste reduction, recycling and
innovative waste-to-energy technologies, reduces the burden on
landfills and incineration, and creates renewable energy from
materials that would otherwise go to waste. [18]

Waste and by-products of plant origin, such as bark, leaves,
grass, seeds and others, can be utilized by extracting valuable
nutrients and converting them into soil fertilizers. Reducing plant
waste not only benefits the environment, but also contributes to
various social programs by reducing greenhouse gas emissions,
improving ecosystem services and implementing sustainable
resource management policies. [5] Using industrial plant waste for
higher value-added purposes can save significant amounts of CO,.
Anaerobic digestion has been identified as the preferred option
compared to incineration, offering the highest environmental
benefit. Recycling and reuse of agricultural waste are promising
options for sustainable waste management and energy production.
Choosing the right approach to utilize plant waste is crucial for
cost-effective resource management and conservation. The
economic impact of plant waste is closely related to its valuation,
the processes used, and the economic benefits that depend on the
final product. [1]
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The European Union Green Deal is a comprehensive set of
policy initiatives aimed at improving the EU economy for
sustainable development and reducing greenhouse gas emissions to
net zero by 2050. It supports a circular economy model that aims to
minimize waste, reusing materials and recycling products to reduce
environmental impact. In the long term, plant waste and plant-based
by-products are very important because they are valuable resources
that can be reused to reduce environmental impact and improve
resource efficiency. [6] Furthermore, converting these waste
streams into energy supports efforts to combat climate change,
reduce waste and optimize resource use.

Agricultural biowaste is obtained through various biological
sources and industrial processing, which is a typical renewable
energy source with abundant nutrients and easily biodegradable
organic matter. These waste materials are capable of being degraded
under aerobic and anaerobic conditions. The projected global
population, urbanization, economic development and changing
production and consumption behavior lead to abundant production
of biowaste. These biowaste mainly contain starch, cellulose,
proteins, hemicellulose and lipids, which can serve as low-cost raw
materials for the development of new value-added products, as well
as the production of bioenergy through bio-electrochemical
systems. [7]

Biomass is an available and carbon-neutral energy source that
can contribute to the efforts to meet the rapidly growing need for
cost-effective energy materials for bioelectrochemical systems.
However, the challenges and costs associated with finding
specialized biomass could hinder its widespread application in
bioelectrochemical systems. Waste-derived biomass could be a
promising alternative to specialized biomass for energy production
through bioelectrochemical systems. Therefore, the use of biomass
wastes (e.g., grass, agricultural and forestry wastes, and others) is
an attractive strategy for the commercialization  of
bioelectrochemical systems. Furthermore, the application of waste
biomass resources as energy sources in bioelectrochemical systems
can significantly reduce their environmental and health risks. [8]

A group of microorganisms use the organic matter for their
growth and start releasing protons and electrons. Clostridium
acetobutylicum, Clostridium thermohydrosulfuricum,
Saccharomyces cerevisae, Lactobacillus and others are very well-
known examples of bacteria used to produce bioenergy in the form
of electricity. Exoelectrogenic microorganisms, usually belonging
to the Geobacter and Shewanella genera, can transfer electrons
from organic materials to the anode surface, which leads to
microbial metabolism and energy production. [9] Composting is a
biological fermentation technology that converts agricultural and
forestry waste into valuable resources. In the composting process,
organic matter undergoes mineralization and humification under
conditions controlled by microorganisms. [10] However, the
optimal conditions under which microbial fuel cells can generate
energy during the composting process have not been sufficiently
studied. Conventional composting under aerobic conditions requires
more energy for mixing and aeration, which can lead to huge
amounts of leachate. Anaerobic composting, also known as
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anaerobic digestion, can be an alternative solution for converting
solid waste into reusable energy and biofuel. [11]

Microbial fuel cells are typically operated with a liquid organic
phase because the ion transfer process is efficient in a liquid
medium. However, some researchers have investigated the potential
of operating microbial fuel cells with a solid organic phase
(especially for solid waste treatment). This is promising if several
important factors are optimized, such as the type and amount of
substrate, the microbial community, the system configuration, and
the type and number of electrodes, which increases the amount of
electricity generated. [12] The critical factor that affects the
performance of a microbial fuel cell is the efficiency of electron and
proton transfer through the solid medium. However, this limitation
can be overcome by improvements in the electrode system and
regular mixing of the substrate. [13] Integrating microbial fuel cells
with other conventional solid waste treatment methods can be used
to produce sustainable green energy. Although microbial fuel cells
produce relatively small amounts of energy compared to other
waste-to-energy methods, bioelectrochemical systems still hold
promise for achieving zero-emission treatment. [14]

Recently, it has been found that microbial fuel cells can be a
technology for alternative treatment and generation of electricity
from waste without intermediate treatment steps, since anaerobic
digestion uses electrogenic microorganisms. The bioelectricity of
microbial fuel cells depends on the electron transfer process and the
efficiency of biodegradation of solid waste. [15] Many researchers
use the term solid-phase microbial fuel cells for MFCs that convert
solid waste into electricity. However, some researchers use the term
compost microbial fuel cells. [16] Solid-phase microbial fuel cells
(SMFCs) are one of the innovations in MFC technologies that can
be applied to solid waste. They have been found to accelerate the
anaerobic digestion process of waste, directly generate electricity,
and produce mature compost from organic compounds. Solid-phase
microbial fuel cells are cost-effective because they require
inexpensive materials for their construction and operation. [17]
Furthermore, their ability to generate electricity makes them a direct
alternative source of renewable energy, which has attracted
considerable attention from researchers. Also, solid-phase microbial
fuel cells are an alternative method to overcome the problem of
solid waste treatment, as it uses them as a substrate to provide an
environmentally friendly and sustainable source of electricity. [18]
Therefore, solid-phase microbial fuel cells are considered capable
of addressing multi-sectoral problems, as they can be integrated
with other waste treatment methods, such as aerobic composting or
anaerobic digestion.

This study focuses on the development of a prototype
composter with cogeneration of energy by integrating microbial fuel
cells with a conventional plant biomass treatment method. The
study also aims to establish the efficiency and performance of the
constructed facility.

2. Materials and methods
Plant biomass

For the purpose of the study, plant biomass was taken from
campus of University of mining and geology “St. Ivan Rilski”,
Sofia, Bulgaria (42.6604710456078, 23.35296900986125). The
plant biomass consists mowed grass with a length of 10 - 15
centimeters. In plant biomass, ancestral species are Cynodon
dactylon, Capsella and Taraxacum.

Construction of SMFC biosensor

The composter is a plastic container with a volume of 360 cm®.
The composter consists of 24 PVC pipes arranged vertically. Each
PVC pipe has a diameter of 110 mm and a height of 900 mm. The
bottom of the pipes is closed with PVC plugs. At the bottom of the
pipes are located stainless steel AISI 304 electrodes with an area of
414.48 cm? acting as an anode. At the top of the pipes is a second
stainless steel AISI 304 electrode with an area of 414.48 cm? acting
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as a cathode. Copper wires were used as conductors in the electrical
circuit. Each of the 24 tubes represents a solid-phase microbial fuel
cell (SMFC). Then the plant biomass was placed in the tubes and
filled with water. The approximate volume of plant biomass in each
tube is 7.5 dm®. The physicochemical characteristics of water was
pH 7.12, Eh 352 mV and EC 73 uS cm™ measured by Vernier
LabQuest Mini. On Figure 1 is shown a scheme of single segment
(PVC pipe) of the composter.

Multimeter

Fig. 1 The schematic diagram of single segment (SMFC) of the composter

The individual segments (SMFCs) (fig. 2) were stacked in the
plastic container and after the segments reached a base voltage, the
electrical parameters of the composter were measured. The
electrical parameters were measured with the segments connected in
series and in parallel. Then the segments were connected in series
12x12 and both pairs connected in parallel, and the electrical
parameters were measured again.

Fig. 2 Photo of single segment of the composter
Electrochemical analysis

To determine the operation and effectiveness of the composter
polarization and power curves were obtained by varying external
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resistances sequentially from 10, 8, 6, 4, 2, 1.5, 1.3, 1, 0.7, 0.5, 0.3
to 0.1 KQusing MCP lab electronics BXR-04 ResistorBox. The
voltage dynamic were measured and recorded in real time with
Vernier LabQuest Mini and Logger Lite software.

3. Results and discussion

After filling all segments of the composter with plant biomass,
the dynamics of the open-circuit voltage of the individual segments
was monitored. Figure 3 presents the averaged voltage data of the
individual segments.

10 15 20 25 30 35

Days

Fig. 3 Average open circuit voltage of individual segments of the
composter

The graph shows that after filling the segments with plant
biomass, a slow, smooth increase in the open circuit voltage begins.
The voltage increases until the 19th day after filling with plant
biomass, after which the segments begin to maintain an average
base voltage of 725 mV.

The following experiments aimed to determine the electrical
parameters of the composter with different connection schemes for
the individual segments. They were carried out after the voltage on
all segments had stabilized.

Figure 4 presents the electrical parameters of the composter
when the individual segments are connected in series.
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Fig. 4 Power density dynamics when connecting segments (SMFCs)
in series

The graph shows that when connecting the individual segments
of the composter in series, a maximum power density of 178
mW/m? is achieved at a current density of 14.7 mA/m?. The
maximum power density was achieved with an applied resistance of
1.5KQ. When connecting the composter segments in series, a
maximum open circuit voltage of 17.428 V was reached.

The next measurement aimed to determine the electrical
parameters of the composter when the individual segments were
connected in parallel. Figure 5 presents the results of this
measurement.
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Fig. 5 Power density dynamics when connecting segments (SMFCs)
in parallel

This connection achieved a lower power density than the series
connection, but a significantly higher current density. The
maximum power density of 119.56 mW/m? was measured at a
current density of 299.82 mA/m? and an applied resistance of 1.1
kQ.

The last experiment aimed to determine the electrical
parameters of the composter when connecting 12x12 segments in
series and connecting the two pairs in parallel. The results obtained
are shown in figure 6.
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Fig. 6 Power density dynamics when connecting 12x12 segments
(SMFCs) in series and connecting two pairs in parallel

With this connection, the composter achieved the best electrical
parameters of the tested variants. A maximum power density of
474.6 mW/m? was recorded at a current density of 97.4 mA/m?* and
an applied resistance of 1.1 kQ.

4. Conclusion

Climate change, the growing need of the population and the
economy for energy sources and the international commitments
made to environmental protection require the research and
implementation of innovative renewable energy sources. Plant
waste is a raw material that is currently not sufficiently utilized and
even creates prerequisites for environmental problems. Through
appropriate technology implemented in working devices, plant
waste can be a valuable source of renewable energy and value-
added products, such as soil fertilizers.

Solid-phase microbial fuel cells are a suitable technology for the
utilization of plant waste with parallel energy production. Studies in
laboratory conditions show reliable results for practical application
of the technology. In the present study, we integrated the solid-
phase microbial fuel cell technology into a composter with
cogeneration of energy through 24 stacked segments (SMFCs). The
study of the composter's operation showed that 19 days after filling
with plant biomass, the individual segments reach their maximum
base voltage of an average of 728 mV. In order to establish the
efficiency of the composter, three variants of electrical connection
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of the individual segments were studied. The results showed that a
high power density of 474.6 mW/m2 with a series connection of
12x12 segments and a parallel connection of the two pairs.

In order to turn the constructed composter into a commercial
product, additional research is needed on its long-term operation,
the possibilities for storing and utilizing the generated energy, the
quality of the resulting compost, etc. However, the data obtained are
a step towards the possibility of using plant waste as a sustainable
energy source.
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Comprehensive Analysis of Laser Welding Advancements

Nikolaos Papageorgiou
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Abstract: Laser welding has become an indispensable manufacturing process, revolutionizing industries from automotive to medical devices
with its precision, speed, and versatility. This advanced technique, which uses a high-intensity laser beam to melt and fuse materials, has
seen significant technological advancements in recent years. These developments have expanded its applications, improved weld quality, and
enhanced process control, making laser welding a cornerstone of modern manufacturing. This article provides an in-depth overview of the
latest scientific developments in laser welding, including advancements in laser sources, process monitoring and control, material
compatibility, applications, future directions, and challenges. It also integrates the most recent research from 2024 and 2025 to ensure the

content reflects cutting-edge trends and innovations.

1. Introduction to Laser Welding

Laser welding is a high precision joining process that uses a focused
laser beam to melt and fuse materials, creating strong, durable
bonds with minimal thermal distortion. The process can be
categorized into two main types: keyhole welding and conduction
welding. In keyhole welding, the laser beam vaporizes the material
at the focal point, creating a deep, narrow weld known as a
"keyhole."

This method is ideal for thick materials requiring deep penetration.
In conduction welding, the laser heats the surface of the material,
causing it to melt and flow together without vaporization, making it
suitable for thin materials or shallow welds.

Laser welding offers several advantages over traditional welding
methods, including higher precision, lower heat input, reduced
distortion, and the ability to automate the process. These benefits
have made it a preferred choice for industries requiring high-
quality, high-speed welding, such as automotive, aerospace,
electronics, and medical device manufacturing.

Recent advancements in laser technology, particularly the
development of high-power solid-state lasers in the 1990s,
expanded their use to larger, more industrial applications. The
transition from gas lasers to solid-state lasers marked a turning
point, enabling higher power outputs and better beam quality.

Today, laser welding (Fig.1) is a critical process in modern
manufacturing, with the global laser welding machine market
projected to grow by USD 504.4 million between 2024 and 2028,
driven by increased demand in electric vehicle (EV) production and
the integration of artificial intelligence (Al) in process control [1].

Laser Welding

Laser beam
Laser induced pulm

Melt pool

(Fig.1 Laser Welding)

2. Fiber Lasers
Fiber lasers have become the dominant laser source for welding due
to their high efficiency, excellent beam quality, and flexibility.
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These lasers use optical fibers doped with rare-earth elements (e.g.,
ytterbium) to generate the laser beam, allowing for higher power
densities and deeper penetration at faster welding speeds. The light
is guided through the fiber core, resulting in a tightly focused beam
with a small spot size, which enhances precision. Fiber lasers also
have a longer operational life (up to 100,000 hours) and require less
maintenance compared to traditional CO2 or Nd:YAG lasers,
making them cost-effective for industrial use. Recent developments
have focused on increasing the power output of fiber lasers while
maintaining beam quality. High-power fiber lasers exceeding 10
kW are now available, enabling the welding of thick materials in
industries such as shipbuilding and heavy machinery
manufacturing.

These lasers have also proven effective for welding challenging
materials like aluminum and copper, which have high reflectivity
and thermal conductivity. For example, in 2024, IPG Photonics
introduced a 20-kW fiber laser system specifically designed for
deep penetration welding of thick steel plates, achieving weld
depths of up to 20 mm in a single pass with a welding speed of 2
m/min (IPG Photonics, 2024). This system uses advanced beam
shaping techniques to distribute energy evenly, reducing defects
like spatter and porosity.

A notable trend in fiber laser technology is the rise of handheld
fiber laser welders, which have democratized access to laser
welding technology. These portable devices, such as the Bodor Pro
1500 launched in 2024, feature self-cooling systems and smart
control knobs, making them ideal for small workshops and on-site
repairs. The Bodor Pro 1500 has been tested for durability in
extreme temperatures ranging from -20°C to +60°C and covers a
welding area of 0.24 m?, offering unprecedented flexibility for
welders. It operates at a power range of 1.5 kW, with adjustable
beam oscillation to improve weld seam quality [2]. This innovation
has made laser welding accessible to smaller businesses, broadening
its industrial impact.

3. Disk Lasers

Disk lasers are another type of solid-state laser that has gained
traction in welding applications. These lasers use a thin disk of
laser-active material (e.g., ytterbium-doped yttrium aluminum
garnet, or Yh:YAG) to generate the beam, allowing for efficient
heat dissipation and high-power scalability. The disk design
minimizes thermal lensing—a distortion caused by heat in
traditional rod lasers—enabling a unique combination of high beam
quality and power. This makes disk lasers suitable for both fine and
deep penetration welding.

Recent research has highlighted the effectiveness of disk lasers in
welding high-strength steels and other challenging materials (Fig.2).
For example, a 2024 study by Trumpf demonstrated that disk lasers
could produce high-quality welds in advanced high-strength steels
(AHSS) with minimal distortion, a critical requirement for
automotive and aerospace applications. The study used a 16-kW
disk laser with a beam parameter product (BPP) of 4 mm-mrad,
achieving a weld depth of 12 mm at a speed of 5 m/min [3]. The
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ability to scale power without compromising beam quality makes
disk lasers particularly attractive for precision welding tasks, such
as joining thin-walled aerospace components or automotive body
panels.
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(Fig.2 Disk Lasers Operational Testing)

4, Multi-Wavelength Lasers

One of the most significant recent advancements in laser sources is
the development of multi-wavelength lasers, which combine
different laser wavelengths to optimize energy absorption for
specific materials. At the 2024 International Congress on
Applications of Lasers & Electro-Optics (ICALEO), Okamoto et al.
presented a hybrid system using blue (450 nm) and near-infrared
(1080 nm) lasers to weld copper and aluminum. The blue laser, with
its shorter wavelength, is more readily absorbed by copper
(absorption rate ~65% compared to ~5% for infrared), while the
near-infrared laser provides deeper penetration for aluminum. This
combination resulted in higher-quality welds with fewer defects,
such as porosity and cracks, compared to single-wavelength
systems [4]. The experimental setup used a 2.5 kW near-infrared
laser and an 800 W blue laser, achieving optimal results at a
scanning speed of 240 mm/s and a weld strength of 95 MPa in
cross-tensile tests.

Multi-wavelength lasers are particularly promising for welding
dissimilar materials, which are increasingly used in lightweight,
multi-material designs in industries like aerospace and electronics.
By tailoring the laser's energy absorption to each material, these
systems reduce the risk of weak bonds and intermetallic
compounds, which are common challenges in dissimilar welding.
This technology is still in its early stages but holds immense
potential for future applications.

5. Material Compatibility and Weldability

Laser welding is a versatile process capable of joining a wide range
of materials, including metals, plastics, and composites. However,
the weldability of different materials varies, and recent research has
focused on expanding the range of materials that can be
successfully welded using lasers, particularly dissimilar materials
and advanced composites.

6. Welding Dissimilar Materials

One of the most significant challenges in laser welding is joining
dissimilar materials, such as aluminum to steel or copper to
titanium. These materials have different thermal properties (e.g.,
aluminum’s thermal conductivity is 237 W/m-'K vs. steel’s 50
W/m-K), melting points (660°C for aluminum vs. 1,538°C for
steel), and expansion coefficients, which can lead to defects like
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cracks, weak bonds, and brittle intermetallic compounds. Recent
advancements have addressed these challenges through optimized
process parameters, new filler materials, and innovative laser
technologies.

For example, the 2024 ICALEO paper by Okamoto et al.
demonstrated high-quality welding of copper and aluminum using a
multi-wavelength laser system and nickel mesh inserts. The nickel
mesh, with a thickness of 0.1 mm, acted as an interlayer, reducing
the formation of brittle Cu-Al intermetallic compounds (e.g.,
CuAly ) and improving the bond strength. Experimental results
showed that the breaking strength of the welds doubled when using
nickel mesh at minimized penetration depths, achieving up to 95
MPa in cross-tensile tests compared to 45 MPa without the mesh
[4]. This approach has significant implications for industries like
electronics and automotive, where copper-aluminum joints are
increasingly used in battery systems and power electronics (Fig.3).
Another promising development is the use of ultrashort pulse lasers
for welding dissimilar materials. These lasers deliver extremely
short pulses (in the picosecond or femtosecond range), minimizing
heat input (e.g., heat-affected zone < 10 um) and reducing the risk
of thermal damage. A 2025 study by the University of Stuttgart
found that ultrashort pulse lasers could successfully weld glass to
metal (e.g., borosilicate glass to stainless steel) without causing
cracks or delamination, achieving a shear strength of 20 MPa. The
process used a 500 fs pulse duration and a 1030 nm wavelength,
with a repetition rate of 1 MHz [5]. This breakthrough opens new
possibilities for applications in optics, microfluidics, and
electronics.
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(Fig.3 Overlapping Laser Welding)

7. Plastic and Composite Welding

Laser welding of plastics and composites has also seen significant
advancements.

Traditionally, welding plastics required additives like carbon black
to absorb laser energy, as most polymers are transparent to infrared
wavelengths. However, new laser technologies, such as diode lasers
with tailored wavelengths, can now weld clear or transparent
plastics without additives.

This development is particularly important for medical device
manufacturing, where material purity is critical.

For example, in 2024, Coherent Inc. introduced a diode laser system
specifically designed for welding transparent polymers like
polycarbonate and PMMA (polymethyl methacrylate) used in
medical tubing and diagnostic devices. The system uses a 980 nm
wavelength, which is absorbed by the polymer’s molecular structure
(absorption coefficient ~0.1 cm™ '), ensuring a clean, biocompatible
weld with a tensile strength of 30 MPa [6].
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Composite materials, which consist of a matrix (e.g., epoxy)
reinforced with fibers (e.g., carbon or glass), are widely used in
aerospace and automotive applications due to their high strength-to-
weight ratio (e.g., CFRP tensile strength ~3,500 MPa).

However, laser welding of composites is challenging due to the
differences in thermal expansion between the matrix (CTE ~50
pm/m-K) and the fibers (CTE ~1 um/m-K). Recent research has
focused on optimizing laser parameters to minimize these effects.

A 2025 study by the National Institute for Materials Science [7] in
Japan demonstrated that using a pulsed laser with a pulse duration
of 10 ns and a frequency of 50 kHz could reduce thermal damage in
carbon fiber-reinforced polymers (CFRP), resulting in stronger,
defect-free welds with a shear strength of 25 MPa [7].

This approach minimizes fiber degradation and matrix vaporization,
enhancing composite weldability.

8. Conclusion

Laser welding has firmly established itself as a transformative
technology in modern manufacturing, offering unparalleled
precision, speed, and versatility. The latest advancements in laser
sources, such as handheld fiber lasers and multi-wavelength
systems, have expanded their accessibility and capabilities, while
innovations in process monitoring, including event cameras and Al-
driven control systems, have enhanced weld quality and reliability.
The ability to weld a wide range of materials, including dissimilar
metals and composites, has opened new possibilities in industries
like automotive, aerospace, electronics, and medical devices. As
laser welding continues to evolve, its integration with additive
manufacturing and smart technologies promises to drive further
innovation, ensuring its central role in the future of manufacturing.
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Abstract: Paper deals with testing of a specific centrifugal fan under different conditions — changes in supply voltage and flow rate
regulation by throttling, as well as the application of frequency control. A digital portable multifunctional device has been used for
measuring and analyzing three-phase electrical circuits. Some intrinsic electrical variables have been measured and recorded, and others
have been subsequently calculated. Comments, conclusions and recommendations have been done. The results obtained would be interesting

for specialists dealing with this technical equipment.
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1. Introduction

The energy base of production, which is the electric drive
(ED), determines the technical level of efficiency of the
equipment's functioning. The development of the ED is moving
along the path of increasing economy and safety. The technical
level, operating mode, and operating conditions of electrical
equipment determine the productivity, quality, and cost of
production, i.e. all the main indicators characterizing the efficiency
of work, both of individual workshops and of entire enterprises

[1].

Electric motors (EMs) are used to provide forces and torques
to generate motion in countless industrial applications [2].
According to a number of estimates, electromechanical systems
powered by EMs consume over 2/3 of all electricity generated in
countries such as the USA, Japan and the European Union. In
Bulgaria, the situation is similar, but the difference is that the use
of energy-efficient EDs and technologies is not yet widespread.

The development of industrial technologies leads to an
increase in the number of EMs used. In production units and
mechanisms, alternating current EMs are most often used, while at
the same time, the widespread use of induction motors (IMs) as
part of the EDs of various production machines, mechanisms and
processes is well known due to their undeniable advantages.

Induction motors account for about 90% of all EMs and
consume about 40% of the electrical energy produced [2]. This
versatile application is explained by the extremely skillful
combination of operational and design characteristics of these
motors: relatively simple and inexpensive design, simple and
rugged structure, high operational reliability, minimal
maintenance, high efficiency, economy of operation, good
overload capacity [3, 4]. In fact, the IM is the workhorse of many
industrial applications [2].

In this regard, the issue of appropriate control of IMs is
relevant. The ultimate goal is to reduce the individual types of
their losses. [2]. A wide range of IM speed control strategies exist,
including voltage control, voltage and current-fed variable-
frequency inverters, cycloconverters, and slip-energy recovery.
However, within the application areas being considered, the use of
voltage- and current-fed inverters predominates [3]. Variable
speed drives (VSDs) are currently being actively implemented. In
them frequency control is implemented using autonomous voltage
inverters, which allows solving a number of problems related to
the imperfection of existing ED systems. In a vector controller, the
magnitude and the phase of the supply currents must be controlled
in real time, in response to changes in both the speed and the
torque demands.

It has been found that about 55% of IMs are used to drive fans
and pumps. [5]. Centrifugal fans are the most common type [6].

The main goal of this paper is to test a specific centrifugal fan
under different conditions (changes in supply voltage and flow rate
regulation by throttling, application of frequency control).
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2. Some technical considerations

Historically speaking — George Westinghouse acquired in July
1888 Nikola Tesla's patents from April 1888 for alternating current
induction motors, transformers and a distribution system and
began to manufacture and sell the world's first small electrical
appliance — a fan powered by a 125 W AC motor. Otherwise, the
first three-phase EM was invented in 1889 by Mikhail Osipovich
Dolivo-Dobrovolsky, a Russian engineer working as a chief
electrician at the German company AEG.

Fans are machines used to transport gases and gas mixtures.
They are used for ventilation of domestic, industrial and other
premises, for heating systems (air-conditioning installations), for
cooling motors, for exhausting flue gases. They provide air flow in
combustion and other technological processes. They are used in
refrigeration and drying equipment. They can transport granular
and powdery products such as flour, grain, cement, sawdust,
shavings, etc. Their division into groups depends on the pressure
of the gases at the outlet and their purpose. The fans create a
pressure difference between the outlet and inlet of 0.001 to 0.01
MPa. A special feature is that for fans the torque needed varies
roughly with the square of the speed [4].

The need for a good ventilation system that provides a
sufficient amount of fresh air in the premises and, accordingly,
removes the exhaust air is well known. However, regardless of the
damage caused to people's health by prolonged stay in rooms with
stagnant air, in modern construction the emphasis is mainly on
good insulation of buildings and limiting the infiltration of outside
air into the premises. The organization of good ventilation is often
overlooked. The only solution to ensure sufficient fresh air is the
implementation of good ventilation. Controlling the quality of air
in the home and work environment is of great importance and for
this reason a European standard regulates the requirements for the
design and assessment of the energy efficiency of buildings,
focused on indoor air quality. In fresh air processing systems,
options for natural organized ventilation, night ventilation or
forced ventilation are first sought.

Depending on the way the air movement is organized,
ventilation systems are mainly of two types — natural and forced
(mechanical) ventilation. Natural ventilation relies mainly on air
infiltration through the joints of windows and doors. The supply
and removal of air from the premises is carried out under the
influence of the difference in temperature of the internal and
external air (thermal pressure) and under the influence of the wind
on the building (wind pressure). In mechanical ventilation, the
supply and exhaust of air is implemented with the help of fans or
through a pre-built ventilation system. It also allows for pre-
treatment of the air supplied and extracted from the premises. A
number of specialists advocate the opinion that mechanical
ventilation is the only solution for ventilating modern, well-
insulated buildings, in which the possibilities of natural ventilation
are severely limited.
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In order to comply with modern requirements for energy
efficiency of installations and reduce the amount of energy
required, a number of measures are being taken aimed at reducing
energy costs and increasing the efficiency of mechanical
ventilation.

Electric motors in general in driven fans are a source of energy
losses. One possibility to limit these losses and increase the
efficiency of the system is the use of frequency converters, which
allow for fan speed control [5]. They make it possible, by reducing
the motor speed when the load and the required amount of air are
reduced, to reduce electricity consumption.

3. Results

As a first part of the measurements carried out, the operation
of the tested centrifugal fan without any control applied to it was
affected. Below is a description of the object for study.

The tested IM is a driving component of a specific industrial
centrifugal fan. It is offered in Bulgaria by the company
VIKIWAT Ltd. [7].

Parameters of industrial centrifugal fan considered

Brand: VEMARK (own commercial brand of VIKIWAT Ltd.)
Fan type: centrifugal V-4D-300QD

Flow rate: 3200 [m¥/h]

Rated power: 1250 [W]

Supply voltage: 400 [V AC]

Rated current: 2.5 [A]

Rotational frequency: 1360 [rpm]

Noise level: 68 [dB]

Operational temperature: -10~60 [°C]

Fig. 1 General view of an industrial centrifugal fan V-4D-300QD.

The centrifugal fan is used when it is necessary to achieve a
high air flow rate. The low noise level during operation is an
advantage when installing it in ventilation systems or air ducts in
industrial halls or public buildings. The advantages of this fan are:
high efficiency, low vibrations, low noise level, high flow rate,
small dimensions and easy installation. It is possible to regulate the
fan flow rate by the motor speed with a properly selected
frequency converter. The fan cannot be powered by a modified
sine wave inverter — this will damage it.

To measure the electrical variables, the METREL MI 2292
power quality analyzer was used, which is a digital portable
multifunctional device for measuring and analyzing three-phase
electrical circuits. In recording mode, the measured values are
stored in memory for further analysis [8].

Using the METREL MI 2292, voltage and current values have
been measured at the input of the EM driving the centrifugal fan at
different throttle valve positions and supply voltage values set with
a three-phase autotransformer Goldsource 9 kVA/12 A. As is
known, the value of the supply voltage can vary within certain
limits in the upward and downward direction. This was simulated
by supplying an autotransformer, for which it turns out that in the
upward direction it is possible to reach an increased value of only
+3%Uy. The supply voltage values set one after another were
103%, 100%, 95% and 90% of the nominal voltage value. The
throttle valve has been set to different values of open position —
100%, 50% and 25%.
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Below are presented the results obtained in graphical and
tabular form — Figures 2~13 and Table 1. Some of the results
shown are for a supply voltage of 90% from the rated voltage
value, since voltage fluctuations and deviations of the order of
decreases up to 10% often occur in power supply lines. This is
when the largest harmonic distortions of current and voltage are
observed.
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Fig. 2 Characteristics at a supply voltage value of 400 V (100% from the
rated voltage value) at 100% open throttle valve.
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Fig. 3 Voltage and current harmonics at a supply voltage value of 400 V
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Fig. 8 Characteristics at a supply voltage value of 360 V (90% from the
rated voltage value) at 100% open throttle valve.

2 Magnitudes -[=]x]
Exeade Link
Voltages Currents
100 Valtage Phi (%) Tha=953 100 Current Ph1 (%) Th = 8.4
50 30
80 80
70 70
50 50
50 50
+0 0
30 30
20 20
10 | 0 |
L L

T 6 T2tk d0 %4 % 32 35 40 44 4 52 ok w0 me T8 1206 f0 % 25 32 %6 40 4% f8 55 56 @b e
o Voltags Phz (%) Thd=1278 100 Current Ph2 (%) Thi=43
120 a0
180 40
140 70
120 50
100 50
a0 0
50 30
‘0 10
“ I . [

T 6 1316 20 J4 2o 32 36 40 41 4 &2 o6 60 me {0 12 16 f0 21 26 32 %6 40 40 a8 5% 5 &b e
20 Vatage Ph3 (%) Tha=1367 20 Current Ph3 (%) na=11.18
180 180
150 150
140 40
120 110
1001 100
8.0 80
50 50
4 ‘ 40
20 L 20 L

T 6 75 % 707 % 32 %5 M0 & 4D 52 ek B0 me I § 1216 %0 2 75 32 % 4 48 8 5% 5 &b e

B verblstor docx - M

Fig. 9 Voltage and current harmonics at a supply voltage value of 360 V
(90% from the rated voltage value) at 50% open throttle valve.
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The second part of the measurements concerned the operation
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Fig. 11 Voltage and current harmonics at a supply voltage value of 400 V
(100% from the rated voltage value) at 25% open throttle valve.
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Table 1: Results obtained for maximum harmonic distortions.

Supply voltage| Throttle valve (opening) Thdy Thd,
100% 1.95 141

100%Uy 50% 2.56 1.96
25% 2.36 1.88

100% 1.49 1.62

103%Uy 50% 1.49 1.76
25% 148 1.95

100% 9.18 6.82

95%Un 50% 7.90 6.36
25% 8.12 6.67

100% 15.85 10.39

90%Uy 50% 13.67 11.15
25% 11.84 9.10
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of a centrifugal fan in conjunction with a frequency control. After
carrying out a market survey, an Omron Corporation frequency
controller Q2V-AB010-AAA was selected [9]. In Bulgaria this
product is offered by sole trader GEMAMEX MOTION CO. Ltd.
[10] and Sitel Ltd. [11].

Table 2: Frequency converter OMRON Q2V-AB010-AAA specifications.
Control mode Open loop vector

Supply voltage 230 V single phase

Max. motor output at constant torquefl.5 kW

(HD - Heavy Duty)
Max. motor output at variable torqueP.2 kW
(ND - Normal Duty — pumps and fans)

Rated output current HD 8 A/ ND 9.6 A

Operating temperature F10°C - +50°C

Degree of protection (IP) IP20

Compatible motor type Induction  motor,  Permanent
magnet motor,  Synchronous

reluctance motor

MODBUS Slave, Serial RS-485,
uUsB

Built-in communication

Voltage and current values have been measured using
METREL MI 2292. The measurements have been carried out at
different frequencies of the supply voltage — 10, 20, 30, 40 and 50
Hz.

Below are the results of the tests carried out — Figures 14~18
and Table 3.
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F|g 18 Voltage and current harmomcs at a supply voltage frequency f 50
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Other measurements are also possible, but those carried out so
far show certain trends.
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4. Conclusion

Based on the work done, the following concluding remarks can
be noted.

The topic discussed is interesting, as the results of some
developments in this area have not yet been put into practice.
Electric drives of fan mechanisms directly affect productivity and
create opportunities for the rational flow of technological
processes.

Regardless of the specific case — whether it is a new fan or an
existing one — it would be a good idea to take into account the
possible savings in electricity. They directly affect the monthly
and annual electricity costs.

A specific centrifugal fan has been tested. Considering that the
EM is a load with an active-inductive nature, the results obtained
justify the preliminary expectations and attitudes. For example,
when supplying with reduced voltage, the arising harmonic
distortions in voltage and current of some of the phases increase
significantly - this means that undervoltage protection should be
provided in the power circuit of the EM. Generally speaking, in
terms of voltage, there is a clear presence of 3rd and 5th
harmonics, and in terms of current — mainly the 5th harmonic. The
reported values for active power of the electric motor and root
mean square current at 100% open throttle valve and supply
voltage 400 V (100%) are 1339 W and 2.968 A respectively,
differing somewhat from those declared by the manufacturer —
1250 W and 2.5 A, accordingly.

The issue of frequency control of an IM by VSD is also
considered. From the experiments and the data obtained, it is clear
that the tested motor - frequency control set gives good results and
has great practical application not only in industry, but is also
convenient for research, training and use in laboratory conditions,
since the possibilities it provides can be practically seen.

The expansion and complication of the functions performed by
the ED, the application of new control tools require a high level of
training of specialists involved in its design, installation,
adjustment and operation. They must be well aware of the purpose
and element base of the individual components of the ED, its
properties and characteristics, be able to analyze the control
schemes of the ED, determine its economic indicators and select
the appropriate elements for it.

With the help of the studied frequency drive, students and
engineers from practice will be able to feel the need and
effectiveness of such control of EMs, as part of EDs, and will be
able to gain some practical skills.
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Effect of thermal insulation on comfort and energy savings in buildings
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Abstract: Albania’s construction sector has seen rapid growth with the introduction of diverse materials and advanced building techniques.
However, the key challenge remains in effectively applying these innovations to maximize indoor comfort and energy efficiency at the lowest
cost. Comfort plays a crucial role in occupant well-being and productivity, yet it is often overshadowed by concerns over upfront
construction costs, overlooking long-term benefits such as improved health and reduced operational expenses.

Measurements across different seasons have shown that thermal insulation significantly enhances indoor thermal comfort. Data from the
Electricity Distribution Operator also confirm that insulation can reduce electricity consumption by 15-28%, especially during peak usage
periods. Supporting insulation in new buildings and encouraging retrofits in existing structures through coordinated local policies and utility
programs could lead to substantial energy savings and improved living conditions nationwide.

KEY WORDS: THERMAL INSULATION OF BUILDINGS, THERMAL COMFORT, REDUCTION OF ELECTRICITY CONSUMPTION.

Introduction

Albania is a developing country, and traces of the former
communist regime are still present in many aspects of life,
including the field of construction. This sector has evolved
significantly in implementing contemporary materials and
techniques, but there is still much work, mainly in the mentality and
way of designing and building with foresight. According to many
studies, the higher the comfort level in buildings, the healthier,
more satisfied, and more efficient the residents are. (The Health and
Environment Alliance (HEAL), 2018) So, increasing the comfort
level in apartments is the main challenge of designers and builders
today.

Moreover, the realization of this challenge should be
aimed at the most optimal and efficient cost. On this basis, but also
as a need to meet the criteria, in the framework of the aspiration of
EU membership, the Parliament of Albania approved in November
2015 Law 124, on 05.11.2015 "On energy efficiency", later
regulated by Law no. 28/2021, for some changes and additions to
Law no. 124/2015 "On energy efficiency" amended. According to
the data, one of the essential elements of comfort is the thermal one,
which is realized mainly through electricity. According to Balkan
Green Energy News (2018), for 65% of households in Albania,
most of the electricity consumption goes to heating their homes,
while for approximately 60%, most of it is spent on cooling (Figure
1). According to the Directive 2010/31 / EC on Energy Performance
in Buildings (DPNE), 25% of the total annual energy consumption
goes for heating, and 20% goes for cooling.

Thermal insulation is the most efficient solution for
storing the obtained thermal energy and prevents its transfer from
the residential area to the outside environment. The quality of
thermal comfort in apartments is mainly conditioned by the quality
of masonry, which increases significantly through its thermal
insulation. Many people still do not understand the great benefits of
thermal insulation due to the lack of accurate and sufficient
information. On the other hand, these benefits are neglected by
many builders because of the momentary gains, without thinking
about saving electricity, as a limited resource, or the increased costs-
of households that will live in these buildings. _

The initiative of thermal insulation should be, in the first
place, the responsibility of the Local Authorities, whose
contribution makes the process faster and essentially affordable.

The intervention of the Local Authorities should be done in two
plans:

1. First plan should be dedicated to new buildings, which
is easier to implement, both in terms of technical and legislative
sides. With a detailed study based on existing legislation, these
authorities can undertake different policies to stimulate builders
who apply thermal insulation in their constructions.

2. The second plan should be dedicated to the stock of
existing buildings, where the process is a little more complicated
but not impossible. In this contingent of housing, the initiative can
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be taken by the Local Authorities themselves, through the funds at
their disposal, but also by individuals who share the same building,
if supported by incentive policy, or repayable financial assistance,
based on a continuous awareness, on the medium-term benefits of
the process.

Use of electricity
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Figure 1: Use of electricitv by households

Obijectives

This research aims to identify the social and economic
benefits of thermal insulation in residential buildings, based on the
one hand on the actual perception of residents and the other hand in
the analysis of technical measurements of electricity consumption.
The ultimate objective is to analyze the improvement of the thermal
performance of the indoor environment in a residential building,
closely related to the need for comfort and reducing the cost of
living.

Research Question

This research focuses on measuring well-being and improving
the quality of life because of the thermal insulation of buildings and
is based on the following questions:

How can we measure the impact of thermal insulation on daily life?

What is the impact of thermal insulation in reducing the cost of
living?

Methodology

This research was conducted based on a process extended
in several directions. It is based on a good knowledge of the legal
framework, daily, continuous, and advanced work towards
recognizing contemporary studies related to the requirements for
comfort and its impact on daily activity, and a series of field
analyses and surveys. Good knowledge of legislation and literature
makes it possible for us to understand the directions we need to look
for and the spaces where we can move. Analyzing the situation in a
global context indeed begins with more straightforward analyses in
the local context.
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On this basis, the research is composed of a combination
of qualitative and quantitative methods to answer optimally the
questions that arise during the process.

The qualitative method consists mainly of an active
search of statistical data concerning surveys and observations on
thermal insulation and the impacts of its application on buildings.
The quantitative method involves a survey conducted by
interviewing residents in a thermally insulated residential building
and extracting data to reach a convincing conclusion.

Limitations

Despite all the efforts to be as accurate as possible in
determining the reduction of the amount of electricity due to
thermal insulation, we find it difficult to be precise because we
cannot fully identify the use of alternative sources of heat in certain
moments.
Moreover, other minor issues came to the surface as we could not
calculate the electricity consumption from newly purchased
household appliances during the study period or the savings from
replacing an old appliance with a new one with better technical
properties. However, relying on professional judgment, these

Table 1: Presentation of the results from the survey

restrictions are not to the extent that they have a significant impact.

Impact of thermal insulation on the improvement of
everyday life quality

A focus group of 6 families was chosen after ensuring
they lived in the same building before and after the thermal
insulation. A formal survey was conducted and distributed to the
families. Families count as a single subject of the survey, making a
total amount of 6 subjects. The survey asked the subjects to describe
their well-being in everyday life and inside their homes before and
after the thermal insulation. They were asked to rate different
aspects of their life such as physical well-being (having an
excessive feeling of coldness/ warmth during winter/summer),
emotional well-being (feeling comfortable and happy inside of
home), psychological well-being (possible state of optimism related
to the comfort when entering a home or while staying at home).
Ratings for each category and a composed rating of all dimensions
before and after the insulation are presented below. (Table 1)

Improvement aspect

Subject

Subject evaluation
Evaluation span: 1-5

1-2: little or no improvement
2-4: notable improvement
4-5: great positive change

The general conclusion from the survey was
satisfactory, and the subjective impression was overall positive.
Most of the subjects had noted improvements in every aspect. As
a result, they considered their life to be improved. Different
aspects of well-being were also separately improved as the
average ranking by each aspect lay between 2 and 4. It was
expected for the subjects not to reach the maximum life
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Physical Emotional Psychological IAverage of general
improvement improvement improvement improvement/subject

Subject 1 4 4 3 3,67

Subject 2 5 3 3 3,67

Subject 3 5 5 4 4,67

Subject 4 3 4 2 3

Subject 5 4 3 2 3

Subject 6 4 4 3 3,67

I/Average group 4,17 3,83 2,83

improvement/ aspect

Legend improvement level as more factors contributing to the

improvement were not studied in this research.

Impact of thermal insulation on electrical energy-

related costs

The economic aspect is also crucial in the life of every
average household as it heavily impacts the quality of all their
daily activities. This paper interprets official data retained from
OSHE for the same subjects that collaborated above. The data
represent the yearly expenditure on electrical energy, and this
research focuses on two critical years, the year before the
thermal insulation and the year after. This selection was
made to prove thedifference in expenditure and, as a result, in
cost during this timeframe. Data was compilated and formatted
graphically. (See Graph 1-4)
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Graph 1: Cost representation Spring 2017 - 2019
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Graph 2: Cost representation Summer 2017 - 2019
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The data in each of the four graphs correspond to each subject's
average expenditures for each season. There is a difference between
the respective values before and after the thermal insulation works.
From the graphs, it is clear that in spring and autumn, when the
need for heating - cooling is very low, the difference between these
two values is not very large, although it is present.

76

M After thermal insulation

When the need for heating - cooling is at the highest levels in the
winter and summer periods, the difference between these two values
is much more significant.

We also see that the opinions obtained during the interview are in
sync with the statistical data presented in the graph.
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Graph 3: Cost representation Autumn 2017 - 2019
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Graph 4: Cost representation Winter 2017 - 2019
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Conclusion of the building.

Through this research, certain conclusions were put on evidence.
The research subjects felt the impact of thermal insulation in their
everyday lives. They were physically feeling an increase in energy
and health as having a comfortable interior and avoiding excessive
temperatures in both directions, warm and cold, reduced their
chances of getting sick and suffering from the seasonal flu and cold.
The constant state of health also affected their psychological and
emotional state as they were feeling more motivated to stay active
during the day and even increased the amount of time they spent at
home instead of avoiding it. From the obtained data, it is evident
that the economic impact of thermal insulation has a positive impact
on the household's savings in energy-related costs.

Furthermore, the investment becomes profitable in a 4-5-year
period if the investment was undertaken privately by the inhabitants
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IHogoOpeHa KOHCTPYKIMS HA ONOPH 32 M3NMTBAHE HA YIapHO OrbBaHe 110 MeToAa Ha ,,Yyk
Ha [llapnu*

Improved support design for Charpy impact bending testing

Mar. Unx. Teogop AtanacoB
HHCcTUTYT 10 MeTano3HaHue, ChOPBKEHHS U TEXHOJIOTUH ¢ LIeHThp 1o Xuapo- u aepouHaMuka ,,AkageMuk Axren baneBcku‘
boarapcka akagemust Ha HayKUTe

Pestome: Paspabomenu ca cneyuanti coCmagHu cmensemu (no0odpenu onopu) 3a usnumeane Ha yOapHo 02b8ane no Memooda Ha YyK Hd
Llapnu. Onopume ca uspabomenu, MOHMupanu Ha maxanen 4yx na Lllapnu u ca usnumanu ¢ nRoMowma Ha CMAHOAPMHU MECMO8U 00pasyu
¢ V-naopes. Hzcredsana e cvemecmumocmma mexncoy cmarnoapmuume u paspabomeHume om KOJieKmuea onopu.

Knrwuoeu /lymu: Covcmasnu Onopu, Yyx Ha Lllapnu, Yoapno Ozveane

Master engineer Teodor Atanasov
Institute of Metal Science, Equipment and Technologies
with Hydroaerodynamics Center "“Akad. A.Balevski "
Bulgarian Academy of Sciences

Abstract: Special composite interchangeable (improved) supports for Charpy impact bending testing were developed. The supports were
fabricated, mounted on a Charpy pendulum hammer and tested using standard V-notch test specimens. The compatibility between the

standard and the supports developed by the team was investigated.

KEYWORDS: COMPOSITE SUPPORTS, CHARPY HAMMER, IMPACT BENDING

1 Bveeoenue:

Ilpn  yBennmuaBaHe  CKOpPOCTTa Ha  HATOBAapBaHE
OOMKHOBEHO C€ YBEeIM4YaBa W YyBCTBHTEIHOCTTa HA MaTepHAIUTE,
KBbM HaJIpe3, BBTPEIIHN Ne(eKTH, CTPYKTypHA HEETHOPOIHOCT M
Jp., KaTo HPOSIBSBAT CKIOHHOCT KbM KPEXKO paspymaBane. Toa
Hajara ONpEAeNsHEe Ha TEXHUTE JHHAMHUYHH  MEXaHHUYHHU
XapaKTEePUCTUKHU. Te3d XapaKTepUCTHKU C€ OMNPEAeNsIT upe3
JMHAMHYHA METOJM Ha M3NMTBaHEe Ha mpoOHH Tena. Ilpu Tes3n
METOJM HapacTBAaHETO Ha HATOBApBAHETO M CaMOTO paspyllaBaHe
Ha NpoOHMTE Tejda HPOTHYAT C ToJsIMa CKOpOCT (4pe3 ymaap).
Bucokara ckopocT Ha pa3pymaBaHe BapHpa OT HIKOJIKO MeTpa JIo
HSKOJIKO CTOTHMH MeTpa 3a CEeKyHJa U Ce IOCTHra I0 Pa3iIn4yHU
METOAM — ymap 4pe3 mamgaHe (MEXaHWYCH YYyK), POTALHOHHO
JIBH)KEHHE, B3PHB H JIP.

Or JAMHAMHUYHHUTE H3IHUTBAaHUS Hal-pa3lpocTpaHeHaTa
XapaKTepHCTHKA KOSTO Ce ONpeleNis € yaapHaTta J>KHIaBOCT Ha
Mmarepuanmure. C oOmpeneNsHETO Ha ynapHaTa >KHJIABOCT Ha
MaTepHaluTe Cce pa3KpuBa  BIMSHHETO Ha  CTpPyKTyparta
(HempaBuITHATa TEPMOOOPAOOTKA, eIpUHATA HAa 3bPHATA, HATUYHUETO
Ha (IIOKEHM) M pa3MoJIOKEHHeTo Ha oOpasena (meraiina) crpsmo
MOCOKATa Ha IIacTH4Hata AedopMmarms U Apyru (GakTopH, BBPXY
CBIIPOTUBJICHHETO CpEIly KPEXKo paspyiiaBaHe.Bw3mpuero e
yaapHa JkumaBocT jga ce Oenmexn ¢ Kc M ce u3passBa upes
cnenuduunara pabora (E), m3pasxonBaHa 3a paspymaBaHe Ha
oOpaszena ¢ MbPBOHAYAIHO HAINpPEeyHO cedyeHue (S) B MACTOTO Ha
YMHUIIUICHO Ch3JaJieH Npope3 (KOHIEHTPAaTop Ha HAMpPEe)KSHUsTA)
npope3a [3], upe3 orbBaHe IpH YIAApHO HaToBapBaHe..B mnoutu
BCHUYKH cnyqan CIICMCHTHUTC Ha TOBa HU3IMUTBAHE ca
cranpapTusupanu. OmnpenensHeTo Ha yJapHaTa JKHJIABOCT Ha
MaTepHaIuTe Ce 3BBPIIBA HAN-YECTO C TIOMOIITA HA MaXalHUS YyK
na [lapmu. Makap ye, IpUHIKMIIA Ha ISHCTBHE OCTaBa €MH U CBhIII,
TO3M THI MAallMHA M TEXHHTE €JIEMEHTH HEeNPEeKbCHATO Ce
ycbBbpuIieHcTBaT.  OOexkT  Ha ~ Hacrosimata — pabora e
YCBBBPILEHCTBAHE HA OMOPUTE HAa MaxanHus 4yK Ha [llapnu

2. Koncmpykmuena pazpadomka:

3a U3NUTBaHE Ha yJapHO OrbBAaHE IO METOJA ,,UyK Ha
lapnu‘ ca KOHCTpYHpaHU CIIELUATHU ChCTaBHU OINOPH, MOKa3aHa
Ha (¢ur.1) , chcrosma ce orT:

-0IIOpH ChC CHEIHANIHA TeOMETPHs U Npo(dUI Ha BbpXa
oTroBapsina Ha cranuapra [1]

-CHEeUAHHU MOIbPKAIIH eJIEMEHTH

-KpETIe)KHH eJIEMEHTH

78

Due.1 - Tooobpenu onopu.

ITpn n3paboTBaHETO HAa ONOPHUTE Ca CHA3eHH BCHUKH
W3KMCKBaHUS, yKa3aHH B craHzpapra [1], reomerpuuna ¢opma Ha
pabOTHUTE MOBBPXHOCTH, MaTepHal, TEXHOJOTHS Ha 3aKasBaHe,
TBBPAOCT Clie]] 3aKajsiBaHe M HocienBamia oOpaboTka, Kiac Ha
rpanaBocT TapaHTHpPAIll MAKCUMAaJIeH aKyCTHUEH KOHTAKT C KopIryca
Ha U3MUTATeIHATa YCTAaHOBKA U APYTH.
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V3paGoTBaHeTO0 Ha ONOPH OT J(BE YAaCTH IO3BOJISIBA KOHTAaKT Ha
HPOOHOTO TSJIO MO LSJIOTO My CeYEHHE ¢ pabOTHUTE NOBBPXHMHM
Ha OIIOpUTE, KOHTO HE € BB3MOXKEH HPH CTAHJAPTHUTE OIOPH
MOpajii HATMYMETO Ha TEXHOJOTMYeH KaHai. CTaHaapTHaTa onopa
e rmokasana Ha ¢wur. 2

@Due. 2 - Cmanoapmua onopa 3a ,, Yyk na llapnu “

Tono6penute onopu ce cbeToAT OT ABe yacTH (OcHOBa
u [lomrbprkaiia racTHA), 3aKperneHn MOMEeXIy CH IOCPEICTBOM
JIBa crenuamHu Oonra. 3a rapaHTHpaHe Ha TMpelu3Ha CriIoOka
Tpey 3aKajisiBaHe W nulaiidaHe KbM TOYHH Pa3MEpH J(BETE YacTH
ca Oasmpanu m mmpTOBaHW. B OCHOBara ca M3pabOTEHW Mpean
3aKajIsBaHe J(Ba CJIHIICOBUIHM KaHala, Ype3 KOMTO CE OChHIIECTBIBA
Mpeny3Ha HAcTPOilka Ha CIVIOOCHUAT BbB3€N IPH MOHTaXA KbM
U3NUTaTeNHATa ycTaHoBKa. [lornen oTnpesn e nokasaH Ha ¢ur. 3

OCHOBHO TSJI0

EnurcoBuiHM OTBOPH

Duz.3 - Tlooobpena onopa — nozned omnped

TlomoGpeHuTe OHOpH ca MOHTHPAaHH Ha CTaHIApTEH
Yyk nHa Illapnu c uen ga ce mpoBene CPaBHHUTENEH TECT MEXAY
KanMOpupaH CTaHIApTeH TaKbB M aHAJIOT ¢ ogoopeHuTe onopu. Ha
¢ur. 4 ca moxazaHH MOHTHPAHHUTE OLIOPH.

@Due. 4 - Ilooobpenu onopu Monmupanu Ha ekcnepumenmanen 4yx

na Lllapnu

3. EKcnepumeHmaJma uacm:

Uyka e HactpoeH Ha 300J) moTeHImanHa eHEpPrusl MpU
CKOpOCT Ha ymapa 5.6 m/s. 3a eKclepuMEHTaNHa MpPOBEpKa Ha
paboToCocOOHOCT ca u3no3BaHu 6 Op. cranaapTHu obpasiw [1] ¢
V-Hanpes. Buna Ha oOpasnuTe ¢ mokasas Ha (¢ur.3).

A-A
A_;.... 55 10
S o N
27.5 90°:0.5°
|
R025

@ue. 5 — Cmanoapmen obpaszey ¢ V| — Haopes

O6pa3ume Ca U3psA3aHu €AHOIIOCOYHO OT JIUCT JIaMapuHa

C mejl  MakCUMallHO

YyEAHaKBsABaHE Ha

MEXaHUYHUTE UM

XapaKTECPUCTUKHU. H’prOHa‘{aﬂHHTe UM pasmMe€pu ca JdaaeHu B

Tabnuna 1
aou. 1
Homep | Obmxuna, | Bucounmna | [lupuna, | JIpiabounHa Ha
L[mm] H[mm] B[mm] Hajpesa, D
[mm]
1 55.10 10.05 9.95 1.95
2 55.05 9.95 10.00 2.00
3 55.00 10.10 10.05 2.05
4 54.95 10.00 10.05 2.00
5 55.10 9.95 9.90 1.90
6 55.05 10.05 9.95 1.95
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IlpoBeneH € CpPaBHMUTENCH AHAIU3 MEXKIY IOJIYYCHHUTE E — Eneprus 3a paspyuraBasue, [J]
pesynratu oT mpoBepeH uyk Ha Iapmu wu wuspaboTeHus B — IupuHa Ha npoOHOTO Ts10, [MM]
eKcriepuMeHTaneH moaen. Temmneparypa na usnurBane 20°C. H — BucourHa Ha npo6HOTO Ts110, [MM]
Vnaphara sxunaBoct K¢ ce u3uncissa no popmymnara [3]: D — Isn6ounna Ha Hajapesa, [mm]

E
K¢ = ————=<* 100, 3

KBIETO:
Kc - Yaapua xmmasocr, [Jem?]

Taén. 2
UYyk 1 (Excriepumenranen mogen 300J) Uyk 2 (IIposepen uyk Ha llapmm 30 kgm)
Homep Eneprus VY napHa )KuinaBocT Homep Eneprus VY napHa uiaBocT
E, [J] Ke. [Ilcm?] E, [J] Ke, [Jfem?]
! 76.80 96.02 4 7750 96.27
2 76.20 96.48 ° 77.00 96.73
8 77.00 95.79 6 76.15 95.46
CpaBHEHHETO Ha pe3ydTaTuTe OT W3IMTBAHETO Ha O00pasluTe W3paboTBaHeTo Ha OHOpW OT J(BE YacTH MO3BOJIBAa KOHTAKT Ha
MI0Ka3Ba pa3jMKa 0 — Majka oT 2% NpOOHOTO TSUIO MO IPUIOTO MYy CEYeHHE ¢ PabOTHHUTE IOBBPXHUHU
Ha OIIOPHUTE.
Zaxnouenue: TlomoOpeHUAT KOHTAaKT BOAM 1O PABHOMEPHO CHMETPUYHO

Konctpynpanu  ca chenuanHd CbCTaBHU ONOPU  3a HATOBAPBAHE Ha ONUTHUS 00Pa3eLL.
U3MUTBaHE Ha yJIApPHO Or'bBaHe 10 Metoaa ,,Yyk Ha Hlapru®.
Koncrpykuusara e u3paboTeHa M TIPOBEPEHAa  CBIJIACHO 4. Jlumepamypa

M3MCKBaHNMATA Ha cTanfaprure [1],[2]. [1]1 Annual Book of ASTM Standards — section three —\Volume
Wsnurann ca 6 tecroBn oOpasuu ¢ V-Hampes npu craiiHa  03,01; Jul 2006

Temmepatypa (20°C) M ¢ TpOBelcH CpaBHWTENCH TecT Ha 2] EN 10 045-1 Metallic materials — Charpy impact test —Part 1:

paboTocmocoOHOCTTa Ha Ch3a/IeHaTa YCTaHOBKA. Test method: March 1990

;
Pesynratnre  mokasear,  4e  yCTaHOBKaTa ¢  HAllbIHO [3] Bogennuapoe Cr. Kome Cr. , JIMHAMHYHM H3IHTAHHUS HA
paborocnocolHa. CTOMaHH, IpeHa3HAYEeHH 3a peaKTopocTpoeHero” — Hayuna cecus

TonoGpesnTe ONMOpH IO3BOIABAT PEMOHT CIEA NPOABIKHTENHA o [ITM — Bapha, HoemBpH 87
eKCILIOATAIIHS.
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A Deterministic Method for Controlling Out-Of-Plane Distortions by High Power Arc
Welding
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Abstract: The Cyber-Physical System (CPS) is one of the main concepts associated to the Industry 4.0 framework. The paper aims at
analyzing the futures and architecture and technologies of CPS, retracting it in form its general conceptualization, to the interpretation in
high relevant problem of welding manufacturing in context of Industry 4.0. The most recent approaches are based on empirical models or Al
and rely on experimental data collection. On the other hand, the actuator shell control a certain parameter or parameter set. Under close
consideration of the state of the knowledge to the problem of out-of-plane welding distortions, the aspects related to data sensing and
actuating process parameters are analysed. However, due to the intensive development of the welding techniques und machines as well as
the increasing focus on lightweight design pose a challenge that enters an unstudied parameter domain. To address this problem, a study
was carried out using a combination of experimental and numerical methods. Based on the obtained results, the existing analytical
expressions are supplemented and put into discussion. Essential findings, as well as the correlations between the occurring out-of-plane
distortions and the welding process conditions and parameters are emphasized. Thus, the level of knowledge and the range of application of
the existing analytical models are extended. On this basis, the development of highly effective deterministic-driven CPS in the context of
Industry 4.0 is advanced.

KEYWORDS: INDUSTRY 4.0, CYBER-PHYSICAL SYSTEM, WELDING MANUFACTURING, OUT-OF-PLANE WELDING
DISTORTIONS, ANALYTICAL MODEL, COMPUTATIONAL WELDING MECHANIC

[“Structural steels.
| single-layer welds
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1. Introduction

In the manufacture of large structures, e.g. constructions, ships,
wagons, casks etc., welding plays a key role. One of the main
problems in welding is welding distortions in general and in
particular out-of-plane distortions. These may lead to dimensional
instability and hence require strict control. In case of single or small
series production, i.e. when the existing experience by the
manufacturer is very limited, the problem of distortions control
becomes even more acute.

still
unstudied

a/lv ') lifmm’]
The occurrence of welding distortions and in particular out-of-

plane distortions is a consequence of complex thermomechanical Fig. 1 Dependence of the angular distortion (A B) on heat input (power g to
processes, i.e. complex interactions between multiple influencing  welding speed v) and the square of the load-bearing thickness (3) [after 10].
factors. Furthermore, the mutual relations are characterised by a
high degree of non-linearity. It is important to note that, within the
context of varying parameter sets, specific influencing factors or
interactions may exert a substantial or even negligible effect, see
Fig.1. Consequently, the process of control becomes increasingly
challenging.

However, the idea of creating a CPS based on stochastic
methods, Al and BigData, as proposed in [11], for example, comes
up against the complexity of the physical problem and the question
of rationality. On the other hand, the extension of the existing state
of knowledge is clearly advanced. Therefore, the presented work

The Cyber-Physical Systems (CPS) have been proposed in  aims to investigate an out-of-plane distortion problem using
context of Industry 4.0 as smart embedded and interconnected  experimental-numerical methods and to complement the already
systems within production systems [1,2]. They operate at virtual  existing analytical model. This includes the critical evaluation of the
and physical levels interacting with and controlling physical  influencing factors and their interactions and the elaboration of a
devices, sensing and actuating on the real world [3]. Originally  clear relationship in the form of an analytical expression, which can
based on the Internet of Things (loT) [4], the CPS proposes to finaly help to estabilish highly effective CPS.
embed sensors and actuators, i.e. "things", connectivity, in order to
allow the collection and exchange of data in order to control the
manufacturing processes [5], i.e. to monitor geometric deformation
on the physical twin [6] and to actuate and improve the process [7].

As part of the experimental and numerical investigation of this
phenomenon, the dependencies of the qualitative change in bending
and angular distortion are to be analyzed. Furthermore, a possibility
However, the crucial question is what data need to be collected and 1S Sought to capture the instability in an analytical model. For this
how the actuators shell respond. purpose, the numerically _calc_ulated plastic strains in tr_le

longitudinal and transverse direction of the seam are evaluated in

The instability of thin-walled structures refers to the change in  different positions in the direction of the joint thickness. The
sign of the bending and angular distortion in flexible welded  primary objective is to investigate the extent to which the known
structures, such as butt joints with low wall thickness. A large  correlations retain their validity for unambiguous quantification of
number of studies have already been carried out in the literature, the phenomena occurring.
taking into account the influencing factors in varying degrees of

complexity [8-10]. However, very fast-moving heat sources with 2. Experimental study
high power and structures with very thin wall thicknesses are ) S o
increasingly being used today in the context of lightweight design, Out-of-plane - bending and angular distortions that qualitatively

which is penetrating more and more branches of industry. Primarily, ~ deviates from the empirical values are already detected in a
the combination of both goes far beyond the range previously ~ Previous project on a butt joint of dimensions 250/100/1 L/B/H

covered. Accordingly, negative angular distortion in conjunction ~ [mm] [12]. The experimental results are confirmed by
with positive deflection is not addressed in the existing works, thermomechanical finite element simulations. The investigations are

Fig.1. intensified and the phenomenon of butt joints of double thickness is

81



Industry 4.0, issue 1/2025

analyzed. The line energy per unit length and the welding speed, as
well as the thermal boundary conditions are varied according to the
previously established dependencies. In addition, two different
steels are used.

The geometrical symmetry axes along and across the weld seam
in butt welding are also considered as symmetry axes for bending
and angular distortion in a good approximation. It is therefore
sufficient to document the distortions in the plate thickness
direction of a quarter, cf. Figure 2: The deflections can be used to
determine the time depending bending and angular distortion in the
joining partners for each weld, Figure 3.

In order to determine the bending and angular distortion, the
probe attached to the robot is used and the data thus determined
compared with each other, Figure 4. The qualitative change in
angular distortion is not achieved by increasing energy per unit
length. However, all samples welded on the metallic substrate
showed a negative bending; always associated with a negative
angular distortion.

Yi[wad
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o
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Fig. 2 Experimental set up (a) and positions of the measurements (b)
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Fig. 3 Time dependant bending and angular distortion at the relevant
positions transversal and longitudinal to the weld (exemplary for
gs =220 J/mm and v = 10 mm/s)

1 -1 100 sfmm] 150 7 Energy per
4.0 1; Unit Length
qs=12¢
. ing (]
///J/’///f\\<\ — qs=2 ying mm
—— -12.00 —qs=170. lying

0, lying

Fig. 4 Bending and angular distortion of 2 mm thick I-joints in dependency
on the energy per unit length

Finally, the angular distortions of all experimental studies is
compared with the correlations given in the literature, Figure 5. The
in plane dimensions of the I-joints were always the same: 150/350
L/B [mm]. However, thickness, welding process and material
varied. The 5 mm thick samples of the material S355J2G3 were
single-layer plasma beam MAG hybrid welded. Since the two heat
sources were very close in time and space, the heat source power is
added for the calculation of the cross-section related energy per unit
length. The 4 mm thick samples of material X5CrNi18-10 are
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provided with a root layer before joining. The resulting
deformations have not been documented. Since there was a
complete cooling between the root and cover layer, only the heat
output of the MAG-welded cover layer are used to calculate the
related energy per unit length.
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Fig. 5 Results of the measured angular distortions

3. Numerical study

The instability of thin-walled structures is investigated by
means of continuous thermomechanical simulations. All relevant
thermophysical and thermomechanical material characteristics, as
well as the heat exchange with the environment were taken into
account temperature depending. In order to calibrate the
temperature field, measurements are also made during welding and
cooling at different positions across the weld seam and on the top
and bottom of the plate. Since the exact causes for the qualitative
change of bending and angular distortion are still unclear, the
experiments should be mapped as accurately as possible.
Accordingly, a close-equalization is also performed by means of cut
images, which is normally not taken into account for welding
distortion calculations.

For the numerical simulations of the 2 mm thick butt joints,
very fine discretized 3D models are created. For each set of
parameters, the corresponding seam was modelled, Figure 6.Both
the time-dependent temperature curve at different distances in
transversal direction to the weld and the maximum temperatures to
be derived from it were calibrated using the appropriate
experiments, Figure 7-a to Figure 7-c.

q. =120 J/mm

q. =170 J / mm q. =210 J/ mm

T[°C
1430 rel

572 1144

Fig. 6 Comparison of the molten area of the weld with the numerical
calculated temperature field

For the calibration of the subsequent mechanical deformation
calculation, the thermal expansion coefficient, the yield strength and
the modulus of elasticity were varied within a 20% stray band. The
in plane deformation as well as the bending and angular distortion
measured within the experiments could be calculated quantitatively,
Figure 8. However, the out of plane deformations qualitatively
incorrect and corresponded in any case to those of the lying plate
with forced cooling. Further investigation is needed to clarify the
cause.

On butt joints of a thickness of 1 mm, however, the instability
has already been demonstrated experimentally and could also be
confirmed by means of thermomechanical numerical simulations,
Figure 9-b. In this project, the energy per unit length was varied by
means of variation of the heat source power and the qualitative
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change of the out of plane deformations were also calculated
numerically, Figure 9-a.
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Fig. 7 Time dependent temperature curve in different distances to the weld
(left) and maximum temperature distribution at the upper side and the buttom
of the plate (right); experiment and numerical calculation; energies per unit
length: a) gs = 120 J/mm, b) gs = 120 J/mm and c) gs = 210 J/mm
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Fig. 8 Numerical calculated out-of-plane distortions, gs = 120 J/mm (a) and
gs = 170 J/mm (b)

-3,56 -118 0

a) b)

Fig. 9 Numerical calculated out-of-plane distortions: qs= 62,5 J/mm (a) and
gs= 54,7 J/mm (b)

According to [10], cf. Figure 1, the angular deflection in MAG
welding of structural steels increases with increasing energy per
unit length, reaches a maximum and then decreases again. In order
to investigate the behaviour in thin-walled structures under these
conditions, the energy per unit length was successively increased,
starting with a very low but realistic heat input, and the resulting
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angular distortion in the center of the plate was evaluated, Figure
10. With higher energies per unit length, the bending and angular
distortion increased. As shown in [10], there should be a maximum.
However, a subsequent decrease of the out of plane deformations by
simultaneously increase of the energy per unit length could not be
observed. Bending and angular distortion remain quantitatively the
same, but suddenly change their sign.

Path

Energy per Unit Length ¢.[J/mm]

Bending and angular distortion [mm]

0 i G5

0 10 20 30 a0 Y] g — f;\ \;6

-5 —23 59.4

— 293 60.2

10 —4 66,2
— 528

Fig. 10 Bending and angular distortion of thin-walled weld structure in
dependency of energy per unit length

The analytical shrinkage force model calculates the plastic
strains integrated over the width of the plastic zone and the
corresponding points of action in longitudinal and transverse
direction of the weld. The evaluation of the numerically calculated
strains, Figure 11 to 13, also allows the calculation of the
corresponding quantities that the shrinkage force model provides,
Table 1. The pints of action in both directions are calculated as

follows:
ra=pr-fan1=2
b 2)7 s

I
_lso(y,Z—fjdw su(y Z——gjdy 6

The sum of the plastic strains &, is obtained from the mean of
the summed plastic strains in the plane of each integration point
alongside the thickness:

‘!g(y,z =g]dy+£g(y,z =0);1y+_£g(y, z =—g]dy.

3

Ap

Ep =

With increasing energy per unit length, the maximum
temperatures and the width of the zone in which plastic
deformations occur are increasing too. As a result, the plastic strains
increase in longitudinal direction. The calculated points of action in
longitudinal direction are very close to the centerline of the cross
section. The maximum temperatures can be described with the
approach of the line source in a thin plate. The points of actions of
the strains in transverse direction are many times larger than those
in longitudinal direction and have always an opposite sign
compared to the longitudinal strains.

Upper Side
Middle

Bottom

—Upper Side
—Middle

Bottom

a)

Fig. 11 Plastic strains at upper side, middle and bottom of the plate in
longitudinal (a) and transversal direction (b) at energy per unit length
gs=47 J/mm

b)

The evaluation of the plastic strains and their points of action
gives first indications about the characteristics of the detection
function for thin-walled structures in the analytical shrinkage force
model. The origin of the sudden sign change of bending and angular
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distortion is not covered. In order to study this phenomenon more
closely, the thermomechanical simulations were evaluated at each
time step and the temperature field was compared with the out of
plane deformations, Figure 14. There is a local bulging behind the
heat source, which is also discussed in [9] (Contrary to the results of
the numerical calculations presented in this paper, the bulging was
detected bevor the heat source). The local bulging occurs at an early
point of the welding. With increasing of the energy per unit length
the start of the bulging happens earlier. The local bulging of the
structure initiates an angular distortion, which is maintained until
the complete cooling of the welded joint, see. Figure 10.
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Fig. 12 Plastic strains at upper side, middle and bottom of the plate in
longitudinal (a) and transversal direction (b) at energy per unit length
gs =55 J/mm
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Fig. 13 Plastic strains at upper side, middle and bottom of the plate in
longitudinal (a) and transversal direction (b) at energy per unit length
gs=62 J/mm

b)
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Fig. 14 Local buckling of the butt joint in different directions depending on
the energy per unit length

4. Mathematical capturing of the unstable
behavior of thin-walled structures in the analytical
model

From the extensive thermomechanical simulations, the center of
gravity of the plastic strains in longitudinal and transverse direction
can be determined, Figure 15. The center of gravity in longitudinal
and transversal direction at a specific energy per unit length have
always opposite signs. The sums of the strains on the plate top and
bottom side in transverse direction have a much higher difference
and thus the distance of the center of gravity to the center of the
crosssection is much larger than the distance regarding the
longitudinal direction. The center of gravity of the plastic
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longitudinal strains is, according to the line source in a thin plate,
almost zero.

The points of action of the plastic strains in the longitudinal
direction obtained by means of the simulations correspond to the
known correlations in a very good approximation, Figure 16.
Negative center of gravities are the result of the deformations shape
of the butt joint. In the stability study of the coupled hybrid model it
was found that a sign change at such marginal eccentricities has no
influence on bending and angular distortion. The existing
correlations are also maintained for thin-walled structures, with the
center of gravity z, for Ay*K s> 8, see [10] or [12], that is, for very
large energies per unit length related to the cross section, the center
of the cross section of the butt weld.
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Fig. 15 Center of gravity of the plastic strains in longitudinal (a) and
transversal (b) direction; welding of a butt joint of 1 mm thickness
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Fig. 16 Local buckling of the butt joint in different directions depending on
the energy per unit length

The argument determining the influence of the welding
conditions and parameters is given as follows:

1. Ko
cpd Y b,

o

Ag =

where a is the heat expansion coefficient, ¢ and p are the heat
capacity and the density respectively, gs is the heat input (power per
unit length), & is the plate thickness, & is the yield strain and K is
a function of heat transfer conditions and thickness of the welding
members, and depends also from A, [9].
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Fig. 17 Point of application of the transverse shrinkage, extended by thin-
walled structures as function of B, parameter

Hereby the parameter B, consider the mutual influence of the is
the heat expansion coefficient o, the heat capacity ¢ and the density
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p, the heat input g, the plate thickness 8, the yield strain & and the
functions characterizing the heat dissipation during welding, [9] and
is given by the expression:

kal
L'mg}

The distribution of the transverse strains in the plate thickness
direction is considerably more inhomogeneous than that of the
longitudinal strains. With increasing line energy, it is to be expected
that the eccentricity resulting from this inhomogeneity will
decrease, cf. 1. However, when investigating the instability of thin-
walled structures using calibrated thermomechanical FE
simulations, there is an increase in eccentricity, followed by a
change of sign, cf. figure 15-a. A continuous transition was not
observed.

100cx s
g —
CoER oo (5{2_1

B. =

An inverse procedure by deriving the point of application of the
transverse plastic strtain from the numerically calculated distortions
is possible, Figure 17. However, the numerical investigations of the
phenomenon cannot be considered complete. Further investigations
are necessary to fully clarify any dependencies on the geometric
dimensions of the welded joint, the cooling behavior or other
boundary conditions and the exact definition of "thin-walled".
Consequently, the user of the coupled analytical model is advised
that for B, > 500, i.e. a very high energy input in relation to the
sheet thickness, the eccentricity of the transverse strains can have
either a positive or negative sign.

5. Conclusions

The instabilities that occur during welding are investigated in
order to do meet the increasing use on lightweight construction and
the associated growing use of thin-walled constructions. The
following dependencies are recorded as part of the comprehensive
investigations carried out:

« Angular distortion is a function of the related line energy;
« Angular distortion is dependent on the cooling conditions;
to

« Positive angular distortion

deflection;

corresponds negative

» The sign of the angular distortion is decided at an earlier
stage of the weld;

» The change in direction of the angular distortion changes
the center of gravity of the plastic strains.

The limits of the analytical model should not be regarded as
absolute. By means of further experimental and numerical
investigations, any limitation with regard to the application of the
model can be remedied.

The knowledge gained provides clear information about the
required master data and its connection with the removal of out-of-
plane distortions. On this basis, they make it possible to form a
digital twin in the form of analytical outputs and to implement it in
the context of Industry 4.0 in a practice-relevant CPS for welding
process control. This advances the idea of implementing
deterministic models in welding production control systems.
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A new type of nail for wooden structures with increased resilience
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Abstract: In the following work, we present the results from a research of a type of nail with a new form of section, in comparison to the
round section that currently used nails have. This new form is similar to an equilateral triangle, the sides of which’ are curves [Reuleaux
Triangle]. The body section of this new type of nail has three curves and three edges; his surface SR is with 5.56% larger than the surface
SC of a round nail with the same section area. From the experimental research that has been made so far, it was established: (i) because of
the larger compaction of the wooden material in the ends of the edges, and of the larger surface, you get a bigger friction force, resulting in
a pulling-out force Fto,R that is on average twice as bigger as the pulling-out force Fto,C; (ii) because that the new form of nail has edges,
this leads to bigger resistance during the rotating of the joined wooden elements one against another — the moment Mr is on average 60%
bigger than the one with elements, joined with a normal nail. These advantages, as well as the use of the existing technology and machines
for the production of nails without having to effect any major changes, create the conditions for the application of the new type of nail in
construction, furniture production and in the everyday life, for an output of products with larger resistance to external forces. This effect will
be especially useful for increasing the residential buildings’ resilience during earthquakes, hurricanes and other natural disasters.
KEYWORDS: NAILS, REULEAUX TRIANGLE, WOODEN STRUCTURES

1. Introduction other definition is that of “curves of constant width that have the
The production of nails worldwide is one of greatest in fabricated ~ Same "width” regardless of their orientation between the parallel
metal products: reinforcing bars — 400 million tons, sheet metal —  lines” [7]. The surface — that is the curve with the largest area — also

240 million tons, pipes — 60 million tons nails, and screws — 32 belongs to this type, while the Reuleaux Triangle is the closed curve
million tons in 2014 [1]. Nails are used for connecting elements of ~ With the smallest area, but with the same perimeter.

wooden constructions; the largest quantities are used for wooden- The more important qualities of the Triangle are: _
frame houses. The average wooden-frame house uses require - Its radius R = 2,112r, where r is the radius of a circle with
between 20,000 and 30,000 nails of various types and sizes [2]. the same area. )

Earthquakes or hurricanes are considered as extreme conditions for - With the same area, the perimeter of the Reuleaux

those structures. A variety of nails is available for wooden  Triangle PR is 5.56% larger than the perimeter PC of the given

structures, which are to be under heavy loading conditions — Fig. 1 circle. ) )
[31, [4], [5]. - The second moment of area | and the elastic section

modulus S, when you have a circular section, are the same as regard
to a coordinate system, passing through the center of gravity in the
circle, therefore with a cicle Ix,c = ly,c, Sx,c = Sy,c. With the
Reuleaux Triangle Ix,R = Iy,R, Sx,R # Sy,R as regards to a
coordinate system, passing through the section’s center of gravity.
In agreement with the definition for S [8], [9] from Fig. 2b we can
see that with the Triangle there are two elastic section modulus
SR,y (SR,y1, SR,y2) and one elastic section modulus SR,x:

S (Ryl)=l_y/b; S (Ry2)=Il_yl/a ; S_(R,x)=I_x/0.5R 1)
By looking at the geometric proportions in an equilateral triangle it
can be determined that a = 0.577R , b =0.423R and (1) becomes:
S_(Ry1)=1_y/0.423R; S_(R,y2)=I_y/0.577R; S_(R,x)=I_x/0.5R

@)
where [6]
I x=I1_y=1/48(10n-17V3)R 4

3

a - with rolled rings; b — with rolled screw channels; ¢ — with screw
canals and rings: 1- nail heat, 2 — nail body, 5 — screw cylindrical
surface, 6 — linear rings

(
2 b) © VAV
Fig.1. Design of nails for heavy loading wooden structures: ==

a) b) C)
Most of these nails have a number of advantages, compared to Fig. 2. a —aReuleaux Triangle; b —a scheme for determining the
conventional nails, but they are difficult to be manufactured in the elastic section modulus S; ¢— a nail with a Reuleaux Triangle
existing automatic machines for nails and have a higher price. section

The new type of nail[10] has a section, known as the Reuleaux

Triangle. This geometrical figure has a shape, formed from the  Here we present the results from our comparative experimental
intersection of three circles, each having its center at the vertex of a  research for determining the maximal forces and moments, which

triangle impact wooden structures, the elements of which are to be joined
— Fig. 2. The radius R is equal to the length of the triangle’s side. with a nail with a round section, or a section of the Reuleaux

In Fig. 2 we see that the Reuleaux Triangle includes three curves Triangle type.

and three edges.The Reuleaux Triangle can be seen as a closed

convex curve of constant width. This is a type of curves which,

when rotated in a square, make contact with all four sides [6]. The
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2. Methodics

A round section nail with the following characteristics: radius RC =
3.5 mm, length LC = 190 mm, area of the counter-section A =
38.46 mm2, perimeter PC = 21.98 mm, was used in the
experiments. The nail with the Reuleaux Triangle section, was with
the same area A, radius RR = 7.392 mm, length of the section
portion LR = 85 mm (the length of the entire round section nail is
145 mm), perimeter PR = 23.2 mm - Fig. 3; his edges were
rounded with radius R = 0.5 mm. There have been made 10 such
nails, with the Reuleaux Triangle section portion been made on a
filament erosion machine.

In Table 1. are given the values of the second moment of area | and
the elastic section modulus S for the two types of nails.

o7

R0O.5
7
\‘:g‘g?\/g
e Y |
T~ |
S~ -

a) b)
Fig. 3. Comparison of the ordinary and the new nails: a —
comparison of the cross-section dimensions; b - view of the used
nails with the new shape and ¢7

Table 1. Value of 1 and S for ordinary and new nails

Section | Iy, mm* | Iy, mm* | Syi,mm? | Syo,mm?® | Sy, mm?3
Circle 117.8 117.8 33.65 - 33.65
Relo 122.54 122.54 39.19 28.73 33.15

There were two types of experiments.

2.1 Experiments for determination of the take-out force Pt

In that case wooden elements (beams) made out of dry coniferous
wood with sizes (length x height x width): 150 mm x 60 mm x 48
mm. We drive in them nails of the two types so that the top of the
nail comes out of the other side of the wooden element. After that
the nail is taken-out. A mechanical testing machine Instron1195 was
used, allowing to mark-down the diagram moving — force when we
drive and take-out the nails. From these diagrams we calculate the
maximum force of the driving in and the removal. We drilled, in
advance, holes with 3 mm diameter in the wooden elements, to
assure the driving was to be done easily, and without unnecessary
force that would possibly lead to the deformation of the nails. There
were 10 experiments held with each of the two types of nails.

2.2 Experiments for determination of the torque Mr

In this case, wooden slats with dimensions (thickness x length x
width) 30 mm x 200 mm x 65 mm from dry coniferous wood were
used. Two slats are connected to each other with a nail at a 900
angle. The resulting wooden structure was tested in rotation under
two types of load: when an external force acts simultaneously on
the two slats - Fig. 4.; when an external force acts on only one slat -
Fig. 5. The maximum moment at which the structure becomes
inefficient (the slats are rotated relative to each other) is denoted
with by and respectively. Using the calculation schemes for these
moments shown in Fig. 3c and Fig. 4c is obtained:

M{*® =2x0.2x0.3543F -

(4)
M™ = 0.155F, Nm
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o N e
d)
Fig.4. Pictures of tested wooden structure when force acts
simultaneously onthe two slats: a — in the beginning; b — during the
experiment; c, d — scheme to determine the moment

SN

VAV AVava L LS LSS

c) d)
Fig.5. Pictures of tested wooden structure when force acts on one slat:
a — in the beginning; b — during the experiment;
¢, d — scheme for determine of torque

3. Results

3.1 Determination of the driven and take-out forces

The driving of the nails is at a speed of 10 mm / min, and the
removal of them is at a speed of 20 mm / min. The obtained values
of the forces of driving Fq and take-out F are given in Table 2.

Table 2. Driven in and take-out forces

Type Driven Take out force
forceFq, Fto,
N N
3728 2453
3267 2158
Circle 3482 1864
cross- 3709 2394
section 2943 2551
3434 2048
3744 2366
3160 2370
3460 2483
3420 2644
Average 3435 2333
4513 5494
Relo 4218 4513
Triangle 4120 5297
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Cross- 4120 5240
section 4120 4905

4218 5248

4194 4463

4124 4562

4158 4470

4262 5274

Average 4205 4947

3.2. Determination of the moment M

When connecting the wooden slats, the nails were driven in at a
speed of 10 mm / min. The speed of movement of the contact
element in the torque test Mr was 5 mm / min. The results are
shown in Table 3. Due to the small differences in the values of the
moments in the individual experiments, in Table 3 only their
average values are given.

two M one
Table 3. Average values of " and r
Crosssection two one
Mf , Nm M r Nm
Circle 20.83 7.6
Releaux 34.72 15.2
Triangle

4. Conclusions

From Table 1 it can be seen that the resistance against elastic
bending of a nail with a section of the Reuleaux Triangle depends
on the application point of the external force. Fig. 6 shows the
forces F1, F2 and F3, which are used to determine the elastic
section modulus S. The difference in the magnitude of these forces
gives us grounds for the following conclusion:

* When it is necessary to achieve maximum resistance against
elastic bending of a nail with a Reuleaux Triangle section, when
driving the nail it must be oriented so that the external force acts in
the direction of the force F1 from Fig. 6.This means that, when
using the new nail, an oriented driving can be performed according
to the location of the edges on its stem. Oriented driving is a unique
quality of the new nails, which will lead to drastic changes in the
integration of wooden structures.

Fz

Fig. 6. A scheme of the forces, acting upon a section of a Reuleaux
Triangle nail, when determining the elastic section modulus S: F1>
F3>F2

From Table 2. we can calculate the difference between the average
forces of driving and removing a nail with a round section and with
the Reuleaux Triangle one:

When driving a nail with a section of Relo's Triangle, the
force Fd,R = 1.24Fd,C.

When removing a nail with a section of the Relo Triangle,
the force Fto,R = 2.12Fto,C.
This means that wooden structures, whose elements are joined with
nails with a Reuleaux Triangle section, will have twice as much
resistance to destruction as those, joined with ordinary nails, when
the wooden structures are subjected to superior destructive forces.
This result can be explained by the following effects, which occur
when driving and taking-out a nail with a Reuleaux Triangle
section: (i) in the ends of the edges of the nail you get a compaction
of the wooden material, which increases the coefficient of friction
and the friction force in these areas along the length of the nail; (ii)
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the larger perimeter determines a larger area of the surrounding
surface of the nail body and hence a greater friction force on this
surface than the friction force arising on the surrounding surface of
a nail with circular section.

From Table 3. it can be determined:

When an external force acts simultaneously on two
elements of a wooden structure, the maximum moment at which the
elements will not rotate relative to each other is M_(r,R)"two = 1.66
M_(r,C)two.

When an external force acts on an element of a wooden
structure, the maximum moment at which the elements will not
rotate relative to each other is M_(r,R)one = 2M_(r,C)"one.

This means that wooden structures, which elements are connected
with a nail with a Reuleaux Triangle section will have between 1.66
and 2 times more resistance to destruction than those, connected
with ordinary nails, when forces, which strive to rotate the wooden
elements relative to each other, act on them. This result is due to the
presence of three longitudinal edges on the body of the nail with a
Reuleaux Triangle section.

The presented results were obtained by using one nail of each type
to connect the wooden elements. When using N number of nails, the
effects of applying a nail with a section of the Relo Triangle will
increase in proportion to N, when building wooden structures. In
this way, greater resistance of wooden structures can be achieved,
both in conditions of static external forces (furniture) and in
dynamic forces (hurricanes, earthquakes, floods).

An important feature that can help the wide application of the new
type of nails is that for its production the same materials, machines
and technologies are used, which are used for the production of
nails with round section.

References

[1] http://www.anythingresearch.com

[2] http://www.madehow.com

[3] http://www.strongtie.com

[4] M.Haroldsen, Needles made from non-round stock, EU

Application 93112434.1, 09.02.1994

[5] V.Kolev, A.lvanov, Nail, Patent BG 65071 BI,
31.01.2007.

[6] http://mathworld.wolfram.com/ReuleauxTriangle.html
[7] http://mathworld.wolfram.com/CurveofConstantWidth.ht
ml

[8] N.Anward, F.Najam, Structural Cross-Sections Analysis

and Design, Butterworth-Heinemann, 2016, ISBN 9780128044438
[9] J.Ochshorn, Structural elements for Architects and
Builders. Design of Columns, Beams and Tension Elements in
Wood, Steel and Reinforced Concrete, Butterworth-Heinemann,
2009, ISBN 9781856177719

[10] P. Bodurov, P. Sirakov, T. Penchev, D. Mihaylov, NAIL,
HAGUE, European Union(EM), (DM/213 785), 12.04.2021.



Industry 4.0, issue 1/2025

Current trends in HRM in the era of Industry 4.0: challenges and opportunities of using
artificial intelligence

Natalia Miéikovél'*, Nadezda Jankelova?
University of Economics Bratislava, Slovakia®
University of Economics Bratislava, Slovakia®
natalia.misikova@euba.sk

Abstract: The article provides an insight into the analysis of trends in contemporary HR in the era of Industry 4.0, with an emphasis on the
role of artificial intelligence (Al) in managers' decision-making processes. The study addresses the opportunities and threats associated with
the implementation of Al within HR and its impact on organizational effectiveness and human resource management. Using secondary data
analysis and literature synthesis, we offer a deeper insight into modern HR management approaches and discuss the potential risks
associated with digital transformation. The aim of the study is to provide practical recommendations for managers on how to deal with the

challenges of the current Industry 4.0 era.

Keywords: NDUSTRY 4.0, ARTIFICIAL INTELLIGENCE, TRENDS IN MANAGEMENT, DIGITAL TRANSFORMATION,
MANAGERIAL DECISION-MAKING, HUMAN RESOURCE MANAGEMENT

1. Introduction

In this study, we address the opportunities and threats
associated with the implementation of artificial intelligence within
HR and its impact on organizational effectiveness and human
resource management. Using secondary data analysis and literature
synthesis, we offer a deeper insight into modern HR management
approaches and discuss the potential risks associated with digital
transformation. The aim of the study is to provide practical
recommendations for managers on how to deal with the challenges
of the current Industry 4.0 era.

Today's world is changing under the impact of the technological
transformation known as the Fourth Industrial Revolution. This
brings technologies such as industrial robotics, Atrtificial
Intelligence (Al), Internet of Things (1oT) Cloud Computing or Big
Data Analytics (BDA). The technologies of the fourth revolution
are universal and disruptive. They have the potential to transform
industrial organisation, innovation and value creation. This is why
they tend to change the regional economic environment [19, 13].
Industry 4.0 is defined as the introduction of new technologies into
production processes and supply chains as part of the fourth
industrial revolution. New technologies are introduced into the
process that collectively change current production processes and
offer customers and organisations products and services with
greater added value [6]. Industry 4.0 was already established in
2011 as a project within the German government's high-tech
strategy. According to Xun Xu (2021), it is: “intelligent networking
of machines and processes for the industry based on CPS — a
technology that achieves intelligent control using embedded
networked systems” [24].

Industry 4.0 is an era that integrates modern technology and
innovation. Atrtificial intelligence is an essential part of this
transformation. It enables intelligent machines to perform
autonomous tasks such as self-monitoring, diagnostics or analysis.
Al therefore integrates technologies that enable software, systems
and machines to perceive, understand, evolve and learn based on
their own experience or augment human activity. Everyday
advances in this technology are progressing along with Industry 4.0
[2]. Human resources and corporate management plays a vital role
in filling the gap between technology and human capital. Although
technology has the capability to take over most human tasks, there
is a constant need for flexible human capital functions to address
the challenges of managing people [15].
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Evolution of Industrial Revolutions

Mechanization and natural
power

Industry 4.0 @I

Smart technologies and
connectivity

Industry 3.0

Automation and digital
systems

Mass production and electricity

Figure 1 Four Industrial revolutions

2. Methods

The article follows the five-step process for developing a
systematic literature review adopted by Senyo et al. (2019): (1)
defining criteria for inclusion and exclusion of literature, (2)
reviewing the literature, (3) refining the literature, (4) analyzing the
selected literature, and (5) presenting the findings [20, 23]. The
process allowed us to extract key information from the available
scientific literature and identify similarities and differences between
it. Based on the literature review, we formulated the research
question: "How is artificial intelligence changing current HR
management approaches and what are the main challenges and
opportunities"? We complemented the systematic literature review
with statistical data related to the issue through relevant sources
such as Statista, Eurostat, WHO reports or OECD data.

Step (5):
Presentation of
Step (4): Analysis findings
of selected

literature

.Stcp (3): Refine

the literature

‘Step @)

Literature
Teview

.S!ep Q):
Criteria for
inclusion
and
exclusion of
literature

Figure 2 Five-step process for creating a systematic literature review
Source: own elaboration, according to Senyo et al. (2019),
https://doi.org/10.1016/j.ijinfomgt.2019.01.002

Doi:

A systematic literature review was conducted by reviewing
scientific databases such as WoS or Scopus. In particular, the
criteria for selecting the literature was the publication date between
2019 and 2025 to ensure the timeliness of the available data. We
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focused on studies thematically related to the impact of Al on the
field of management and human resource management, especially
systematic reviews, meta-analyses and empirical studies.

To complement the literature, we analyzed statistical secondary
data from reputable databases. The data we focused on reflected the
level of automation, the adoption of Al in HR, the impact of Al on
jobs and digital maturity.

As part of the thematic analysis, we identified several key
research areas, which are illustrated in the figure below:

The role of artificial
intelligence in HR
management

Trends in current
management in Industry 4.0

Opportunities and threats of
implementing AI in HR

Figure 3 Research areas
Source: own elaboration

3. Research results

The following tables provide an overview of the sources and
relevant literature related to two chosen areas of investigation (1)
The role of artificial intelligence in HR management, (2) Trends in
contemporary management in the era of Industry 4.0, and (3)
Opportunities and threats to the adoption of Al in the field of human
resources. The tables are divided separately and respond separately
to the issues under investigation. From the key information for each
area, we have created a discussion and output of our paper.

Table 1 Review of the research results first study area

Author, author's The role of artificial intelligence in
collective HR management

Task automation, data-driven decision

making in recruitment - CV analysis,

profiles, historical data

Improving quality in recruitment,

increasing efficiency in performance

appraisal and staff development

Changing traditional HR processes -

recruiting, onboarding, performance

Keshavi, V.C., 2024

Aini, Q. etal., 2024

reviews, training, automation,
Bharadwaj, V., 2024 | improved decision making,

supporting diversity and inclusion,

workforce  planning,  predictive

analytics

Automation of routine  and

administrative  tasks  (recruitment,
onboarding, document management),
recruitment improvement (chatbots,

Kaur, R., 2024 ATS, video analysis,...),
personalisation, real-time
performance evaluation, change of
HR role from administrative to
strategic
Process automation, machine
learning, predictive analytics,

Ali, A. & Rafi, N predicting talent needs, improving

2024 areas such as employee retention,

engagement and performance
management, diversity and inclusion

Source: own elaboration
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Artificial intelligence is having a significant impact on the
way companies manage human resources (HRM). In particular, Al
technologies increase efficiency in the recruitment process,
performance appraisal as well as in the actual work activities [9, 5].
Through Al, greater efficiency is achieved in administrative tasks,
data-driven decision making, and likewise provides data-driven
knowledge support for optimizing human capital management [3,
21]. On the other hand, the integration of Al into HRM brings
challenges such as ethical issues, data security and potential
algorithmic biases [3, 9]. To eliminate these challenges, companies
need to implement elevated policies, maintain human oversight, and
ensure transparent Al-driven processes [5].

In the following figure, we can observe the percentage of
companies using Al in EU member countries:

BUSINESS USING Al TECHNOLOGIES (%
OF BUSINESS)

m2024
S
Ry
V

S &
o )
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N Q ® A \s \a
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\/0 e%

Figure 4 Business using Al technologies
Source: own elaboration, According to Eurostat (2024), Available at:

Digitalisation dashboard

The highest proportion of companies implementing Al in
their processes was recorded in Denmark (27.6%), where the largest
number of companies use these technologies. On the other side of
the ranking is Romania (3.1%), which recorded the lowest number
of companies using Al in their processes. From the data, we can
conclude that there are significant regional differences in the
adoption of Al, with Northern European countries being
significantly ahead in this respect compared to some Eastern EU
countries.

Table 2 Review of the research results second study area
Trends in contemporary
management in the era of Industry
4.0

Digitalization and automation, loT,
smart factories, Artificial Intelligence
(prediction, computer vision, machine
learning), Big Data, simulations,
autonomous robots

Author, author's
collective

Panicker, R.K., &
Anusha, M.N., 2024

Hall S. & Collaborative and  team-oriented
- leadership, technology and digital
Elshennawy, A., .. .
2024 leaders, autonomy, digital literacy,
10T, Big Data, Al
Changing requirements for employee
Vranakova, N. & | skills (specialised, flexible), complex

Babel'ova, Z.G., 2024 | employer-employee relationship,
training as a priority and motivation
Robotics, Big Data analysis (analysis
of large data sets), 10T, Cloud
Computing, from traditional HRM to
strategic HRM, new leadership,
upskilling/reskilling, new job roles
(Al, machine learning,...)
Digitalisation, real-time monitoring,
intelligent decision-making,
intelligent  management  systems,
collaborative and sustainable
ecosystems, intelligent organisations

Dahinwal, J. et al,,

2023

Adel, R. 2024
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Source: own elaboration

Nowadays, companies are increasingly implementing Al into
their processes, making it possible to make intelligent decisions and
use real-time tracking systems [17, 1]. Moving towards data-driven
management enables improved performance metrics and better
response to dynamic changes in the market [18]. Collaborative and
sustainable company ecosystems support the implementation of
these innovations and the adaptability of teams [1]. Digital skills of
employees play an important role in this, with Eurostat (2023)
reporting that the largest share of the population aged 16-74 in the
Netherlands (82.7%) has at least basic digital skills, while the
lowest share was recorded in Romania (27.7%), as shown in the
figure below.

PEOPLE WITH AT LEAST BASIC DIGITAL
SKILLS (% OF PEOPLE AGED 16-74)

m2023

Figure 5 People with at least basic digital skills
Source: own elaboration, According to Eurostat (2023), Available at:
Digitalisation dashboard

These visible differences can affect the speed and success of
Al implementation in organisations, in EU countries.

Leaders need to adapt to the new era as well. They need to be
collaborative and team-oriented. They are required to have a
combination of technological prowess and HRM skills [8]. There is
a shift from the traditional understanding of roles to self-managing
employees, which requires the need for new competencies and the
ability to adapt to technological innovations [22].

Table 3 Review of the research results third study area
Author, author's Opportunities and threats of
collective implementing Al in HR
Automation, predictive  analytics,
increased productivity, supplementing
human work, not replacing it
Ethical issues and bias, loss of jobs,
reduction of the human element
Increase efficiency, productivity and
objectivity, personalize HR processes,
improve communication, promote
inclusion
Dehumanization of HR processes,
ethical and legislative problems,
algorithmic bias, low readiness of HR
departments, privacy threats
Streamlining HRM
(recruitment, onboarding,
performance evaluation,...), better
decision making, increased work
productivity
Ethical challenges, threats to the
human element in HR, bias, privacy
Streamlining recruitment, improving
employee training and development,

Zawada, M., 2024

Konovalova, V. et

al., 2022

processes

Madancian, M. &
Taherdoost, H., 2024

Yuling & Shan, L., | performance data collection and
2025 analysis,  competitive  advantage
(strategic HR planning)
Changing work processes from

91

traditional HR, ethical and legislative
challenges, skills gap, data protection

Automation of HR  processes,

predictive analytics (turnover,

performance,...), increased employee

. engagement (chatbots, feedback),
Naidu Mandala, G. et personalized  learning, increased

al., 2025 diversity and inclusion

Ethical issues, data dependency,
privacy, technology  readiness,
professional readiness

Source: own elaboration

Al in HRM brings many opportunities. It improves recruitment
through data analytics and better matching of candidates [26, 25]. It
also enables the provision of personalized employee development
by creating customized training [12]. Last but not least, it enables
predictive analytics for workforce planning [14, 25].

However, the integration of Al into HRM also brings challenges
such as ethical issues, data security, and potential algorithmic biases
[3, 9]. Ethical issues in recruitment in terms of recruitment bias and
performance appraisal issues [26, 14]. Similarly, the overuse of Al
technologies can cause dehumanization of HR processes [12, 14].

According to a 2024 survey by Paychex, Inc. titled "Balancing
Tech and Touch in Human Resources," based on responses from
325 HR professionals from organizations with 20 or more
employees, employees using Al at work save up to one full
workday (7.5 hours) per week. The survey also revealed that more
than half of respondents (56%) consider Al to be a tool that speeds
up recruiting and employee screening, as shown in the chart below.

Increasing Efficiency

B Al speeds up employee
recruitment and screening

Figure 6 Increasing Efficiency

Source: own elaboration, According to Paychex, Inc. (2024),
Available at: 39% of Employees Believe Current Level of Al
Involvement in HR Processes is Appropriate; 20% Prefer More

4. Discussion

Al is having a profound impact on human resource
management. Keshavi (2024) emphasizes task automation and data-
driven decision making [11]. Aini et al, (2024) appeal that Al
implementation can improve the quality of the recruitment process
and increase the effectiveness of employee performance appraisals
[3]. Bharadwaj, (2024) and Kaur, (2024) argue that traditional HRM
processes such as recruitment, onboarding, performance appraisal,
and training are currently undergoing a change through automation
and Al implementation, emphasizing improved decision making
based on data analytics [5, 10]. Ali & Rafi (2024) add that Al
improves areas such as employee retention, engagement and
commitment [4].

On the other hand, integrating Al into the HRM process brings
challenges in the form of ethical issues, data security and potential
algorithmic biases, which are issues that need to be covered [3, 9].
In the context of Industry 4.0, Panicker & Anusha (2024) and Adel
(2023) particularly highlight the application of digitization and
automation within organizations, enabling intelligent decision
making based on big data analytics and real-time tracking [17, 1].


https://www.businesswire.com/news/home/20240229992996/en/39-of-Employees-Believe-Current-Level-of-AI-Involvement-in-HR-Processes-is-Appropriate-20-Prefer-More?utm_source=chatgpt.com
https://www.businesswire.com/news/home/20240229992996/en/39-of-Employees-Believe-Current-Level-of-AI-Involvement-in-HR-Processes-is-Appropriate-20-Prefer-More?utm_source=chatgpt.com
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However, there is also a need for increasing the level of technology
skills for employees, as well as for HRM leaders, for the successful
introduction and adoption of new technologies [8].

With the advent of new technologies and Al, Zawada (2024)
and Konovalova et al. (2022) discuss the potential opportunities and
threats of their adoption in HRM [26, 12]. Through data analytics,
Al improves recruitment and enables personalised development of
employees, according to individual needs, but on the other hand,
ethical issues, data protection and potential dehumanisation of HR
processes emerge.

5. Conclusion

Al is transforming HRM by improving the efficiency of some
HR functions, particularly in the areas of recruitment, performance
appraisals, administrative tasks, and employee screening. Al
technologies support diversity, inclusion and data-driven decision
making. On the other hand, they bring challenges such as ethical
issues or data security. Regional differences in the adoption of Al
suggest that Northern European countries are well ahead in this
respect. Overall, Al contributes to better HRM but requires the
implementation of policies and human oversight.
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1. Introduction

Mathematical problem solving is a crucial aspect of
contemporary society, and artificial intelligence (Al)-driven
mathematical reasoning has become integral to data analysis. The
recent literature review examines the many datasets used to enhance
the ability of Al models to address mathematical word problems.
These datasets offered a variety of problem sets and functioned as
benchmarks for assessing the performance of several deep learning
models, including recurrent neural networks (RNNSs) and graph-
based models. Datasets like GSM8K presented problems that even
the most advanced transformer models found difficult to surmount,
establishing a new benchmark for the examination of Al systems in
mathematical problem-solving, [1].

In January 2025, TechTarget published an article “25 of the best
large language models in 2025, [2]. In his blog Anthony Cardillo,
[3], discusses 44 Large Language Models (LLM). Both authors
cover ChatGPT, Perplexity, Gemini, and DeepSeek as some of the
best Generative Pre-trained Transformers Al language models. Our
experience shows that these LLMs are, maybe, the most popular
among students and researchers in Bulgaria. INSAIT claims their
LLM product BgGPT is unique and based on the Bulgarian
language.

ChatGPT by OpenAl is known for its versatility in generating
human-like text, engaging in conversations, and assisting with tasks
like writing, coding, and brainstorming. It generally has a user-
friendly interface. However, its knowledge is based on its last
training data cutoff, so it may not always have the most current
information without integrated web Browse features (which are
available in some versions). Accuracy can vary, and it sometimes
generates plausible-sounding but incorrect or nonsensical
information.

Perplexity Al is designed with a focus on providing accurate,
up-to-date information by citing sources from the web. This makes
it strong for research and fact-checking. Its interface is often
described as a hybrid of a search engine and a chatbot. While it
excels at information retrieval and providing sourced answers, it
might be less geared towards creative writing or extended, open-
ended conversations compared to models like ChatGPT.

Gemini 2.0+ (often referred to as Gemini) by Google is a
multimodal Al model, meaning it can understand and process
information from various formats like text, code, images, and
sometimes audio/video. It aims for strong reasoning capabilities and
creative content generation. As a Google product, it often integrates
well with other Google services. User experience can vary
depending on the specific application or interface being used (e.g., a
standalone app, integrated into a search).

BgGPT is a Bulgarian-first large language model developed by
INSAIT. It is based on Google's Gemma models and has been
specifically fine-tuned for the Bulgarian language, demonstrating
strong performance in Bulgarian while retaining competitive
English capabilities. Its primary audience is Bulgarian-speaking
users and developers. The user interface is a chat platform, and it
aims to understand Bulgarian cultural nuances.

DeepSeek is an open-source model, often highlighted for its
strong performance in coding and technical tasks, as well as its cost-
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effectiveness (being free and open-source). It supports a high
context length and performs well in both English and Chinese.
Users find it efficient for tasks requiring logical reasoning and
structured problem-solving. However, it might be less optimized for
creative content generation or general conversation compared to
some other models, and some reviews have noted potential concerns
regarding data privacy given its origin.

Finding direct comparative scientific articles for all five specific
free versions from a user-experience viewpoint is challenging, as
academic research often focuses on benchmark performance of base
models, specific capabilities (like reasoning or bias), or the
underlying technology. User experience is also more commonly
discussed in tech reviews and user forums.

To solve this problem Gemini 2.5 Pro was prompted:

“Can you provide a comparison of five free Generative Pre-
trained Transformers Al language models ChatGPT, Perplexity,
Gemini 2.0+, BgGPT (https://bggpt.ai), and DeepSeek from a user's
viewpoint? Please summarize the results in a table. Please provide
scientific articles as references.”

Gemini 2.5 Pro was selected for the task due to its capabilities
to use Google Search and Google Scholar in particular. The answer
is summarized as follows:

ChatGPT (Free Version) [4]

(1) Primary Strength: Versatile conversation & content generation
(2) Ease of Use: Very high,; intuitive chat interface

(3) Accuracy: Variable; can "hallucinate™

(4) Creativity: High

(5) Coding Ability: Good

(6) Up-to-date Information:
browses)

(7) Multimodality: Primarily text (some versions may have image
input)

(8) Speed: Generally fast

(9) Customization/Control: Limited in free version

(10) Key User Focus: General assistance, writing, brainstorming

(11) Potential Limitations: Can be verbose, potential
inaccuracies, knowledge cutoff

Perplexity Al (Free Version) [5]

Limited to training data (unless

for

(1) Primary Strength: Accurate, sourced information retrieval
(2) Ease of Use: High: search-like interface

(3) Accuracy: Generally high: cites sources

(4) Creativity: Moderate

(5) Coding Ability: Limited (focus is on information)

(6) Up-to-date Information: Yes, actively searches the web
(7) Multimodality: Primarily text: can analyze uploaded files
(8) Speed: Fast, includes search time

(9) Customization/ Control: Some control over search focus
(10) Key User Focus: Research, fact-checking, learning
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(11) Potential Limitations: Less conversational, creative output
may be limited

Gemini 2.0+ (Free Version) [6]

(1) Primary Strength: Multimodal understanding & reasoning
(2) Ease of Use: High; varies by Google interface

(3) Accuracy: Generally high, especially in reasoning

(4) Creativity: High

(5) Coding Ability: Good

(6) Up-to-date Information:
integration

(7) Multimodality: Strong (text, images, sometimes audio/video)
(8) Speed: Generally fast
(9) Customization/ Control: Some, depending on the interface

Often, through Google Search

(10) Key User Focus: Creative tasks, complex queries, multi-
format input

(11) Potential Limitations: Can sometimes be overly cautious or
"Google-centric"

BgGPT [7]
(1) Primary Strength: Bulgarian language & cultural nuance
(2) Ease of Use: High; chat interface
(3) Accuracy: High for Bulgarian; good for English
(4) Creativity: Moderate
(5) Coding Ability: Not a primary focus
(6) Up-to-date Information: Limited to training data
(7) Multimodality: Primarily text
(8) Speed: Good
(9) Customization / Control: Standard chat interaction

(10) Key User Focus: Bulgarian language interaction
information

(11) Potential Limitations: Primarily for Bulgarian/English, newer
model

DeepSeek (Open Source) [8]

&

(1) Primary Strength: Coding, technical tasks, open-source

(2) Ease of Use: Moderate to High; intuitive interface

(3) Accuracy: High in technical domains; can be biased

(4) Creativity: Moderate

(5) Coding Ability: Very Strong

(6) Up-to-date Information: Limited to training data

(7) Multimodality: Primarily text

(8) Speed: Fast, efficient

(9) Customization / Control: High (as open-source)

(10) Key User Focus: Developers, technical users, data analysis

(11) Potential Limitations: May have data privacy concerns for
some, less conversational finesse

2. Experiment: solve reasoning problems

Students and academics are tempted to use Generative Pre-
trained Transformers Al language models as tools in their study and
research. A simple experiment was conducted to explore the
problem-solving capabilities of the abovementioned LLMs.
Regarding the set of five popular free Generative Pre-trained
Transformers Al language models, a simple logical problem was
presented. The surprise was that only one of them was able to return
the right answer. After three months, the test was repeated. The
experiment is designed to test the functionality of the Al language
models in solving reasoning problems from a user's viewpoint and
does not cover the structure of the models and program code.

The problem:

“Maria has 2 sisters and a brother, John. How many sisters

does John have?”

Test results in a three-month interval for 5 five popular GPT Al
language models are summarized as follows in Table 1

Table 1. Test results in a three-month interval for 5 five popular GPT Al
language models. Answers were cited.

Application February 2025 May 2025
ChatGPT [4] John has 2 sisters. John has 3 sisters.
If Maria has two If Maria has two
sisters and one .
sisters and one brother
brother named John,
named John, then John
then John has the
. - ; has the same two
Perplexity [5] same two sisters: - i -
- sisters: Maria and her
Maria and her other . .
. - other sister. This
sister. This means
means John has two
John has two .
) sisters.
sisters.
Google Gemini Maria's brother has
[6] two sisters.
John has 2 sisters.
Google Gemini Maria and her other

(2.5 Flash) [6]

sister are John's
sisters.

Google Gemini
(2.5 Pro) [6]

Here's how to solve
this:

Maria has 2 sisters.

Maria herself is also a
sister to John.

So, John has Maria +
Maria's 2 sisters = 3
sisters.

BgGPT [7]

The conversation
is in Bulgarian

Mary's brother also
has two sisters, since
they are siblings in
common. So,
Mary's brother has
two sisters.

Mapus uma ase
CEeCTpH U euH Opat
Hgan. Kosxo cectpu
uma MBan?

BpatbT Ha Mapus
CBIIIO UMa JIBE
CecTpH, Thif KaTo Te
ca o0 Opats 1
cectpu. Taka ye
OparbT Ha Mapus
MMa JIB€ CECTpH.

Ivan has one sister,
who is common to him
and Maria. Since
Maria has two sisters
and one brother (who
is Ivan), this means
there are three children
in the family: Maria,
Ivan, and another
sister. Therefore, lvan
has only one sister.

HBaH uma exHa
cecTpa, KosITo € obma
3a Hero u Mapus. Toi
kato Mapust uMa ziBe
CEeCTpHU U eAuH OpaT
(xoiiTo e VBan), ToBa
03Ha4aBa, ye Te ca TPH
Jiela B CeMEHCTBOTO:
Mapusi, MBan u ome
€/lHa cecTpa.
CrenoBatenHo, Ban
HMa caMo elHa cecTpa.

DeepSeek [8]

John has 3 sisters.
(8 pages of
reasoning,
verification with an
example, and
conclusion)

John has 3 sisters. (8
pages of reasoning,
verification with an
example, and
conclusion)
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The only application that answered correctly in February 2025
was DeepSeek. It means mathematical logic is implemented in the
Al language model. All other Al language models provided wrong
answers.

The same test was conducted 3 months later. During that time,
Google launched few more free versions of Gemini, and they were
included in the experiment. Google Gemini (2.5 Flash) application
delivered the same result. Google Gemini (2.5 Pro) application
returned the right answer. Perplexity and the original Gemini 2.0.
Unfortunately, the product of INSAT BgGPT deteriorated. It was
expected that the logical capabilities of the Al language models
would improve, but the reality is different. Some companies
improved their Al language models, most probably adding
mathematical logic. Others left these improvements at a later stage.
Unfortunately, the attempt of INSAIT to add mathematical logic to
BgGPT, if any, was a failure. DeepSeek returned the same right
answer. It is interesting to note that DeepSeek claims that “Think
before responding to solve reasoning problems”. The results from
this simple experiment prove the claim.

3. Conclusion

Most of the free Generative Pre-trained Transformers Al
language models were not trained to solve reasoning problems at
the beginning of 2025. With time, the leading vendors improved
their language models, adding additional versions with capabilities
to solve reasoning problems. Most probably, the paid versions
provide such capabilities. Users need to be aware that not all
Generative Pre-trained Transformers (GPT) Al language models are
trained to solve reasoning problems, and they must carefully select
what model to use for a specific task.
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1. Bveeoenue

MHcTpyMeHTHTE 32 MOHUTOPHUHI Ha TEKYIIOTO CHCTOSHHUE Ha
MpekaTa ca B OCHOBaTa Ha M3TPAXJAHETO HA BCAKA CHCTEMA 3a
yIpaBlIeHHe Ha KOMYHUKallMOHHUTE U HH()OPMAIIMOHHHUTE PECypcH
W TIPEeACTaBIABAaT CPEACTBO 3a HAOIMIOJCHHE U YNpaBIeHHE Ha
BCHUYKH CTPYKTYPHH €JIEMEHTH Ha Mpexara (KOMYHHKAIlMOHHH
KaHaJIl, MPEKOBH YCTPONCTBA U 1. ).

CpencrBara 3a HaONIOJGHME W YIpaBI€HHE Ha MpeExaTa
BKJIIOYBAT  KOMIUIEKC OT  IpOrpamMH, NpeIHa3Ha4YeHH 32
aBTOMaTH3UpaHe Mpolieca Ha yHpaBieHHE Ha MpexaTa, 00eIMHEH!
B 0o0ma miatdopma. C nomolra Ha Ta3u mIaTGopMa ce ocCurypsisa
KOHTPOJI HA BCHYKHU ACIEKTH OT (YHKIMOHHPAHETO Ha MpekaTa —
oT paboTata Ha YCTpOMcTBaTa M CHCTOSIHUETO Ha KabemuTe a0
Pa3IHUYHYU JETOBH MPOIEIYPH.

IInaropmaTta mpemocTaBs Ha aAMHUHHCTpaTopa Ha Mpexara
BB3MOXKHOCT 3a M3pa0OTBaHE Ha OINpeleleHa CTpaTerus 3a
yIpaBleHHe M A3 W3IBJIHSBA TOJSIM Opoil (QyHKIMH, CBBp3aHH C
yIOpaBJICHUETO Ha MpekaTa. Ts mpuiiara oOEKTHO OpHEHTHpaHa
ApXUTEKTypa U TEXHOJIOTHs C M3MOI3BaHe Ha 0a3u JaHHU.

AZIMUHHUCTPATOPBT HA Mpeka TpsAOBa J]a IMa TOYHA MPECTaBs
3a HeWHMS ChCTaB, CTPYKTypa M KOH(HUryparus. ToBa ce npeacrass
C JIOTMYEecKaTa TOIIOJIOTHS Ha MpeKaTa U C ONHMCaHWE Ha aKTUBHUTE
Ha MpesKara.

JlornueckaTa TOMONOTHs H300pa3siBa ycTpolicTBaTa B Mpexara,
IIOPTOBETE ¢ KOUTO Te ca CBbp3aHU KbM Mpexata u IP (Internet
Protocol) anpecute Ha Te3u nopToBE.

2. Habnwodenue na cmpyKkmypama Ha mpescama

OcHoBHaTa wuies TNpH HAOMIONEHHETO W YIPABICHUETO Ha
3alUTaTa Ha €IHA MPEkKa € Ja ce CIEIM 3a YCTPOWCTBO, KOETO IO
NPUHIMII HE € B ONHUCAaHUATAa HAa aKTHUBUTE Ha MpeKaTa Ha
opranu3auusta. Hannuue Ha TakoBa € MpHU3HaK 3a mpoous. [lpyr
NpU3HAK 3a araka € HaJMYMeTO Ha HEHOPMAaJHa MpPEXOBa
aktuBHOCT (Tpadux) [1,2].

Nsnomseanero Ha HP Open View 3a HaOmromeHue Ha
CTpyKTypaTa Ha MpekaTa NpPefocTaBs KaTo DPe3ylTaT pPasiIudHU
H3TJIeM ¢ AaKTUBHUTE M HEAKTUBHU yCTpOiicTBa/BB3IH. V300phT Ha
U3IJIe/la C BB3JIUTE Ha Mpexara e okaszad Ha ®ur. 1 [3,4].
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Bb3€JI WJIM OTCHCTBHE Ha Bb3€J, KOHTO O TPsOBAJIO /1a € HATMYEH B
MpEeXOoBaTa apXUTEKTypa.
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Ot ¢urypu 4 u 5 moxke nma ce u3piede HHPOpMAUUs 3a

3. Habnwoenue na npoghunume Ha mpexcosumne

enemenmu

3a ompenensae Ha jorudyeckata (IP) m ¢usnueckara (MAC)
ajipecarus, cie]] Kato ¢ HanmdeH m3riaeapT Node view/All, moxe na
ce m30upa MOOTACITHO BCEKU €/IMH BB3eN OT Kaprara Ha Mpexara. C
JneceH OyTOH Ha MHIIKAaTa Ja ce OTBaps KOHTEKCTHO (TIajamio)
meHto (Our. 3).

£ hitp//server7510/opology/home - & search.. o

£ Network Node Manager Ho..

1

noe Configuration Faut Tooks Help

Netwa ric e view petoma

Shom I —_— P ;
S| | T | o Ranee st (el 2l El
roda view
Geserption e
A ataphioal apr
ortical zemar s:
T — THLE
Sagmant]
ey Datans [
Clnae, Fall Hoda -
Clnine Statur Poll ETY
Cluarr, TastIP 4 TCP  SHMP |Wiadows|
Enoxn Tiaoa Routs =)
[z
W o Ping
Tote 1021061 Talnat
Seamart
Expand Gonnasting Naighbors
j— Ecpand Al Naighbor
Bymarnic Views & S P4t to Addiionai Hods
=
Total: 12 Hormal: 1 Unmanaoed:  Unknorn: O
Unmanaga
Aarm

Que. 3. H360p Ha ycmpoicmeo u U36UKEAHE HA KOHMEKCIMHO MEHI0 ¢ OeceH
oymon na muwkama
Or Hero ce u3bupa “Details” (hurypu ®@wur. 4 u dur.5).

2 bep senver . - | seah

2B Nctonk Node Manages Horve @ Deteds for Mode g1
pcl Details

Status: Critical®
Node Last Updated: 03/11/22 15:16:46

Host Name: pcl.va-k125.local

Hardware: x86 Family 6 Model 23 Stepping 10 AT/AT COMPATIBLE -
Software: Windows Version 6.3 (Build 17763 Multiprocessor Free)

Node ID: 211

Description:

{snmwp |
Supports SNMP?: YES

SNMP System Name: PC1.va-k125.local

SNMP Object 1D: .1.3.6.1.4.1.311.1.1.3.1.1

Does IP Forwarding?: NO
Supported SNMP Versions: SNMPvl SNMPv2C
SNMP Address: 192.168.1.11

Que. 4. Pasenesicoane na oemaiiiume na ycmpoucmeo (pabomua cmanyus —
nepconanen komniomvp PCI)

 Network Node Manager Home... # Detsis for Hode routert

routerl Details

Status: Normal @
Node Last Updated: 03/01/22 10:48:10

Host Name: routerl.va-k125.local

Cisco Internetwork Operating System Software
10S (tm) C2600 Software (C2600-I-M), Version 12.1(3)T, RELEASE
Description: SOFTWARE (fcl)
Copyright (c) 1986-2000 by cisco Systems, Inc.
Compiled Wed 19-Jul-00 16:02 by ccai

Location: cabinet_125
Contact: Dean_Ivanov
Node ID: 218

B
Supports SNMP?: YES
SNMP System Name: Router2610

Que. 5. Pasenexcoane na oematinume Ha ycmpoucmeo pymep (router)
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xapJyepa u copTyepa Ha yCTpoicTBOTO, Heroeus IP aapec, umero u
noMeiHa, ¢ koeto e o0sBeHo B DNS cvpBbpa. Ilocouenu ca u
noanbpxkanute Bepcun Ha SNMP (Simple Network Management
Protocol).

3a ma ce Bumu MAC anpecsT, TpsOBa ma ce KIMKHE BBPXY
MpeskoBata IaTka, HanpuMep Ethernet 32769 (dur. 6) u cinexn ToBa
na ce Bumu usmdeckus aapec (B ciaydas — 0x001999622B00) (¢wur.
7).

B Network Node Manager Ho... X | € Details for Node pc1
SNMP Object ID: .1.3.6.1.4.1.311.1.1.3.1.1
Does IP Forwarding?: NO
Supported SNMP Versions: SNMPvl SNMPv2C
SNMP Address: 192.168.1.11
Has Interfaces | ______InSegments _____J§ __InNetworks |
« ethernet 32769 e 192.168.1.Segment1 e 192.168
Nomal @ Normal @ Unmanaged
« ethemet_32775 « 192.168.Segment1 ¢ 192.168.1
Critical ® Unmanaged Normal @

Wi SS_
Critical ®
ethemet 32772

Critical ®

wireless 327
Critical ® . —
ethemet_32 B =

Que. 6. H360p na mpedcosama naamka

£ Network Node Manager Home... 2 interface Information for 172

.

Ethernet Details

Status: Normal@
Interface Last Updated: 03/11/22 15:41:53

Interface Name: ethemet_32769

Interface Alias: Ethemet

Interface Description: Intel(R) 82567LM-3 Gigabit Network Connection
1P Address: 192.168.1.11

IP Mask: 255.255.255.0

Interface Number: 29

Interface Type: ethemetCsmacd

Physical Address: 0x001999622B00

Port Class: single port 0

Interface Segment Type: BUS_SEG

Interface 1D: 172

Que. 7. Onpedenane na gusuueckus aopec

Awnanu3 Ha pe3ynrarure: [Ipu Hanu4ue Ha OMUC HA AKTUBHUTE HA
MpeKara OMHUTeH aIMHUHHUCTPATOP MOXE J[a OTKPHE TOsBATa HA HOB
HeusBecTeH Bb3en, ¢ IP, MAC aapec, codryep u xapuyep,
pa3nuYeH OT ONHCAHUTE.

4. Haébnwoenue na mpaguka 6 mpedxcosama
ungpacmpyxkmypa

HP Open View mo3BosisiBA TPH OCBHIIECTBCH JOCTBI Tpe3
Remote Desktop na ce mokaxe Tpaduka Ha maketn (Packet Rate),
none3nusaT tpaduk (Throughput), Tpadux Ha nannute (Data Rate)
n SNMP Ttpaduk 3a m3bpaHo ycrpoiictBo. HagamHoTo MeHIo 3a
pasriexnane Ha Tpaduka e najaeHo Ha dur.8.

Hanpumep, ako e u3bpaH pyrep |, TpadukbT Ha maKeTu
(Interface Traffic), npeaun u ciiex ataka KbM MpeXara € OKazaH Ha
®ur. 9 u dur. 10.
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Help

Interface Status  #
System 3
RMON 3
SHMP 3
Metwaork Palling Statistics

Graph SMMP Data 3
“Windaws MT Performance Manitar

Intetface Errors ¥

Packet Rate
Utilization
Thraughput
Data Rate

Awg. Packet Size

TCP Connections
Ethermet (802.3) »
Frame Relay 3

default [Read Only] | [Auto-Layaout] [Connection Labels OFF]

Que. 8. Hauanno meHro 3a pazenedicoane Ha mpagpura

nterface Traffic {(Packet Rate)

File MWiew Options Help
router_cab125 Received-Ethernet0f0.1
router_cab125 Transmitted-Ethernet040.1
router_cab125 Received-Seriall1/0.2
Packets/sec router_cab125 Transmitted-Serial1j0.2

18

16 A\

14 V‘

12 / A\

10 -

8 i_J/

1

AY
\\/

——
) /
1}
16:22:09 16:2312
25.3.2025 .

DQue. 9. Tpaghux npeou amaxa
Interface Traffic {Packet Rate)
Eile Wiew

H[=1 E3

Options  Help

router_cab125 Received-Ethernet0/0.1
router_cab125 Transmitted-Ethernet0f0.1
router_cab125 Received-Serial1/0.2
router_cab125 Transmitted-Serial1/0.2

Packetsfsec
300

e

————r

250

200

150

100

/
/

15:24:15

bl

PR
15:22:09 15:23:12
25.3.2025r.

15:25:18 15:26:21

Que. 10. Tpaghux cned amaka

Amnamn3 Ha pesynrarure: [Ipenu atakara TpadUKbT Ha TAKETH B
Mpexara e OKoJio mox 18 makera/cek. MHOTOKpAaTHO 3aBHINaBaHE
Ha Tpaduka c mosede oT 200 makeTa/ceKk. TOBOPH 3a U3BBPIIBAHETO
Ha aTtaka oT i DDoS.

5. Ilpunazane na cpedcmea 3a npuxeawjane u
ananu3 Ha naKkemu

Crieny KaTo € OTKPHUTA aTaka, Cle/Ballla CThIIKa Ha AHAIM3aTOPa
10 KUOEPCUT'YPHOCT € Ja OTKpUE M3TOYHMKA Ha aTaka. ToBa MOXe
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Jia OCBIIECTBU, KaTO CE M3IO0JI3BAT Bb3MOXKHOCTHTE Ha COPTYepHUS
npoaykr Wireshark, koiito QyHkuMOHHpa KaTO mporpama
NPOTOKOJICH aHanmu3aTop Ha maketH (sniffer). Pesynrar ot paborata
Ha Wireshark e mokazan na @ur.11. U30pan e BTOpUs makeT u e
pasrpHaro cbabpkanueTo Ha TCP cermenra.

Awnamms Ha pesynrature: Kakto ce Bmkna Ha ¢ur.11, arakara e
oT u3touHuk ¢ IP agpec 192.168.1.11 u e HacoueHa kbM BB3ena Cc [P
anpec 192.168.1.101. Ts e DoS araka ot tunm SYN Flood t.e.
M3TOYHHMKA HEMPEKbCHATO MCKA J1a YCTAHOBH JIOTHYECKa BPB3Ka C
Bropuss KommioThp (3-way handshaking procedure), 6e3 na
3aBbpIIM JOKpail mporenypara. BTopuss KOMOIOTbp HE MOXe Ja
MpPeOoCTaBs yYCIYTWTe, 3a KOMTO € IpeJHAa3HA4YeH, IMOHEeXe ce
CTpEMH J1a 3aBBPILHU YCTAaHOBSBaHE Ha JIOTHYECKaTa BPh3Ka.

M 73 pcapng -

1 192,166.1.161
1 152

168.1.101

bits), 66 byte:
08:36 (90:1

c: 192.168.1.11,

Que.11. Pesynmam om pabomama na Wireshark

6. 3aknrouenue

HpeI[CTaBHHeTO Ha CleHapus 3a pa3y3HaBaHE Ha
KI/I6ep3aHHaXI/ITC KaTo mnpoueaypa Io3BOJsIBA CUCTEMATUYHOTO
ONMCAaHWE W TpUIaraHe Ha peauna IMOATEXHUKU W CPEACTBa H
OYaKBAHUTE PE3YJITATH OT TAX.

PasrnenanuTe  CpeAcTBa M HMHCTPYMEHTH  YCIICLIHO
BepuHIMpPaT ONKcaHarTa Mpoleaypa Ha TEXHUKATa 3a pa3sy3HaBaHe
Ha KHOep 3arutaxmre.

AHanu3bT HA NPOLELYpaTa HAJara W3BOja, Y€ € HEOOXOAUMO
M3rpaKIaHe Ha KOMIIETEHIMM Y TMOTpeOuTenuTe, 3a Ja ce
uaeHTHGUIMpPa W ONpelNeiad Kora W KOW HWHCTPYMEHT €
1eNech00pa3Ho Aa ObIe U3MONI3BaH.

IIpennonoXeHusIT ~ eMIMPUYEH  METOJ M HOAXOJ 34
BepHHKaLUsI HMa HHTEPANUCIMIUTMHAPEH XapakTep, Thil KaTo MOXKe
ycremHo na ObIe TPHIOKEH 3a JApPYrd oO0nacTH, Thi KaTo
BepuHKaLMiTa Ha JPYrd TEXHUKH M HPOLEAYpU MOXe na Obae
Mpe/ICTaBeHa [0 aHAJIOTUYeH HaYHH.

bnazooapnocmu.

JoknanbT e HamucaH OnarogapeHue Ha (HHAHCHpaHE OT
MuHncTepcTBO Ha 00pa30BaHMETO W HayKaTa B H3IIBIHEHHWE Ha
Hamponannara crpaTernst 3a pa3BUTHE HAa HayJHHTE H3CIIEABAHMS
2017 — 2030 no Hammonamna HayuHa mporpama ,,CHTYpHOCT U
oTOpaHa“, mpuera c penreHre Ha MuaucTepcku cbBeT Ne 731 ot 21
okTomBpu 2021 r.

7. lumepamypa:

1. https://zvonobot.ru/blog/verifikatsiya-chto-eto-prostymi-
slovami-printsipy-i-primery

2. Advanced IP Scanner, https://www.advanced-ip-scanner.com/,
nocereHo Ha 27.03.2025 r.

3. [HP 2002] HEWLETT-PACKARD, 2002. Administrative
Guide HP Open View. San Francisco, Hewlett-Packard.

4. [HP 2003] HEWLETT-PACKARD, 2003. OpenView Training
Course. HP OpenView Network Node Manager on Windows and
UNIX, Essentials of Use and Administration, Student Workbook.
San Francisco, Hewlett-Packard.
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KﬂﬁepCI/IprHOCTTa OT IJicfHA TOYKA HAa MO/i€Jia 3a pasliupsiBaiia ce¢ BCEJICHA

Bemusia Jumutpos®, Teopru Jumurpos™?, Anexcanasp Kupkos®, Pagoctnn Huxonos®, Huxomait Kepur®
YHuBepcuTeT 1o 6nOIMOTeKO3HaHUE W HH(POPMAMOHHU TEXHOJIOTUI
YucruryT M0 poGorrka, BAH, *I'moGan Car EOO]]

Pezome: Cmamusama mpemupa npeouzsuxameicmeama npeo Kubepcucypnocmma na mema nugo. Ilpunodcena e ananocusi ¢ mooena 3a
paswupssawa ce écenena. Paskpusam ce u ce cucmemamusupam Heu3cile08anu 06aacmu, KOUmo ca C8bP3aHU C MeNCKU NOCIeOCMBUs 34

cueypHocmma na Kubep@usuuHus cesam.

Kniouosu oymu: kubepcuzyprnocm, kubep, cusypHocm, pasuupasaud, cenend, aHanious
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IIpenn3BuKkaTencTBaTa Ha KHOEp CHI'YpPHOCTTa M3JI30Xa OT 30-
HaTa Ha TEXHOJIOTMUTE ¥ 3aceTHax IUIOTO OOIIECTBO BBB BCHYKH
HETOBU acIleKTH. [IpeacTaBsMme emuH MoJeN HAa JWHAMHKaTa Ha
npobiemure B obnactra Ha kKubep curypHocrTta. Tolt e GasupaH Ha
aHAJIIOTHsA C MOJENa 3a pas3lIHpsBaIlaTa ce BCEJIeHAa M CIYKH 3a
aHaIU3 U 3ambi0ouaBaHe Ha pa30MpaHETO 3a MPOLECUTE, KOUTO
BOJIAT A0 YCIOXHSABAaHE M TPYJHOCTH IPH HPOTHBOJCHCTBHETO
Cpelly 3J0HaMEepPEeHUTE aKThOpH. BBNpeKH HECHBBPIICHCTBOTO HA
IpeAcTaBeHaTa aHaJIoOTus ¢ MOJiea 3a pasliupsBallaTa ce BCelleHa
cudTame, 4e IPEACTaBEHHAT aHaIM3 II0Ka3Ba JbJIOOYMHATA Ha
npobiieMa W HOBHM HEW3CIEIBaHU CTPAaHU Ha IIPOTUBOOOPCTBOTO
TpH 3ammTara Ha KuOepu3ndnus nomeitH. OcBeTsiBa TEHACHINH,
KOHTO C€ BIDKIAT SICHO OnarojapeHre Ha aHalorusATa. TakaBa He-
OpAMHApHA KapTHHA Ha KHOEp CUTYpPHOCTTA MOSICHSABA NPEIU3BUKA-
TeNCcTBaTa Ipe] H3CIEAOBATEIMTEe M IpIaTa MHAYCTPHUS 3a IPOT-
paMHK | amnapatHu cpejacTsa 3a curypHoct Ha UKT (Mudopmanu-
OHHHU U KOMYHHKAI[HOHHU TEXHOJIOTHH).

Cvuynocm na npoonema

Cren mosiBaTa Ha BCSKA aBaHTapJHA TEXHOJIOTHS 3arlo4yBa Ipo-
1IeC Ha MHKOPIIOPHPAHETO U B KHOephu3ndHuUs CBAT. Taka chIecT-
BYBAIIMS TEXHOJOTHYEH MapK ce IPOMEHS U YCIOXKHIBA HEIPEKbC-
HaTo. CBIIEBPEMEHHO C€ YBEJIMYaBa TEXHOJOTWYHOTO Pa3HOOOpa-
3ue. Hanmara ce Bb3HMKBAIIUTE TEXHOJOTMH Ha (YHKIHOHHpPAT M
B3aMMOJICHCTBAT CbC CBIIECTBYBalMTe. TyK HW3HHMKBA BBIIpOCa
KaKBH HIPOOJIEMH HOPaKaa MHTEIPUPAHETO Ha HOBUTE TEXHOJIOTHU?

B netictammus Texnonmoruuen napk ot MKT Besika matgopma
MMa CBOIl )KM3HEHHS NUKBJI. To3u mapk 00XBaIla BCHYKHA OTICITHU
WHCTaJAIlH Ha OTIEPAllIOHHN CHCTEMH, MPHIOKEHHS, YCTPOHCTBA,
HampuMep TPHUHTEP, MapIIpyTU3aTop, (UTHEC Tpakep, HHTEIUICH-
TEH TEJIEBU30p, MEIUIIMHCKH YCTPOUCTBA B KIIMHUKUTE, OAHKOMATH,
Tabnetu, TeneOHH, MHAYCTPHAIHH KOHTPOIHH CHCTEMH, OKOJIO
130 xoMOIOTHPHU MIATGHOPMH B MPOU3BOJICH CHBPEMEHEH aBTOMO-
OWJI ¥ BCUYKKM KOMITIOTHPHU3HUPAHH CHCTEMH IO KOpaOW, CaMoJIeTH,
CTpaju, YJIUIH, B JOMOBE, OOIIECTBEHH CTPajH, MOJ 3eMATa, MOJ
BOJAaTa U BBB BbB3JyXa, PaJUO PETPAHCIATOPH, CATEIUTHU CUCTEMH
U IpyTH YCTPOHCTBA, MOJABPIKALIN TEICKOMYHUKAIIUOHHHU CPEIIH.

Ort eqHa cTpaHa BCHYKH Te3H MIaTHOPMHU OCTApsIBaT, a OT Jpyra
HENMPEKHCHATO CE POST HOBH TEXHOJOIHH W MPOU3BOJUTENN HA
HOBH TIPOJYKTH, BCEKH C HOBA BEPCHSI, BCAKA C MHOKECTBO MHCTA-
narn. CTapThIM TpeyiaratT aBaHrapJHu MallnHy 3a 6a3u JaHHH,
ornepanuoHHu cucteMu, pbppmyep, oonaunn yeayru (SOA, SaaS u
T. H.), OHJIAH MPOJYKTH 3a rpaduka, 3a paborta ¢ 6a3u TaHHU U Ap.
HpOﬂyKTl/lTe Ha CTapTUPALIUTE KOMIIAaHHUH y3p${BaT, JXKHU3HCHUAT UM
LMKBJI HAIPEBa, IIPEMUHABA U Te ocTapsBar. IIpe3 HsaIoTo Bpeme
TE3W MPOYKTH Y4acTBAT B PEAITHO JEHCTBANIMS IUTUTAIEH TEXHO-
JIOTHYEH TapK. BBeneTo npoIbikaBa HENPEKbCHATO J1a TIPHIK/A
C OBEIIECTBEHU HOBH MOJIENH IUIAT(HOPMH, MIPEIaraiiid HOBH YCIIy-
I'¥l 33 TIOTpeOUTENHTE.

Memooonozus

Kubeppusnunusr momeiin BkiatouBa mudposure miatdopmu,
KOHTO OCHIYpsIBAT TEICKOMYHHKALIMOHHATA HH(PPACTPYKTYpa,
MHCTAIMPAHUTe CHCTEMH 32 aBTOMATH3alLlls, HHCTAHLIHUUTE Ha
YCIIYTUTE B HHTEPHET U OTPOMHO MHOKECTBO JIOKAJIHH HHCTAJIALHH.
I'noGanHarta MOBBPXHOCT 33 aTaKH BKIKOYBA BCHYKU PETHCTPHPAHU
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1 HEN3BECTHH YSI3BHMOCTH U CJIa0OCTH B 3amuTaTa Ha KOHQurypa-
[IUATE Ha Te3U U(POBHUTE IIIATHOPMIL.

[Mpemnoxenuar Mozen O6asupaH Ha aHAJIOTHSA, O3 J1a € HaIIbIHO
pEJIEBaHTEH M C SICHH OYePTaHMSI M OTpaHHIEHHUs, IPEICTaBs Heop-
JUHApHa KapTHHa Ha kubep curypHocrtTa. IlpenusBukarencraTa
npes KHOepCUTypHOCTTa 3acsiraT Hal[MOHalHaTa cHrypHocT. Hem-
PEKBCHATO CE MOSABSABAT HOBU HEMO3HATU MPOOJIEMH Ipe] U3CIemo-
BaTeNUTe, MHAYCTPUATA 3a IPOTPAMHM M amapaTHH CPEACTBa 3a
curypHoct Ha KT, xputnuHata HHGpPacTpyKTypa U OpraHU3aInu-
Te. AHAIN3UTE HA OTJEIHATE KOMIIOHEHTH OT aHAJOTHUITA C Pa3Iin-
psiBalllaTa ce BCEJEHA Ca HalpaBeHW Ha 0a3aTa HA BU3UATA HU 3a
B3aUMOJICHCTBUETO Ha OCTapesuTe, aKTyaJlHUTE M aBaHTapIHUTE
TEXHOJIOTHH, KOUTO IPHCHCTBAT SIHOBPEMEHHO B LU(POBUS CBSIT.
ChIppKaHUETO Ha TE3U aHAIN3U OCBETIISABA CIIOKHU BPB3KH.

[NogoGHO Ha Mozena 3a pa3IIMpsBamiaTa ce BCEEHa B acTpo-
HOMMUSITA, BCEJICHATA OT YS3BUMOCTH, KOUTO CE€ ChIBPKAT B PEATHO
JIeCTBAIMS JUTHTAJICH ITapK ce yBeJIM4YaBa M0 OTHOIICHHE Ha Opost
Ha ys3BUMOcCTHTE. Brkna ce u Ha ®ur. 1.

Vulnerabilities by type & year

2016 )20 0. 2022 2023 2024 2025

Que. 1. Hapacmeane na 6pos na ysizeumocmume [20].

Ta3u Ha MPBB TOTJEN CTPaHHA MEXIYIUCIUILTHHAPHA aHAJIO-
THsl, TO3HAT METO0JIOTUYECKH TOAXO0], MpHaraMe 3a ONMCBaHe Ha
MOJIeJT, KOWTO Jia MO3BOJIM MOTJIEA KbM YA3BUMOCTHTE B HOBA CBET-
JMHA. 32 J1a ce HAMpaBsT U3BOJM 3a HCM3BECTHH CTPAHU HA MpOIIe-
cure, cBbp3aHu ¢ TsX. OCBeH, Ye ysI3BUMOCTHTE ca ChbOpaHU B pe-
THCTPH U CIUCHIIM, OMUCAHUA Ca TEKECTTa U BB3ACHCTBHETO UM
BBPXY CHUTYPHOCTTa Ha IUIAT)OPMHUTE, TE IMOPAKAAT M IPOIECH,
KOWTO Ce MMPEeIMET Ha HACTOSIIOTO U3CIIeBaHe. 3a [eNTa BhbBEeX/1a-
Me pabOTeH MOJIeN C JIMHUS Ha BPEMETO, Ha KOSITO YCIOBHO 0003Ha-
yaBaMe MHHAJI0TO U Obmemiero. Taka ce BWKIa, ue oOums Opoi
yﬂSBI/IMOCTI/I pacTe B ABE IOCOKU — BEAHDBXK NMPE3 KU3HCHUA HUKBII
Ha rulatdpopMara (xapayepHa, copTyepHa WIH caMO OOMKHOBEHO
NPUIIOXKEHHE), KOETO 0TOEeNsI3BaMe 0 OCTa B IMOCOKATa HA MUHAJIO-
TO M BTOPH IIBT C HOBUTE TIPOJAYKTH ¥ BEPCUH, KOUTO TPUCTUTAT OT
Obaeiero. Tasu riaeaHa TOYKAa MOXKE Ja HH TIOMOTHE 3a MO-IbI00KO
W3SCHSABAHE HA HOBU CTPAHU HA MPOOJIEMa ChC CUTYPHOCTTA B CHC-
temute or UKT. 3amo ot UKT, a ve camo ot UT (Mupopmanmon-
HU TEXHOJOTHH)? 3amoto WHPPACTPYKTYPHUTE MPEKOBH YCIYTH,
M3BECTHH ChC ciaboctute cu, Hampumep DNS, NTP, DHCP, kakro
u SS7 u ApYrH MPOTOKOJH OT TEJICKOMYHHUKAL[MUTE Ce U3MONI3BAT U
J0cera B MHCTAJMPaHH MHCTAHIMK OT Hal-pa3iIMYHU IPOU3BOANTE-
. BSIpHO, HSIKOHM OT TSIX UMaT HOBU BEPCHH, HO T€ HABIIM3aT OABHO
U TPEJCTON Pa3KPUBAHETO M OCBETIISIBAHETO M HA TEXHUTE YSA3BH-
MOCTH...
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Bbpxy nuHusTa Ha BpemeTo oT Dur 2. mocTosHHO ce MOsIBSIBAT
HOBH AUTHTAIHU TEXHOJIOTHH. HpI/IMepI/ITe ca 0O0JIauHM H3YHUCIe-
Hus, loT, kowreiinepu, DLT (Distributed Ledger Technology),
BYOD (Bring Your Own Device), Al u apyru, KOUTO HEe JOCTHIaT
TIOIYJISIPHOCTTA Ha N30pPOCHUTE.

NUHUA HA BPEMETO

OCTAPENA
TEXHONOMN

TEKYLA
TEXHONOrnm

ABAHTAPOHA
TEXHONOMMK

Due 2. Kuznen yuxvn na UKT

BcenencrBue Ha MHOXECTBO (pakTOpH cIaboCcTUTE B M30pOCHHTE
TEXHOJIOTHH ca HaJWIle, a oOmusAT Opoi Ha yS3BUMOCTHTE HEIpe-
KBbCHATO ce yBesndaBa. MoJenbT Ha pa3lIupsBaIlaTa ce BCesleHa ce
OTHACSl 10 MPOCTPAHCTBOTO HAa KOCMOCA M PA3CTOSHUSTA B HETO.
IIpennoskenara aHanorus € (OKycHpaHa KbM YBEIMYaBaHETO Ha
KOHTHHYyMa Ha TPOCTPAaHCTBOTO Ha ysA3BUMoOcTHTe. B cBeTa Ha
UKT aBanrapgHuTe TEXHOJIOTMHM MOXE Ja CE ONPHJINYAT HAa CBPBX-
HOBM 3BE3/IH, a OCTapsBaIlUTe IUIATGOPMU HA YEPBEHH JUKYDKETA.
W B nBarta ciryyas OT IJleZiHA TOYKa HAa KHOEPCHI'YpPHOCTTA CE BHXK-
Ia, 4e Te3M OOCKTH ca aTpPaKTOPU 3a MHTEPECHTE Ha 3JIOBPEIHHUTE
akThopu. Ilpu aBaHrapAHUTE TEXHOJOTUHU Ca HAIMYHU MHOKECTBO
HEHM3BECTHH YSI3BUMOCTH, a TIPHU OCTapeINTe CIab0CTHTE ca U3BECT-
HU U JIECHH 3a I0THIN3upane. JlelTa eHTpoBeTe ¢ XU ChPBb-
PH ¥ TEIEKOMYHUKAIMOHHU BPB3KHM MOXKE Ja Ce ONPHIMYAT Ha
TaJaKkTHKH, B KOUTO C€ Pa3BUBAT CIIOMEHaTHTe nponech. Criespe-
MEHHO “BaKyyMbT B LISJIOTO TOBa MPOCTPAHCTBO I'€HEpHpa eje-
MEHTapHH YaCTUIIH, TOECT CIa00CTH U YSI3BUMOCTH.

JIumepamypen npezneo

Brokueiin u 1smara rama DLT ce mosiBuxa Ha clieHata npeau
IBageCceT TOMMHU C TBBPACHUATA, U€ Ta3H TEXHOJOTHS MO IPUPOIa
€ 3alIMTeHa W YCIIENIHO MOKe [a Ce M3IO0NI3Ba U 3a KHOep 3arura
[1], [2]. Wurepuer na Hemara (10T), cnenBanu OT yMHHS Tpaj
(Smart City), ymuust aromo6bun (Smart Car), Hocumu ycTpoiicTBa
(Wearables) u ome yMHHU TapaiurMyi HaBJIsA30Xa M JIOHECOXA BCUY-
KU C1abOCTH MO CHTYPHOCTTA, KOMTO Ca IPOMYCHATH B ObpP3aHETO
nopejaHara WHOBauus na u3nese Ha masapa [3], [4]. Axryannust
N3kycTBeH MHTENEKT MOKa3a CIOXEH KOMILIEKC OT HOBH HEIO3Ha-
TH cIabOCTH B CUTYPHOCTTA, KOUTO MPEAOCTABST Ha 37I0HAMEpEHH-
Te aKTBOPH BB3MOXKHOCTH 33 HEOPIWHAPHH aTaKd HAIPHMEp TeHe-
pupaHe Ha He3amuTeH mnporpamen kon [5], [6], renepmpane Ha
BpezoHoceH mporpamen kox [7], [8], orpaesime (poisoning) Ha
MAacCHBH C JaHHH 3a 00y4eHHe, U3M0J3BaHe Ha ocTapesn Oubnuore-
ku ¥ kpunrorpadeku asropurmu [9], [10], [11].

Koumunyymsm na yazeumocmume

B NpoABLJDKEHUE Ha MNpE€ACTaBCHATa aHaJIoTusd NpeaACTaBiIME
q)aKTI/I C aHaJIOTUM 3a MOBEACHUETO Ha KOHTUHYYMa Ha YA3BUMOC-
THUTE T10 JIMHUATA HA BpEMETO OT @ur 2.

B xpas Ha 2009 . € ycTaHOBEeHO, Ye 52% OT BCHYKH YSI3BUMOC-
TH ca OWIH ,,i30CTaBEHH™, TOECT 3a TSAX BEYe HE ¢ HAIUYEH HPOH3-
BOJIMTE, KOMTO J]a Ce MOTPHIKH 3a aKkTyaiu3aiuu 3a Tsax [[pemka!l
U3TOYHMKBT Ha mpenpaTKaTta He e HamepeH.]. M3ocraBeHu
co()TyepHH HPOEKTH C OTBOPEH KOJ, M30CTABEHH CaliTOBE ca KO-
MeHTHpaHH B [12].

TosMHa Marepus. Vnesrta ¢ aHanorus 3a TbMHaTa MaTepusi BbB
BceneHata u apredaktute B cucremure oT KT ce mosBsiBa mpes
2012 r. B paborara [13]. Ta3u kareropusi ce OTHACS JO BCHYKH
TEXHOJIOTMYHH KOMIIOHEHTH, KOUTO MPUCHCTBAT B KOMIUICKCHTE OT
MH(OPMAIIMOHHA U KOMYHHKAIIMOHHHM CHCTEMH, HO HE Ce KOHTpO-
JMpaT OT eKUIUTE 3a CHIIPOBOJ U MOAAPHKKA U HE ca U3BECTHH HA
eKMIHUTE 10 curypHocrTa. Te ca JApyr ecTeCTBEH aTpakTop 3a 3JI0B-
peanute akThOopu. KbM Kareropusita TbMHHM AaHHu [14] ce oTHacsT
3a0bpaBeHM, HEIOCTBIIHM WIH ocTaBeHH Oe3 BHuUMaHmero Ha UT
SKHITUTE MacUBH C JaHHH, JUPEKTOPHUU C JOKYMEHTH, MyITUMEANS
u 1p. M3tnuanero Ha Te3W JaHHM MOXKE Ja JOBEJE JI0 OCBETIIBAHE

101

Ha YyBCTBUTEJIHAa MH(OpMAaIMsi 32 HHCTUTyLMUTe U Oe3Heca. B
JIONIBJIHEHUE M3CJIEOBAaTEeINTE BBBENOXAa KaTErOpPHATa CEHYECTO
UT. Ts BrIoYBa BCUYKM HEKOHTPOJMPaHU IUIaTGOpMH B enHa
opranmzanusi. Cenuectusat U e cnsano netno. CiyKUTENUTE BHE-
psBat HekoHTponupaHo MU npeny opunmanHara noautuka 6e3 na
OCB3HABAaT PHCKOBETE 3a M3JIaraHeTO Ha JAaHHU WM e(eKTHBHATa
peakuus npu MHUMACHTU. Te3u BHeApsiBaHUs Ha ,.ceHuect MU
3a00MKaIAT TPaJUIIOHHUTE IIPETJIeqH, Ch3JaBaiiki HEBUANMH
MOBBPXHOCTH 32 aTaKa U HOBH HETIO3HATH PUCKOBE.

Maiko opraHu3zanuu ca Kaprorpadupanu KbJae ce HM3I0JI3Ba
NN. be3 Tazu BUAMMOCT € IOYTH HEBB3MOXHO Ja C€ yIpaBisiBa
U3JIaraHeTo Ha JaHHU WK Jla ce pearupa e(eKTHUBHO Ha MHLUACH-
TH.

[udpoBoTO 3aMbpcsiBaHe ONPHIMYABAME HA KOCMHYECKHS
Gokiyk. 1. [To Bepurara 3a OCTaBKU MPOHU3BOIUTEINTE MyCKAaT Ha
maszapa MWJIHOHH HOBH yCTpoicTBa ¢ yszBumoctd [15] wmm Ge3
3allUTa, ¢ OTBOPEHH TTOPTOBE 3a JOCTHIL. 2. 3aMBbpCABaHE ChC CTap
MIpOrpaMeH KoJ, KOETO € €KCIOHUPAaH B MHTEepHET. Tol chIbpika
ocTapeni KOMIIOHEHTH, KOUTO Ca M3BECTHH ChC CIAabOCTUTE CH, HO
ce mpuiara ot paspadoruuiure [32]. HuBoTo Ha Tas3u TpeH] aHra-
JKUpa JbPXKABHUTE MHCTUTYLHH, KOUTO Ca OTTOBOPHH 3a HAIHO-
HaiHara curypHocrt [16].

W3cnenoBarenuTe HENpPEeKbCHATO OTKPUBAT HEMOJO3UPAHU Ba-
puaHTH 3a aTaku. Hanpumep mojaBaT OT OTAalE€UYEHO pPa3CTOSHHE
KOMaHAU KbM HMHTEIUICHTHUTEC YCTPONCTBA 3a IJ1acoBa KOMYHHUKa-
oUsl ¢ TOTpeOWTeNs M3MON3BaliKH Ja3ep, KOMTO € HAacOYeH KbM
mukpodona [16] mpu Alexa, Siri u Google Smart Speakers [17].

Kak ce yBenuuaBa OposIT Ha ysA3BUMOCTHUTE?

1. Iopagu obpatHO AeiicTBUE ,,Ha3a] BB BPEMETO Clie/iBa OT
KOJIMYECTBOTO JEeHCTBAIM IUIATGOPMH M MHCTAHIMU Ha TPHIIOKeE-
HMS OT 30HATa Ha MUHAJIOTO. TO HENPEeKbCHATO ce yBENHYaBa IO-
paay IPUKIIOYBAHE HA JKM3HEHMAT UM LUKBI. Te3u ruiatdopmu u
NPWIOKEHHST UMAT Pa3IM4eH JKH3HEeH IUKbI. Hanpumep unaycTpu-
amaute koHTponHu cucremu (ICS u SCADA) ca 3amucieHd 3a
JKU3HEH NUKBI Hax 15-20 roauHu U roisMa 4acT OT HPOHM3BOANTE-
JIMTE MM 3acera He ca BB3MPHUENIH BCe OIIe Mpolieca MPOU3BOJICTBO
Ha BIJICHTH, B OpaHIIa MM JIMIICBA ONUT M EKCIIepPTH3a MO TeMara
curypHoct. ChbIIEBPEMEHHO Tedye HpOIeC Ha CBbP3BAHE Ha TE3H
wiathOopMu ¢ BBHIIHH MPEeXH M MHOOPMALMOHHU CHUCTEMH, Haii-
Beue Mpe3 HHTEpHET.

[Mo3unature ot UT mnardopmu ce BIACUTBAT PEIOBHO, HO Map-
KBT € OTPOMEH U ONEPAMOHHUTE CUCTEMH U NPHJIOKEHUITa OCTa-
psBar. YcrpoiicTBara B TENEKOMYHHUKAIIMOHHUTE CPEI YE€CTO HE ce
BIJICHTBAT, 3alI0TO Ca HEAOCTBITHU, OTJAJICUYCHN U TPYIHO C€ pec-
TapTupar.

Beue ca Hen3Oponmu miuathopmuTe ¢ MOOHIHM yCTPOWCTBa,
HHTCIIMTCHTHUTC 6I/ITOBI/I ype)m, HOCUMHUTEC B'pry TSAJIOTO AUTHTAJI-
HHU MPUHALJIC)KHOCTH, BCUYKU apTeq)a](Tl/I, KOUTO CTaHaxa IpUYrHa
3a BbBexkaHe Ha TepmuHa Internet of Everything [18], [19].

KbM MHHaJIOTO NOCTOSHHO, B HEPEKBCHAT MOTOK CE€ OTIIPABAT
MIJIHApAN YCTPOHCTBA, EKCIIOHUPAIIH ySI3BUMOCTH, 9acT OT KOHTO
me ObAaT U3BECTHH M perucTpupanu. OT TAX CBINO 4acT me Obaar
OCHI'YPEHH C aKTyalU3allM{ WK JpyTa 3aluTa (3aKbpIeHH), HO IIe
MMa M HEW3BECTHH OCTaHaIM 6e3 BIJIEHTH, KOUTO Iie OBJaT eKcI-
JI0ATHPaHU OT XaKepuTe 3aedHo ¢ u3BecTHUTE. IIpomsBoautenute
M34Ue3BaT MO Pa3IUYHK MPUYMHH — OT (aNuT 10 CIUBAaHE WM 3aKy-
IlyBaHe, a HAKOHM IPOCTO HE ca B ChCTOSHHUE OT OIpEIeIeH MOMEHT
HaTaThK Jla IPOM3BENaT BICHTH, B CHIOTO BpEMe 3II0HAMEPEHUTE
aKTBOPH YCWJICHO M3CJIE/IBAT OCTAPSIBAIIUTE TEXHOJOTHUH U OTKpPH-
BaT ysA3BUMOCTH, KOUTO HsIMa KO Jia 3aKbPIIH.

2. Ilpn TekymuTe TEXHOJIOTMH aKTyaJIHUTE IUIaTGOPMHU ca B
CBCTOSIHUE Ha PEJJOBHA SKCIUIOATALHS U CE CHIIPOBOXKAAT OT TEXHU-
Te mpousBoautenu. IlocnenHurte M3fgaBaT BIASHTH U MOJABPIKAT
MPOJYKTUTE CH B CHOTBETCTBUE C PETYJATOPHUTE MEPKH U TOTO-
BOPHUTE CH OTHOIIEHHUS C OpraHu3anuure norpeburenu. Ha maszapa
ce TMOSABSBAT HOBH IIPOM3BOJUTENM M OpOST Ha Te3H IIaThopMu
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HenpekbcHaTo pacte. OCHOBHUTE NMPOOJIeMHU NpH Te3U IaT(opMu
Ca CBbP3aHHU C HENPEKbCHATOTO YBEIWYaBaHE Ha OpPOs HA OTKPUTH-
te ys3sumoctH [20]. ToBa ce ABIKH Ha JIHIICAaTa HA W3UCKBAHUS 3a
KHOEp CUT'ypHOCT IIPU MHXKCHEPHHTa U Ae(UINTA Ha eKCIIePTH3A.

3. ABaHTapJHHUTE TEXHOJOTHH Ce MOSBSIBAT B YCIOBHS Ha KOH-
KypeHIusl, OnaroqapeHue Ha KOETO TIPH TSAX KOMIIOHEHTa KHOepcH-
TYPHOCT € CHMBOJIMYEH M HEJOCTAThYeH. B MocieqHuTe TOIUHI Ha
nasapa u3nsnzoxa nocienosarenno DLT (Distributed Ledger Tech-
nology), 10T u Al (Artificial Intelligence). IIpakrikata MOTBBpIK
eekTa OT HEMMIKUPAHETO Ha KMOSPCUI'YPHOCTTA IIPH MHIKEHEPHH-
ra Ha Te3u TexHosoruu. Hemo nosede. DLT ce aHoHcupar 3a 3a-
IIUTEHN U C€ MPEeAIaraT BKIIOYHTEIHO 32 HHCTPYMEHTH 3a Kubep-
sammra [2], [21]. TIpu HemocTHra Ha KaApu 3a KHOEPCHUTYPHOCT €
SICHO, Y€ B MIPOCKTHHUTE TIPOU3BOJICTBEHU €TAIH 32 TE3H TEXHOJIOTUH
M3UCKBAHMATA 32 KHOEPCUTYPHOCT Ca MPOITyCHATH.

3a Ja U3SCHUM HHBOTO Ha CIIOKHOCTTAa Ha TpodiiemMa ¢ Kubep-
CHUTYPHOCTTA B I(POBUS CBIAT OTYATAME CHBMECTHOTO CHIICCTBY-
BaHE W B3aMMOJICHCTBHEC Ha Taka CIECHU(PHIUPAHUTE TPU BHIA
TexHOJOruU. TO3H BaykeH MOMEHT SIBHO IOKa3Ba e(heKT Ha MYJITHII-
JULUpPaHe Ha CTa00CTUTE U Pa3KPUBAHETO HA HESBHO MPOCTPAHCTBO
C BB3MOKHOCTH 32 aTakd OT CTpaHa Ha 3JI0BPEAHUTE aKThOPH.

Bbpxy BcHukH IIaTGOpPME JEHCTBAT [BE CHIIM, KOHTO Ca pa3-
HOJIOKCHH B JIBETC IOCOKH HA CIHOMEPHOTO MPOCTPAHCTBO Ha
BPEMETO, CBHIBPIXKAIIO yBEJIHYaBaIla ce 10 OpOs YSI3BUMOCTH BCe-
neHa. Exnara cunma e ObAemIeTo, KOSTO MCKa HOBH IPOAYKTH U
YCIYTH, a Apyrarta € MHHAIOTO, KOETO Ce M3pa3siBa B OCTapsiBaHe,
CBIIPOBOJICHO C OTKPHBAHE Ha HOBH YS3BUMOCTH M HE3aHHTEPECO-
BAHOCT KbM ChIecTByBammre. KoIKoTo moBede ocTapsiBaT HHCTa-
JIALMUTE, TOJNKOBA MOBEYE YSA3BHMOCTH CE OTKpHBAT B Tsx. Crer-
QTHUAT MOMEHT €, Y€ He Ce OTKPHBAT CHa M0 €[[HA, B CAMHHYHH
uHcTaHmu. ClIeaHuTe IBa CIydas ro rnokaspar. Hampumep MHKpPO
ye® ChbpPBBPH Ca HHCTAIMPaH B XUIISIW MOJAEMH, KOMYTaTOpH, XJa-
JUITHAIK... HOBOOTKpHTAa YS3BHMOCT B SIIPOTO, KOETO BCHYKH
MIPOM3BOJIUTENH Ca B3ENH OT CIIy9aeH CaiiT ¢ MyOJINYHO OTBOPEHH
COpCOBE M OPabOTHIH 33 TEXHH CH HYXIH, BOAH 1O KOMIIPOMETH-
paHe Ha BCHYKH YCTPOWCTBA, B KOWTO € MPHIIOKEHO TOBA SIPO.
Ciydau ¢ TOJIeMH KOJIMYECTBa, OT MOPSIbKa CTOTHIIH XHJISIIH Opos,
npom3Benenn ADSL mozemu, KouTo ca 6e3 elleMeHTapHa 3aluTa U
otie cu padotst B unTepHer [22], [23]. Orpomua vact oT nmpoOuBH-
te B curypHoctta Ha KT ce u3BBbpIIBAT Mpe3 YSI3BUMOCTH, KOUTO
ca M3BECTHH OT TFOAMHHU. B ycTpoiicTBara ¢ mo-abjiro MUHAIO HMa
OTKPHUTH TOBeY€e YA3BUMOCTH M HEIPEKbCHATO Ce OTKPUBAT HOBH.

ExcriepTn o curypHOCTTa ca OTKPHIM KPUTHYHA YSI3BUMOCT B
kxoxa Ha cramapta ASN1, ¢popmanHa HoTanus 32 OOMEH Ha JaHHU
B TEJIEKOMYHUKAI[MHTE, B OMOIMOTEKa, KOSTO ce M3II0I3BA B TEle-
KOMYHMKAI[MOHHU IPOJYKTU M OM MOIJa Ja IO3BOJIM Ha XaKepUTe
Jla ce BB3IOJI3BAT U MOoeMaT KOHTPOJIA Ha JIOPH KJIIOUOBU YacTH Ha
TeNIeKOMyHHKAalMOHHATa MH(pacTPyKTypa B CBeTa. [ pemikara € B
KoJa Ha OMOnMoTeKa, KOSITO ce M3MO0A3Ba B KOMYHUKAI[MOHHHU ITIPO-
JYKTH HaIlpUMep PaJuoCTaHIMU B KIEThUHH KYJIH, MapIIpyTH3aTO-
pH, KOMYTaTOpW, KakTo M 0a3oBa JIMHUS YHIIOBE B MOOMIHHTE
teneonu. Peructepbt [24] cbC MOCOYEHOTO cedyeHHE IOKa3Ba
CIHCHK, KOHUTO ChABpPKA MPpobaeMu ¢ Ta3u ysa3Bumoct ot 2002 r. 1o
MOMEHTa Ha Ch3JjaBaHeTO Ha HacTosiuara cratus npe3 2025 r.

Ppascie/iBaHeT0 Ha MOMYJSPHHS TPOEKT C OTBOPEH KOJ
JsonWebToken, moka3ssa, 4e aTakyBail MOXKe [[a M30JI3Ba YSA3BH-
moct CVE-2022-23529 ¢ CVSS 7.6 3a na nony4u oThajiedeH 10c-
ToI. ChuiectByBaT Hax 22 000 mpoekTa ¢ OTBOPEH KO, M3I0JI3Ba-
¥ Ta3W OMOIMOTEKaTa M € OMia M3TereHa Haz 36 MUJIMOHA ITBTH
camo 3a exuH Mmecerr [25].

H3ze00u

Cunrame, ye OBIELIETO IIE CEe XapaKTepu3npa € HeNPEeKbCHATO
aKTUBUPAHE Ha CTApTHUPALIM NPEANPHUATHS, KOUTO CE MHTEpPecyBaT
€IMHCTBEHO OT IIPOHMKBAHE Ha na3apa. TeHAeHIMATA N3HUCKBAHMS-
Ta 32 CHI'YpPHOCT Jla OCTaBaT M3BBH 00XBaTa Ha MPOEKTUTE 33 WH-
(hOopManMOHHN TEXHOJIOTHH 1€ NMPOABIDKHU, ThI KaTO I'M OCKBIISIBA,
HaToBapBaiiku OropkeTnTe WM. HezaBHcHMO manm cTaBa BBIIPOC 3a
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aBTOMOOMJIM M OXpaHa Ha JJIOMOBE, KHBOTONOAJbPIKALIN CHCTEMH,
(uTHEC TpaKepu, HENPUKOCHOBEHOCT HA JMYHUS )KUBOT WM JPYTH
TexHonoruu. Te3u pakTu ce KOMOMHMpAT ¢ HapacTBall AeQUIUT OT
KaZpH 3a pabOTHUTE MECTa, CBHP3aHU C TeMaTa KUOEpCUTYpHOCT U
Om3kata 10 Hes WH(OPMAIMOHHA CHTYPHOCT. 3a BCHYKH TE3H
TBBPJCHUS CBHIIECTBYBAT JOCTATHYHO KOHKPETHH CTATHH C OITHCa-
HUS Ha Pa3iMYHU CIydad: YOBEKHT MMall B TeleoHa CH ChoOIe-
HHe, Ue BpaTaTa M MPO30pIHTE Ha J0Ma My Ca 3aTBOPEHHU U 3aKIIIO-
YeHHU, HO He OMJIO TOYHO Taka, a aBTOMOOMIIMTE Be4e I'M KpaJaT He C
A U MOJ00HH ,,AHCTPYMEHTH, a C JIalTOIH, MOTpeOuTeIuTe
HSMAT HUKAKBY TFapaHIMHU 3a JAHHUTE, KOUTO Ce CHEMAaT OT (hPUTHEC
TpakepuTe UM M OTHBAT B O0Jlaka, KbJETO BBPBH 37paB OH3HEC C
TSX...

HpeﬂCTaBeHI/IHT MOJICJI Hajlara u3Boaa, 4€ npoucchbT Ha HapacT-
BaHE€ Ha YA3BHUMOCTHUTE, HEMHHYEMO NOpaXxJaall U 3JIOHaMEPEHU
Z[efICTBPIﬂ, € MHTCHTHA XapaKTCPUCTUKA, TEXHOJIOTUIHA IapaJjurma
Ha JUruTaiu3anusara. HO,Z[XOZ[T)T KbM HpO6J’IeMI/ITe C Ta3u XapakTe-
pUCTHKA € €AUHCTBEHO IIO I'bTA HA 3aKOHOTBOPUYECTBOTO U HA HaJla-
TaHETO Ha TEXHOJIOTHMYHU HOPMAJIA U ITPOLIECH.

Bb3MOXkeH e Bce Mak ¥ BapUaHT 3a pelieHue, KOWTO € aHaJloTu-
YeH Ha CIly4as C TEJICKOMHUTE B MUHaJ0TO. Torasa ome mpe3 30-te
TOAVMHH Ha MUHAIUS BEK TEXHOJOTHHUTE CMEHHUXA XIS CIy)KHTe-
71, KOUTO C€ 3aHMMaBaxa C PHYHO KOMYTHpaHe Ha Tele(OHHHTE
JIMHUH.

3aknwouenue

Hacnenennrte mpoGiiemu 1mo KMOEpCUTypHOCTTa ca CBBP3aHHU C
ocrapenus AeiicTBall mapK. AKTyaJHHUTE MPOOJIeMH ca CBBP3aHH C
MHCTaHIMUTE, KOUTO UMAT ChIPOBOJ, HEN3BECTHUTE Ca XapaKTEPHH
3a aBaHTapJHHTE. ABaHTapAHHUTE TEXHOJOTHH ca 0a3upaHu BBPXY
HHQPACTPYKTYpa, KOSATO € KOHCTPYyHpPaHa OT aKTYaJIHH TEXHOJIOTHH.
CBHBMECTHOTO CHIIECTBYBAaHE Ha OCTapeiH, aKTyallHH ¥ aBaHTapJHU
IU(POBH TEXHOJIOTUH HETPEKbCHATO MYJITHILUTUIMPA BBB BPEMETO
HACJICJICHUTE, aKTHBHUTE M HEW3BECTHHTE MPOOJIEMHU 10 Kubepcu-
rypHocTTa. To3u edeKkT OTBaps LIMPOK OIEPATHBEH MPOCTOP 3a
3J0BpeHHUTE aKThOpH. IIpuMep 3a ycloXkHsABaHE Ha MpoOIeMaTu-
KaTa NpH KOHIEIINATa 32 HHTEIUTCHTEH TPpajl e pecTaBeH B [26].

EMnupuyHUTE HU HaONIONCHUS MOKA3BaT CIEAHHUTE TPEH/IOBE.
CoductnuHOCTTa Ha XaKepuTe Ce IOBHINABA. 3JIOBPEIECH MOZYJ
(dropper) e pasnpocTpaHsiBaH Ipe KEMIMpaIlaTa WHTEPHET TPadhuK
texHosorus CDN. MoaynsT € OpUKPUT B BIJCHT HA aHTUBHUPYCHA
mporpamMa, JOKaTto MOCJEAHUS MpecTosiBa B Kemmwmpamus Oydep
[29]. VBennuaBane Ha 0OXBaTa Ha MHIMACHTUTE MO KHOEpCUTYp-
HOCTTa M TPYIHOCTUTE TIPU JTMKBUIUPAHE Ha MOCIEACTBUATA OT TAX
[30]. HempexbcHaTO yCIIOXKHSBaHE Ha TEXHOJIOTHUTE 33 Pa3Clie/iBa-
He Ha KubepunimaeHtu [31].

OCHOBHMTE NPHYUHHU 32 yBEIMYaBaHE Ha KOHTHHYyMa Ha ys3-
BUMOCTHUTE Ca OpraHU3alMOHHUTE MPOOJIEMHU, KOUTO CE OTHACAT JI0
M30CTaBSIHETO Ha PEryJaTOPHUTE MEPKU M KOPHOpaTUBHATA KyITY-
pa mo Temara KMOSpCHI'YPHOCT OT Pa3BUTHETO Ha TEXHOJOTHUTE.
ToBa BoW 1O HECHHXPOHU3UPAHO B30MMOAEHCTBUE MEKIY MPOU3-
BoxuTenute u notpedutenure va UKT.

[pexcTaBeHnTE TPEIU3BUKATENCTBA MOCTABAT 3ajadarta 3a
aJIEKBATHH PETYIaTOPHU MEPKHU, KaKTO ce BKa u ot [27], [28].
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1. Introduction

Digital twins [1] are an innovative approach that combines
physical reality with virtual simulations, enabled by technologies
such as the Internet of Things (loT), artificial intelligence (Al),
cloud computing, and big data. This technology enables real-time
monitoring, analysis, and management of physical objects and
systems, thereby transforming the way we approach complex
ecosystems, including those in the security sector. The main purpose
of digital twins is to provide not only continuous updates and
visualization of object behaviors and parameters, but also to offer
predictive solutions and optimized action scenarios.

The paper explores the nature, structure, functions, and
applications of digital twins in the security context. It highlights
their role in intelligent data management, increasing operational
efficiency, and minimizing risks through simulations and real-time
analysis. At the same time, it also examines the main challenges that
need to be overcome to realize their full potential as a key element
in modern security strategies.

According to the Markets and Markets report [2], the global
digital twins market is projected to grow at a compound annual
growth rate (CAGR) of 61.3% from 2023 to 2028, from USD 10.1
billion in 2023 to USD 110.1 billion by 2028.

Digital twin technology builds virtual versions of real-world
systems or assets using simulation, real-time data, and advanced
analytics. Digital twins improve decision-making, maximize
effective actions, and reveal deep insights. With the collaboration of
tools like digital twin software, security systems can move from
static, traditional approaches to data-driven, dynamic solutions.
That’s why the decision to implement digital twin technology is
important in today’s security sector.

2. Concept of digital twins in security

A virtual model that is created to exactly replicate a real system,
element, or procedure is called a “digital twin.” By using digital
twin technology, security services can simulate a connection
between the virtual and real worlds [3]. This technology allows for
continuous tracking and simulation of real-world assets, allowing
for the prediction of possible outcomes. Therefore, it facilitates
analysis without the need for direct interaction with the physical
object, which, given the subject matter of the services’ activities,
can be resource-intensive, life-threatening, and unmasking to the
adversary. It essentially functions as a real-time virtual model of a
physical object, optimizing its effectiveness and leading to
management decisions using analytics and data.
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3. Difference between digital twin and modeling [4]

In both cases, it is a type of modeling, but while in the digital
twin the aim is for a copy that is as close to the original as possible,
which changes and reacts absolutely adequately to it, in the
modeling method an ideal model is created, containing only such
elements that are essential for research, not having a dynamic and
continuous connection with the object of modeling. In modeling,
the information is ignored, which is the result of the available
digital capabilities operating in the creation of the methodology, and
in the digital twin, technologies and computing power allow
maximum proximity to the original, which allows for greater
reliability of the results obtained, while the digital twin is
dynamically connected to the object, which allows for completely
accurate and adequate online information to be obtained when
studying and working with it. Historically, classical modeling
resorted to abstraction from information that is insignificant for the
subject of research, due to the impossibility of working with huge
volumes of data. Digital twins are the result of the opposite concept.
New technologies allow the collection and processing of large
volumes of data, as well as the clarification of connections and
interdependencies, seemingly insignificant - in relation to
significant properties and actions of the object of monitoring,
impact and management.

4. Key components of digital copying and security
functioning

To realize its full potential, integration and coordination of
several key elements is necessary:

< Data integration

The core of a digital twin [5] involves integrating data from
multiple sources, such as operational, communication, and sensor
data from physical assets. This data is continuously collected and
fed into the digital twin to maintain the accuracy and relevance of
the model. Data integration can also include an additional layer of
blockchain technology to ensure its security and authenticity [6].

Data integration is widely used in high-risk and technological
sectors with the possibility of damage and disasters as well as
human casualties: in the military sphere — development of military
operations, battles, testing of weapons systems — determination of
the range of action, the area of defeat, effectiveness, possible
counteraction, the volume of casualties, training of forces and
means, in the security sphere — creation of scenarios for covert
operations, sabotage and sabotage, in the aerospace sector, for
example in digital twins of jet engines. During flight, these digital
twins collect data from sensors, information about the atmosphere
(such as humidity and air density) and operational information
(such as temperature and pressure) directly from the aircraft
engines.
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<

% Simulation and modeling

Digital twins can use sophisticated tools to simulate the
behavior of a physical asset under different conditions. These
simulations are essential for testing scenarios in a safe environment
so that optimization can be performed before any use in the real
world. The scenarios can be enormous in number when preparing
and planning a high-risk activity aimed at intelligence and
counterintelligence operations, with the possibility of material and
human casualties. Since the digital twin is an exact digital copy, its
study in the conditions of its dynamic relationship with the real
counterpart gives us accurate information for analysis, predictions
and preparation of solution options in any conditions, without
exposing the object to danger.

®,
o

Analytics and machine learning — using Al

By analyzing the collected data — results, projects, results and
suggestions for improving risky processes and security actions are
identified. As a result of the ability of machine learning algorithms
to learn from data over time, digital twin technology becomes
deeper and more effective in anticipating, forecasting and creating
predictive assessments of future crises or streamlining security

procedures.

For example, machine learning methods are used by digital
twins of reconnaissance drones [7] and space observation satellites
to examine data received from a large number of sensors that are
part of the intelligence arsenal of the devices. Air temperature, wind
speed and direction, air pollution, etc. are included in this data. This
predictive ability ensures that drones and satellites operate as
efficiently as possible, extending their lifespan and increasing the
overall productivity of the technological intelligence-information
network.

XS

% Visualization

Security leaders tasked with making decisions under time
pressure can more easily and quickly perceive and analyze complex
data and simulations due to the advanced visualization capabilities
that digital twins often offer. This can include everything from
simple 2D schematics to complex 3D models and augmented reality
(AR) applications.

For example, security managers, analysts, and planners can
visually walk through a digital twin of a reconnaissance mission
using AR overlays. This helps them see future spatial and structural
changes or systems in the context of the real-world situation and
expand and enhance the effectiveness of prepared probabilistic
scenarios. This ability to visualize how modifications look and
behave in the real world significantly improves analysis,
forecasting, selection, and management decision-making.

<

X Integration with 10T

IoT and digital twins work together [8]. 10T is the transmission
between the object and the digital twin. Real-time data is collected
from the physical complex of intelligence technical devices through
sensors and loT devices, which then translate it to the digital
analogue for immediate analysis. Moreover, the continuous flow of
data ensures the dynamic correspondence of the digital copy to the
original, so as to ensure adequate management.

Let’s imagine a technology intelligence monitoring System
using digital twins. loT sensors, which are installed on various parts
(or all in the case of 10E) of the equipment, collect information on
operational parameters, including people, communication devices,
movements, routes, biometric data, temperature, speed, vibration
intensity and energy usage. This information is fed into the digital
twin, an exact copy of the real intelligence system. Real-time data
analysis is performed on the digital twin to detect any anomalies,
changes, threats, signs of crisis or inefficiency. Monitoring the
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digital twin can immediately alert the team of technologists and
analysts if a given monitoring area goes outside the parameters of
set scenarios, so as to create an opportunity for proactive
intervention by crisis response teams and prevent a harmful
outcome that violates the security of security services’ activities and
operations.

3
”e

Blockchain and digital twins

When it comes to data, its authenticity, non-manipulation and
integrity, it is also necessary to pay attention to blockchain
technology. The technological properties of the blockchain, which
are guaranteed by an additional cryptographic protection layer,
make it increasingly widespread. Even registers with hereditary data
can be converted, digitized in a protected and secure way [9].
Another advantage is that data can be updated, supplemented or
edited in real time, which is a prerequisite for timely and specific
decisions, without affecting the original object.

Thanks to the two cryptographic keys, which are at the
beginning and end of the information unit, the confidentiality of the
data is maintained, making the technology most suitable for use in
the Security sector.

On the other hand, blockchain is also the basis of smart
contracts [10], which also find application in copying data and
creating a digital twin placed in an augmented reality environment.

5. Resource-saving value of digital twins

Digital twins are not just a new technology in the Security 5.0
ecosystem, built and driven by data; they are a guarantee for the
effective construction of a safe environment and successful
intelligence and counterintelligence activities. Digital twins give the
security system the tool to turn huge volumes of data into valuable
intelligence, which is essential for security and safety structures to
remain innovative and competitive at reasonable or even eliminated
risk.

Let's look at the resource that digital twins provide to security
systems.

< Predictive Operations Support

Digital twins can save significant resources - budget, materials,
equipment, human labor and especially time, which is especially
critical in security. Forecasting and predictive assessments of
problems arising during operational combinations and covert
operations allows for the elimination of obstacles and problematic
elements, thus realizing operational resource savings. Compared to
traditional approaches, which often lead to unplanned operational
interruptions and increased costs for repetitive operations or
elements thereof, this proactive approach to supporting activities,
actions and operations that are already underway is significantly
more effective.

Let us give an example of the implementation of a planned
operational activity. The plan is divided into stages that are
subordinate to a single operational plan, with current control being
applied as standard — to monitor the enemy’s reaction and one’s
own incorrect actions. While target control requires the entire
operation to be carried out and the result to be compared with the
set operational goal, current control allows for timely corrections
that increase the effectiveness of the operation being carried out and
reduce the number of management cycles required to achieve the
goal. When current control is ensured by continuous and direct
control of the digital twin, then making decisions on corrections is
timely and instantaneous, since one works directly with the twin,
which would not be possible or would be very complicated and
dangerous when working directly with the original — problems with
conspiratoriality, environmental resistance, enemy
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counterintelligence activities, etc. With the digital twin, each
operation has a virtual equivalent that dynamically accumulates data
from each element of the operation — equipment or human
resources. Sensors monitor every change, movement, and change in
the environment.

The digital twins (Digital Twins are a powerful tool in the
security ecosystem, especially with the development of Security 4.0
and 5.0 concepts that integrate technologies such as 10T (Internet of
Things), machine learning, artificial intelligence and big data. They
represent virtual replicas of real objects, processes or systems that
synchronize in real time and offer monitoring, analysis, forecasting
and simulation capabilities. In this context, they can play a key role
for security services in the fight against espionage, organized crime,
terrorism, drug trafficking and drug distribution.

6. Essence, structure and content of digital twins
[11]

Digital twins combine physical reality with virtual simulation
through the application of technologies such as loT devices (for
sensor data), cloud computing, big data, and Al. They are used to
track and analyze physical objects or processes in real time.

Structure. The main components include: Physical object
or system — a real-world object that needs to be observed or
analyzed; Virtual model — a digital representation of the object or
system, built using modeling platforms; Data interface — collection
and transfer of data from the physical object to the digital twin and
vice versa.

Content: This includes storage of data extracted in real
time from the physical object, predictive algorithms, and simulation
models for optimization of various actions.

7. Applications of digital twins in the security
ecosystem

Intelligence and counterintelligence: Digital twins can simulate
cyberattack scenarios to identify vulnerabilities in the security of
information systems; Use to analyze the behavior of potential
perpetrators, including predictions of areas in which espionage
operations may be carried out.

Fighting organized crime: Tracking the movements of criminal
networks through real-time sensor data; Optimization of detention
strategies through simulation of potential actions of organized
groups.

Counter-terrorism: Simulating attacks in sensitive areas such as
airports, ports and urban areas to assess their vulnerability;
Optimizing the actions of specialized services in the event of
incidents.

Countering drug trafficking and drug distribution: Using loT
devices in collaboration with digital twins to track drug logistics
routes; Predicting delivery or warehouse locations through data
algorithms based on previous cases.

8. Features and challenges in using digital twins
[12]

Dynamic data management: The ability to collect real-time data
and process it allows for more accurate analysis and optimization of
actions;

Adaptability: Digital twin models can change and adapt
depending on the analysis of new data, making them suitable for
dynamic scenarios.
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Simulations: They provide an environment for safely testing
strategies before implementing them in real-world settings.

Challenges: Data security: Risk of cyberattacks aimed at
compromising the digital twin or accessing sensitive data;
Complexity and cost - the development and integration of such
technology  requires  serious investments; Insufficient
standardization: The lack of global standards for the development
and support of digital twins can hinder their universal use.

9. Positive and negative effects of use

Positive: Optimize operations: Increase efficiency in security-
related operations through analysis and simulations; Predict and
prevent threats: Create predictive models for potential attacks;
Reduce risk - avoid real-world testing that can be risky or costly.

Negatives: Dependence on technology - over-reliance on digital
systems increases vulnerability to technological failures; Ethical
issues - possibility of data misuse or use of digital twins against
innocent individuals; Risk of faulty simulations: If models or data
are incorrectly specified, results can be misleading.

10. Digital twins in the Security 4.0 and 5.0
ecosystem

Security 4.0: Focus on integrating loT devices that work
together with digital twins to provide monitoring and automated
security management.

Security 5.0: Here, the focus is on intelligent and humanized
management through Al and real-time data analytics. Digital twins
play a critical role in integrating human and technological efforts to
achieve a balance between automation and ethical management.

Digital twins are the future of security on a global scale, and
their potential continues to expand with the advancement of
technologies such as Al and l0T. They provide security services not
only with a tool for management and analysis, but also a means to
predict and adapt in an environment of rapidly evolving threats.
in and

11.  Digital  twins

counterintelligence

intelligence

In the field of intelligence and counterintelligence, digital twins
are a revolutionary technology that combines the capabilities of
simulation, automation and real-time analysis to improve decision-
making efficiency, operational security and resource management.
They provide new tools for predicting, testing and solving complex
scenarios that involve dynamic information and rapidly changing
threats.

The essence of digital twins in intelligence

Digital twins in intelligence are digital models of real-world
objects, structures, networks, or processes, often associated with the
collection, analysis, and interpretation of strategic and operational
data. They are based on the integration of multiple technologies:
10T, artificial intelligence (Al), Big Data, machine learning, and
blockchain. Their main goal is to provide: Simulation of threats and
scenarios — through virtual role-playing of different situations;
Integration of data from multiple sources — such as sensors, satellite
surveillance, and online platforms; Proactive prediction of threats
and adversary behavior.

Types of digital twins [13] in counterintelligence

Object-oriented digital twins — create digital models of
critical objects (such as infrastructure, facilities or even
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transportation networks). They are used to: Identify vulnerabilities
in strategically important objects; Plan defensive measures against
attacks on the infrastructure.

] Network digital twins — present a simulation of
communication networks and operating systems: Tracking
information flows between objects and agents; Detecting anomalies
in cyber flows that may indicate system breaches or espionage
activity.

] Humanitarian-oriented digital twins - develop models of
human behavior or groups in a specific social or political
environment. Example: Predicting the reactions of a given target
audience to political messages or propaganda. Simulations of
behavior and activities of suspected individuals or groups.

12. Functions in

counterintelligence:

intelligence and

Operational Analysis and Planning - Scenario Playout: Digital
twins allow for the playout of thousands of scenarios in a secure
digital environment, for example, how an intelligence operation will
proceed or how a cyber incident will spread. Strategy Optimization
- identifying optimal tactics for intelligence or defense through
virtual simulations.

Threat monitoring and prediction - Digital twins are used to
create virtual models of real-world objects (such as critical facilities
or urban infrastructure) to simulate: Terrorist attacks; Cyberattacks
on networks or systems; Natural disasters and other emergencies.

Predictive analytics analytics — using Al and Big Data to
identify enemy behavioral patterns.

Cybersecurity and espionage detection — cyber intelligence:
Digital twins can be the basis for analyzing large volumes of
network data in real time. They can identify anomalies or intrusions
in communication networks; Example: Creating a digital model of a
government information network to detect weaknesses susceptible
to espionage.

Agent and operations management — digital twins can simulate
and model field operations, such as agent routes and logistics in
enemy territory. Example: Creating a digital replica of an enemy
area to monitor and predict enemy movement.

Counter-disinformation and information warfare — using digital
twins to simulate the spread of false information or to counter cyber
campaigns aimed at disinformation. Predicting the reactions of
target groups and developing strategies to neutralize campaigns.

13. Challenges in use [14]:

Data security: Digital twins process huge volumes of
sensitive information, making them potential targets for
cyberattacks.

] Model complexity: Realistic modeling of systems with
multiple variables requires powerful computational resources.

] Ethical and legal issues: Creating virtual models of
individuals or social groups raises questions about the protection of
personal data.

Data integration: Combining data from different sources
(sensors, intelligence operations, etc.) can lead to errors in analysis
or simulation.

Effectiveness
counterintelligence:

of digital twins in intelligence and
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Faster reactions: Digital twins allow for immediate
simulation of various incidents, which shortens decision-making
time;
= Predictive power: They predict potential threats and
weaknesses that can be addressed proactively;
Cost-effectiveness: Allows testing of operations and
strategies without risks to operational teams or resources;
Strengthening countermeasures: Integrated use of real and
simulated data increases threat prevention capabilities.
Features of application in intelligence and counterintelligence:

Conspiracy: Digital twins allow for a high degree of
secrecy in modeling and simulations;

Interactive deception: Digital twins can be used to create
fake targets or information to deceive the adversary;

Rapid adaptation: They manage to adapt to ever-changing
environments by constantly updating their models based on real
data.

Digital twins provide a powerful tool for managing complex
systems and operational scenarios in intelligence and
counterintelligence. They combine the capabilities of high-tech data
collection, analysis and simulation, while improving the speed,
efficiency and accuracy of decision-making. Although there are
challenges related to data security and model complexity, this
technology is key to modern intelligence and countering threats,
providing a strategic advantage on a global scale.

Conclusion

In the context of the security ecosystem, digital twins are
emerging as one of the most promising solutions to address today’s
challenges and the complex dynamics of threat environments. They
play a critical role in the development of the concepts of “Security
4.0” and “Security 5.0”, allowing organizations to move from
reactive management to proactive and predictive strategies.
Through the integration of loT devices, artificial intelligence and
real-time analytics, these technologies enable a seamless synergy
between human and machine interaction, optimizing processes and
limiting risk.

Digital twins extend the capabilities of Security 4.0 by
supporting automated monitoring through the integration of a large
number of 10T devices. At the same time, in Security 5.0, they
inspire a human center of control, where technology not only
supports, but adapts operations to ethical and functional
requirements. Such interaction provides not only automation, but
also intelligent management of complex threats, such as hacker
attacks, cross-border terrorism, organized crime and cybersecurity.

The main advantage of digital twins in the security ecosystem is
their ability to create predictive models of potential incidents,
optimize operational decisions, and minimize the cost of testing
real-world  scenarios. For example, through “advanced
visualizations,” security services can simulate situations involving
changes in infrastructure or the dynamics of specific terrain, which
helps create more adequate action plans. Current applications
include intelligence, crisis management, and identifying security
vulnerabilities, which integrates the work of all participants in the
ecosystem.

However, the ecosystem is not without challenges. The main
limitations are related to technology dependency, ethical issues
regarding data privacy, and the risk of incorrect modeling, which
can lead to misleading results and ineffective actions. To realize the
full potential of digital twins, more attention needs to be paid to
issues of standardization, cybersecurity, and transparency in data
processing.
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In conclusion, digital twins represent not only an innovation in
security, but also a major catalyst for the transformation of the
global security ecosystem. They offer a holistic and dynamic
approach to managing complex situations by effectively combining
technology, analytical algorithms and human interaction. By
entering the security ecosystem, digital twins do not simply improve
current processes, but shape the vision of the future — security that
is integrated, sustainable, ethically driven and fully adaptable to
ever-evolving threats.
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Abstract: This article investigates the concept of Security 5.0 as a new paradigm in national and international security frameworks,
emphasizing the central role of artificial intelligence (Al) within this ecosystem. The study traces the historical evolution of security
paradigms, the structural components of the Security 5.0 ecosystem, its technological foundations (including Al, big data, IoT), and
challenges in implementation. The analysis addresses both the benefits of Al integration —such as enhanced threat detection and adaptive
security protocols—and critical ethical dilemmas, including risks of Al misuse for criminal or adversarial purposes. The paper
systematically reviews the transformation of security services (e.g., cybersecurity, intelligence, and defense systems) and outlines future

development prospects as the field transitions toward Security 6.0.
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1. Bveeoenue

1.1. Onpeoenenue u eeonouus Ha KOHUERYUAMA
3a cuzypnocm

CurypHoct 5.0 mpencraBisiBa PEBONIIOLHOHEH IOIXOA KBM
YIOPaBICHUETO HAa 3allUTHH CHUCTEMH, KOHTO  HHTErpupa
H3KYCTBEHMSI MHTENEKT Karo IIEHTPaJeH KOMIIOHEHT, a He MPOCTO
Karo CIIOMaraTeleH MHCTPYMEHT. Ta3W KOHIENIHUS € eCTeCTBEHO
NPOABIDKCHNE HA EBOJIOLMATA HAa CHTYPHOCTTA, KBAETO BCSKO
HOKOJICHHE 00aBsi HOB CJI0i Ha KoMiuiekcHocT: Curypsoct 1.0
®dusznyecka oxpaHa M MexaHuyHM cucremy; Curyproct 2.0
AwmanoroBu  enektponHu — cucremu;  Curypuoct 3.0
Jururanuzamus W KOMITIOTBpHH Mpexu; CurypHoct 4.0
CBbp3aHOCT, 00JIaYHN TEXHOJIOTHH U uHTerpanus; CurypHoct 5.0
VHTenUreHTHH, aBTOHOMHH M /IalITHBHU €KOCUCTEMU

IMomo6Ho Ha Uuayctpust 5.0, KOHIEMIUATA TIOCTaBs YOBEKA B
HEeHThpa HA  TEXHOJOTMYHAaTa  E€KOCHUCTeMa,  M3IOJ3Baiiku
BHCOKOTEXHOJIOTHYHH PEHICHHS 32 MOJ00psBaHe Ha Oe30MacHOCTTa
W 3alMTaTa Ha 00IIeCTBOTO.

1.2. Hoéama punocogpus na cuzypuocmma

CurypHoct 5.0 ce xapakrepusupa CbC CIEIHUTE OCHOBHH
TIPUHITATIH:
YoBEKOIEHTPUYIECH MOJXO/I, TOCTABAIL XyMaHHHUTE
IIEHHOCTH M HY)XK/IM B IICHTHPA HA TEXHOJIOTHYHHUTE PEIICHH

. WuTterpanms Mexny Gpusndecka U KHOSPCUTYPHOCT 32
ISTOCTHA 3allUTa

. [TpeBaHTUBHOCT | MPECKa3yeMOCT Ype3 Bb3MOKHOCTHTE
Ha I/ISKyCTBeHI/ISI HUHTCIICKT
CHHeprus Mex 1y YacTHHS U ITyOIMYHHS CEKTOP TIPH
pa3paboTBaHETO HA MHOBATUBHU TEXHOJIOTUU

. Ch3aaBaHe Ha yCTOWYMBA, aIallTUBHA U €TUYHA CUCTEMA,
CrocoOHa J1a pearnpa Ha HelPeKbCHATO MPOMEHSIIUTE Ce 3aIIaxy

2. Cmpykmypa na exocucmemama na Cuzypnocm
5.0

B 1nentspa Ha exocucremara Ha CurypHoct 5.0 crom
UHTETpalnuaTa MEXAY: I/ISKyCTBeHI/lﬂ HHTCJICKT H HETOBHUTEC

npunoxenns; MatepHer Ha Hemara (IoT) u cBBp3aHOCTTA;
Brioxueitn TEXHOJIOTHHUTE; Bburorexnonoruunre; KBanToBute
u3uuciienus; VHOBaTHMBHUTE MaTepuald U IPOU3BOJCTBEHU
npouecu

Ta3u exocucrema e MpoeKTUpaHa KaTo B3aMMOCBbP3aHa Mpexa
OT KOMIIOHCHTH, KBJETO BCEKU €JIEMEHT JONPHHACS 3a LISIIOCTHOTO
¢byHKunoOHMpaHe Ha cucteMara. OCHOBHATa Lied € Jla Ce OCHIypH
BCCOOXBATHA 3aIllUTa CPEIly KOMIUIEKCHUTE M ObP30 €BOJIOMpAILU
3aIUlaxd B CBBPEMEHHHMS CBSIT, KaTO CBHIIEBPEMEHHO C€ MOAIBpPXKA
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OamaHc MeXay C(QEKTUBHOCT, C€THKA W 3auyUTaHC Ha JIMYHATA
HENPUKOCHOBEHOCT.

3. Knrwouoeu mexnonozuu ¢ exocucmemama Ha
Cuzypnocm 5.0

3.1. I'onemu oannu (Big Data)

lonemure ngaHHM CIoyXaT Kato (yHAAaMEHT Ha MOJEepHaTa
CHT'YPHOCT, TPENOCTaBIHKH OTPOMHH MacCHBH OT HH(OpMAIWS,
KOHMTO MOTar Ja ObJaT aHAIM3UPaHH U U3IIOI3BAHH 32 IIPEBEHIHS Ha
3aIUTaxH.

Xapakrepuctuki: OrpoMeH 06eM — eKEITHEBHO CE reHepupar
nera0aiiTH JaHHH OT pa3MYHM W3TOYHMIM, BHCOKa CKOpOCT —
00paboTKa B peanqHo BpeMe Ha HHGOPMAIIMOHHH MOTOIIH;
Pa3HooOpasie — CTPYKTYpHPaHH M HECTPYKTYPHPAHU J@HHU OT
Pa3HOPOMHH H3TOYHMIM; JIOCTOBEPHOCT — OCHOBaBalla Cce Ha
METO/IM 32 BAIMMpPAHE HA MH(OPMAIHATA.

HpI/IJ'IO)KeHI/ISI B CUT'ypHOCTTA:

. MOHHTOPHHT Ha COILMATHU MPEKH 33 WISHTH(ULIUpaHEe
Ha paJnKaIn3aIms;
AHanu3 Ha TpaH3aKUMOHHM JaHHU 3a OTKpPHBaHE Ha
(hPMHAHCOBYU MPECTHIUICHUS;

. IIpocnensBane Ha  KOMYHUKAaIlMOHHU
MIPEeBEHLUS Ha TEPOPUCTUYHU aTaKH.

MOJC/IN 3a

3.2. H3Kycmeen unmenekm u MawuHHo ooyuenue

W3KyCTBEHUAT WHTENEKT Ce YTBBP)KAABa KaTo IEHTpaleH
KOMIOHEHT B ekocucremara Ha CurypHocT 5.0, ocHurypsiBaiiku:
ABTOMAaTH3UpPaHO pa3O3HABAHE HA 3alUlAXU M aHOMAIMH B
noBeficHHeTo; IIpeAuKTUBEH aHanU3 3a TPOTHO3HPAHE Ha
HOTeHIMaTHU puckoBe; OOpaboTKa Ha €CTECTBEH €3HK 3a aHaJIU3 Ha
KOMYHHKAIU nokymeHTn;  KoMmioTspHO — 3peHne  3a
naeHTHUKAINS U HaOMoneHne; ABTOHOMHO B3€MaHE Ha PEeIICHUs
B KPUTHYHHU CUTYallUH.
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3.3. Humepuem na newgama (loT)

IoT TexHONMOTMHTE CB3MAaBaT MOCT MEXIY OGU3HUIECKUS H
JUTHTAIIHHS CBAT Upe3 MHTETpanysl Ha pa3sHOOOpa3HH yCTPOMHCTBa,
CEH30pH M AHAIUTHYHU cucTeMH. Te mo3BossiBar: Cb3gaBaHe Ha
UHTEIMIEHTHH  MEepUMETpu  3a  curypHocT;  HempekbcHar
MOHUTOPDUHI Ha KpUTH4Ha HHQpacTpykrypa; IIpocnensBane Ha
aKTUBH U TIEPCOHAI B peanHo BpeMe; PaHHO mpeaympexaeHue mpu
MOTEHIMATHY 3ariaxy; VIHTeIUreHTHa MHTerpalys Ha CUCTEMH 3a
KOHTPOII Ha 10CTBIIA.
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3.4. brokueiin mexnono2uu

brokueilH  TeXHONOTMMTE  OCHUTYpsABaT:  3allUTEHO U
HENOJNpPaBUMO ChXPAaHCHHE Ha YyBCTBUTENHA HH(pOpMALNS;
IIpocnenuMoct Ha JAeHCTBUATA B CUCTEMara 3a CUTYPHOCT;
CurypHu  KOMYHHKAallUd  MEXJYy Ppa3IMYHUTE KOMIIOHEHTY;
JleneHTpanu3upad KOHTPOJ, HaMaJlsBalll PUCKa OT €AMHUYHA TOUKa
Ha OTKa3; ABTOMATU3UPaHO W3IBIHEHUE Ha IPOTOKOIU 32
CHT'YPHOCT 4pe3 yMHHU JIOTOBOPH.

4. Booewa pona ma usKycmeenus uHmeneKm 6
exocucmemama na Cuzypuocm 5.0

4.1. Ilpunoscenus na UH 6 Cuzyprocm 5.0

V3KyCTBEHHMAT MHTENEKT Ce IpHiiara B pa3iIMdHM acHeKTH Ha
curypHocTra:  Pasy3HaBareneH — aHamm3 obpabotka n
HHTEpIpeTalys Ha OTPOMHH MacHBH OT JaHHM 32 W3BIMYaHE Ha
nenHa uH(popManus; Kubep 3amuTa - aBTOMAaTHYHO OTKPHBAaHE U
HEyTpaJIM3UpaHe Ha 3alUlaxd B peamHo Bpeme; Dusmuecka
CHUT'YpPHOCT — HHTEIUTEHTHO BHUJCOHAOMIONCHHE M OHOMETpHYHA
uAeHTU(UKanus, YIpaBleHHE Ha KPH3H MOZENUpaHe Ha
CIEHapUH ¥  IIOAIIOMAaraHe  B3eMaHETO  HAa  PELICHHS;
IIportuBonelicTBie Ha Tepopu3Ma - aHAJIW3 HAa KOMYHHUKALMH H
TIOBEICHIECKU MOJIEIH.

4.2. Humecpupane na HH 6 cneuyuannume
PAa3y3HAGAMETHU U MEXHONOUYHU CPEeOCmea

B xoHTeKcTa Ha cnennanHuTe pazy3HaBarennu cpeactsa (CPC),
uHTerpanuaTa Ha MY mo3BossBa: ABTOMAaTH3UPAHO MPOCIE/sIBAHE
Ha TOJNO3pHUTENHHN JAelHOocTH; Pa3no3HaBaHe Ha IIA0NOHH U
aHOMAalNKM B KOMYyHHKanuuTe; IIporHosmpane Ha TEpOPUCTHIHU
3aIIaXy 4pe3 MpeIUKTUBEH aHaiu3; OOpaboTka Ha MHOTOE3HYHU
M3TOYHUIIM Ha MH(pOpMaIysi; MUHUMH3UpaHe Ha (aNnuBy CUrHAIN
¥ TIOBHINIaBaHE Ha MPEIM3HOCTTA.

5. H3xkycmeen unmenekm npu noozomoexkama Ha
Kaopoeu cayycumenu

5.1. Cumynayuonnu mpenuposvYHU cucmemu

NN peBomonuoHm3upa OOYYEHHETO Ha CIEIHAIACTH IO
curypHoctta upe3: Cp3faBaHe HA PEANMCTHYHU BUPTYAIHH CPEAU
3a TpeHHpoBKa; IlepcoHanmu3upaHu OOY4YMTENHH IPOTPaMH,
aJanTHpPaHU KbM WHIMBUAYyaNHHUTe crnocoOHoctH; CuMynanuy Ha
pa3NMYHU CIEHApUM 3a YIpaBIeHHE Ha KPH3H; ABTOMaTH4YHa
OLlCHKA Ha MPEJCTaBIHET0O M oOpaTHa Bpb3Ka; BupryamHn
HHCTPYKTOPH, CIOCOOHH JIa amantupar OOy4eHHETO B PEajHO
BpeMe.

5.2. Ilpunosicenua ¢ paznuunu pasy3Haeamentu
cyenapuu

NN cuctemuTe Morar ga mojrnomarar 06y'-leHMeTo B PasJIMYHU
CHEIHMATU3UPaHN O0JIACTH:

Hxonommuecko pasy3HaBaHe: Big Data anmanu3 Ha HaydHH
nyOnukanuy W nareHTw; [lepcoHanmum3upaHM — CcTpaTerMd  3a
BepOyBaHe, 6azupanu Ha npodeCHOHATHN amMOuIuu;
KoHTparepopussM - aHaiInu3 Ha COLUMAIHU MPEXHU 3a OTKpUBAHE HA
pagukanusupann uHIMBHAM; AR wuHTepdeiic 3a Hezabemexnmo
npeaaBaHe Ha UHCTPYKIUU HA BHEAPEHU ar€HTHU.

6. Ilpecmvnnocm u u3Kycmeen UHmMENEKM 6
exocucmemama na Cuzypuocm 5.0

6.1. Hoséu ¢popmu na npecmvnuocm, 6azupanu Ha
uu
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TeXHOIOTMYUHHUSAT HanpeabK Ch3/aBa u HOBH
npenu3Bukarencrea:  Deepfake  manunynamum 3a  u3Mamu,
ne3uHpopMalys U n3HyABaHe; ABToMarusupanu kubdeparaku ¢ MU-
0a3upaHd HMHCTPYMEHTH; ,,YMHH 3JIOHAMEPEHH IPOTPaMH,
crocoOHM J1a n30ATBatT JeTeKIws; [Ipenn3Ho TapreTupanu (GUIHHT
KaMIaHuu ¢ u3nonsBaHe Ha MM; ABTOHOMHM OpBXKEHHU CUCTEMU,
KoHTponupanu ot M.

6.2. Ilpeouseukamencmea nped npasonpunazauwjume
opzanu

[IpaBompunarammre OpraHd ce U3MPaBAT Ipel CIeTHHUTE
npean3BrkarencTBa: HeoOX0auMOCT OT HOBH TEXHUYECKU YMECHUS U
MO3HaHUsL;, TPYAHOCT MpU ChOMpaHe Ha AUTMTAIHHU J10Ka3aTeJICTBa;
TpaHcrpannyHa npupoja Ha npecThiuieHusTa; bbp3o eBoounpaiia
TEXHOJOTWYHA cpeaa; [IpaBHM W eTHYHH OTPaHUYCHHUS MpU
usnoysBaneTo Ha MU 3a nmpoTtuBoneiicTBue.

7. Kpumuunu acnexmu na Cuzyprnocm 5.0

7.1. Emuunu ounemu

Nmmementanusra Ha CurypHoct 5.0 moBaura BaKHU €TUYHU
BBIIPOCH: 3aIIUTa HAa TMYHHUTE JAaHHU U OalaHC MEXKAY CUTYPHOCT K
MOBEPUTEIHOCT; PHCKOBE OT aNrOpUTMHYHA AUCKPUMHHALUS H
npeayoeIeHOCT; ABTOHOMHOCT Ha CUCTEMHTE U YOBEIIKH KOHTPOJ
HaJl KpUTHYHH pemeHus; [Ipo3padHOCT W OOSCHUMOCT Ha
anmroputmute 3a MU; [oTeHman 3a 3moymnorpeda ¢ TeXHOJIOTHHUTE
3a MAacOBO HaOJIOIEHHE.

7.2. Ilpaenu npeduseuxamencmea

Perymatropnara pamka crnemBa pga oOe3nedaBa: 3aKOHOBO
NpU3HaBaHE Ha JUIMTANHM JoKa3areincTBa; OTroBOPHOCT IpU
aBTOHOMHO B3emaHe Ha pemenus ot WH; MexnynapoaHo
CHTPYIHMYECTBO NPH TPAHCIPaHHYHA KHOepnpecThIHOCT; bamaHnc
MEXJ[y CEKPEeTHOCT Ha OIepallHuTe U IpaBeH HaI30p; AJanTHpaHe
Ha CBINECTBYBAIIOTO 3aKOHOAATEICTBO KbM HOBHUTE TEXHOJIOTHH.

8. Ilepcnexkmueu 3a pazeumue u npexoo Kuvm
Cuzypnocm 6.0

[IpexonsT ot Curypsoct 5.0 kbM Curypnoct 6.0 ce ouepraBa
Karo eCTeCTBeHa eBOJIONWS, Xapakrepm3upama ce c: Omie mo-
BHCOKO HMBO Ha aBTOHOMHOCT U caMOOOyueHHe Ha cuctemute; [1o-
I6I00KA MHTETPAIMs MKy YOBCUIKHUS U M3KYCTBEHHS HHTEICKT;
KBaHTOBHM HM3YHCIICHUSI ¥ KOMYHHKAIIMH 3a TOJO0OpEHA CHTYPHOCT;
PasmupeHo M3Mmoi3BaHe Ha OMOTEXHOJOTHH U HEBPO-TEXHOJIOTHH;

['mobamam cTanmapTh 3a eTHYHO u3mon3Bane Ha MU B
CHT'YPHOCTTA.

9. 3axknrouenue

CurypHoct 5.0 mpencrasnsBa QyHIaMeHTa Ha MPOMSHA B
moaxoma KbM — HalMOHalHA W OOIIECTBEHAa  CHTYPHOCT.
WHTerpanusaTta Ha HM3KYCTBEH MHTENEKT, roieMu naHHu, loT
YCTPOHCTBA M AaBTOHOMHM CHCTEMH Cb3JaBa Oe3NpeLeleHTHU
Bb3MOXKHOCTH 32 IPEJUKTUBHO Pa3y3HAaBaHE U MPOAKTHBHA 3alllUTa.
ChlLICBPEMEHHO, HOBUTE€ TEXHOJOTMHM TIOCTaBIT W  HOBHU
MPEAN3BUKATEIICTBA TIpel OOIIECTBOTO - OallaHCHUpaHE MEXIY
CUTYPHOCT U TPaKIAaHCKH CBOOOIM, 3aIlUTa HA JMYHHUTE TaHHH H
€TUYHO M3MOJI3BaHE Ha pa3y3HABATEIIHUTE CPENICTBA.

VYenemrnara ummiaeMenTtanus Ha Curypaoct 5.0 u3uckBa He
CaMO TEXHOJOTHYHO OOHOBJICHHE, HO W HOBa IIpaBHA paMKa H
oOIIEeCTBEH KOHCEHCYC 3a TPaHUIUTE Ha TAXHOTO HPHIIOKCHUE.
M3KkycTBEHHMAT HHTENEKT HECHMHEHO IIe NPOABIDKH Ja Hrpae
HEeHTpaJIHa pois B Tasu TpaHchopmanms, HO HMCTHHCKAara
e(eKTHBHOCT Ha CHCTEMaTa INe 3aBHCH OT CIIOCOOHOCTTa M Ja
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UHTErpupa TEXHOJOTUYHUTE MHOBAUU C XYMAaHHUTE LEHHOCTU U

C€TUYHU ITPUHIIUIIN .
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